eutschmann, Helmut Kn€ozinger
Kochloefl, Thomas Turek

“Heterogeneous
Catalysis
and Solid Catalysts™

2009 Wiley-VCH Verlag GmbH & Co. KGaA, Wcinheim



Heterogeneous Catalysis
and Solid Catalysts

Olaf Deutschmann. Institut fiir Technische Chemie und Polymerchemic. Universitat Karlsruhe (TH). Enges-

serstr. 20, Karlsnihe. Germany

Helmut Kngzingek. Department Chemie. Universitat Miinchen. Butenandtstr. 5-13 (Haus E). Miinchen.

Germany 81377

Karl Kochloefl. Schwar/enbergMr. 15, Rosenheim. Germany 83026

Thomas Turek. Institut fiir Chemische Verfahrenslechnik. TU Clausthal. Leibnizstr. 17, Clausthal-Zellerfeld.

Germany

1 Introduction............ccoooviiiiiiennns
1.1 TVp«s of Catalysis
12 Catalysis as a Scientific Discipline ..
1. Industrial Importance of Catalysis..
1A History of Catalysis.......ccccccceeeennnn
2. Theoretical ASPectS........ccceveveeeeeeeennne.
21 Principles and Concepts..................
2.1.1. Sabatier's Principle.........................
2.1.2. The Principle of Active Sites...........
2.13. Surface Coordination Chemistry........
2.1.4. Modifiers and Promoters.................
2.1.5. Active Phase - Support Interactions . .
2.1.6. Spillover Phenomena.......................
2.1.7. Phase-Cooperation and Sile-Isolation
Concepts
2.1.8. Shape-Selectivity Concept...............
2.1.9. Principles of the Catalytic Cycle........
22. Kinetics of Heterogeneous Catalytic
Reactions .........cccccceiiiiiiiiiiiiinns
2.2.1 Concepts of Reaction Kinetics
(Microkinetics)
2.2.2. Application of Microkinetic Analysis .
2.2.3. Langmuir - Hinshelwood - Hougen -
Watson Kinetics
2.2.4. Activity and Selectivity..................
2J). Molecular Modeling in Heterogeneous
CatalysiS......ccovveeeeiiiiiiiiii e
2.3.1. Density Functional Theory...............
2.3.2. Kinetic Monte Carlo Simulation........
2.3.3. Mean-Field Approximation.............
2.3.4. Development of Multislep Surface
Reaction Mechanisms
3. Development of Solid Catalysts........
4. Classification of Solid Catalysts........
4.1. Unsupported (Bulk) Catalysts........
4.1.1. Metal Oxides...........ccooeeciinriiininnnnns

ERR RBBoomwmo~w~wmownN

R

56

BRRBE8 NRRE B8

C 2009 Wiley VCH Verlag GmbH & Co. KGaA. Wcinheim
10.31002/14356007,at)5 313,puh2

4.1.2.
413
414
4.15.
4.16.
41.7.
4.18.
42

421.
422
423
424
425.
4.26.
427.
428.
4].

51
5.2.
521.
522
5.

6.1.

6.11.
6.12.
6.1.3.
6.14.
6.2.

6.2.1
6.2.2.

6.2.3.

Metals and Metal AlloyS..........cccoevvnnnnn 33
Carbides and Nitrides...........cccceeeee oo A
CarboNS.....coiiiiiiiieiiei i e A
lon-Exchange Resins and lonomers .. 35
Molecularly Imprinted Catalysts
Metal - Organic Frameworks ..............
Metal Salts

Supported Metal Oxide Catalysts . ...
Surface-Modified Oxides................. ....
Supported Metal Catalysts....
Supported Sulfide Catalysts..
Hybrid Catalysts...........
Ship-in-a-Bottle Catalysts.
Polymerization Catalysts
Coated Catalysts.........cccvvveeiineeeen e
Production of Heterogeneous

Catalysts .43
Unsupported Catalysts...........cccees oeee 44
Supported Catalysts............ccccevvennn e 47
SUPPOIES. ..ttt e 48
Preparation of Supported Catalysts ... 48
Unit Operations in Catalyst
Production...........cceeviieiiiiiiiiiiiiieeeee 49
Characterization of Solid Catalysts.. 52
Physical Properties..............ccccceevuun wee 52
Surface Area and Porosity............... ... 52
Particle Size and Dispersion ........... .... 573
Structure and Morphology............... ... 54
Local Environment of Elements............ 56
Chemical Properties.........ccccceeveeuunns e 57
Surface Chemical Composition.............. 57
Valence States and Redox
Properties.......oouveeeuuumiiieee e e 59
Acidity and BasicCity........ccccccvveennnn e 62



Heterogeneous Catalysis and Solid Catalysts

Mechanical Properties ..........ccccceeeuees 64
6.4. Characterization of Solid Catalysts

under Working Conditions............. .... 64
6.4.1. Temporal Analysis of Products (TAP

Reactor) 65
6.4.2. Use Of ISOtOPES.........cvvvvvmiiiiieeaiiiins s 65
6.4.3. Use of Substituents. Selective Feeding.

and POISONING.......civiiieiiiiiiiiiiiee e e 65
6.4.4. Spatially Resolved Analysis of the

Fluid Phase over a Catalyst............. .... 66
6.4.5. Spectroscopic Techniques. ............. .... 66
7. Design and Technical Operation

of Solid Catalysts...........uuviiirieiiieennnn o 67
7.1. Design Criteria for Solid

Catalysts........coeevuiiiiiiiiiiiiieeeeeeien e 67
7.2. Catalytic Reactors........ ... 70
7.2.1. Classification of Reactors ............... ... 70
7.2.2. Laboratory Reactors.........cccuuueeeevnns e 70

7.2.3. Industrial Reactors 72
7.2.4. Special Reactor Types and Processes . 77
7.25. Simulation of Catalytic Reactors .... 79

1. Introduction

Catalysis is a phenomenon by which chemical
reactions are acceleratcd by small quantities of
foreign substances, called catalysts. A suitable
catalyst can enhance the rate of a thermodynam-
ically feasible reaction but cannot change the
position of the thermodynamic equilibrium.
Most catalysts are solids or liquids, but they
may also be gases.

The catalytic reaction is a cyclic process.
According to a simplified model, the reactant
or reactants form a complex with the catalyst,
thereby opening a pathway for their transforma-
tion into the product or products. Afterwards the
catalyst is released and the next cycle can
pniceed.

However, catalysts do not have infinite life.
Products of side reactions or changes in the
catalyst structure lead to catalyst deactivation.
In practice spent catalysts must be reactivated or
replaced (see Chapter Cataly st Dcactivation
and Regeneration).

I-1. Types of Catalysis

If the catalyst and reactants or their solution
orm acommon physical phase, then the reaction

71]. Catalyst Deactivation and

Regeneration...........cccvvvvviiiinnieeeeee e HO
7.3.1 Different Types of Deactivation............. 80
7.3.2. Catalyst Regeneration...............ccccee venes 8L
7.3.3. Catalyst Reworking and Disposal .. .. 24
K Industrial Application and Mechanisms
of Selected Technically Relevant
ReaCtioNS........ccovviiiiiiiiiie e o 82
8.1. Synthesis Gas and Hydrogen ............ 82
82. Ammonia Synthesis..........ccccceveevnnn s 83
8.3. Methanol and Fischer - Tropsch
Synthesis 84
8.3.1. Methanol Synthesis.............ccoeveeeevee e A
8.3.2. Fischer - Tropsch Synthesis ................. 86
8.4. Hydrocarbon Transformations....... .... 87
84.1. Selective Hydrocarbon Oxidation
Reactions 87
84.2. llydroprocessing Reactions............. ..... a1
85. Fnvironmental Catalysis.........c..... .... A
85.1. Catalytic Reduction of Nitrogen Oxides
from Stationary Sources A
85.2. Automotive Exhaust Catalysis......... ..... B

iscalled homogeneously catalyzed. Nletal salts of
organic acids, organometallic complexes, and
carbonyls of Co. Fe. and Rh arc typical homoge-
neous catalysts. Examples of homogeneously
catalyzed reactions are oxidation of toluene to
benzoic acid in the presence of Co and Mn
benzoatesand hydroformylation ofolefinstogive
the corresponding aldehydes. This reaction is
catalyzed by carbonyls of Co or Rh.

Heterogeneous catalysis involves systems in
which catalyst and reactants form separate
physical phases. Typical heterogeneous cata-
lysts arc inorganic solids such as metals, oxides,
sulfides, and metal salts, but they may also be
organic materials such as organic hydroperox-
ides, ion exchangers, and enzymes.

Examples of hetemgeneously catalyzed reac-
tions are ammonia synthesis from the elements
over promoted iron catalysts in the gas phase and
hydrogenation of edible oils on Ni - kieselguhr
catalysis in the liquid phase, which are examples
of inorganic and organic catalysis, respectively.

Electrocatalysis is a special case of hetero-
geneous catalysis involving oxidation or reduc-
tion by transfer of electrons. Examples are
the use of catalytically active electrodes in
electrolysis processes such as chlor-alkali elec-
trolysis and in fuel cells.



Heterogeneous Catalysis and Solid Catalysts 3

In photocatalysis light is absorbed by
the catalyst or a reactant during the reaction.
This can take place in a homogeneous or het-
erogeneous system. One example is the utili-
zation of semiconductor catalysts (titanium,
zinc, and iron oxides) for photochemical deg-
radation of organic substances, e.g.. on self-
cleaning surfaces.

In hiocatalysis. enzymes or microorganisms
catalyze various biochemical reactions. The
catalysts can be immobilized on various carriers
such as porous glass. Si02 and organic poly-
mers. Prominent examples of biochemical re-
actions are isomerization of glucose to fructose,
important in the production of soft drinks, by
using enzymes such as glucoamylase immobi-
lized on SiOj, and the conversion of acryloni-
trile to acrylamide by cells of corynebacteria
entrapped in a polyacrylamide gel.

The main aim of emironmental catalysis is
environmental protection. Examples are the
reduction of NO, in stack gases with NHj on
V20s - TiO: catalysts and the removal of NO,,
CO. and hydrocarbons from automobile exhaust
gases by using the so-called three-way catalyst
consisting of Rh - Pt - Ce02 - A1203 depos-
ited on ceramic honeycombs.

The term green catalytic processes has been
used frequently in recent years, implying that
chemical processes may be made environmen-
tally benign by taking advantage of the possible
high yields and sclectivities for the target pro-
ducts. with little or no unwanted side products
and also often high energy efficiency.

The basic chemical principles of catalysis
consist in the coordination of reactant mole-
cules to central atoms, the ligands of which
may be molecular species (homogeneous and
biocatalysis) or neighboring atoms at the surface
of the solid matrix (heterogeneous catalysis).
Although there are differences in the details of
various typesofcatalysis (e.g.. solvation effects
in the liquid phase, which do not occur in
solid - gas reactions), a closer and undoubted-
ly fruitful collaboration between the separate
communities representing homogeneous, het-
erogeneous. and biocatalysis should be strong-
ly supported. A statement by David Parker (IC1)
during the 21st Irvine Lectures on 24 April
1998 at the University of St. Andrews should
be mentioned in this connection, namely, that.

“... at the molecular level, there is little to
distinguish between homogeneous and hetero
geneous catalysis, but there are clear distinc-
tions at the industrial level” [1].

1.2. Catalysisasa Scientific Discipline

Catalysis is a well-established scientific
discipline, dealing not only with fundamental
principles or mechanisms of catalytic reac-
tions but also with preparation, properties, and
applications of various catalysts. A number of
academic and industrial institutes or laborato
ries focus on the study of catalysis and
catalytic processes as well as on the improve-
ment of existing and development of new
catalysts.

International journals specializing in cataly-
sis include Journal of Catalysis, Journal of
Molecular Catalysis (Series A: Chemical; Se-
ries B: Enzymatic). Applied Catalysis (Series
A: General;Series B: Environmental), Reaction
Kinetics and Catalysis Letters, Catalysis Toda\
Catalysis Letters, Topics in Catalysis, Advances
in Organometallic Catalysis, etc.

Publications related to catalysis can also
be found in Journal of Physical Chemistn.
Langmuir. and Physical Chemistry Chemical
Physics.

Well-known serials devoted to catalysis are
Handbucli der Katalyse [edited by G.-M
Schwab. Springer. Wien. Vol. 1(1941) - Vol
7.2 (1943)], Catalysis [edited by P. H. Emmett
Rcinhold Publ. Co., Vol. 1 (1954) - Vol. 7
(1960)]. Catalysis—Science atul Technology
[edited by J. R. Anderson and M. Boudart
Springer. Vol. 1 (1981) - Vol. Il (1996)].
Catalysis Reviews (edited by A. T. BellandJ. i
Carberry, Marcel Dekker). Advances in Cato
lysis (edited by B. C. Gates and H. Knozingci
Academic Press), Catalysis (edited by J. ]
Spivey, The Royal Society of Chemistn.).
Studies in Surface Science and Catalysis (edited
by B. Delmon andJ. T. Yates), etc.

Numerous aspects of catalysis were the
subject of various books. Some, published since
1980, arc mentioned here:

C. N. Satterfield. Heterogeneous Catalysis

in Practice, McGraw Hill Book Comp., New
York, 1980.
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D. L. Triram, Design ofindustrial Catalysis,
Elsevier, Amsterdam, 1980.

J. M. Thomas. R. M. Lambert (eds.). Char-
acterization o fHeterogeneous Catalysts. Wiley.
Chichester. 1980.

R. Pearce. W. R. Patterson (eds.). Catalysis
and Chemical Processes. John Wiley. New
York. 1981

B. L. Shapiro (ed.). Heterogeneous Cataly-
sis. Texas A & M Press. College Station. 1984.

B. E. Leach (ed.). Applied Industrial Catal-
ysis. Vol. 1, 2. 3, Academic Press, New York.
1983 - 1984.

M. Boudart. G. Djega-Mariadassou. Kinetics
ofHeterogeneous Reactions. Princeton Univer-
sity Press, Princeton, 1984.

F. Delannay (ed.). Characterization of
Heterogeneous Catalysts, Marcel Dekker, New
York. 1984.

R. Hughes, Deactivation of Catalysts. Aca-
demic Press, New York, 1984.

M. Gra/iani, M. Giongo(eds.). Fundamental
Research in Homogeneous Catalysis, Wiley,
New York. 1984.

H. Heincmann. G. A. Somorjai (eds.). Ca-
talysis and Surface Science. Marcel Dekker.
New York, 1985.

J. R. Jennings (ed.). Selective Development
in Catalysis. Blackwell Scientific Publishing.
London. 1985.

G. Parshall. Homogeneous Catalysis. Wiley.
New York. 1985.

J. R. Anderson. K. C. Pratt. Introduction to
Characterization and Testing of Catalysts. Ac-
ademic Press. New York, 1985.

Y. Yermakov, V. Likholobov (eds). Homo-
geneous and Heterogeneous Catalysis. VNU
Science Press, Utrecht, Netherlands. 1986.

J. F. Le Page. Applied Heterogeneous Catal-
ysis  Design, Manufacture. Use ofSolid Cat-
alysts. Technip, Paris. 1987.

G. C. Bond. Heterogeneous Catalysis. 2nd
ed . Clarendon Press, Oxford, 1987.

P. N. Rylandcr. Hydrogenation Methods. Ac-
ademic Press, New York, 1988.

A. Mortreux. F. Petit (eds.). Industrial Ap-
P ‘cation of Homogeneous Catalysis. Reidel.
Dordrecht |Q88

J' F. Liebman, A. Greenberg. Mechanistic
,a Z 'plrs °f Enz>mfActivity, VCH. New York.

J. T. Richardson. Principles ofCatalytic De-
velopment. Plenum Publishing Corp., New
York, 1989.

M. V. Twigg (ed.). Catalyst Handbook.
Wolfe Publishing. London, 1989.

J. L. G. Fierro (ed.). Spectroscopic Charac-
terization o fHeterogeneous Catalysts, Elsevier.
Amsterdam. 1990.

R. Ugo (ed.). Aspects of Homogeneous Ca-
talysis. Vols. | - 7. Kluwer Academic Publish-
ers. Dordrecht. 1990.

W. Gerhartz (ed.). Enzymes in
VCH. Weinheim, 1990.

R. A.van Santen. Theoretical Heterogeneous
Catalysis. World Scientific. Singapore, 1991.

J. M. Thomas, K. |. Zamarev (eds.). Per-
spectives in Catalysis. Blackwell Scientific
Publications. Oxford. 1992.

B. C. Gates. Catalytic Chemistry, Wiley,
New York, 1992.

G. W. Parshall. S. D. Ittel. Homogeneous
Catalysis. 2nd ed.. Wiley. New York. 1992.

J. J. Ketta (ed.), ChemicalProcessing Hand-
book. Marcel Dekker. New York. 1993.

J. A. Moulijn. P. W. N. M. van Leeuwen.
R. A. van Santen (eds.). Catalysis — An Inte-
grated Approach to Homogeneous. Heteroge-
neous and Industrial Catalysis. Elsevier.
Amsterdam. 1993.

J. W. Niemantsverdriet, Spectroscopy in Ca-
talysis. VCH. Weinheim. 1993.

J. Reedijk (ed.). Bioinorganic Catalysis. M.
Dekker. New York. 1993.

G. A. Somotjai. Introduction to Surface
ChemistryandGete/yju,Wiley, New York. 1994.

J. M. Thomas. W. J. Thomas. Principles and
Practice of Heterogeneous Catalysis, VCH,
Weinheim. 1996.

R. J. Wijngarden, A. Kronberg. K. R. Wes-
terterp. Industrial Catalysis — Optimizing Cat-
alysts and Processes, Wiley-VCH. Weinheim.
1998.

G. Ertl. H. Knozinger. J. Weitkamp (eds.).
EnvimnmentalCatalysis. Wiley-VCH, Weinheim.
1990.

G. Ertl. H. Knozinger. J. Weitkamp (eds.).
Preparation of Solid Catalysts. Wiley-VCH.
Weinheim, 1999.

B. Comils. W. A. Herrmann, R. Schlogl, C,-
H. Wong. Catalysis from A - Z. Wiley-VCH,
Weinheim, 2000.

Industry,
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B. C. Gates. H. Knozinger (eds.). Impact of 1J.

Surface Science on Catalysis. Academic. San
Diego. 2000.

A comprehensive survey of the principles and
applications: G. Ertl. H. Knozinger. F. Schiith. J.
Weitkamp (eds.): Handbook of Heterogeneous
Catalysis. 2nd ed. with 8 volumes and 3966
pages. Wiley-VCH. Wcinheim 2008.

The first International Congress on Catalysis
(ICC) took place in 1956in Philadelphia and has
since been held every four years in Paris( 1960).
Amsterdam (1964), Moscow (1968). Palm
Beach (1972). London (1976), Tokyo (1980).
Berlin (1984). Calgary (1988). Budapest
(1992). Baltimore (1996), Granada (2000)).
Pans (2004) and Seoul (2008). The 15th Con-
gress will be held in Munich in 2012. Presented
papers and posters have been published in the
Proceedings of the corresponding congresses.
The International Congress on Catalysis Coun-
cil(IC C) was renamed at thcCouncil meeting in
Baltimore 1996. The international organization
is now called International Association ofCa-
talysis Societies (IACS).

In 1965 the Catalysis Society of North
America was established and holds meetings in
the USA every other year.

The European Federation of Catalysis Soci-
eties (EFCATS) was established in 1990. The
EUROPACAT Conferences are organized under
the auspices of EFCATS. The first conference
took place in Montpellier (1993) followed by
Maastricht (1995). Cracow (1997), Rimini
(1999). and Limerick (2001).

Furthermore, every four years (in the even
year between two International Congresses on
Catalysis) an International Symposium focusing
on Scientific Basis for the Preparation ofHet-
emgeneous Catalysts is held in Louvain-La
Neuve (Belgium).

Other international symposia or congresses
devoted to catalysis are: International Zeolite
Conferences. International Symposium of Cat-
alyst Deactivation, Natural Gas Conversion
Symposium. Gordon Conference on Catalysis.
TOCAT (Tokyo Conference on Advanced Cata-
lytic Science and Technology), International
Symposium nfAcid Ss:r Carafysir. 'hr Europe
an conference series, namely the Roermond.
Sabatier- and Schwab-conference, and the Tay-
lor Conference.

Industrial Importance
of Catalysis

Because most industrial chemical processes arc
catalytic, the importance and economical sig

nificancc of catalysis is enormous. More than
80— of the present industrial processes estab

lished since 1980 in the chemical, petrochemi

cal. and biochemical industries, as well as in the
production of polymers and in environmental
protection, use catalysts.

More than 15 international companies have
specialized in the production of numerous caui
lystsapplied in several industrial branches. In200h
the turnover in the catalysts world market was
estimaledtobeahoutUS-S 13 x 104<seeChapin
Production of Heterogeneous Catalysts).

1.4. History of Catalysis

The phenomenon of catalysis was first recog-
nizedby B ek zeuis (2,3]in 1835. However, some
catalytic reactions such as the production of
alcoholic beverages by fermentation or the man
ufacture of vinegar by ethanol oxidation wen’
practiced long before. Production of soap by fai
hydrolysis and diethyl ether by dehydration of
ethanol belong to the catalytic reactions that
were performed in the 16th and 17th centime

Besides Berzeui*. Mitschikuoi |3] was
also involved at the same time in the study of
catalytic reactions accelerated by solids. He
introduced the term contactcatalysis. This term
for heterogeneous catalysis lasted for more than
100 years.

In 1895 Ostwald [3,4] defined catalysis as
the acceleration of chemical reactions by the
presence of foreign substances which arc n<t
consumed. His fundamental work was rccoj:
nized with the Nobel prize for chemistry in
1909.

Between 1830 and 1900 several practical
processes were discovered, such as flameles'
combustion of CO on a hot platinum wire, and
the oxidation of SO2to SO, and of NH, to NO.
both over Pt catalysts.

In 10)? S*b«tieb (3 S] rrreiv™vt the Nobel
prize for his work devoted mainly to the hydro
gcnation of ethylene and CO over Ni and Co
catalysts.
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The first major breakthrough in industrial
catalysis was the synthesis of ammonia from
the elements, discovered by Haber |3.6,7] in
1908, using osmium as catalyst. Laboratory
recycle reactors for the testing of various am-
monia catalysts which could be operated at high
pressure and temperature were designed by
Bosch [3]. The ammonia synthesis was com-
mercialized at BASF (1913) as the Haber-
Bosch (81 process. Mittasch [9] at BASF devel-
oped and produced iron catalysts for ammonia
pn<duction.

In 1938 Berciis 13101 converted coal to
liquid fuel by high-pressure hydrogenation in
the presence of an Fe catalyst.

Other highlights of industrial catalysis were
the synthesis of methanol from CO and H2over
ZnO - Cr20 3 and the cracking of heavier pe-
troleum fractions to gasoline using acid-activat-
ed clays, as demonstrated by Houdry [3,6] in
1928.

The addition of isobutanc to C, - C4olefins
in the presence of AICI,. leading to branched
C7 - Cg hydrocarbons, components of high-
quality aviation gasoline, was first reported by
Ipatierfetal. [3,7] in 1932. This invention led to
a commercial process of UOP (USA).

Of eminent importance for Germany, which
possesses no natural petroleum resources, was

thediscovery by Fischek andTieopsai [ 11] ofthe
synthesis of hydrocarbons and oxygenated com-
pounds from CO and H2 over an alkalized iron
catalyst. The first plants for the production of
hydrocarbons suitable as motor fuel started up in
Germany 1938. After World War (l. Fischcr-
Tropsch synthesis saw its resurrection in South
Africa. Since 1955 Sasol Co. has operated two
plants with a capacity close to 3 x 10" t/a

One of the highlights of German industrial
catalysis before World War Il was the synthe-
sis of aliphatic aldehydes by Roeien 112] by
the addition of CO and H? to olefins in the
presence of Co carbonyls. This homogeneous-
ly catalyzed reaction was commercialized in
1942 by Ruhr-Chemie and is known as Oxo
Synthesis.

During and after World War Il (till 1970)
numerous catalytic reactions were realized on
an industrial scale (sec also Chapter Applica-
tion of Catalysis in Industrial Chemistry).
Some important processes are compiled in
Table I.

Table 2 summarizes examples of catalytic
processes representing the current status of the
chemical, petrochemical and biochemical in-
dustry as well as the environmental protection
(see also Chapter Application of Catalysis in
Industrial Chemistry).

Tidc|. Inportart catalytic procruc* comrorddi/ed during ad after World War 11 until 19401 (13141

Products

Year of Process Catalyst

<« >nimerciali/ati<hi

1939- 1945 ikhydnfenamn PI- AfaOs
dehydrogenation a jo, - Aijo)
alkane ixumeruation Am,

=946~ 1960 oxidation of aromatics v a
bydrocracking Ni  alumHwvsilicate
polymen/*ton TiCU - AHCjHsh
(Ziegler N «il
dehydmgenatichi FejO, - CrzO, KOH
oxidation (Wacfcer jhixcss) PdCb - CeCh

1961 - [970 steam reforming Ni  a-Aljo,

ammoxidation
fluid catalytic cracking
informing

synthesis
noten/ablT

distillate dewaung
hydnwefining

Bi phosphomolyhdate

H zeolites  aluminosihc.rtes
bimetallk. catalysts »/1. Sn. Re. k)
» -7n0 - Am,

enzymes immobilized on SiO:

ZSM-5, mordenites
Ni-.CO Mos,

toluene InHm methy Icyclohekane
butadiene from n-tatane

i-Cj - Ct from «t-alkanes

phthalu anhydride from
naphthalene and <sxylene

fuels from high-boiling petroleum
fractio—

polyethylene from ethylene

styrene from ethyfeen/eikK-
acetaldehyde from ethylene

Co, (CO2X and H2 from methane
aeryionitnle from propenc

fuels from high hulling fractions
gasoline

methanol from CD. H.. CO.

fructose from glucose IpoHhiction
of soft drinks)
removal of n-alkanes from gasoline

hydrodesulfun/ation. hyilrodenttnficalion
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TaMr 2. Important catalytic processes commercialized after 1970 [ 15- 18]

Year of fyocew

commerciali/ation

1971 19> automobile emission control
caibonylatwn (Monsanto process)
MTG «Mobil pnvevM

alkylatton (Mobil Badger)
selective catalytic reduction (SCR;
stationary sources m

esterifitatton (M TBE synthesis!

1981 19C5

oxidation (Sumitomo Chem.
2-step process)

oxidation Monsanto)

fluid-betl polymerization (I'mpol)
hydrocarbon synthesis (Shell)

environmental control
(combustion process)
oxidation with H<>; (Entchem)

1996 2000

hydration
ammoxidation (Montedipe)

dehydrogenation of C * C4 alkanes
(Star and Oleflex processes)

2000- catalytic destnicticm of N3O from

nitric acid tail gases (EnviNOx
proceu. Lhde)

HPPO (BASF-Dim.
Degussa-lhdei

2. Theoretical Aspects

The classical definition of a catalyst states
that “a catalyst is a substance that changes the
rate but not the thermodynamics of a chemical
reaction" and was originally formulated by
Ostwald [4]. Hence, catalysis is a dynamic
phenomenon.

As emphasized by Boddart [191. the condi-
tions under which catalytic processes occur on
solid materials vary drastically. The reaction
temperature can be as low as 78 K and as high
as 1500 K. and pressures can vary between 10 “
and 100 MPa. The reactants can be in the gas
phase or in polar or nonpolar solvents. The
reactions can occur thermally or with the assis-
tance of photons, radiation, or electron transfer
at electrodes. Pure metals and multicomponent
and multiphase inorganic compounds can act as
catalysts. Site-time yields (number of product
molecules formed per site and unit time) as low
as 10 5s 1 (corresponding to one turnover per

Catalyst

Pl Rh -CeQj - AljO,
(three-way cataly*)
organic Rh complex
/eohte (ASM-5]
modified zeolite (ZSM-S)
V Tl (Mo. W) oxides
(monoliths)
ion-exchange resin

1 Mo. Bi oxides

2. Mo. V. PO (heteropolyat ids)
\anady Iphosphaie

Ziegler Natta type

1Co (Zx.Tl) SiO:

2.Pi SiO;

ft - AM), (monoliths)

Tl sibcaliie

enzymes
Ti silicalne

Pt(Sn) - zmc

Product

rrmosal of NO,, CO. CH.

acetic acid from methanol
gasoline from methanol
ethylhenzene from ethylene
reduction of NO, with NH (to N

methyl-/err-butyl ether from
tsobutene + methanol
acrylic acid from propene

malcK anhydride from n-butarx-
polyethylene and polypropylene
middle distillate from CO + Hi

deodoration

hydroquinone and catechol
from phenol

acrylamide from acrylonitnle
cyclohexanone oxime from
cyckihexanone. NH,. and HjO?
Cv C* olefins

Pt - AljO,
Fe zeolite removal of nitrous oxide
Ti silicalite propylene from propene

day) and as high as 104 $“ 1 (gas kinetic collision
rate at | MPa) are observed.

It is plausible that it is extremely difficult, if
not impossible, to describe the catalytic phe-
nomenon by a general theory which covers the
entire range of reaction conditions and obscrv ed
site-time yields (reaction rates). However, there
arc several general principles which are consid-
ered to be laws or rules of thumb that are use! ul
in many situations. According to Boudart 1141
the value of a principle is directly related to its
generality. In contrast, concepts are more spe-
cialized and permit an interpretation of phenoiu
ena observed for special classes of catalysts or
reactions under given reaction conditions.

In this chapter, important principles and
concepts of heterogeneous catalysis are dis-
cussed. followed by a section on kinetic
of heterogeneously catalyzed reactions. The
chapter is concluded by a section on the deter-
mination of reaction mechanisms in heteroge-
neous catalysis.
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2.1. principles and Concepts
2.1.1. Sabatier's Principle

The Sabatier principle proposes the existence of
an unstable intermediate compound formed be-
tween the catalyst surface and at least one of the
reactants |5). This intermediate must be stable
enough to be formed in sufficient quantities and
labile enough to decompose to yield the final
pnxluct or products. The Sabatier principle is
related to linear free energy relationships such
as a Bronsted relation 1191 These relations deal
with the heat of reaction q (thermodynamic
quantity) and the activation barrier E (kinetic
quantity) of an elementary step in the exother-
mic direction (g > 0). With an empirical pa-
rameter a (0 < a < 1) and neglecting entropy
effects, a Bronsted relation can be written as

AE - a Aq.

where [E is the decrease in activation energy
corresponding to an increase Aq in the heat of
reaction. Hence, an elementary step will have a
high rate constant in the exothermic direction
when its heat of reaction g increases. Since the
activation barrier in the endothcrmic direction is
equal to the sum of the activation energy E and
the heat of reaction, the rate constant will de-
crease with increasing Q.

The Brensted relationship represents abridge
between thermodynamics and kinetics and. to-
gether with the Sabatier principle, permits an
interpretation of the so-called volcano plots first
reported by B a1andin [20]. These volcano curves
result when a quantity correlated with the rate of
reaction under consideration is plotted against a
measure of the stability of the intermediate
compound. The latter quantity can be the heal
ofadsorption ofone of the reacta nts or the heat of
formation of a bulk compound relative to the
surface compound, or even the heat of formation

bnyl compound that can be correlated with

*Cat ° ‘klaod ,Jon or simply the position of
1 catalytic material (metal) along a horizontal
scncs 'n the Periodic Table [263].

As an example. Figure | shows the volcano
Pot for the decomposition of formic acid on
ransition metals [21]. The intermediate in this

action was shown to he a surface formate,
nerefore. the heatsofformation AH,0\ the bulk

AH, U«r' — »

Figure |. Volcano plot for the decomposition of formic
acid. The temperature Tat which the rale of decom position»
has a fixed value is plotted against the heat o f formation AHt
of the metal formate (adopted from (31]).

metal formates were chosen as the measure of
the stability ofthe intermediate. At low values of
AH,. the reaction rate is low and corresponds to
the rate of adsorption, which increases with
increasing heat of formation of the bulk for-
mates (representing the stability of the surface
compound). At high values of AH, the reaction
rate is also low and corresponds to the desorp-
tion rate, which increases with decreasing AH,.
As a consequence, a maximum in the rate of
reaction (decomposition of formic acid) is ob-
served at intermediate AH, values which is
neither a pure rate of adsorption nor a pure rate
of desorption but which depends on both.

2.1.2. The Principle of Active Sites

The Sabatier principle of an unstable surface
intermediate requires chemical bonding of re-
actants to the catalyst surface, most likely be-
tween atoms or functional groups of reactant
and surface atoms. This leads to tlie principle of
active sites. When Langmiir formulated his
model of chemisorption on metal surfaces [22].
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he assumed anarray of sites which were energet-
ically identical and noninteracting, and which
would adsorb just one molecule from the gas
phase in alocalized mode. The Langmuir adsorp-
tion isotherm results from this model. The sites
involved can be considered to be active sites.

Langmuir was already aware that the as-
sumption of identical and noninteracting sites
was an approximation which would not hold for
real surfaces, when he wrote [23]: "Most finely
divided catalysts must have structures of great
complexity. In order to simplify our theoretical
consideration of reactions at surfaces, let us
confine our attention to reactions on plane sur-
faces. If the principles in this case are well
understood, it should then be possible to extend
the theory to the case of porous bodies. In
general, we should look upon the surface as
consisting of a checkerboard." Langmuir thus
formulated the surface science approach to het-
erogeneous catalysis for the first time.

The heterogeneity of active sites on solid
catalyst surfaces and its consequences were
emphasized by Taylor |24). who recognized
that "There will he all extremes between the
case in which all atoms in the surface are active
and that in which relatively few arc soactive." In
other words, exposed faces of a solid catalyst
will contain terraces, ledges, kinks, and vacan-
cies with sites having different coordination
numbers. Nanoscopic particles have edges and
comers which expose atoms with different co-
ordination numbers [25]. The variation of coor-
dination numbers of surface atoms will lead to
different reactivities and activities of the corre-
sponding sites. In this context. Schwab's adli-
neation theory may be mentioned [26]. which
speculated that one-dimensional defects con-
sisting of atomic steps arc of essential impor-
tance. This view was later confirmed by surface
science studies on stepped single-crystal metal
surfaces [27].

In addition to variable coordination numbers
of surface atoms in one-component solids, the
surface composition may be different from that
of the hulk and different for each crystallogra-
phy plane in multicomponent materials {surface
segregation [28]). This would lead to a hetero-
geneity of the local environment of a surface
atom and thus create nonequivalent sites.

Based on accurate kinetic measurements
and on the Taylor principle of the existence of

inequivalent active sites. Bordart et al. (29)
coined the terms structure-sensitive and stru,
ture-insensitive reactions. A truly structure-in-
sensitive reaction is one in which all sites seem
to exhibit equal activity on several planes of a
single crystal. Surprisingly, many heterogc
neousl) catalyzed reactions tumed out to be
structure-insensitive. Long before experimeni.il
evidence for this phenomenon was available and
before a reliable interpretation was known
Taylor predicted it by writing [24]: “The
amount of surface which is catalytically active
is determined by the reaction catalyzed.” In
other words, the surface of a catalyst adapts
itself to the reaction conditions for a particular
reaction. The driving force for this reorgani/.i
tion of a catalyst surface is the minimization of
the surface free energy, which may be achieved
by surface-reconstruction [30.31]. As a conse-
quence. a meaningful characterization of actnc
sites requires experiments under working (in
situ) conditions of the catalytic system.

The principle of active sites is not limited to
metals. Active sites include metal cations, an-
ions. Lewis and Brnnsted acids, acid - base
pairs (acid and base acting simultaneously in
chemisorption), organometallic compound
and immobilized enzymes. Active sites ma\
include more than one species (or atom) to
form multiplets [20] or ensembles ]32], A
mandatory requirement for these sites to he
active is that they are accessible for chemisorp
tion from the fluid phase. Hence, they must
provide free coordination sites. Therefore.
Burwell et al. [33,34] coined the term coon/i-
natively unsaturated sites in analogy with ho-
mogeneous organometallic catalysts. Thus, ac-
tive sites arc to be considered as atoms or group”
ofatoms which arc embedded in the surface ofa
matrix in which the neighboring atoms (or
groups) act as ligands. Ensemble and ligaml
effects are discussed in detail by Sachtler [351
and quantum chemical treatments of geometric
ensemble and electronic ligand effects on mclal
alloy surfaces are discussed by Hammer and
NORSKOV [36].

2.1.3. Surface Coordination Chemistry

The surface complexes formed by atom'
or molecules are now known to usually
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resemble a local structure similar to molecular
coordination complexes. The bonding in these
surface complexes can well be described in a
localized picture [37,38]. Thus, important phe-
nomenaoccuring at the surface o fsolid catalysts
may be described in the framework of surface
coordination chemistry- or surface organometal-
lic chemistry [39,40].

This is at variance with the so-called hand
theory of catalysis, which attempted to corre-
late catalytic performance with bulk electronic
properties [41-43]. The shortcomings of this
theory in oxide catalysis are discussed by
Stone (44).

2.1.4. Modifiers and Promoters

The performance of real industrial catalysts is
often adjusted by modifiers (additives) [45.46].
A modifier is called a pronu=>ter when it in-
creases the catalyst activity in terms of reaction
rate per site. Modifiers may also affect a cat-
alyst's performance in an undesircd manner. In
this case the modifier acts as a catalyst poison.
However, this simple distinction between pro-
moters and poisons is less straightforward for
reactions yielding more than one product in
parallel or consecutive steps, of which only one
is the desired product. In this case notonly high
activity but also high selectivity is desired. The
selectivity can be improved by adding sub-
stances that poison undesirable reactions. In
exothermic reactions excessively high reaction
rates may lead to a significant temperature
increase (sometimes only locally: hot spots)
which can yield undesirable products (e.g.. CO
and CO2 in selective catalytic oxidation). A
deterioration of the catalyst due to limited cata-
lyst stability may also occur. Consequently, a
modifier is required which decreases the reac-
tion rate so that a steady-state temperature and
reaction rate can be maintained. Although the
modifier acts as a poison in these cases, it is in
act a promoter as far as selectivity and catalyst
stability are concerned.

Maodifiers can change the binding energy ofan
active site orits structure, or disrupt an ensemble
0 aoms-eg., by alloying an active with an
inactive metal. A molecular approach toward an
understanding of promotion in heterogeneous
catalysis was presented by Him-HtNos [47].

As an example, the iron-based ammonia
synthesis catalyst is promoted by AI30 ~ and
KjO [48]. Alumina acts as a textural promoter,
as it prevents the rapid sintering of pure iron
metal. It may also stabilize more active sites on
the iron surface (structural promoter). Potassi-
um oxide appears to affect the adsorption kinet-
ics and dissociation of dinitrogen and the bind-
ing energy of nitrogen on adjacent iron sites
(electronic promoter).

The addition of Co to MoS2-based cata-
lysts supported on transitional aluminas has
a positive effect on the rate of hydrodesulfur-
ization of sulfur-containing compounds at Co/
(Co + Mo)ratios below ca. 0.3 [49]( see Section
Supported Metal Catalysts). The active phase
is proposed to be the so-called CoMoS phase
which consists of M0oS2 platelets, the edges of
which are decorated by Co atoms. The latter
may act as structural and electronic promoters
simultaneously.

Another example concerns bifunctional cat-
alysts for catalytic reforming [50], which con-
sist of Pt supported on strongly acidic aluminas,
the acid strength of which is enhanced by mod-
ification with chloride. Since these materials
lose chlorinc during the catalytic process, the
feed contains CCl4as a precursor of the surface
chloride promoter.

2.1.5. Active Phase - Support
Interactions

Several concepts have proved valuable in
interpreting phenomena which are pertinent to
certain classes of catalysts. In supported cata-
lysts. the active phase (metal, oxide, sulfide)
undergoes active phasc-support interactions
[51-53[. These are largely determined by the
surface free energies of the suppon and active
phase materials and by the intcrfaciul free ener-
gy between the twocomponcnts [51-53]. Active
transition metal oxides (e.g., V20j, MoO>
W 0 3 have relatively low surface free energies
as compared to typical oxidic support materials
such as y-Al20j. THO2 (anatase), and Si02
Although the interfacial free energies between
active phase and support are not known, the
interaction between the two components ap-
pears to be favorable, with the exception of
Si0 2-supported transition metal oxides. As a
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consequence spreading and wetting phenomena
occur if the thermal treatment of the oxide
mixtures is carried out at temperatures suffi-
ciently high to induce mobility of the active
oxide. As a rule of thumb, mobility of a solid
typically occurs above the Tammann tempera-
ture. which is equal to half the melting point of
the bulk solid. As a result, the active transition
metal oxide tends to wet the support surface and
forms a monolayer (monolayer-type catalysts).
Transition and noble metals typically have
high surface free energies |52]. and therefore,
small particlesor crystallites tend to agglomerate
to reduce theirsurface area. Stabilizationofnano-
size metal particles therefore requires deposition
on the surface of supports providing favorable
mrial-suppon interactions (M SI). The smaller
the particle the more its physical properties and
morphology can be affected by these interac-
tions. Therefore, the nature of the support mate-
rial for agiven metal alsocritically influencesthe
catalytic properties of the metal panicle.
Supported metals are in a nonequilibrium
state and therefore still tend to agglomerate at
sufficiently high temperatures in reducing atmo-
spheres. Hence, deactivation occurs because of
the reduced metal surface area. Regeneration
can typically be achieved by thermal treatment
in an atmosphere in which the active metal is
oxidized. The surface free energies of transition
and noble metal oxides arc significantly lower
than those of the parent metals, so that their
spreading on the support surface becomes
more favorable. Subsequent reduction under
sufficiently mild conditions can restore the high

degree of metal dispersion Idispersion D is
defined as the ratio of the number of metal
atoms exposed at the panicle surface (\s) &
the total number of metal atoms /¥ in the
particle (D = Ns/NT)\.

So-called strong mrlal-supportinunctions
(SMSI) may occur, e.g., for Pt - TiOj and
Rh - Ti02 (51.53.54]. As shown experimen-
tally. the adsorption capacity for H; and CO K
drastically decreased when the precurv
for the catalytically active metal on the supper
is reduced in H2 at temperatures above
ca. 770 K (51.54). Simultaneously, the oxide
support is slightly reduced. Although several
explanations have been proposed for the SMSI
effect, the most probable explanation is encap
sulation of the metal particle by support oxide
material. Encapsulation may occur when the
support material becomes mobile. Although
the electronic properties of the metal particle
may be affected by the support oxide in the
SMSI state, the decrease of the adsorption
capacity appears to be largely due to a geomet-
ric effect, namely, the resulting inaccessibility
of the metal surface.

The various possible morphologies and dis-
persions of supported metals are schematically
shown in Figure 2. The metal precursor typical
ly is well dispersed after impregnation of the
support. Low-temperature calcination may lead
to well-dispersed oxide overlayers, while dirccl
low-temperature reduction leads to highly dis
persed metal particles. This state can also he
reached by low-tempcraturc reduction of the
dispersed oxide precursor, this step being

MMVOonAMayI

Kt*urc 2. Schematic rcprrmTw HT i>f melal suppnn interactions (adopted from (JO |)
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reversible by low-temperature reoxidation. For
the preparation of highly dispersed Ni catalysis,
it is important to remove the waier that is formed
by hydrogen reduction of NiO. H2 diluted with
N, is used for this purpose. Surface compound
formation may also occur by a solid-state reac-
tion between the active metal precursor and the
support at high calcinalion temperatures. Re-
duction at high temperatures may lead to parti-
cle agglomeration when cohesive forces are
dominant, and to so-called pillbox morpholo-
gies when adhesive forces arc dominant. In both
cases, the metal must be mobile. In contrast,
when the support is mobile, sintering of the
support can occur, and the small metal particles
arc stabilized on the reduccd surface area
(cohesive forces). Alternatively, if adhesive
forces are dominant encapsulation (SMSI
effect) may occur.

2.1.6. Spillover Phenomena

In multiphase solid catalysts g>illover may oc-
cur of an active species (spillover species) ad-
sorbed or formed on one phase (donor phase)
onto a second phase (acceptor) which docs not
form the active species under the same condi-
tions [55-57]. A well-known example is hydro-
gen spillover from Pt, on which dihydrogen
chemisorbs dissociatively, onto W O ( with for-
mation of a tungsten bronze [58]. According to
Soviorjai [59] the spillover phenomenon must
be regarded as one of the “modem concepts in
surface science and heterogeneous catalysis".
Nevertheless, the exact physical nature of spill-
over processes has only rarely been verified
experimentally. The term is typically used to
explain nonlinear effects (synergistic effects)
of the combination of chemically different
components of a catalytic material on its
performance.
Besides hydrogen spillover, oxygen spillover
Us~cen postulated to play an important role in
"illation reactions catalyzed by mixed oxides.
" r example, the addition of antimony oxide to
'c cctivc oxidation catalysts enhances the cata-
ytlc activity at high levels of selectivity by a

't r ° fUp,Ofive rela,ivc >°«be Sb-frcc system.
gh antimony oxide itself is completcK
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Observations of this kind motivated Delmon
et al. |60.61| to formulate the remote-comml
concept to explain the fact that all industrial
catalysts used for the partial oxidation of hydro-
carbons or in hydrotrcatment are multiphasic
and that particular phase compositions develop
synergy effects. The remote-control concept is,
however, not undisputed.

2.1.7. I*hase-Cooperation and Site-Isola-
tion Concepts

Grasshj.i [62] proposed the phase-couperation
concept for partial oxidation and ammoxidation
reactions. It is suggested that two phases (e.g..
a-BisM030i: and y-BbM 0O n) cooperate in the
sense that one phase performs the actual cata-
lytic function (a-phasc) and the other (y-phase)
the reoxidation function. The concept could be
verified for many other multiphase, multicom-
ponent mixed metal oxide catalysts, such as
multicomponent molybdates and multicompo-
nent antimonates [62,63].

Another concept most relevant lor selective
oxidation and ammoxidation is the site-isolation
concept first formulated by Callahan and
Grasseijj |64]. Site isolation refers to the sepa-
ration of active sites from each olher on the
surface of a heterogeneous catalyst and is con-
sidered to be the prerequisite for obtaining the
desired selective partial oxidation products. The
concept states that reactive surface lattice oxy-
gen atoms must be structurally isolated from
each other in defined groupings on a catalyst
surface to achieve selectivity. The number of
oxygen atoms in a given isolated grouping de-
termines the reaction channel through the stoi-
chiometry requirements imposed on the reaction
by the availability of oxygen at the reaction site.
It was postulated that two and up to five adjacent
surface oxygen atoms would be required for the
selective oxidation of propcnc to the desired
product acrolein. Lattice groupings with more
than five oxygen atoms would only produce total
oxidation products (CO and CO2. while
completely isolated single oxygen atoms would
be either inactive or could produce allyl radicals.
The latter would couple in the vapor phase to
give hexadiene and ultimately ben/ene. These
scenarios arc schematically shown in Figure 3.
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* Hrc~'ol0 * Hi®

lip

Flfurr J. Sile 141alHtn principle Schematic of I-nkc oxygen arrangements on hypothetical surfaces Anticipated «each.»
paths of propene upon contact with these surfaces (NR - no reaction: adopted from |621)

2.1.8. Shape-Selectivity Concept

Zeolites and related materials have crystalline
structure and contain regular micropores, the
diameters of which are determined by the struc-
ture of the materials. The pore sizes are well
defined and have dimensions similar to those of
small organic molecules. This permits shape-
selective catalysis to occur. The geometric con-
straints may act on the sorption of reactants, on
the transition state of the catalyzed reaction, or
on the desorption of products. Correspondingly,
shape-selective effects have been classified as
providing reactant shape selectivity, restricted

transition state shape selectivity, and produtf
shape selectivity [65.66]. These scenarios ait
schematically illustrated in Figure 4 for it*
cracking of n-hcptanc and | -methylhcxane tre
actant shape selectivity), for the transalkylatu'0
of m-xylenc (transition state shape selectivity)
and for the alkylation of toluene by methanol
(product shape selectivity). In the first example
the kinetic diameter of n-heptane is smaller ihefl
that of 1-methylhcxane. The latter is not able tf
enter micropores, so that shape-selective crack-
ing of zi-heptane takes place when both hydro-
carbons are present in the feed. An exanip'l
for shape-selective control of the transitin'l
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KdoTT 4. Classification of shapeselettivc effects

state is the transalkylation of m-xylene. The
reaction is bimolecular and the formation of
1.2,4-trimethylben/ene has a less bulky transi-
tion state than the formation of 1,3,5-trimethyl-
benzene. The latter product can thus not be
formed if the pore size and geometry is carefully
adapted to the transition state requirements.
Finally, p-xylene can be selectively formed by
methylation of toluene with methanol and zeo-
lites whose pore openings only allow p-xylene
to be released. The o and m isomers cither
accumulate in zeolite cages or are isomerized
to /vxylene

2.1.9. Principles of the Catalytic Cycle

The most fundamental principle in catalysis is
<hiitof the catalytic cycle, which may be based on
a redefinition of a catalyst by Boudakt (67): "A
catalyst is a substance that transforms reactants
into products, through an uninterrupted and
repeated cycle of elementary steps in which the
catalyst is changed through a sequence of rrac-
"u ,n,rrmediates, until the last step in the cycle
<h* catalyst in its original form".

I'me catalytic substance or active sites may
001  presentoriginally, but may be formed by
* tvation dunno ,hc start up phase of the cata-
Y ic reaction. The cycle must he uninterrupted
, m since otherwise the reaction is

¢ lometric rather than catal) tic. The number

CHjCH*

ofturnovers, a measure of catalyst life, must be
greater than unity, since the catalyst would
otherwise be a reagent. The total amount of
catalyst (active sites) is typically small relative
to the amounts of reactants and products in-
volved (catalytic amounts). As a consequence,
the reactive intermediates can be treated by the
kinetic quasi-steady-state approximation of
Booenstein.

The activity of the catalyst is defined by the
number of cycles per unit time or turnovers or
turnover frequency (TOF; unit: s~'). The life of
the catalyst is defined by the number of cycles
before it dies.

2.2. Kinetics of Heterogeneous
Catalytic Reactions [67-76]

The catalytic cycle is the principle of catalytic
action. The mechanism of a catalyzed reaction
can be described by the sequence of elementary
reaction steps of the cycle, including adsorption,
surface diffusion, chemical transformations of
adsorbed species, and desorption, and it is the
basis for deriving the kinetics of the reaction. It
is assumed that for each individual elementary
step the transition-state theory is valid. An early
treatise of the kinetics of heterogeneously cata-
lyzed reactions was published by schwab 177].

The various aspects of the dynamics of sur-
face reactions and catalysis have been classified
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Kiuurr 5. Schematic classification of the various aspects of the dynamics, of surface reactions (adopted from [31))

by Ektl [311into five categories in terms oftime
and length scales, as shown schematically in
Figure 5. In the macroscopic regime, the rate of
a catalytic reaction is modeled by fitting empir-
ical equations, such as power laws, to experi-
mental data, so as to describe its concentration
and pressure dependence and to determine rate
constants that depend exponentially on temper-
ature. This approach was very useful in chcmi-
cal engineering for reactor and process design.
Assumptions about reaction schemes (kinetic
models) provide correlations between the sur-
face coverages of intermediates and the external
variables, an approach that led to the Tcmkin
equation | 78] modeling the kinetics ofammonia
synthesis.

Improved kinetic models could be developed
when atomic processes on surfaces and the
identification and characterization of surface
species became available. The progress of a
catalytic reaction is then described by a micro-
kinetics approach by modeling the macroscopic
Kinetics through correlating atomic processes
with macroscopic parameters within the frame-
work of a suitable continuum model. Continu-
um variables for the partial surface coverages
are. to a first approximation, correlated to ex-
ternal parameters (partial pressures and temper-
ature) by the Langmuir lattice model ofa surface
consisting of identical noninteracting adsorp-
tion sites.

The formulation of rate laws for the full
sequence of elementary reactions will usually
lead to a set of nonlinear coupled (ordinary)
differential equations for the concentrations
(coverages) of the various surface species in-
volved. The temporal behavior of the reaction
system under constant continuous-flow condi-

tions may be nonstationary transient. In certain
parameter ranges it may be oscillatory or even
chaotic Also, there may be local variations in
surface coverages which lead to coupling of tre
reaction with transport processes (e.g., partn.li
diffusion, heat transfer). The formation of &
tiotemporal concentration profiles on a meso-
scopic scale is the consequence of these nonlin-
ear dynamic phenomena.

Since the Langmuir lattice model is not valid
in reality, the continuum model can describe' iht
reaction kinetics only to a first approximation
Interactions between adsorbed species occur
and adsorbed particles occupy nonidentica
sites, so that complications arise in the descrip
tion of the reaction kinetics. Apart from tre
heterogeneity of adsorption sites, surfaces mi)
undergo structural transformations. Surface sci-
ence investigations provide information <
these effects on an atomic scale.

As mentioned above, it is assumed that te
transition-stale theory is valid for description d
the rates of individual elementary steps. Thii
theory is based on the assumption that al all
stages along the reaction coordinate themu
equilibrium is established. Temperature then r
the only essential external macroscopic param-
eter. This assumption can only be valid if encrc?
exchange between all degrees of motion!l
freedom of the particles interacting with iNe
solid acting as a heat bath is faster than it*
elementary step which induces nuclear m otions
Energy transfer processes at the quanto*
level arc the basic requirements for chernic®
transformations.

Nonlinear dynamics and the phenomena
occuring at the atomic and quantum levels wet*
reviewed by Ekrb [31J.
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2 2.1. Concepts of Reaction Kinetics
(Microkinetics)

The important conccpts of (catalytic) reaction
kinetics were reviewed by Boudart (67.68.
79.80). and by Cortrkhtand Di mrsk (74).

The term microkinetics was defined to de-
note reaction kinetics analyses that attempt to
incorporate into the kinetic model the basic
surface chemistry involved in the catalytic
reaction at a molecular level 173,74]. An im-
portant prerequisite for this approach is that
reaction rates are measured in the absence of
heat- and mass-transfer limitations. The kinetic
model is based on a description of the catalytic
process in terms of information and/or assump-
tions about active sites and the nature of ele-
mentary steps that make up the catalytic cycle.
The ultimate goal of a kinetic analysis is the
determination of prcexponeniial factors and
activation energies (cf. Anhenius equation) for
all elementary steps in forward and reverse
direction. Usually there is not sufficient infor-
mation available to extract the values of all
kinetic parameters. However, it has been es-
tablished that in many cases the observed ki-
netics are controlled by a limited number of
kinetic parameters (73,74). Questions to be
answered in this situation are: (1) how many
kinetic parameters arc required to calculate the
overall rate from a reaction scheme? (2) What
species arc the mostabundant interm ediates on
the catalyst surface under reaction conditions?
(31 Does the reaction scheme include a rale-
determining step for the kinetic parameters of
interest under the reaction conditions? Gener-
ally, only a few parameters are kinetically
significant. although it is difficult to predict
which parameters control the overall rate of the
catalytic process. Therefore, initial estimates
require a larger set of parameters than are
ultimately necessary for the kinetic descrip-
tion of the catalytic process of interest. Bc-
4 es experimental values of kinetic para-
meters for individual elementary reactions
o ten resulting from surface science
rk. 1CS ?M s‘n8%"Crystal surfaces), quantum

T 1'8 calculations permit mechanistic in-

Prcdicl,ons of kinc,it Para-

llsn SU'?c * al a kin«ic model has been estab-
*c consists of n elementary steps.

each proceeding at a net rate

The subscripts fand r stand for “ forward" and
"reverse”, respectively. As mentioned above,
the validity of the Bodenstein steady-state con-
cept can be assumed. The kinetic steady state is
then defined by:

a,r=r, )

where r is the net rate r( - r, of the overall
catalytic reaction defined by a stoichiometric
equation, a, is the stoichiometric number of
the ith step, i.e., the number of times that this
step must occur for the catalytic cycle to
turnover once. If the transition-state theory is
valid for each individual elementary step, the
ratio of the forward rate rfi to the reverse rate
rr, of step i is given by the De Donder rela-
tion (81.82):

n,/rh = exp(A./RT) 3)
where /1, is the affinity of step i:
A, =[0G /af]r, 4)

where £, is the extent of reaction of step i.

At steady state, the affinity for each step but
one may be very small as compared to the
affinity A of the overall reaction. Each step but
one is then in quasi-equilibrium. The step that is
not in quasi-equilibrium (subscript d) is called
the rale-determining step (rds) as defined by
Horiuti (83). As a consequence of this defini-
tion. the following inequalities are valid:

M,> rH. andr, » /sj(i ¢ d)
If there is an rds, then the affinity A<= 0 for
all values of i except for the rds (i f d), i.e.. all

(or almost all) of the affinity for the catalytic
cycle is dissipated in the rds. hence

A— )
It follows that

rf/r, = ru/r” (6)
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At steady state trr, - r,) =ru - .
Hence

anr, = relandaAr, = m. )

The stoichiometric equation for the overall
reaction can always be written such that aAis
equal to unity. It is then clear that the rds is
appropriately and uniquely named as the step for
which the forward and reverse rates arc equal to
the forward and reverse rates, respectively, of
the overall reaction [67..

Clearly the rds (if there is one) is the only
kinelically significant step. A kinctically signif-
icant step is one whose rate constants or equi-
librium constant appear in the rate equation for
the overall reaction. In some cases there is nords
in the Horiuti sense, but frequently only a few of
the elementary steps in a catalytic cycle are
kinctically significant. It is sometimes said that
arate-limiting step is the one having the smallest
rate constant. However, rate constants can often
not be compared because they have different
dimensions.

The relative importance of rate constants of
elementary steps in a catalytic cycle provides
useful guidelines for the development ofactivity
and selectivity. This can be achieved by
param etric sensitivity analysis |84). which was
first proposed by Campbell |85] for analysis of
kinetic parameters of catalytic reactions (see
also ref. [74]). Campbell [85] defined a degree
of rate control for any rate constant k, in a
catalytic cycle turning over at a rate r

X, = ki/r-dr/dk, (8)

where the equilibrium constant for step i and all
other rate constants are held constant. The main
advantage of this mathematical operation is its
simplicity. It turns out that Hotwirs rds. as the
only kinetically significant step in a catalytic
cycle, has a degree of rate control X, = I.
whereas the X values for all other steps are
equal to zero. Clearly, all intermediate values
of X, are possible, and probable in most cases.

As a catalytic cycle turns over at the quasi-
steady state, the steady-statc-xoncentrations
(coverages).of the reactive mb: mediates may
be significantly different -frfim. k values that
they would attain if they ‘were it equilibrium
with fluid reactants*br product . The steady-
state concentrations (coverages) of reactive in-
termediates may be lower or | ghcr than the

o /

equilibrium values. The reason for this phenu,.

enon is kinetic coupling between elemcni,,

steps at the steady state, where the net rate
each step is equal to the net rate of the over,,

reaction multiplied by the stoichiometric nun

her of the step. With kinetic coupling, a reactu
intermediate can accumulate as a reactant or b
depleted as a product [68,79.81].

The principle of microscopic reversibilu\
strictly valid only for reactions at equilibrium
Away from equilibrium, it remains valid provide
that transition-state theory is still applicablt
which appears to be the case in heterogencou
catalysis [19]. Hence, the principle remain
valid for any elementary step in a heteroge
neous catalytic reaction. However, the princi
pie must be applied with caution to a catalyU
cycle, as opposed to a single elementary reai
tion. If valid, the principle of microscop;
reversibility allows the calculation of a rai
constant if the second rate constant am
the equilibrium constant K, of an elemcnur
reaction i are known: k Jk, = K,.

2.2.2. Application of Microkinetic
Analysis

Two of the most intensively studied systems u
heterogeneous catalysis are CO oxidation ove
noble metals and ammonia synthesis. In bolt
cases, pioneering work using microkinetic anal

ysis led to a better understanding of the catal>ti
cycle and new fundamental insights, whict
supported design and optimization of the cat»
lytic applications. In industry. CO oxidaiiot
over Pt and Pd was one of the first systems usfl

for automobile emission control and is a kc
intermediate step in many technical system' fa
hydrocarbon transformations. Ammonia sy
thesis — once the driving force for a ne*
chemical industry — still is one of the nost
important technical applications of heteroge-
neous catalysis. These technical aspects of Ctl
oxidation and ammonia synthesis arc discus”™

in Chapter Industrial Application and Meehan

isms of Selected Technically Relevant Reac-
tion*. Since CO oxidation on noble metals ha-
been the major working system in surfa®
science and has led to elucidation of max
fundamental issues of reactions on ealal)lL
surfaces, such as oscillatory kinetics a'*
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ANtemporal pattern formation [86]. thissys-
Jern will be exemplarily used for the illustration

of microkinetic analysis.
CO oxidation on noble metals (Pt. Pd, etc.)

00+1/20j-C02 )

is relatively well understood, based on surface
lienee studies. Molecular oxygen is chemi-
sorbed dissociatively. while CO binds asso-
ciatively [87.881. Molecular CO then reacts with
atomic oxygen in the adsorbed state:

02+2 —fOi«b 20*b (10)
CO-  —*COK (ID
CO,K-t-0",—=COj +2 (12)

Here * denotes a free surface site and the
subscript “ads” an adsorbed species. The reac-
tion steps (FO H 12) suggest that CO oxidation is
a langmuir - Hinshelwood process in which
both reacting species are adsorbed on the cata-
lyst surface. The reverse of reaction (10), i.e,
the recombination of two oxygen atoms is Ki-
netically insignificant at temperatures below
ca. 600 K. Possible Eley - Rideal steps such
as (13). in which a gas-phasc molecule reacts
with an adsorbed species

CO+0~-CO2-* 13)

were found to be unlikely.
Quantitative experiments led to a schematic
one-dimensional potcntial-encrgy diagram char-

acterizing the elementary steps on the Pd(111)
surface (Fig. 6). Most of the energy is liberated
upon adsorption of the reactants, anti the activa-
tion barrier for the combination of the adsorbed
intermediates is relatively small; this step is only
weakly exothermic, and the heat of adsorption
(activation energy for desorption) of CO; is very
low.

The sequence of elementary steps (10)-
(12) is quite simple. The overall kinetics, how-
ever, is not. This is due to the nonuniformity of
the surface and segregation of the reactants into
surface domains at higher coverages. As a con-
sequence. the reaction between the surface spe-
cies CO**, and can only occur at the
boundaries between these domains. A simple
Langmuir - Hinshelwood treatment of the Ki-
netics is therefore ruled out. except for the
special case of low surface coverages by COblM
and 0 ,,|4 when these are randomly distributed
and can be considered to a first approximation as
being part of an ideal surface.

2.2.3. langmuir - Hinshelwood -
Hougen - Watson Kinetics |89,70,72,90]|

The Langmuir - Hinshelwood - Hougen -

Watson (LHHW) approach is based on the
Langmuir model describing the surface of a
catalyst as an artray of equivalent sites which
do not interact cither before or after chemisorp-
tion. Further, for derivation of rate equations it
is assumed that both reactants and products arc
equilibrated with surface species that react on
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the surface in a rate-determining step. Surface
coverages arc correlated with partial pressures
or concentrations in the fluid phase by means of
Langmuir adsorption isotherms. It was men-
tioned above that the Langmuir model is unre-
alistic. Moreover, it was demonstrated in Sec-
tion Concepts of Reaction Kinetics (Microki-
netics) that the surface coverages of adsorbed
species are by no means identical to the equi-
librium values predicted by the Langmuir ad-
sorption isotherm for reaction systems in which
kinetic coupling occurs, and rate-determining
steps do not generally exist.

Despite these weaknesses, the LHHW kinet-
ics approach has proved valuable for modeling
heterogeneous catalytic reactions for reactor and
process design. The kinetic parameters which
are determined by fitting the rate equations to
experimental data, however, do not have a
straightforward physical meaning. As an alter-
native. simple power-law kinetics for straight-
forward reactions (e.g., A - » B)) can be used for
technical application.

Often it isdifficult todiscriminate between two
or more kinetic models within the accuracy limits
of the experimental data. Sophisticated mathe-
matical procedures have therefore beendevekiped
for the discrimination of rival models [91].

Tablr 3. General structure of l~angmuir type rale 90

As an example for a typical LHHW ray,
equation consider the reaction

A-t-B~"N C.
The form of rate equation is as follows [91

r KrbbK (PaPe-Pc/Kn)

(1~*n/\**s/B+AC/>+T., KN)"
_ rate factor x driving force
inhibition term
(14

The numerator is a product of the rate con
stant of the rds the concentration of actn
sites NT, adsorption equilibrium constants K,
and the driving force for the reaction. The latte
is a measure of how far the overall reaction
from thermodynamic equilibrium. The overa;
equilibrium constant can be calculated froc
thermodynamics. The denominator is an inhibi-
tion term which takes into account the compel)
tive adsorption of reactants and products.

A few examplesof LH HW rate equations an
summarized in Table 3. A collection of usclu
LHHW rate equations and kinetic data fo
almost 100 industrially important catalytic re
actions is available in [92).

Reaction Controlling step Net rate Kraut Driving  Adsorption
i-nmunt force term
1. Aa*p a. adsorption of A i pa>-**eA 4. Pa-* L +*/>, +mn
K surface readkhi single-site **gp  4A\'BT ) 1 +*> +
mechanism
c. desorption of P ve, -w ~ Do» w 14+*/> +
2. A=K surface fraction. A <ack>reacts *ed4i ioi *0, Arfy» n-T (1 + K/ a + RPf + A<yv
with vacant «ve
3. A, **2P a. dissociative adsorption «if A3 * /> <l w )1 -1.8, «, (I + Knpbi + KfPpi
K surface reaction following *<o0, - 4,0, w n 1 + K»PKk2 + KfPF
dissociative J
admrptmn (if Aj
4. A+ B~P a. adsorption of A wibpd » ) -4,0.  4a g 1 + Ampn - Kupw * KjPr
K surface reaction 4,0,0, 4,011 -T0) KKN o/ o (1 € K*A & Kupu &V 1
c. desorption of p Vs, - W ~ o> 4.%,*% % y>»n-5 | FK*Pn + Kupw mKfjr
5 4A+B ~ P dissociative adsorption of A* 4/5r<t TO)-4.0, 4. 1+ + Kbl*H &
onl> half of which react
6. A+ |B —P adsorption of A. which react» <l W> 4,0, *5 1 + A% + Kuwpuy f KFfTr
with halfbl B produced from mog
the dissociative adsorption of B;
7. A;+2B **?P [ i ’
a dmocuiive adsorption of A. o<t - M r - 4%0* xp v £ 1+ Ay>n + KT

h surface react*m folkwvmg
the dissociative
of adsomption A

4,0,0,

4//m1- 101

4 1 & K*Pas + AWM +K fr
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ijA Activity and Selectivity

Catalytic activity is expressed in terms of
reaction rates, preferably normalized to the
surface area of the active phase (e.g., metal
surface area for supported metal catalysts).
These surface areas can be obtained by suitable
chemisorption techniques (see Section Physi-
cal Properties). As an alternative to these areal
rates, specific rales are also used which arc
normalized to catalyst weight. The best possi-
ble measure of catalytic activity, however, is
the turnover rale or turnoverfrequency, since it
is normalized to the number of active sites and
represents the rate at which the catalytic cycle
turns over. For comparison of rates reported by
different research groups, the methodology for
the determination of the number of active sites
must be carefully reported. The hitherto unre-
solved problem is that the site densities mea-
sured prior to the catalytic reaction are not
necessarily identical to those available under
reaction conditions.

A readily available measure of catalytic ac-
tivity is space - timeyield, expressed in units of
amount of product made in the reactor per unit
time and unit reactor volume.

A considerable obstacle for the comparison
of catalytic activities for a given reaction that
were obtained in different laboratories for the
same catalyst is the use of different reactors. For
a series of catalysts, reasonable comparisons of
activities or rates are possible when relative
values arc used.

Conversion data alone, or conversion versus
time plots are not sufficient as a measure of
catalytic activity.

Selectivity can be defined as the amount of
desired product obtained per amount of con-
sumed reactant. Selectivity values are only use-
ful if the conversion is also reported. A simple
measure of selectivity is the yield (yield = se-

cttivily X conversion). Selectivities can also
' used to indicate the relative rates of two or
m,,fc competing reactions; competition mas

occur when several reactants form products in
Parallel (type |):
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when one reactant transforms into several pro-
ducts in parallel (type II):

<

or in consecutive reactions (type I11):

The selectivity is defined as the ratio of the
rate of formation of the desired product to the
rate of consumption of the starting material [93).
Thus, the selectivities for product X for the first-
orderreactions | and Il is rjiry + r2l. whereas it
is (F| - r2yr| for type IIl.

In the case oftype | or |l reactions, selectivity
for X or Y is independent of the conversion of
the starting material. In type Il reactions, the
selectivity for X is 100% initially, decreases
gradually with increasing conversion, and drops
to zero at 100% conversion. At an intermediate
conversion, there is a maximum yield of X
which depends on the ratio of the rale constants
k, and k2 of the rates r, and r2. The integrated
rate equations are:

[A) = exp(-*,0 (15)
[XI = *i/ (*2- *i) [exp(-*,r)-exp(-*if)l
(16)

where |A) is the concentration of unconverted
A, [X) the concentration of A converted to
product X. and t time. The maximum yield is
reached at

»= (*.-*1) 'In(*,/*2) 17)

2.3. Molecular Modeling in
Heterogeneous Catalysis

Modeling of catalytic reactions is applied at
many levels of complexity covering several
orders of length and time scales. It ranges from
complete description of the dynamics of a
reaction through adsorbate - adsorbate interac-
tions to the simple mean-field approximations
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T»ble 4. Hierarchy of methods of modeling catalytic reactions

Method of modeling

Ab iiutMi calculation
Density functional iieory (DFT)

Mm. hmdamental appn«b

Kinetic Monte Carte (kMC)

Langmuir  Himhefwood
dneon-tield approximation. MF)
Ptmer-la* kinetic»

and macrokinelic models discussed in Section
Langmuir - Hinshclwood - Hougen - Watson
Kinetics. The different approaches can be rep-
resented in a hierarchy of models (Table 4).

In this section, frequently used models arc
presented that either describe the molecular be-
havior of the catalytic cycle directly or are based
on the molecular picture. Often, the output of a
computation using a more sophisticated method
serves as input for a computation using a less
detailed model; for instance activation energies
computed by DFT are often used as parameters in
kinetic Monte Carlo and simulations.

2-3.1. Density Functional Theory

In real ab initio calculations, in which the time-
dependent Schrodinger equation is solved to
obtain the complex yV-electron wavefunction
Y. the number of atoms of the system studied
is very limited, and therefore quantum mechan-
ical calculations in heterogeneous catalysis arc
almost exclusively based on the DFT approach.
Based on the Hohcnberg - Kohn theorem, the
ground-state energy of an atom or molecule is
completely determined by the electron density.
Even though theexact functional dependence ofthe
energy on the electron density is not known, ap-
proximate functionals can be developed (Kohn -
Sham formalism) that lead to the much simpler
computed electron density.

There are two major methods for DFT simu-
lations of catalytic systems: In the first, the
cluster algorithm, the molecules studied are
metal cluster, including the adsorbed particles.
The advantage of this approach is that the special
shape of catalytic clusters can be taken into
account, and methods developed for gas-phasc
chemistry can be used, so that computational

Replacement of the Ne<1kooB wave
function by the electron density
Deuih of dynanucs neglected

Detailed tiH iA pntna Of the adtorbae

All mechanistic as|*ct4 neglected

Not yet ugm ficant m hnerop-n,.,,,,

Dynamics of leactmnv activation harTIn4 '
mnkwrey frequencies *k' 4

Ad««b«e *|.A * interactions ,« C1U®

and nanopafticlcs * *H

M tn iiM t nxafchnr of catalytic leao ,*, B

Scaletip and reactor design for "Mack-hox" .... ~

costs are relatively low. Disadvantages ™

limited number of atoms in the cluster, cunt-
(ca. 20(18) a few hundred, and the fact thet tie
cluster, in general have different properties
three-dimensional metals. Some prominentst
ware tools using the cluster algorithm >
GAUSSIAN (94) and TURBOMOLE [95].

The second approach, usually demited byt
terms “ planar waves" or “periodic boundairf
is much more popular in heterogeneous can)
sis. The algorithm is based on a supeitell a
proach. i.e., structures to be calculated mustl
periodic in three dimensions. This approach:
especially advantageous when considering s
face structures, because a real solid surfact
built on expansion from a small metal dustert
metal slab into three dimensions. In partiok
the metallic properties arc better described. D
"third dimension" is a disadvantage, because!
solid cell must be periodic in this direction
well. Aside from the problem of choosing <
propriate functionals, the size of the cell and*
convergence criteria arc significant for Df
computations to provide reliable informal**
Some prominent software tools using the po®
waves approach are CASTEP |96] DACAF
(97). and VASP 198].

Even though still very computer time d*
suming. DFT can be used to calculate thesoj*
ity and frequencies for all reactants intern**
ates. and products, as well as activation tafl*
of the elementary reactions [99-105]. Kecefl
complete reaction mechanisms including pt
erties of intermediates have been deveKP
based on DFT computations alone, for
for CO oxidation over RuO;( 110) |I051-*"
dation of ethylene over Ag (1061-
decomposition over Cu [ 107]. ammonia >"
sis over Ru [108], and decomposition of*
Fe-ZSM-5 [109]. DFT simulation not only

_ I 'nformatuH,

Heterogeneous

,0 understan(} [qu fine details of CI%?IXS C[gcagﬁ

sons. f o r 1108] and the impact of

Ne broader picture, for example. b>

and c’hemisorptKin cnerg> |

2 .U . Kinetic Mont* Carlo Simulation

Diffusion ofadsorba.es on catalytic surfaces is
crucial for catalytic reactions. Furthermore, in-
teractions between adsorbates can be substantial
and lead to ordered structures such as islands
and influence the energetic state of the surface,
which also implies dependence of the activation
barriers for adsorption, diffusion, reaction, and
desorption on the surface coverage and the
actual configuration of the adsorbates. The ad-
sorbed species can be associated with a surface
site, and thus a lattice representation of a two-
dimensional surface can be constructed. In the
case of catalytic particles, a three-dimensional
structure can be used with individual two-di-
mensional facets that can differ in their catalytic
activity. In the three-dimensional case, special
care is needed for appropriate treatment of
edges and comers. Even reconstruction of sur-
faces can be taken into account At each surface
site the local environment (presence of adsor-
bates. catalyst morphology/crystal phase) will
determine the activation energies. If the inter-
actions between the adsorbates. the surface, and
the gas phase arc known, such parameters could
theoretically be derived from DFT simulations,

and the kinetics can be cor’\r}lputed by the kinetic
Monte Car)o ,,ajxxj (KMC) wun |]2_]]8|

bach molecular event, i.e.. adsorptlon, dcsorp
ion. reaction, diffusion, is computed and leads
th._ ™

desert™** \"c C Aside fmmhis vcr>detailed
,he P— time averaging of the
COm'>u,cd reaction rates and

[

3 1
‘éedeSs ras S,h carhPutattonal effort

simulation bu?l@ WL U ° nly duc to ,hc kMC
of fundamental of ,hc hugc "umber
Pfovide reliable tiM'lpulations needed to

individual itep Tb - f r aMP4441

" pcnmcen,a* derivation of
even more exhausting. Most

C' nf,gura” on "= adsorbed species on

Catalyse and Sofcd Catalysts

of the adsorbatc - adsorbate interactions, such
as the formation of ordered structures, may
appear at low temperature and pressure, where
diffusion is slow and the rate of impingement of
gas-phase molecules is small, respectively. Un-
der these conditions kMC may be the only
description that is accurate, while at high tem-
perature and pressure, the adsorbates arc rather
randomly dispersed on the surface, and the
assumptions of the mean-field approximation
may be valid.

2.3.3. Mean-Kield Approximation
(119-122)

In the mean-field approximation, a continuous
description is considered instead of the detailed
configurations of the system discussed above.
Hence, the local state of the catalytic surface on
the macroscopic or mesoscopic scale can be
represented by mean values by assuming ran-
domly distributed adsorbates on the surface,
which is viewed as being uniform. The stale of
the catalytic surface is described by the temper-
ature Tand a set of surface coverages 0,. that is.
the fraction of the surface covered with adsor-
batc i. The surface temperature and the cov-
erages depend on time and spatial position in the
macroscopic system (reactor), but are averaged
over microscopic local fluctuations. Under
those assumptions a chemical reaction can be
defined as

N,+HN+H, NAHNt-HNb

mE  x*
hH

where Atdenote gas-phasc species, surface spe-
cies, and bulk species. The N, surface species
arc those that are adsorbed on the top monoa-
tomic layer of the catalytic particle, while the Nb
bulk species arc those found in the inner solid
catalyst.

Steric effects ofadsorbed species and various
configurations, e.g., type of chemical bond be-
tween adsorbate and solid, can be taken into
account by using the following concept: The
surface structure is associated with a surface site
density I that describes the maximum number
of species that can be adsorbed on unit surface
area. Each surface species is associated with a
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coordination number a, describing the number
of surface sites which arc covered by this spe-
cies. Under the assumptions made, a multistep
(quasi-elemenlary) reaction mechanism can he
set up. The molar net production rate is then
given as

NANMNt

. —
where K, is the number of surface reactions, r,
are the species concentrations, which are given.
e.g..inmol m 2forthe adsorbed species and
in.e.g., mol m for the Nt and Nbgaseous and
bulk species. With 0, = ¢c<rt,[  the variations
of surface coverages follow:

~ar=~Tr"

Since the temperature and concentrations of
gaseous species depend on the local position in
the reactor, the set of surface coverages also
varies with position. However, no lateral inter-
action of the surface species between different
locations on the catalytic surface is modeled in
(his approach. This assumption is justified by
the fact that the computational cells in reactor
simulations are usually much larger than the
range of lateral interactions of the surface pro-
cesses. In each of these cells, the state of the
surface is characterized by mean values (mcan-
field approximation).

The binding states ofadsorption ofall species
vary with the surface coverage, as discussed in
Section Kinetic Monte Carlo Simulation. This
additional coverage dependence can be mod-
eled in the expression for the rale coefficient by
an additional function leading (o:

f. ElLOI
*r, = A*TMex| exp
P RT b RT
For adsorption reactions sticking coefficients
arc commonly used, which can be converted to

conventional rate coefficients.

2.3.4. Development of Multistep Surface
Reaction Mechanisms [122)

The development of a reliable surface reaction
mechanism is a complex process. A tentative
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reaction mechanism can be proposed bavt 4
experimental surface-sciencc studies, on .in,
gv to gas-phase kinetics and oiganonicij
compounds, and on theoretical studies
eluding DFT and kMC calculations as well
semi-empirical calculations [123,124] | .oraignoiiwoefMcw
mechanism should includc all possible pii *Puro bialliilpo<yn
for formation of the chemical species » ; process Modeling and Economic Analysis
consideration in order lo be "clemcntarv |b
and thus applicable over a wide range ol
ditions. The mechanistic idea then needs [i
evaluated against numerous experimental 1l
rived data, which arc compared with thcoret
predictions based on the mechanism Hr
simulations of the laboratory reactors reqi
appropriate models for all significant procc
in order to evaluate the intrinsic kinetics S
sitivity analysis leads to the crucial steps in
mechanism, for which refined kinctic e\[x
ments and data may be needed.

Research

rirrf——-—1r

Process Development

Plant Demonstration

Construction

Operation

Mpus wuw g*»*

Since the early 1990s. many groups ha kfetirr 7. Schrme for catalyst <tgel<umenl 100 **e** fr<Knlldd-

developed surface reaction mechanisms follo>
ing these concepts. In particular, oxidation

actions over noble metals have been model
extensively, such as those of hydrogen 112: .
129]. CO [130-132]. methane [I33-137]. g N0l°dies: Santa Clara (www.symyx.com), hte.
ethene [138-140] over Pt and formation Heidelberg (www.htc-companv.dc). and Avan-
synthesis gas over Rh [141-142]. More recent! ,.um Technologies. Am'Uerdam wwwavan-
mechanisms have been established for ma tium.nl) already offer HTETbased development
complex systems such as three-way c* of catalysts or other materials. The HTF.-based

lysts [143] and chemical vapor depasitio search for catalysts usually starts with a first
(CVD) of diamond Li44.145]. silica [146].» pbIl (s*af 1 or ~scovery) in which large
nanotubes f147]. A more detailed wryev c ¢** * * |brancs. often with several hundred
L. . L materials, arc categon/cd intti promising and
existing microkinetic models can be lan | - didates by use of relativel
in [121]. less promising candidk y y
simple and fast analysis techniques One exam-
ple is infrared thermography for detection of
exothermic reactions with spatial resolution. To
decrease the number of experiments, optimiza-
tion methods based on genetic algorithms may
be used to derive subsequent catalyst gcnera-
‘ions from the performance of the members of
<re preceding generation 1156| In stage Il. the
more interesting materials, typically less than
50candidates, arc subjected to tests under much
"«T1e realistic process conditions with more
etailed characterization. For this purpose, a
‘ariety of parallel-rcactor systems has been
eloped. A crucial point in high-throughput
~penmentation is the precise and fast analvti-
4uantificatmn of reaction starting materials
in J>nucts-Especially promising for obtain-
S ast and detailed on-line information during

Iffy -

Combinatorial Methods in Catalysis and Mate-
rials Science). Companies such as Symyx Tech-

3. Development of Solid Catalysis

The development ofa catalytic process invob*
the search for the catalyst and the approprw
reactor, and typically occurs in a sequence
steps at different levels. Figure 7 shows
scheme summarizing this evolutionary proce*
Small-scale reactors arc used for screeningl
determine the optimal catalyst formula»l
Since catalyst development and sequent
screening are slow and cost-intensive process
high-thmughput experimentation (HTE)
niques 1149-155] which permit parallel test*
of small amounts of catalyst in automated
terns have attracted great interest (see also"

catalyst testing is high-throughput multiplexing
gas chromatography [155]. Instead of perform-
ing time-consuming chromatographic analyses
during parallelized catalyst testing one after the
other, samples are rapidly injected into the
separation by means of a special multiplexing
injector. The obtained chromatogram is a con-
volution of overlapping time-shifted single
chromatograms and must therefore be mathe-
matically deconvolutcd. This new technique
was successfully used for the study of palladi-
um-catalyzed hydrogenation reactions [157].
High-throughput experimentation is a mod-
ern and accelerated version of classical catalyst
development by trial and error. A famous early
example of this approach is the discovery of the
iron-based ammonia synthesis catalyst, during
which 2500 catalysts were tested in 6500 ex-
periments [9]. In recent years is has become
evident that the empirical search for new or
improved catalyst formulations can be success-
fully aided by knowledge-based (expert) sys-
tems or molecular design [158-160]. State-of-
the-art computational tools for the effective
molecular-scale design of catalytic materials
are summarized in [161]. A striking example
is the theoretical prediction of bimetallic am-
monia synthesis catalysts [162]. As the rate-
limiting step in heterogeneously catalyzed am-
monia synthesis is the dissociative adsorption of
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Ni. an optimum strength of the metal - nitrogen
interaction is required for high ammonia syn-
thesis activity The resulting volcano-shaped
relationship shows, in agreement with experi-
mental evidence, that Ru and Os. followed by
Fe. are the best pure metal catalysts (Figure 8).
First-principles DFTcalculations were used to
predict that alloys of metals with high and km
adsorption energy should give rise to binding
energies close to the optimum. Based on these
calculations, aCo - Mo catalyst was developed
that has much higher ammonium synthesis activ-
ity than the individual metals and is even better
than Ru and Fe at low ammonia concentrations

4. Classification of Solid Catalysts

Solid catalysts are extremely important in large-
scale processes (163-167] for the conversion of
chemicals, fuels, and pollutants. Many solid
materials (elements and compounds) including
metals, metal oxides, and metal sulfides, arc
catalysts. Only a few catalytic materials used in
industry are simple in composition, e.g.. pure
metals (e.g.. Ni) or binary oxides (such as y-
Al.Oi. TiOj). Typical industrial catalysts, how-
ever. consist of several components and phases.
This complexity often makes it difficult to
assess the catalytic material's structure.

In the following a variety of families of
existing catalysts are described, and selected
examples arc given. These families include
(1) unsupported (bulk) catalysts; (2) supported

|
——«

—>n T Wos“n'rCrR)'irfiiitni)0

catalysis; (3) confined catalysts (ship-in-a r
lie catalysts); (4) hybrid catalysts; (5) poly r
i/ation catalysts, and several others. The scle
ed examples pet enly include materials ubi
are in use in industry, but also materials nhi ¢
are rHm yet mature for technological appluut:
but which have promising potential.

4.1. I'nsupported (Bulk) Catalysts

4.1.1. Metal Oxides

Oxides are compounds of oxygen in which tre
atom is the more strongly elcctronegaliu- «*
ponent. Oxides of mctals arc S | ~
Their bulk proEemes Iarg% dq_Bgnd ont
bonding character between metal and oxygs
Metal oxides have widely varying electron
properties and include insulators (e.g.. /11
SiOi). semiconductors (e.g.. Ti02 NiO. ZnO
metallic conductors (typically reduced tait-
tion metal oxides such as TtO. NbO. and Ne
sten bron/es). superconductors (e.g.. BaPbi
Bi.O,). and high-Tc superconductors (e!
YBajCujo,.).

Metal oxides make up a large and import-
class of catalytically active materials, their *>
face properties and chemistry being detenuit*
by their composition and structure, the bonii
character, and the coordination of surface ato™
and hydroxyl groups in exposed terminal”;
crystallographic faces. They can develop 3ck
base and redox properties. Metal oxides &
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have simple composition, like binary oxides, but
many technologically important oxide catalysts
an- complex multicomponent materials.

4.1.11. Simple Binary Oxides

Simple binary oxides ofbase metals may behave
as solid acids or bases or amphoteric materi-
als 1168). These properties are closely related to
their dissolution behavior in contact with aque-
ous solutions. Amphoteric oxides (e.g., AbO,.
/n0O) form cations in acidic and anions in basic
milieu. Acidic oxides (e.g.. Si0 2 dissolve with
formation of acids or anions Transition metal

v"O} CHO O behave analo ously Ba5|c oxides
. MgO. lanthanide oxides) form hydroxides

or d|§§@|V@ by mﬁmngrhases_or_cauans. These
dizsolution properties must be eonsidered when
such oxides are used as supports %nd im ?25
naied from aqueous solutlons ol the 3%Tve pﬁa
precuraer (169,170]. The dissolutionrpreperties

s\20are closely Fefatge 8 the surface properties
of the oxides in contact with a gas phase, where
the degree of bydration/hydroxylation of the
surface is a critical parameter. Billca, alimina
and magnesia are commonly used catalysts and
calalyst supports representative for awide range
of surface acid - base properties

Aluminas  arc amphoteric oxides, which
form a variety of different phases depending on

,hc IMrture of ** bY *oxMc or °* idc hy *» »'*

zZ Z Z t °f T “
~strand,te. boehm-

ite. and gibbsitc can be used as starting materi

als. The thermal evolution of the various poorly
crystalline transitional phases (namely rj-. B-.
Y— and K-Al20)) and of the final crystalline,
thermodynamically stable a-AbO, phase (co-
nrndum) is shown in Figure 9. The structures of

70K 1170K 1470K

720K i IOOK 1470K

1200 K
r

[/ «» K

1120k 1470 K

a-Aljo,

these oxides can be described as close-packed

layers of oxo anions with Al'* cations distrib-

uted between tetrahedral and octahcdral vacan-

cy positions. Stacking variations of the oxo

anions result in the different crystallographic

forms of alumina. The most commonly used

transitional phases are rj- and y-ANOj. which

are often described as defect spinel struc-

tures (171) that incorporate Al  cations in

both tetrahedral and octahcdral sites. The Al

sublatticc is highly disordered, and irregular
occupation of the tetrahedral intcrsiiccs results
in a tetragonal distortion of the spinel structure.

There is a higher occupancy of tetrahedral cat-
ion positions in y-AbQj, and a higher density of
stacking faults in the oxygen sublattice of tj-
A1jO v Crystallites are preferential!) terminated
by anion layers, and these layers are occupied by
hydroxyl groups for energetic reasons (172).

Acidic and basic sites and acid-base pair sites
have been identified on the surfaces of alumi-
nas [174]. Thermal treatment of hydroxylated
oxides leads to partial dchydrox)lation with
formation of coordinativcly unsaturated O2
ions (basic sites) and an adjacent anion vacancy
which exposes 3- or 5-coordinate A"’ cations
(Lewis acid sites). The remaining hydroxyl
groups can be terminal or doubly or triply
bridging with the participation of Al3+ in tetra-
hedral and/or octahcdral positions. The proper-
ties of the resulting OH species range from
very weakly Bronstcd acidic to rather strongly
basic and nucleophilic (172,174). As a result
of this complexity, alumina surfaces develop a
rich surface chemistry and specific catalytic
properties [175].

Besides their intrinsic catalytic properties
and their use as catalysts in their own right
(e.g.. for elimination reactions, alkcnc isomeri-
zation [I75]. and the Claus process [176]).

a-Ala),

dchydraiMm sequences of the aluminum trihydroxide* in air (adopted from (1731)
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aluminas arc frequently used as catalyst sup-
ports for oxidesand metals. The surface areaand
particle size ofaluminas can be controlled by the
preparation conditions, and their redox and
thermal stability give the supported active
phases high stability and ensure a long catalyst
lifetime.

Silicas  arc weakly Brensted acidic oxides
which occur in a variety of structures such as
quartz, tridymitc and cristobalitc (—= Sili-
ca) 1177.178). The most commonly used silica
in catalysis is amorphous silica. The building
blocks of silica are linked Si0 4 tctrahedra. with
each O atom bridging two Si atoms. Bonding
within the solid iscovalcnt. At the fully hydrated
surface, the bulk structure is terminated by
hydroxy 1(silanol) groups,SiOH(174.177,178).
Two types of these groups arc usually distin-
guished: isolated groups and hydrogen-bonded
vicinal groups. Fully hydrated samples, cal-
cined at temperatures below 473 K, may con-
tain geminal groups Si(OHh (174.177,178].
Heating in vacuum removes the vicinal groups
by dehydroxylation. i.e., condensation to form
HsOandSi - O - Silinkagcs(siloxanebridges).
Complete removal of the hydroxyl groupsoccurs
attemperatures well above 973 K invacuo and is
believed toresult in significantchanges in surface
morphology.

The surface hydroxyl groups are only weakly
Bronsted acidic and therefore hardly develop any
catalytic activity. They are. however, amenable
to hydrogen-bonding 1179] and they are usually
regarded as the most reactive native surface
spccies. which arc available for functionalization
ofsilicas. The siloxanc bridges arc (at least after
heating at elevated temperatures) essentially un-
rcactivc. For this reason and because of the low
acidity of silanol groups, silicas arc not used as
active catalysts, but they play an importantrole as
oxide supports and for the synthesis of functio-
nalized oxide supports (see Section Supported
Sulfide Catalysts).

Taik>rcd silicas can be synthesized by con-
trolling the preparation conditions (177,178].
Thus, surface area, particle size and morphology,
porosity and mechanical stability can be varied
by modification of the synthesis parameters.

In addition to amorphous silicas, the crystal-
line microporous silica silicalite | can be ob-
tained by hydrothermal synthesis (180]. This

material has MF1 structure and can be °

ered as the parent siliceous extreme of
ZSM-5.

Latge-pore mcsoporous structures t"
called porosils, have also been reported ;
182]. The dimensions of their linear and p
lei pores can be varied from 2 to 10 my
regular fashion. These pores can then
accommodate bulky molecules and funct
groups

The incorporation of foreign element,

nM,us catalyse and Solid Catalysts

Heterogeneou

as A I'"" substituting for Si4* induces Bror™

acidity and creates activity for acid catalv

Magnesium oxide is a basic solid it
the simple rock salt structure, with octahc

coordination of magnesium and oxygei Hturt

3M*V 10

Jrfa «irfaco planetieey of MO SHOWIRG surface imperfections such as steps. kinks, and comers

initio molecular orbital calculations iiklk.*** p”u

that the electronic structure is highly ionic.»

the Mg; *02 formalism being an accuratt”™.

presentation of both bulk and surface M

1
swtcrials permitthe properties ofisolated
r . nKtal lonsto be studied,

tures (183). The lattice is commonly cm is****1~ ~

to terminate in (100) planes incorporating 6
coordinate (5¢) Mg: and O2 ions ]I184

Figure 10). This model appearslobe phvsia™y
accurate for MgO smoke, which may k ” ich ge occu
garded a¥ a1 ez c.FyaéeeWine L A i

support [185). Although the (100) nj
electrically neutral, hydroxyl groups are

Transitionm etaloxides  (191-193] can be
cWraliy described as more or less dense
of Oxidc anions, the interstices o

ﬁied by cations. The bonding.
which arc occupied Dy cations. iuc

however, is never purely ionic, but rather mixed
“"c-covalent. sometimes also developing me

on the surfaces of polycrystalline MeO 11bl1‘C charac,CT (e «” bronzes) The surface of

groups and the O2 anions are responsi ble for
basic properties. mvdinativcly —uns.uu,

Mg Ions being only weak | ewis s
The h%droxyl groups are also h
nucleophilic.

Thcse properties dominate the surface ch.
Istr>0f MgO Organic Brensted acids hue K
shown to bechcmisorbeddivsociatneK toft

groups (186). Even the hetcrolylic dissoc ia
adsorption of dihydrogen on polycrystatt
MgO has been reported. Mg2’0 ¢ pairs »
Mg'’ and O* in 4-or 3-coordination seenl
play a crucial role.

The presence of low-coordinalc Mg * *
02 ions (see Figure 10) on the MgO surf»
after activation at high temperatures has I*
demonstrated (184,187,188]. and the uni*?
reactivity of 3c ccntcrs has been discus*
m

MgO has also been used as a host mam' *
transition metal ions (solid solutions) 11]

° XideS * °f,°n JKxnP‘bl bY h>*
n gnXips' 41 » PO8*** some acidic
charac,cr However, it is the variability in oxi-

N" K1 SateS and ,hc P °ssibllity of forming
mixed-valcnce and nonstoichiometric com-

T"* " rcsPonsibk for ,hc,r imP"rtan'
A XCablY,,c Properties. The most frequently
A transl,’'n metal oxides are those of the

nckls of application are particularly selective
oxidation and dchydrogenation reactions.
Titania TiO; exists in two major crystallo-
graphy forms: anatase and rutile. Anatase is the
more frequently used modification since it de-
velops a larger surface area, although it is a
"ictastablc phase and may undergo slow trans-
tormation into the thermodynamically stable
w,Me phase above ca. 900 K. Vanadium impu-
n’ Gs 'eem to accelerate the mtili/ation above
K. Other impurities such as surface sulfate
Phosphate seem to stabilize the anatase
Phase. The anatase —* rutile phase transition
mus* be sensitively controlled for supported

of ke coordination’ acof21 frem 4k

VO/TiOj. which plays a significant role in
selective oxidation and NO, reduction catalysis.

Titania is a semiconductor with a wide band
gap and as such is an important material for
photocatalysis (194,195).

Zirvimia has attracted significant interest in
the recent past as acatalyst support and as a base
material for the preparation of strong solid acids
by surface modification with sulfate or tungstate
groups [1961. The most important crystallo-
graphy phases of Zi0 2 for catalytic applica-
tions are tetragonal and monoclinic. The latteris
the thermodynamically stable phase. Higher
surface areas, however, are developed by the

metastable tetragonal phase, which is stabilized
at low temperatures by sulfate impurities or
intentional addition of sulfate or tungstate.

ZiOs is the base material for the solid-state
electrolyte sensor for the measurement of oxy-
gen partial pressure in, e.g., car exhaust gas-
es (197]. The solid electrolyte shows high bulk
conductivity for O2 ions.

Other transition metal oxides are used as
supported catalysts or as constituents of com-
plex multicomponent catalysts.

Only a few examples are reported on the
application ofthe unsupponeu p inaiy UAIUN.tan
catalysts. Iron oxide Fe”~O, and chromium
oxide Cr20 j catalyze the oxidative dehydroge-
nation of butenes to butadiene. Fe20j-bascd
catalysts are used in the high-tempcraturc wa-
ter gas shift reaction (198) and in the dchydro-

genation of ethylbenzene (199). Vanadium
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pentoxide V 20s is active for the selective oxi-
dation ofalkenes to saturated aldehydes (200).
Acidic transition metal oxides such as vanadi-
um pentoxideand molybdenum trioxide MoO,
can be used for the synthesis of formaldehyde
by oxidative dehydrogenation of methanol,
while the more basic iron oxide Fe20 3 leads
to total oxidation [201]. Zinc oxide ZnO is used
as a catalyst for the oxidation of cydohexanol
to cyclohexanone.

4.1.1.2. Complex Multicomponent Oxides
Complex multicomponent oxides play a major
role as catalytic materials.

Aluminum silicates  arc among the most
important ternary oxides. Four-valent Si atoms
arc isomorphously substituted by trivalcnt Al
atoms in these materials. This substitution cre-
ates a negatively charged framework of inter-
connected tetrahedra. Exchangeable cations arc
required for charge compensation when protons
arc incorporated as charge-compensating ca-
tions. OH groups bridging Si and Al atoms arc
created which act as Bronsled acidic sites.

Amorphous silica - alumina can be pre-
pared by precipitation from solution. This
mixed oxide is a constituent of hydrocarbon
cracking catalysts.

Zeolites Hydrothermal synthesis can be
used for preparation of a large family of crystal-
line aluminoslicates. known as zeolites (—*
Zeolites), which are microporous solids with pore
sizes ranging from ca. 3 to 7 A [180.202,2031.
Characteristic properties of these structurally
well-defined solids are selective sorptionofsmall
molecules (molecular sieves), ion exchange, and
large surface areas. Zeolites possessa framework
structure of comer-linked Si044 and A0 4~
tetrahedra with twixoordinate oxygen atomsthat
bridge two tetrahedral centers (so-called T
atoms). Zeolite frameworks arc open and contain
channels (straight or sinusoidal) or cages of
spherical or other shapes. These cages are typi-
cally interconnected by channels. The evolution
of several zeolite structures from the primary
tetrahedra via secondary building blocks is dem-
onstrated in Figure 11 [204). The diameter ofthe
channels is determined by the number n of T
atoms surrounding the opening of the channels as

ri-mcmbercdrings. Small-pore zeolitescon™
or 8-mcmbered rings (diameterd: 2.8 <
A), medium-pore zeolites contain 10-meniK
rings (5 < d < 6 A) and the openings of
p«He zeolites are constructed of 12-memb
rings(d > 7 A). Examplesofsmall-porc/ci
arc sodalitc and zeolite A, of medium-pniv
lites ZSM-type zeolites (see Figure 11). *
large-pore zeolites include faujasites and zeo
X and Y (see Figure I1).

The H forms of zeolites develop sr
Bronstcd acidity and play a major rofe
large-scale industrial processes such ascaul
cracking, the Mobil MTG (methanol-to p
line) process and several others.

Besides Siand Al asTatoms P atoms can>
be incorporated in zeolite structures. In a
tion. transition metal atoms such asTi, V. arc
can substitute for Si, which leads to oxidat
catalysts of which titanium-silicalite-1 (TS1
the most outstanding catalyst for oxidati
hydroxylation. and ammoxidation with aquo
HjOj [205).

Basic properties can be created in zcoli
by ion-exchange with large alkali metal it
such as Cs+ and additional loading «
CsO |206).

Aluminum phosphates  (A1PO) [207.20
are another family of materials whose structui
arc similar to those of zeolites. They can

regarded as zeolites in which the T atoms art (-* Clays) arc aluminosilicate
and Al. More recently they have been ren» Minerals — (montmorillonite.  phyllosilicates

zcotypes. the T atoms of which are Al and P (Smectites), bentonites, and others). Montmo-
contrast to aluminosilicate zeolites. AIPOs i: rillonite is an aluminohydroxysilicate and is the
ically have a Al/P atomic ratio of 1/1, so thatt Mem constituent of most clay minerals. It is a

framework composition [AIP04| is neur 2:1clay, i.e.. one octahedral AIO<, layer is
Therefore, these solids are nonacidic and ta Sandwiched between two tetrahedral SiO4

hardly any application as catalysts. Howe" layers. Montmorillonites are reversibly swella-

acidity can be introduced by substituting Al Plé and possess ion-exchange capacity. They
can be used as catalyst supports Tbe structural

layers can be linked together by introducing
inorganic pillars which prevent the layers from
collapsing at higher temperatures when the
‘welling agent is evaporated (pillared
clays) [209]. A bimodal micro-/mesoporous
size distribution can thus be obtained.
Haring can be achieved with a wide variety
reagents including hydroxy aluminum poly-
VIS Z'rcon‘a hydroxy polymers, silica, and
Kal® pillars. Catalytically active components
Y be built in by the pillaring material, e.g..
eransuion metal oxide pillars.

Clays

by divalent atoms, which yields metalalwni»
phosphates (MAPOs), e.g.. MNAPO orCoAF
or by partial substitution o fformally pentavalf
P by Si4* to give silicoaluminophosi=>Iui:
(SAPQO). The AIPO family contains menil*
with many different topologies which span
wider range of pore diameters than aluminos”
cate zeolites.

Mcsoporous solid acids with well-defii*
pore structures can be obtained by replacing
certain amountofSi atomsin MCM-type ad<®
by Al atoms.
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Mixed metaloxides arc multimetal multi-
phase oxides which typically contain one or
more transition metal oxide and exhibit signifi-
cant chemical and structural complexi-
ty [210,211]. Their detailed charactcrization is
therefore extremely difficult, and structure-
properts relationships can only be established
in exceptional cases. Bulk mixed metal oxide
catalysts are widely applied in selective oxida-
tion. oxydehydrogenation, ammoxidation and
other redox reactions. Several examples of
mixed metal oxides and their application in
industrial processes are summarized in Table S.

Vanadium phosphates  (e.g.. VOHPO4 =
0.5 HjO) are precursors for the so-called VPO
catalysts, which catalyze ammoxidation reac-
tions and the selective oxidation of n-butane to
maleic anhydride. It is proposed that the crys-
talline vanadyl pyrophosphate phase (VOhP/Oj
is responsible for the catalytic properties of the
VPO system. The vanadium phosphate prccur-
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t 5. Examples of mixed metal oxide catalysts and their applications’ n

Catalyst Active phases Industrial pnnesses
Copper chromite i
Zinpcpchromite C“CIr.JO* oto Um -temperature CO conversion, oxidations, bydr,,
Copper/. chmmM ZnC'riQ4. ZnO methanol synthesis (high pressure»
Irogpriofymhg a]emm r Cn.za, .0jo~ c«0 methanol synthesis (km pressure)
Zim ferrte FetMoO4)t. MO, methanol 1o formaUehyde
° alumi ZtfesQ. osidatise dehydroprnation

TMTa umina Crub-n

Adapted from 210]

not undergoes transformations in reducing and
oxidizing atmospheres, as shown in the follow-
ing scheme [212]:

[HI* (VO IFO,

amorphous

VOHPO, YHp -

As discussed by Grasseu.i [63] effective
ammoxidation (and oxidation) catalysts arc
multifunctional and need several key properties,
including active sites which arc composed ofat
least two vicinal oxide species of optimal met-
al - oxygen bond strengths. Both species must
be readily reducible and reoxidizable.

The individual active sites must be spatially
isolated from each other (site-isolation concept)
to achieve the desired product selectivities. They
should cither be able to dissociate dioxygen and
to incorporate the oxygen atoms into the lattice,
or they must be located close to auxiliary reoxi-
dation sites which contain metals having a facile
redox couple. These sites are generally distinct
from each other. They must, however, be able to
communicate with each other electronically and
spatially so that electrons, lattice oxygen, and
anion vacancies can readily move between them.

The lattice must be able to tolerate a certain
density of anion vacancies without structural

libte *. Ekctnnic «rocoirc of to m calalylically active elements rod ok u functionalit,o |2I3]

a-H abstraction Alkene cbMMwpWastO insertion

Bi*s A «V Mo** 4.d%°
Ted* 4 J%°SrV ° Mo™ 4d5s"
Sh* »'* 5d"5»
us-3/nn" Sh™ 5s'V
Se4* j/ VvV fVv Te** 5s5p°

dehydntgenalion of light alkanes

collapse [63]. It is clear that these cuinj
requirements can only be achieved by multicl
ponent materials.

Grasseii.i [63.213] has listed three key ¢
lytic functionalities required for effective,
moxidation/oxidation catalysts:

1 An or-H-abstracting component, which r
be Bi3+ Sb’\ Te4d*, or Se4+.

2. A component that chemisorbs alkene/amt
nia and inserts oxygen/nitrogen (Mo* .sh

3. A redox couple such as Fe2+/Fe . G
Ce4 ,or U5+/U4+to facilitate lattice oxyj
trans ?rLb_é'tW@anllJlk andsurfaceofthe u ge 12. U u* companions

V2BA* - - - T

«l Il r Vt

t

A

(koechlinite); 2/1 <H): BijO, Mo00O. (hith-lempwalure

iiSSb "4 & £ S £ £ SSIVTS'SS T . «n * «

A-B\IMo2u. and 7-Bi;Mo0 6
uscd'B| molybclate catalyst was

An empirical correlation was found bet« B O
the electron configurations of the various

additional property of thc schcelitc structure is
that it is often stable with 30% or more vacancies
in the A cation sublatticc. As an example.

3ml, IC'r X ‘'" 'C~rfunt''" r optimixed in several steps and has the empirical . A .
[63.2131 as shown m Tabic 6. ThiS correlat formula fl € S N1 BMMasHe R Y. PP uBi® n.M06'Oj . where / indicates a
can be used to design efficient catalysts [63] PR alBrilissRlipphebrtiond skafestice. pos-

Bismuth molyhdates

important catalysts for selective oxidation . n
ammoxidation of hydrocarbons [212.63]. 1 M8”’“bj(Fe,Crb JBio5M0,20i.

arc among the m~ "~ hsequently optimised furthertogivea
<KCsUN/I’

A1 o7 " I FRgUref ‘2 T Antimonites  areasecond, mportantclass of
n “y?2f1bll ammoxidation catalysts [63]. the important
XN S [2)4)- catalytically > of which are those containing at least one of the

important phases he in thc compos..,onal ran elements U. ft. Sn. Mn. or Ce. which all have

a,0n,cra,’ bewecn 2/3and 2/1 J,,d* multiple oxidation states. Many formulations of
catalysts have been proposedover theyears. Those
of current commercial interest have extremely
complex compositions, e.g., Na« ,<Cu.Mg.zZn.

1~2WW , M~ I'* TOOZ FC,08h,V200

Redot couple Example
Ce™/Ces Bi,0, AMMO .
Mo B Numerous multicomponent
Ce™/Ces TciMoO ~  the scheclite (CaW Oj) structure
rftiTe*M” > = thegeneral formula ABO 4.ire known [2 16].
E,CAZ,;/,: ! Pefl» ~ is structure tolerates cation replacements ir-
frse: raee o Hc wrlency provided that A is a larger

»n than B and that there is charge balance An

sesses scheelile structure. The materials arc
active for selective oxidation of Cj and C4
alkenes. which involves formation of allyl spe-
cies followed by extraction of O' from thc
lattice. Replenishment of thc created vacancies
occurs by oxygen chemisorption at other sites
and diffusion ofO2 ions within thc solid. The
introduction of A cation vacancies has a signif-
icant effect on allyl formation, and the more
open structure which prevails when cation va-
cancies are present facilitates O2 transport.

Perovskite is a mineral (CaTiO,) which is
the parent solid for a whole family of multicom-
ponent oxides with the general formula
ABO| [191217]. The common feature, which also
resembles that of the scheelitc-type oxides, is thc
simultaneous presence of a small, often highly
charged. B cationandalargecation A oftenhaving
a low charge. Thc structure also tolerates a wide
variety of compositions. As an example.
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LafASr~A*Y™*0~ | /It is active for methane cou-
pling. Other applications of perovskitc-type oxi-
des in catalysis are in fuel cells, as catalysts for
combustion and for DcNO, reactions.

Hydrotalcites  are another family of solids
which tolerate rather flexible composi-
tions|210.218,219|. Hydrotalciteisaclay miner-
al. It is a hydroxycaibonate of Mg and Al of
general formula [Mg6AMOH )|6]CO, «4H20.
The compositional flexibility of the hydrotalcite
lattice permits the incorporation of many different
metal cations and anions to yield solids with the
general formula (M?! M ' (OH))I+(A"~) , m
nH2D <vM2+=M rf. Ni:-. 2nu ecu; Mu =
Alw, Feu, Cru . etc.; A" = CO*-, SOj’,
NO, .etc.). Hydrotalcites develop large surface
areas and basic properties. They have conse-
quently been applied as solid catalysts for base-
catalyzed reactions for fine-chemicals synthe-
sis. polymerization of alkenc oxides, aldol
condensation, etc. Hydrotalcite-type phases
(and also malachite (rosasiteb and copper zinc
hydroxycarbonate (aurichalciteMype phases)
can also be used as precursors for the synthesis
of mixed oxides by thermal decomposition, for
example. Cu - Zn and Cu - Zn - Cr catalysts
[210].

Heteropolyanions  are polymeric oxo an-
ions Ipolxoxometulaies) formed by condensa-
tion of more than two kinds of oxo an-
ions [220.221]. The amphoteric metals of
Groups 5 (V, Nb. Ta) and 6 (Cr, Mo. W) in the
+5 and -6 oxidation states, respectively, form
weak acids which readily condense to form
anions containing several molecules of the acid
anhydride. Isopolyacids and their salts contain
only one type of acid anhydride. Condensation
can also occur with other acids (e.g.. phosphoric
or silicic) to form hetcropolyacids and salts.
About 70 elements can act as central hctcroa-
toms in heteropolyanions. The structures of het-
eropolyanions are classified into several families
according to similarities of composition and
structure, such as Kcggin type XM|[iOw" ,
Dawson type XjM|gOM"“, and Anderson type
XMnO,4" .where X stands for the hetcroatom.
The most common structural feature is the Keg-
gin anion, for which the catalytic properties have
been studied extensively. Typically the M atoms
in catalytic applications are either Mo or W.

Heteropoly compounds can be applied as hg
crogencous catalysts in their solid state. TI*,
catalytic performance is determined by ~
primary structure (polyanion), the second”™
structure (three-dimensional arrangemcm
polyanions, counter cations, and water of cryv
tallizafion. etc.). and the tertiary structure (pa™
cle size, pore structure, etc.) [222,223]. In c>»
trast to conventional heterogeneous catalysis. B
which reactions occur at the surface, the re»
tants are accommodated in the bulk of »
secondary structure of heteropoly compound
Certain heteropolyacids are flexible, and pde
molecules arc easily absorbed in intersin.
positions of the bulk solid, where they fom
pseudoliquid phase [222,223].

Heteropoly compounds develop acidic Ly
oxidizing functions, so that they can be ux
for acid and redox catalysis. In addition. j&>
anions arc well-defined oxide clusters. Caial;
design is therefore possible at the molccus
level. The pseudoliquid provides a unique rex
tion environment.

Some solid heteropolyacids have high therm
stability and are therefore suitable for \go
phase reactktns at elevated temperatures T)
thermal stability of several heteropolv jck
decreases in the sequence H/~PWuOio>
H4Siw,2040 > H3PMO012040 > H4SM 012Q
[222.223]. It can be enhanced by formation!
the appropriate salts [224,225].

Because of their multifunctionality, hole*
polyacids catalyze a wide variety of reaclia
including hydration and dehydration, condcns
tion. reduction, oxidation, and carbom law
chemistry with Keggin-type anions of '
Mo [223.224,226-228]. A commercially impl
tant process, the oxidation of methacrolc:
is catalyzed by a Cs salt of H*PVMo,,Oi
Heteropoly salts with extremely comp*
compositions have been proposed, e.g., fort
oxydehydrogcnation of ethane. A Kcgp
type molybdophosphoric salt with form*
K:P, :MOI)W 1Sb FFe,Cr05CeO7 A 1was f<*
to be the most efficient among the tested soliib
terms of activity, selectivity, and stability I--

4.1.2. Metals and Metal Alloys

Metals and metal alloys are used as bulk- *
supported catalysts in only a few cases
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- ( or grids an: used as bulk catalysis in in cubic close-packed (ccp). hexagonal close-

exothermic- reactions which require

Nalvst beds of small height. Typical examples

~ platinum - rhodium grids used for ammonia

\ X ,on in the nitric acid process |230| and

silver grids for the dehydrogenation of methane
to formaldehyde.

Skeletal (Raney-type) catalysts, particularly
skeletal nickel catalysis, arc technologically im-
portant materials (231] which arc specifically
applied in hydrogenation reactions. However,
their application is limited to liquid-phasc reac-
tions. They are used in particular for the produc-
tionoffincchemicalsand pharmaceuticals. Skel-
etal catalysts are prepared by the selective re-
moval of aluminum from Ni - Al alloy particles
by leaching with aqueous sodium hydrox-
ide {231]. Besides skeletal Ni. cobalt, copper,
platinum, ruthenium, and palladium catalysts
have been prepared, with surface areas between
30and 100 m: g_Il. One of the advantages of
skeletal metal catalysts is that they can be stored
in the form of the active metal and therefore
require no pre-reduction prior to use. unlike
conventional catalysts, the precursors of which
an- oxides of the active metal supported on a
carrier.

Fused catalysts are particularly used as
alloy catalysts. The synthesis from a homoge-
neous melt by rapid cooling may yield
mctastablc materials with compositions that can
otherwise not be achieved (232]. Amorphous
metal alloys have also been prepared (metallic
glasses) (232.2331.

Oxide materials can also be fused for cata-
lytic applications (232(. Such oxides exhibit a
complex and reactive internal interface struc-
ture which may be useful cither for direct cata-
Slie application in oxidation reactions or in
(™determining the micromorphology of result-
ing catalytic materials when the oxide is the

.ys* Precursor The prototype of such a
Rn.,ysl Is multiply promoted iron oxide

VNIKT**! calalysts used for ammonia
@ntf"ess (4823£ij_ 4

4 1 Carbides and Nitrides (48,2351

'ra’>sii~a*C carblc'ts and nitrides of early
‘eructurxt often adopt simple crystal
In wbich the metal atoms are arranged

packed (hep), or simple hexagonal (hex) aiTays.
C and N atoms occupy interstitial positions
between metal atoms (interstitial alloys). The
materials have unique properties in terms of
melting point (> 3300 K). hardness| > 2000 kg
mm J). and strength (> 3 x 10* MPa). Their
physical properties resemble those of ceramic
materials, although their electronic andmagnctic
properties are typical of metals. Carbon in
the carbides donates electrons to the d band of
the metal, thus making the electronic character-
istics of. e.g.. tungsten and molybdenum resem-
ble more closely those of the platinum group
metals.

Bulk carbides and nitrides, e.g., of tungsten
and molybdenum, can be prepared with surface
areas between 100and400 nr g 1byadvanced
synthetic procedures (2351. so that they can be
applied as bulk catalysts. They catah ze a variety
of reactions for which noble metals are still
preferentially used. Carbides and nitrides arc
exceptionally good hydrogenation catalysts,
and they arc active in hydrazine decomposition.
Carbides of tungsten and molybdenum arc also
highly active for methane reforming. Fischer -
Tropsch synthesis of hydrocarbons and alco-
hols, and hydrodesulfuri/ation. and the nitrides
are active for ammonia synthesis and hydrode-
nitrogenation (234). The catalytic properties of
carbides can be fine tuned by treatment with
oxygen, which leads to the formation of oxy-
carhidcs |236]. While clean molybdenum car-
bide is an excellent catalyst for C - N bond
cleavage (cracking of hydrocarbons), molybde-
num oxide carbide is selective for skeletal
isomerization (236).

In conclusion, carbides and nitrides, espe-
cially those of tungsten and molybdenum, may
well be considered as future substitutes for
platinum and other metals of Groups 8 - 10as
catalysts.

4.1.4. Carbons (237]

Although carbons arc frequently used as cata-
lyst suppoiis. they may also be used as catalysts
in their own right (238.239). Carbons exist in a
variety of thermodynamic phases (allotropes
of carbon) and mctastablc structures, which arc
often ill defined (sec also —* Carbon.



Heterogeneous Catalysis and Solid Catalysts

I. General). The surface chemistry of carbons is
rather complex {174,237]. Carbon surfaces may
contain a variety of functional groups, particu-
larly those containing oxygen, depending on the
provenience and pretreatment of the carbon. At
a single adsorption site several chemically in-
equivalent types of hetcmatom bonds may form.
Strong interactions between surface functional
groups further complicate the variety of surface
chcmical structures derived for the most impor-
tant carbon - oxygen system. Two functions of
the carbon surface act simultaneously during a
catalytic reaction. Firstly, the reactants are che-
misorbed selectively on the carbon surface by
ion exchange via oxygen functional groups or
directly by dispersion forces involving the
graphite valenee-electron system. The second
function is the production of atomic oxygen
occurring on the graphene basal faces of all sp~
carbon materials [237].

Carbon can already be catalytically active
under ambient conditions and in agueous media.
Therefore efforts have been made to apply
carbons as catalysts in condensed phases. Its
application in the gas phase under oxidizing
conditions is severely limited by its tendency
to irreversible oxidation.

Catalytic applications of carbons include the
oxidation of sulfurous to sulfuric acid, the se-
lective oxidation of hydrogen sulfide to sulfur
with oxygen in the gas phase at ca. 400 K. the
reaction between phosgene and formaldehyde,
and the selective oxidation ofcreatinine by air in
physiological environments.

A potential technological application of car-
bon catalysts involves the catalytic removal of
NO by carbon [237].

More recently, carbon nanotubes (CNT) and
nanofibcrs (CNF) have found significant inter-
est as catalysts and catalyst supports [237.240].
These materials, especially nanolubes, exhibit
interesting electronic, mechanical and thermal
properties that are clearly different from those of
activated carbons. High mechanical strength
and resistance to abrasion in combination with
high accessibility of active sites arc advantages
of CNT-based catalysts which make them very
attractive for liquid-phasc reactions, where the
microporosity of activated carbons often limits
the catalytic performance. Due to their high
electrical conductivity and oxidation stability.
CNTs are also highly interesting carrier materi-

als for proton-exchange membrane fuel
(PEM FC) and direct methanol fuel cell (DM~
catalysts [241].

4.1.5. lon-Kxrhange Kesins and lononur

lon-exchange resins (—* lon Exchangers) 4
strongly acidic organic polymers which 4
produced by suspension copolymerization ,
styrene with divinylbenzene and subscqur
sulfonation of the cross-linked polymer ny
trix [242]. This matrix is insoluble in water an
organic solvents. Suspension polymeri/atm
yields spherical beads which have difTores
diameters in the range 0.3 - 1.25 min Tk
Gaussian size distribution of the beads can k
influenced by the polymerization penuncierv
A network of micropores is produced dunn
the copolymerizalion reaction. The pore sizet
inversely proportional to the amount of crow
linking agent. In the presence of inert solve»
such as isoalkanes during the polymeri/aiia
which dissolve the reactive monomers and pit
cipitatc the resulting polymers, beads wiihi
open spongelikc structure and freely accessibk
inner surface are obtained. The matrix is then,
conglomerate of microspheres which are ino
connected by cavities or macropores. Mt
porous resins arc characterized by micropocc
of 0.5 - 2 nm and macropores of 20 - 60 m
depending on the degree of cross-linking.
Strongly acidic polymeric resins are themu
ly stable at temperatures below 390 - 4001
Above 400 K. sulfonic acid groups are split/1
and a decrease in catalytic activity resulb
Industrially, acidic resins arc used in J1
production of methyl /<«/-butyl ether [2431
The ionomer Nafion is a perfluorinated pd'
mcr containing pendant sulfonic acid grotf
which is considered to develop superacid
properties. It can be used as a solid acid caialv
for reactions such as alkylation. isomeri/atll
and acylation [244].

4.1.6. Molecular!* Imprinted Catalvsts
[2451

Molecular imprinting permits heterogcrw.'¥
supramolecular catalysis to be performed
surfaces of organic or inorganic material'
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hante recognition. Heterogeneous catalysts
"U h substrate specificity based on molecular
"."oenition require a material having a shapc-
"nlsize-selective footprint on ihe surface or in
shm - jv stabilization of transition states by
'mpnnting their features into cavities or advirp-

.n sites by using stable transition-state analo-
gues ac templates is of particular interest.

Imprinted materials can be prepared on the
hasis Of Al,+-dopcd silica gel [246] and of
cross-linked polymers [247.248). Chiral molec-
ular footpnnt cavities have also been designed
and imprinted on the surface of All'-doped
silica gel by using chiral template molecules.

When transition-state or reaction-inlcrmcdi-
atc analogues are used as templates for molecu-
lar imprinting, specific adsorption sites are cre-
ated. Such molecular footprints on silica gel
consist of a Lewis site and structures comple-
mentary to the template molecules. These struc-
tures can stabilize a reacting species in the
transition state and lower the activation energy
of the reaction, thus mimicking active sites of
natural enzymes and catalytic antibodies.

Although this approach seems to have a high
potential for heterogeneous catalysis, the real
application of imprinted materials as catalysts
still remains to be demonstrated.

4.1.7. Metal - Organic Frameworks
1249,2501

Metal - organic frameworks (M OFs) arc highly
Porwis, crystalline solids consisting of a three-
dimensional network of metal ions attached to
multidentate organic molecules. Similar to zeo-
11 s. the spatial organization of the structural
units gives rise to a system of channels and
cavities on the nanometer length scale. A milc-
yone for the development of MOFs was the
synthesisof MOF-5 in 1999 [251] This material
bvll [ ,etrahedral Zn40f clusters linked
e”Pnthalate groups and has a specific sur-
of 2> nr g MOF-177 has an
y 4>ecific surface area of 4500 m*
si,e f J; selection of the linker length, the
on resulting pores can be tailored
theirtul 'TeX,[CtcY surface areas and
shape Mai w*>cs,ructure with respect to size,
iogmaieri !Unc,ion' MOFs are highly interest-
for various applications. Examples

are the adsorption of gases such as hydrogen or
methane targeted at the replacement of com-
pressed-gas storage, removal of impurities in
natural gas. pressure-swing separation of noble
gases (krypton, xenon), and use as catalysts
[253]. Despite their higher metal content
compared to zeolites, the use of MOFs in
heterogeneous catalysis is restricted due to
their relatively low stability at elevated temper-
ature and in the presence of water vapor or
chemical reagents. In addition, the metal ions
in MOFs are often blocked by the organic
linker molecules and are therefore notaccessi-
ble for catalytic reactions. However, successful
applications of especially stable Bd MOFs
in alcohol oxidation. Suzuki C-C coupling and
olefin hydrogenation have been reported
[254]. It can be expected that the number of
successful catalytic studies using MOFs will
grow considerably.

4.1.8. Metal Salts

Although salts can be environmentally harmful,
they are still used as catalysts in some techno-
logically important processes. FeCh - CuCliis
a catalyst for chlorobcn/cne production, and
AICI, is still used for ethylbenzene synthesis
and n-butane isomerization.

4.2. Supported Catalysts

Supported catalysts play a significant role in
many industrial processes. The support provides
high surface area and stabilizes the dispersion of
the active component (e.g.. metals supported on
oxides). Active phase - support interactions,
which are dictated by the surface chemistry of
the support fora given active phase, are responsi-
ble for the dispersion and the chemical stateof the
latter. Although supports arc often considered to
be inert, this is not generally the case. Supports
may actively interfere with the catalytic process.
Typical examples forthe active interplay between
support and active phase are bifunctional cata-
lysts such as highly dispersed noble metals sup
ported on the surface of an acidic carrier.

To achieve the high surface areas and stabi-
lize the highly disperse active phase, supports
are typically porous materials having high
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thermostability. For application in industrial
processes they must also be stable towards the
feed and they must have a sufficient mechanical
strength.

4.2.1. Supports

Many of the bulk materials described in Section
Unsupported (Bulk) Catalysts may also func-
tion as supports. The most frequently used
supports are binary oxides including transitional
aluminas. a-AUOj. Si0 2 MCM-41. TC>2 (ana-
tase). Zr02 (tetragonal). MgO etc., and ternary
oxides including amorphous SiCb - A1203 and
zeolites. Additional potential catalyst supports
are aluminophosphates, mullite. kieselguhr.
bauxite, and calcium aluminatc. Carbons in
various forms (charcoal, activated carbon) can
be applied as supports unless oxygen is required
in the feed at high temperatures. Table 7 sum-
marizes important properties of typical oxide
and carbon supports.

Silicon carbide, SiC, can also be used as a
catalyst support with high thermal stability and
mechanical strength |255). SiC can be prepared
with porous structure and high surface area by
biotemplating [256). This procedure yields ce-
ramic composite materials with biomorphic
microstructures. Biological carbon preforms arc
derived from different wood structures by high-
tempcrature pyrolysis (1100 - 2100 K) and
used as templates for infiltration with gaseous
or liquid Si to form SiC and SiSiC ceramics.
During high-temperature processing the micro-
structural details of the bioorganic preforms arc
retained, and cellular ceramic composites with
unidirectional porous morphologies and aniso-
tropic mechanical properties can be obtained.
These materials show low density, high specific
strength, and excellent high-temperature stabil-

Table 7. Properties «if typical catalyst supports

Support Crystallography phases
AljOi mostly a amiy

A0] amorphous

Carbon amorphous

TiO, anauhC, ruble

MgO fee

Zeolites various (faujasites. ZSM-5)
Silicafalumina aimirphous

SA

ity. Although they have not yet found upp|it=
tion in catalysis, the low-weight materials »

well be advantageous supports for high-ien”™
ature catalysis processes.

Monolithic supports with unidircctiqv
macrochannels are used in automotive einiss(
control catalysts (—> Automobile Exhaust C(*
trol) where the pressure drop has to be mn
mized [257]. The channel walls are nonpomuv
may contain macropores. For the above applj*
tion the monoliths must have high mechanic
strength and low thermal expansion coefTicicq
to give sufficient thermal shock resistant
Therefore, the preferred materials of monolit
structures are ceramics (cordierite) or higt
quality corrosion-resistant steel. Cordierite is;
natural aluminosilicatc (2 MgO -2 Al:0,;
Si0 2. The accessible surface area of these ru
lerials corresponds closely to the geometric sr
face area of the channels. High surface areal
created by depositing alayerofa mixture ofu»
20 different inorganic oxides, which incluit
transitional aluminas as a common constitueu
This so-called washcoal develops internal st
face areas of 50 to 300 m:/g 1258,2591

Silica, MCM-41, and polymers can be fut
tionalized for application as supports for tk
preparation of immobilized or hybrid can
lysts [ 174.177,260-266]. The functional gap
may serve as anchoring sites (surface bouti
ligands) for complexes and organomciall.
compounds. Chiral groups can be introduce
for the preparation of enantioselective catalvsS
(see Section Hybrid Catalysts).

4.2.2. Supported Metal Oxide Cataly sts
Supported metal oxide catalysts consist ofl

least one active metal oxide compo™
dispersed on the surface of an oxide supf!

Properties/applications

SA up to 400; thermally stable three-way cat. steam reforming and many other c*
SA up to 1000; thermally stable; hydmgenation and other cats.

SA up to 1000; unstable in oxid. environm., hydrogenation cat».

SA up U>150; limited thermal stability; SCR cab.

SA up lo 200; rehydration may be problematic; steam reforming cat.

Highly defined pore system; shape selective: bifunctional cats

SA up to 800; medium sinwig acid sites; dehydrogenation cats.; bifunctional
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267 2681 The active oxides arc often transi-

metal oxides, while the support oxides

= nv include transitional aluminas (prefer-

‘S y T-AlA). Si°’> TIO>(ana,ase) Zr-
iiL-iragonal). and carbons.

supported vanadia catalysts are extremely
versatile oxidation catalysts. V:0/TiO; is used
for the selective oxidation of «-xylene to phtha-
lic anhydride [269,270] and for the ammoxida-
uonofalkyl aromatics to aromatic nitriles (270].
The latter reaction is also catalyzed by V:CV
Aj,Oj [270]. The selective catalytic reduction
(SCR) of NO, emissions with NH, in tail gas
from stationary power plants is a major appli-
cation of V25 - MoO, - Tit®2 and V20j -
WO3-T102 [271,272]. MoO, - AbO, and
WO3 - A1203 (promoted by oxides of cobalt
or nickel) are the oxide precursors for sulfided
catalysts (see Section Supported Sulfide Cata-
lysts) for hydrotreating of petroleum (hydrode
sulfurization. hydrodenitrogenation, hydro-
cracking) [49.273,274]. WO, - Zr02 develops
acidic and redox properties [275,276]. When
pmmoted with Fe20 , and Pt it can be applied as
ahighly selective catalyst for the low-tempcra-
ture isomerization of n-alkanes to isoalk-
anes [277]. Re207 - AbO, is an efficient me-
tathesis catalyst [278]. Cr203 - Al20, and
Cr.O, - Z102 are catalysts for alkanc dehydro-
genation and for dehydrocycli/ation of, e.g.. n-
heptane to toluene [279].

The above-mentioned transition metal oxi-
des have lower surface free energies than the
typical support materials [52.280]. Therefore,
<hey tend to spread out on the support surfaces
and form highly dispersed active oxide ovcr-
a>ers. These supported oxide catalysts are thus
jrequently called monolayer catalysis, although

1 support surface is usually not completely
-«-meven atloadings equal to or exceeding
theoretical monolayer coverage. This is

o, I n’ St *** act‘ve transition metal
« * N jcu,ar,y those of V. Mo. and W)

-rfac k™ TCMNYCIH 's'an™4 on (he support
. I ewh>chhave Cs;tructures analoéous topﬁlo—

ar P°lyoxo compounds [52.267].

4-) -Surface. ;o dified Oxides

Tl
ity. 8%' rfau ProPcrties. that is acidity and basic-
X can be significantly altered by

deposition of modifiers. The acid strength of
aluminas is strongly enhanced by incorporation
of Cl into or on the surface. This may occur
during impregnation with solutions containing
chloridc precursors of an active compo-
nent [169] or by deposition of AICb. Chlorinat-
ed aluminas are also obtained by surface reac-
tion with CCl14 [174]. The presence of chlorine
plays an important role in catalytic reforming
with Pt - Al120, catalysts [50].

Strongly basic materials are obtained by
supporting alkali metal compounds on the sur-
face of alumina [281]. Possible catalysts include
KNOj, KHCO,. K2 Oi. and the hydroxides of
the alkali metals supported on alumina.

Sulfation of several oxides, particularly te-
tragonal Zr02 yields strong solid acids, which
were originally considered to develop superaci-
dic properties [282,284]. becausc. like tung-
stated Z t0 2 (see Section Supported Metal Oxide
Catalysts), they also catalyze the isomerization
of n-alkanes to isoalkanes at low temperature.

4.2.4. Supported Metal Catalysts

Metals typically have high surface free ener-
gies [280] and therefore a pronounccd tendency
to reduce their surface areas by particle growth.
Therefore, for applications as catalysts they are
generally dispersed on high surfacc area sup-
ports. preferentially oxides such as transitional
aluminas, with the aim of stabilizing small,
nanosi/ed particles under reaction condi-
tions [169,285]. This can be achieved by some
kind of interaction between a metal nanoparticle
and the support surface (melal - support inter-
action:), which may influence the electronic
properties of the particles relative to the bulk
metal. This becomes particularly significant for
raftlike particles of monatomic thickness, for
which all atoms are surfacc atoms. Furthermore,
the small particles expose increasing numbers
of low-coordinate surface metal atoms. Both
electronic and geometric effects may influence
the catalytic performance of a supported metal
catalyst (particle-size effect). Aggregation of
the nanoparticles leads to deactivation.

Model supported metal catalysts having uni-
form particle size and structure can be prepared
by anchoring molecular carbonyl clusters on
support surfaces, followed by dccarbonyla-
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tion (286.287). Examples arc Ir, and Ir,, clusters
on MgO and in zeolite cages.

Bim etallic supponed catalysts contain two
different metals, which may either be miscible
or immiscible as macroscopic hulk alloys. The
combination of an active and an inactive metal
(e.g.. Ni and Cu (miscible) or Os and Cu (im-
miscible)! dilutes the active metal on the panicle
surface. Therefore, the catalytic performance of
reactions requiring ensembles of several active
metal atoms rather than single isolated atoms is
influenced [288.289)]. Sclectmties of catalytic
processes can thus be optimized. Typically, the
surface composition of binary alloys differs from
that of the bulk. The component having the lower
surface free energy is enriched in the surface
layer. For example. Cu is largely enriched at the
surface of Cu - Ni alloys, even at the lowest
concentration. Also, surface compositions of
binary alloys may be altered by the reaction
atmosphere.

In industrial application, supported metal
catalysts arc generally used as macroscopic
spheres or cylindrical extrudates. By special
impregnation procedures, metal concentration
profiles within the pellet can be created in a
controlled way. Examples are schematically
shown in Figure 13 1169]. The choice of the
appropriate concentration profile may he crucial
for the selectivity of a process because of the
interplay between transport and reaction in
the porous mass of the pellet. For example for
the selective hydrogenation of ethyne impurities
to ethene in a feed of ethcnc. eggshell profiles
are preferred.

Applications of supported metal catalysts,
such as noble (Pt. Pd. Rh) or non-nable (Ru.
Ni. Fe, Co) metals supported on AljOj, SiO>. or
active carbon include hydrogenation and dehy-
drogenation reactions. Ag on AbO, is used for
ethene epoxidation. Supported Au catalysts are
active for low-temperature CO oxidation.

O

Figure I.1 The low main calcfivies <4 nw:n>m.ucbxkdMri
button of a metal within a support

4
EA»*

Multimetal catalysts Pt - Rh - Pd on A
modified by CeOj asoxygen storage com

are used on a large scale in three-way ~
exhaust catalysts [259]. Pt supported on ch|f

nated AljO j is the bifunctional catalyst nuu) @
catalytic reforming, isomerization of petrol™

fractions, etc.

Modification of supported Pt catalysts ™
cinchona additives yields catalysts for the ™
antioselective hydrogenation of a-ketoc”
[290].

4.2.5. Supported Sulfide Catalysts

Sulfide] catalysts of Mo and W supported oni
AljOj or active carbons arc obtained by auf,
dation of oxide precursors (supported MoOji
W Oj; see Section Supported Metal Oxide C*
alysts) in a stream of HVHjS. They are by
cally promoted with Co or Ni and serve (i
large tonnage) for hydrolreating proteges o
crude oil, including hydrodesulfun/atia
(HDS) 149.273.274], hydrodenitrogenatia
HDN [274], and hydrodemetalation HD'
[291]. Currently, the CoMoS and NiMoS nad
els are most accepted for describing the ucti«
phase. These phases consist of a single MoS
layer or stacks of MoS? layers in which A
promoter atoms arc coordinated t
edges |49,274], as shown in Figure 14 Th
figure also indicates that Co may simult)
neously be present as Co«Sx and as a stb
solution in the A1203 support matrix. Itl
inferred that the catalytic activity of the M5
layers is related to the creation of sulfur >ac*
cies at the edges of M0S2 platelets. The*
vacancies have recently been visuali/cd *
Mo0S2 crystallites by scanning tunneling 1®
croscopy (STM) [292].

Figure 14. Three formsofCo present in sulfided Co -
AlrO* catalysts: as sites on the MoS: edges (the

Co - Mo - S phase). as segregated Co”~S* and as Co*
in the support lattice.
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Hvbrid Catalysts
N2>31)65"1

u hnd catalysts combine homogeneous and
Mrterdficneous catalytic transformations. The
d of the approach is to combine thc positive
fsrects of homogeneous catalysts or enzymes in
of activity, selectivity, and variability of
steric and electronic properties by. e.g.. thc
appropriate choice of ligands (including chiral
I* nds (293)) with thc advantages of hctcroge-
neous catalysts such as ease of separation and
recovery ofthe catalyst. This can be achieved by
immobilization (hetemgenization) of active
metal complexes, organomctallic compounds,
or enzymes on a solid support
There are several routes for thc synthesis of
immobilized homogeneous catalysts:

1 Anchoring thc calalyticalh active species
via covalent bonds on the surface of suitable
inorganic or organic supports such as SiCK
mesoporous MCM-41, zeolites, polystyr-
enes. and styrene - divinylbenzenc copoly-
mers [260-262.266]. The polymerization or
copolymerization of suitably functionalized
monomeric metal complexes is also known.

2. Chemical fixation by ionic bonding using ion
exchange.

3. Deposition of active species on surfaces of
porous materials by chcmi- or physisorption.
or chemical vapor deposition (CVD). The
'ship-in-bottlc" principle belongs to this
synthetic route, but is treated separately in
Section Ship-in-a-Bollle Catalysts.

* Molecularly defined surfacc organomctallic
chemistry may alsoyield immobilized active
organomctallic species.

The reagents for covalent bonding on sili-
cons materials (SiOj. MCM-41) arc often alk-
surf Or”™ ¥oros™anes which arc anchored to the
L ,acey condensation reactions with surfacc

yaroxyl group., [260-262.2661. Functional
Phosnh’  * created on the surface can include
shiwcd|ned’ am'ncs which serve as an-
~Sand I1™?Ms @or active species that undergo
'hr 4= XC ge factions. Careful control of
teP* UMM °* “uncllona*groups leads to spatial
and thu" ‘u ae,'ve complexes (site isolation)
NactionTpy PS ,0 av’id undesired side

Immobilized enzymes (-« Immobilized Bio-
catalysts) are frequently used in biocatalysis and
inorganic synthesis. Thc synthesis and catalytic
performance of this class of heterogenized ma-
terials is discussed in several review articles
[266.295].

Demtrimers [296] which are functionalized
at the ends of the dendritic arms can be used for
immobilization of metal complexes A catalytic
effect is thus generated al thc periphery of thc
dendrimer. Dendrimers with core functionali-
ties have also been synthesized. The resem-
blance of thc produced structures to prosthetic
groups in enzymes led to thc introduction of thc
word dendrizymes [297]. Dendnmcrs have
found application, e.g.. in membrane reactors.

Immobilized homogeneous catalysts are
used for selective oxidation reactions, for hy-
drogenation. and for C - C coupling reactions.
They have proved very efficient in asymmetric
synthesis [262.265,298].

Special processes with immobilized cata-
lysts are supported (solid) liquid-phase cataly-
sis (SLPC) [299] and supported (solid) aque-
ous-phase catalysis (SAPC) [300]. In SLPC a
solution of thc homogeneous catalyst in a high-
boiling solvent is introduced into the pore vol-
ume of a porous support by capillar) forces, and
the reactants pass the catalyst in thc gas phase.
For example, the active phase— a mixture of
vanadium pentoxide with alkali metal sulfates
or pyn>sulfatcs— is present as a melt in thc
pores of the SiO? support under thc working
conditions of the oxidation of SO2 [301]. In
SAPC hydrophobic organic reactants are con-
verted in thc liquid phase. The catalyst consists
ofathin film of water on thc surface ofa support
(e.g.. porous SiOi) and contains an active hy-
drophilic organomctallic complex [300]. Thc
reaction takes place al thc interface between
the water film and an organic liquid phase
containing the hydrophobic reactant The nature
ofthese catalyst systems is schematically shown
in Figure 15.

A new and improved version of SLPC uses
ionic liquids forimmobilization of homogeneous
catalysts in supported ionic liquidpliase (SILP)
systems. The advantage of ionic liquids over thc
previously used solvents is their extremely low
vapor pressures that allow for long-term immo-
bilization of homogeneous catalysts. A variety
of reactions have already been successfully
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studied [302.303]. A related novel concept uses formance can be modified in a synergistic nar
solid catalysts with ionic liquid /<nrr(SC1LL) as ner by shape selectivity, the electrostaiis a»
a method to improve the selectivity of heteroge- ronment. and the acid-base properties of n
neous catalysts. The sequential hydrogenation of zeolite host. Ligands for metal centers inJ1
cyclooctadiene to cyclooctene and cyclooctane zeolite cagcs include ethylenediamine. i
on acommercial Ni catalyst coated with an ionic methylglyoxime. various SchifT bases, phtrek
liquid was tested as model system. Compared to cyanincs, and porphyrins [305,306). The c
the original catalyst, the coating of the internal trapped complexes can be obtained via thr
surface with the ionic liquid strongly enhanced principal routers (305):

the maximum intrinsic yield of the intermediate
product [304]. 1 Reaction of the preformed flexible lie*l

with transition metal previously introdu™
into the zeolite cages (flexible ligand

4.2.7. Ship-in-a-Bottle Catalysts |305]| od). The synthesis of a zeolite entrapp
metal salen complex is schematically 'ho*

Metal complexes which are physically en- in Figure 16.

trapped in the confined spaces of zeolite cages 2. Assembling the ligand from smaller sp#

[confined catalysts) arc known as ship-in-a- inside the zeolite cavitics (ship-in-a-hO*

hottle catalysts or tea bag catalysts. The en- technique). For example, the synthesisll

trapped complexes are assumed to retain many zeolite-entrapped metal phthalocyanin*

of their solution properties. The catalytic per- schematically shown in Figure 17.
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frec ulcti

Entrapped metal salcn complex

Figure 16. Synthesis «<fzeolite-entrapped metal salen complexes by the flexible ligand method

3. Synthesis of the zeolite structure around the
preformed transition metal complex (zeolite
synthesis technique).

The success of ship-in-a-bottle catalysts in
catalytic processes has still to be demonstrated.

Zeolite-encapsulated complexes have also
been suggested as model compounds for mim-
icking enzymes. These zeolite-based enzyme
mimics are called zeozymes to describe a cata-
lytic system, in which the zeolite replaces the
pmtein mantle ofthe enzyme, and the entrapped
metal complex mimics the active site of the
enzyme (e.g.. an iron porphyrin) (307).

Host - guest supramoleculur compounds
may also be mentioned in this context
1245.308L

4.2.8. Polymerization Catalysts

Ziegler - Malta (—» Polyolefms - Ziegler Cat-
a >sts) catalysts are mixtures of solid and liquid

compounds containing a transition metal such
as Ti or V (309.310). TIC14 combined with Al
(C2HY), or other alkyl aluminum compounds
were found to be active for olefin polymeriza-
tion. More active catalysts were produced com-
mercially by supporting the TiCl4 on solid
MgCb. SiO; or AbOi to increase the amount
of active titanium. Currently. Ziegler - Natta
catalysts are produced by ball milling MgCI2
with about 5% ofTICI4. and the cocatalyst is Al
(C2HY)).

The Phillips catalyst (—* Polyolefms -
Phillips Catalysts) consists of hcxavalent sur-
face chromate on high surface area silicate
supports. Cr6+ is reduced by ethylene or other
hydrocarbons, probably to Cr2+ and Cr,+. the
catalytically active species [309,310].

More recently, so-called single-site catalysts
using metallocenes as active species were devel-
oped (—» Metallocenes. —* Polyolefms)
[310,311]. The activity of these materials is
dramatically enhanced by activation with methy-
laluminoxane (MAQO), obtained by incomplete

bntrapped metal phthalocyamne

synthesis of zeolite-encaged metal phthalocyonines
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hydrolysis of AI(CH,)j, the catalytic perfor-
mance of which is significantly more versatile
than that of the classical Ziegler - Natta or
Phillips catalysts. Activities and the nature of
the polymeric product can be tailored by the
choice of the metal and ligands.

4.3. Coated Catalysts

In addition to bulk and supported catalysts,
coated catalysts can be considered as a third
class of catalysts. In contrast to traditional cata-
lyst geometries such as powders, tablets,
spheres, and rings, coated catalysis are catalyti-
cally active layers applied on inert structured
surfaces. These active layers consist of bulk or
supported catalysts. The use of coaled catalysts
has recently become increasingly popular.
Examples for such systems are:

= Egg-shell catalysts deposited on an inert
carrier

= Monolithic honeycombs for environmental
applications or for multiphase reactions
[312.313]

« Structured packings (314)

= Foams and sponges [315]

< Fibers and cloths [316]

« Calalytic-wall reactors

< Catalytic filters for flue gas treatment and
diesel exhaust after-treatment [317]

< Membrane - electrode assemblies for fuel
cells [318)

= Microstmcturcd reactors with coated chan-
nels [319]

Advantages of coated catalysts are optimal
usage of the active mass, high selectivity at low
diffusion lengths, highly efficient mass transfer
from fluid phases to the solid catalyst layer, and
low pressure drop.

5. Production of Heterogeneous
Catalysts

The development of heterogeneously catalyzed
reactions for the production of chemicals initi-
ated the preparation of the required catalysts on
atechnical scale. Up to the end of World War 1.
solid catalysts were produced predominantly in

process companies such as IG Farben and B afp
in Germany, and Standard Oil Compam d],
UOP in the USA [320.321]. About ten \Gav
later some independent catalyst producing cou,
panies were founded in the USA. Wester,
Europe, and Japan [320]. At present more th”
15 international companies [320.322] are po.
ducing solid catalysts on multitonne scale; f,,
example:

= Synctix (IC| Catalysts and IC1 Catalco)

= Davison Chemicals and Grace

< SUD-Chemie Catalyst Group (incl. UCI.
Houdry. Prototec in the USA. NGC, CC'IFE
in Japan. UC1L in India and AFCAT. SYN-
CAT in South Africa)

= UOP and Katalystiks

e BASF (incl. Engelhard Cod., Calsicat)

= Monsanto

= Shell and Criterion Catalysts

= Akzo Chemicals

« Johnson Matthey

= Haldor Topsee

< Evonik Degussa

< Nippon Shokubai

= Nikki Chemical

In 1901 the catalyst world market achic\cdi
turnover of about $6 x 104 [320,321.3231.
grew to S (8 - 9) x 109in 1996, and reached
$ 13 x 10* in 2008.

Approximately 24 -28% of produced cat-
alysts were sold to the chemical induslrs ad
38 - 42% to petrochemical companies includ-
ing refineries. 28 - 32% of solid catalysts weft
used in environmental protection, and 3-5*
in the production of pharmaceuticals [320.323].

The catalytic properties of solid catalysts ait
strongly affected by the preparation method,
production conditions, and quality of sourcc
materials. Therefore, it is necessary to contfd
each production step and the physical or n*'
chanical properties of all intermediates. To &
tain a better reproducibility of catalyst produc-
tion. batch procedures were mainly replaced b
continuous operations, such as precipitation
filtration, drying, calcination, and forming

Automation of various operations and eonl
puter control of different equipments were if
stalled in catalyst production lines [3201 ~
cently, SPC (statistic process control) and Q
(quality assurance) were integrated into t*
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elvst production proccss. Sortie companies,
~ANally Western Europe and in the USA.
fAjluce solid catalysts according to ISO
cT ndard which guarantees a standard catalyst
jniahtvto thc customer [320,324].

Catalysts applied in several industrial
pdicesses can be subdivided into the following
categories:

= Unsupported (bulk) catalysts
= Supported catalysts

5.1. U— ppnrtrtt Catalysts

Unsupported catalysts represent a large category
andarc applied in numerous industrial processes.
Various preparation methods were adopted in the
past decades in the commercial production of
unsupported catalyst, such as mechanical treat-
ment or fusion of catalyst components, precipi-
tation. coprecipitation, flame hydrolysis, and
hydrothermal synthesis! 232322,325-329).

Mechanical treatment, for example, mix-
ing, milling, or kneading of catalytic active
materials or their precursors with promoters,
structure stabilizers, or pore-forming agents, is
one of the simplest preparation meth-
ods [322,325-327]. In some cases, however, thc
required intimate contact of catalyst compo-
nents could not be achieved and therefore thc
activity, selectivity, or thermal stability of cat-
alysts prepared in this way was lower than of
those prepared by other methods However,
recentimprovements in the efficiency of various
aggregates for thc mechanical treatment of so-
ids resulted in activity enhancement. An im-
portant advantage of these methods is that for-
mation of wastewater is avoided.

Industrial catalysts produced by mechanical
treatment are summarized in Table 8.

«on °f components or precursors is

lor the production a small group of unsup-

«dcatalyMs, The fusion process [232) pcr-

L *ynthesis of alloys consisting of clc-

soli(jS no* mix in solution or in thc

cdc S@lc’ However, preparation of unsupporl-

ani . sts by fusion is an energy-consuming
expensive proccss.

od j~C™oslimportant application of this meth-

Production of ammonia synthesis

Tablr i. | nsupporied catalysts prepared by mechanical treatment
(MT) or by fmwn (F)

Catalyit* Preparation Application
method
HruWK. Ct. MT ethylheiuene itchydrogenatMin
Ce. Mo) (styrene production)
FtjO rfK) MT Fischer Tropsch synthesis
ZnO Ci-O, MT hydropenatioo of carbonyl
compounds
He, 04K ML, F NH, synthesis
Ca. Mgi
VA-K-Sjo, F SO; oxidation <H>S04
production)
PI/Rhgrid F NH, oxidation (UNO,
production)

hiemenls m parentheses are promoters

catalysts based on the fusion of magnetite
(Fe,0«) with promoters such as oxides of K.
Al. Ca. and Mg [232J). Another example is thc
preparation of SO? oxidation catalysts by fusion
of V20, with K pyrosulfate (K~S.0,) [232].
Some producers incorporate Cs oxide as an
activity promoter in this catalyst.

Quite recently, amorphous alloys composed,
e.g.. of Pd and Zr. so-called metallic glasses
were found to be active in catalytic
oxidations [232,233].

Industrial catalysts produced by the fusion
process are listed in Table 8.

Precipitation and coprecipitation  arc the
most frequently applied methods for the prepa-
ration of unsupported catalysts or catalyst sup-
ports [322,325-329]. However, both methods
have thc major disadvantage of forming large
volumes of salt-containing solutions in the pre-
cipitation stage and in washing thc precipitate.

Source materials arc mainly metal salts, such
as sulfates, chlorides, and nitrates. Acetates,
formates, or oxalates are used in some cases.
In industrial practice nitrates or sulfates are
preferred. Basic precipitation agents on an in-
dustrial scale arc hydroxides, carbonates, and
hvdroxocarhonates of sodium, potassium, or
ammonium.

Alkali metal nitrates or sulfates formed as
precipitation byproducts must be washed out of
the precipitate. Thermally decomposable an-
ions. such as carbonates and carboxylatcs and
cations like NH4+ are especially favored in
catalyst production.
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Coprccipitalion of two or more metal cations
is a suitable operation lor the homogeneous
dispersion of the corresponding oxides, espe-
cially if the catalyst precursors have a defined
crystalline structure, for example. Cu(OH)
NH4C104 or NihAKIOHIIhCOt. After thermal
treatment, binary oxides such as CuO - Cr20j
and NiO - A120 3 are formed (322.325—329).

Precipitation and coprecipitation can be car-
ried out in batch or continuous operations.

If the metal salt solution is placed in the
precipitation vessel and the precipitating agent
is added, then the pH changes continuously
during the precipitation. Coprecipilation should
be carried out in the reverse manner (addition of
the metal salt solution to the precipitation agent)
lo avoid sequential precipitation of two or three
metal species.

If the metal salt solution and the precipitating
agent are simultaneously introduced into the
precipitation vessel, then it is possible to keep
the pH constant However, the residence time of
(he precipitate in the vessel changes continuously.

Finally, if the metal salt solution and the pre-
cipitating agentare conti nuously introduced in the
precipitation vessel, and the reaction products arc
removed continuously, then pH and residence
time can be kept constant (322325-329).

Besides pH and residence time, other pre-
cipitation parameters, such as temperature, agi-
tation. and concentration of starting solutions,
affect the properties of the precipitate. The
choice of anions, the purity of raw material,
and the use of various additives also play an
important role (322.325-329).

In general, highly concentrated solutions,
low temperatures and short ageing times result
in finely crystalline or amorphous materials
which are difficult to wash and filter. Lower

concentrations of the solutions, higher temp”
tures. and extended ageing provide coarse cryv
tallinc precipitates which arc easier to pUnt
and separate (322,325-329).

The industrial production of precipita®
catalysts usually involves the following sicps

= Preparation of metal salt solution and g
precipitating agent (dissolution, filtration)

= Precipitation

= Ageing of the precipitate

= Washing of the precipitate by decantation

= Filtration

= Washing of the filter cake (spray drying)

< Drying

= Calcining

= Shaping

= Activation

Operations such as filtration, drying, calci-
nation etc. arc discussed in Section Unit Open-
tions in Catalyst Production.

Typical unsupported industrial catalysis pro-
duced by precipitation or coprecipitation an
compiled in Table 9.

The sol - gel process  (330) involves te
formation of a sol. followed by the creation ofi
gel. A sol (liquid suspension of solid particle
smallerthan | y, T) is obtained by the hydrolysis
and partial condensation of an inorganic salt on
metal alkoxide. Further condensation of sd
particles into a three-dimensional network re
suits in the formation ofa gel. The porosit\ ari
the strength of the gel are strongly affected b
conditions of its formation. For example. >o»
coagulation, elevated temperature, or hydro-
thermal posttreatment increase the crystalline
fraction of the gel.

Table 9. Catalysts (their precursors) or supports prepared by precipitation or coprectpitalion

Catalyst» (precursors) or supports Source materials

Application n

Aluminn Na aluininate. HNO, support, dehydration. Claus process

Silka Na silicate (water glass). 1KSO, support

FejOs betNO,»». NH40H ethylben/ene dehydrogenation (styrene product*
THO» ft titanate. titans 1sulfate NaOH support. Claus process. NO, reduction

CuO ZnO (AbOO

he molybdate F*NOjh. tNH4Mn04. NHjOH
Vanadyl phosphate vanady! sulfate. NaHPOj

NiO AljO, Ni. Al nitrates. NajCO,

NiO - SiO; NI nitrate. Na silicate. Na~"CO,

Cu. Zn. (A1) nitrates. Na~X),

LTS, methanol synthesis

methanol oxidation to femald¢thy«e
butane oxidation to maleic acid anhydride
hydrogenation of aromatics
hydrogenation of aromatics
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Alumina and silica can be produced from

ilum illuminate or sodium silicate by treat-

' with nitric, hydrochloric, or sulfuric acid.
Jnethi* process, first sols and then gels arc
_____i Washing Ihe sodium from the gels is
Sm ial 1327,328330]

Sphencal silica or silica-alumina gels arc
pnxluced directly by injecting drops ofa gelling
mixture into oil at a proper rate to allow setting
of the gel- To avoid bursting during drying, the

| beads are washed to reduce the salt content
[NjNOj. NaCl. or Na;S04). Finally, the beads
are dried and calcined [327,328].

Based on the sol - gel process, high-purity
materials such as alumina. Ti0O2 Zr02 are pro-
duced on an industrial scale. Raw materials are
the corresponding metal alknxides. e.g.. Al
(C12 - Cm alkoxidc), and Ti(/i-C4H40 )4 [330].

Flame Hydrolysis In flame hydroly-
sis [331] a mixture of the catalyst or support
precursor, hydrogen, and air is fed into the flame
ofa continuously operating reactor. Precursors
(mainly chlorides such as AIC1 s SiCl4, TiCl4or
SnCL,) are hydrolyzed by steam (formed by H2
oxidation). The products of flame hydrolysis
arc oxides. More than 100 000 t/a of so-called
fumed silica, alumina, or titania are produced by
Dcgussa. Wacker (both Germany), and Cabot
(USA).

Thermaldecomposition  of metal - inor-
ganic or metal - organic catalyst precursors is
sometimes used in industrial catalyst produc-
tion. For example, mixtures of Cu- and Zn
(NHj)4AHCO,)2 decompose at 370 K to form

tnaiy Cu - Zn carbonates, which arc trans-
wmed during calcination into the correspond-
wg binary oxides, used as low temperature
water gas shift catalysts [3271.

Industrial production of Cu - Cr oxides
(copper chromites), used in the hydrogenation
ofcarbonyl compounds, is based on the thermal
decomposition of a basic copper ammonium
chromate [CUNH4OH)Cr04] at 620 - 670 K
[327,328].

Highly active Ni catalysts for the hydrogena-
tion of fats and oils are obtained by the thermal
decomposition of Ni formate [(HCOO)Ni] at
390 - 420 K. The decomposition is usually
carried out in hard fat. which protects Ni against
oxidation [327].

Catalysts or supports produced by flame
hydroly sis or thermal decomposition of inor-
ganic complexes are summarized in Table 10.

Hydrothermal synthesis [180,216] is a
very important preparation method for zeolites
and other molecular sieves.

Currently, the importance of zeolites in in-
dustrial catalysis is still increasing. They are
used as catalysts or supports not only in petro-
chemical operations but also in the production
of fine chemicals.

In hydrothermal synthesis (see also —»Zeo-
lites-Zeolite Synthesis: Routes and Raw
Materials) a mixture of silicon and aluminum
compounds containing alkali metal cations, wa-
ter. and in some cases organic compounds (so-
called templates) is converted into microporous.
crystalline aluminosilicates [328.333].

Common sources of silicon are colloidal
silica, water glass, fumed silica and silicon
alkoxides. Aluminum can be introduced as alu-
minum hydroxide, metahydroxide. oraluminatc
salts. Common templates are tctrapropyl- or
tetraethylammonium bromides or hydroxides
[328,333].

Hydrothermal synthesis is acomplex process
consisting of three basic steps: achievement

~ <Ihcir preturvifM Kimg pan ! prepared by Mi - jrel process <SG). Mawue hytb>Iy\is (R I). twthermal derompmition (TD) at

Source material

Al alkoxides

AKI,

SiCl,

TWA-CNO)*

TiCU

Om. Zn <NH,bHCO,
Oi<NH4»0OHCi0 4
Ni formate

Preparation method Application

hydrolysis. SG support for noble metals

FH support or additive

X support or additive

hydrolye*. SG support

M support or additive

'IO lot*~temperature shift, methanol

TD hydrogenation of carbonyl compounds

TO hydropenation of fats and oils
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of supersaturation. nucleation. and crystal
growth. It is affected by the hydrogel molar
composition, alkalinity, temperature, and time
1328.333].

In general, synthesis is carried out at 360 -
450 K under atmospheric or autogenous water
pressure (0.5 - | MPa) with residence times of
1 - 6 d. After synthesis, the crystalline product
is separated by filtration or centrifugation,
washed, dried, and calcined. Sodium-containing
zeolites, which are the products of the hydro-
thermal synthesis, are converted into acidic
forms by exchange of sodium ions with the
ammonium, followed by thermal treatment
(328.333].

Zeolites used in the industrial catalysis arc
above all Y zeolite, mordenite. ZSM-5, ZSM-
I1. and zeolite O (180.215].

To improve the thermal stability of zeolites,
especially of Y zeolite. Al ions arc extracted
from the lattice by steaming or acid treatment.
For example, fluid-cracking catalysts (amor-
phous aluminosilicates) contain 10-50% of
ultrastable Y zeolites [328,333].

Related to zeolites arc other molecular sieves
such as aluminum phosphates (A1PO) and sili-
co-aluminum phosphates (SAPO), the impor-
tance of which in industrial catalysis is growing.
SAPO-11 was applied recently in the isomeri-
zation of cycbhcxanonc oxime to e-caprolac-
tam. instead of sulfuric acid in a demonstration
unit [180].

Other preparation methods includc
condensation of more than two kinds of oxo
anions, suchas Mo042 .W04: ,HP04’ ,etc.
to give heteropolyacids such as H,PW i:0«, or
H,PMol24, [222].

In industrial practice, the source materials are
Na2HP0O4 Na2W 04, or Na2M o004 solutions.
Hydrolysis and subsequent condensation are
carried out with HCI. The heteropolyacids are
extracted with organic solvents. Heteropolyacids
are very strong acids with Hammett acidity
function H,, < — 8. They have found industrial
application in acid-catalyzed reactions con-
ducted in the liquid phase, such as hydration,
esterification. and alkylation. Their activity is
evidently higher than that of inorganic acids
[222]. Their K or Cs salts arc used as catalysts
in the selective vapor phase oxidation of propenc
to acrolein or isobutenc to mcthacrolein (222].

Another preparation method is based on”®
treatment of alumina or aluminosilicatc
gases such as HF. HCI. BF,. AIC1, to crch,
highly acidic centers. Such catalysts are acti\t
in the skeletal isomerization of hydrocarbon ¢
g.. n-C4 or n-Cf (328].

Skeletal catalysts, also called porous ,y.
tals, consist of the metal skeleton remaining a|j™
the less noble component of an alloy was remove
by leaching with alkali, preferentially NaOH
Skeletal catalysts were discovered in 1925 anj
introduced into chemistry by Raney, and thea-fon
some bear his name, e.g., Raney Ni or Co.

The group of skeletal catalysts [231 ( include*
Ni, Co, Cu, Fe. Pt. Ru, and Pd. The second alloj
component can be Al, Si, Zn, or Mg. with A
being used preferentially.

Small amounts of a third metal such as Cr«
Mo have been added to the binary alloy &
activity promoter.

Ni - Al. Cu - Al, and Co - Al alloys with
different grain sizes are commercially available
and can be leached out before use. Davison-
Grace and Degussa provide finished extreme!)
pyrophoric Ni or Co skeletal catalysts protected
by water in commercial quantities. Skeletal N
found technical application in the hydrogena-
tion of aliphatic or aromatic nitro compounds
and nitriles.

5.2. Supported Catalysts

The main feature of supported catalysts is
that the active material forms only a mnor
part and is deposited on the surface of te
support [326,328.332].

In some cases, the support is more or le*
inert, e.g.. a-alumina. kicsclguhr. porous glass
ceramics. In othercases the support takes part i
the catalytic reaction, as in the case of bifum"
tional catalytic systems, e.g.. alumina, alumina
silicate, zeolites, etc. [326.328.332].

Additionally, some supports can alter d*
catalytic properties of the active phase M"
so-called strong metal - support interact»*
(SM SI) can decrease, for example, the chew
sorption capacity of supported metals (Pt'
Ti02 or can hinder the reduction of supportil
metal oxides (Ni silicate. Ni and Cu aluminat<*
etc.) [326,328].
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jji. Bupl*rix

iilMth' various industrial supports arc avail-
blc in multitonnc quantities possessing a wide
rang6 of surfacc areas, porosities, shapes, and

47Widely used supports include alumina, sili-

kieselguhr. porous glass, aluminosilicatcs.
Jnolecular sieves, activated carbon, titania. zinc
oxide, silicates such as cordierite (2 MgO
AlO, «55i0:) and mullite (3 Al20, 2
Si'0j), and Zn and Mg aluminates (326.328).

The supports are produced by specialized
pwducers or directly by catalyst producers.
Well known support manufacturers are:

= Grace Davison (USA. UK, Germany)
e Alcoa (USA)

< Sasol (former CONDEA) (Germany)
= BASF (former Engelhard) (USA)

= Saint Gobain Norpro (USA)

< Evonik Degussa (Germany)

« Cabot Corp. (USA)

= Coming (USA)

In the past, mostly natural supports, e.g..
bauxite, pumice and kieselguhr. were used in
catalyst production. At present (with the excep-
tion of kieselguhr) mainly synthetic supports
with “tailored" physical properties are preferred
in industrial catalysis.

Because the majority of supports also have
catalytic properties (e.g.. alumina, aluminosili-
cates. zeolites) their production methods arc
described in Section Unsupported Catalysts.

522 Preparation of Supported Catalysts

The broad application of supported catalysts in
“" “eeral catalysis led to the development of
“merous preparation methods applicable on a
*®ical scale. Some of these methods are
J*etical with those used in the production of
J* “PPoned catalysts, e.g.. mechanical treat-
Precipitation, thermal decomposition of

- inorganic or metal

*cs and therefoie they will be discussed here
briefly.

a treatment, e.g.. kneading of
YM precursor with a support is applied.

organic com-

e.g.. in thc production of kieselguhr-supportcd
Ni (precursor NiCO,) 1325.327,328]. Also.
MoO, supported on A120j is sometimes pro-
duced by this process. However, the distribution
of the active phase on thc support is in some
cases not sufficient [325].

Better results arc obtained by the combina-
tion of mechanical and thermal treatment
which, results in spreading 152] of. e.g., MoO,
on Al203 or of V305 0on A1203 or TiOi.

Impregnation by pore filling of a carrier
with an active phase is a frequently used pro-
duction method for supported -cata-
lysts [169,325]. The object of this method is to
fill pores of thc support with a solution of thc
catalyst precursor, e.g.. a metal salt of sufficient
concentration to achieve the desired loading. If
higher loadings with active phases are required,
it is mostly necessary to repeat the impregnation
after drying or calcination of thc intermediate.
Examples of catalysts prepared by the pore
filling method arc Ni or Co on A120 3 - MoO,.
MoO, onaluminosilicatcs including zeolites, Ni
or Ag on a-alumina. noble metals on active
carbon, etc. [322.325-328].

Adsorption is a very good method to
achieve uniform deposition of small amounts
of acti\e component on a support. Powders or
particlcs exposed to metal salt solutions adsorb
equilibrium quantities of salt ions, in accor-
dance with adsorption isotherms. Adsorption
may be either cationic or anionic, depending
on the properties of thc carrier surface. For
example, alumina (depending on the adsorption
conditions, mainly on thc pH of the solution)
adsorbs both cations and anions. Silica weakly
adsorbs cations, while magnesia strongly ad-
sorbs anions [322).

Adsorption of PdCI2 from aqueous solution
on different aluminas is very fast, and a high
equilibrium concentration (ca. 2 wt%) can be
obtained. The (41 deposition takes place mainly
in an outer shell (egg shell profile) of shaped
particles [322.328].

With H2[PtCI4] only | wt% Pt loading on
alumina is possible owing to from thc flat
adsorption isotherm [322,328].

Thc addition of oxalic, tartaric, and citric
acid to the metal salt solution changes thc
profiles of active component on the carricr. In
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general, with increasing acid strength the metal
ions arc forced deeper into the support
particles [322).

lon exchange [169,322) is very similar to
ionic adsorption but involves exchange of ions
other than protons. Lower valence ions, such as
Na+or NH, can be exchanged with higher
valence ions, for example. Ni‘+or Pt4' . This
method is used mainly in the preparation of
metal-containing zeolites, e.g.. Ni- or Pd-con-
taining Y zeolites or mordenilcs used in petro-
leum-refining processes.

Thermal decomposition  of inorganic or
organic complexes in the presence of a support.
This method is identical with that used in the
preparation o funsupported catalysts by thermal
decomposition of precursors. Supports can be
used either as powder or preshaped. For exam-
ple. Ni or Co deposited on kicselguhr or silica is
produced by this method [327].

Precipitation onto the support s carried
out in asimilarway as in the case ofunsupported
catalysts [322.325.332]. Supports, mainly as
powders, are slurried in the salt solution, and
alkali is added. Rapid mixing is essential to
avoid precipitation in the bulk.

Uniform precipitation can be achieved by
using urea rather than conventional alka-
lis [332]. An appropriate amount of urea is
added to the metal salt - support slurry and the
mixture is heated while stirring. At 360 K urea
decomposes slowly to NH? and C0 2, and pre-
cipitation takes place homogeneously over the
surface and in pores of the support. This method
is called deposition - precipitation [332] and is
used especially in the production of highly
active Ni - Si0O2 or Ni - A120 ( catalysts.

Reductive deposition is a preparation
method in which especially precious metals arc
deposited on the carrier surface by reduction of
aqueous metal salts, mainly chlorides or ni-
trates. with agents such as H2 Na formate,
formaldehyde, and hydrazine. Examples of
commercial catalysts pttxluced by this method
arc precious metals on active carbon, Si0O 2or a-
AbOj. Reductive deposition is preferred espe-
cially in the case of bimetallic supported
catalysts such as Pt - Re or Pd - Rh [334].

Heterogenization of homogeneous cuttt

lysis is based on the binding of metji
complexes to the surface or entrapment in [>>1c
of the inorganic or organic support [266]. Such
catalysts are used mainly in stereospccific hy.
dmgenations in the production of fine chemical*
or pharmaceuticals.

Enzymes [266] can also be hetcrogcni/ed
They found industrial application in biochcmi.
cal processes. A prominent example is ti*
isomerization of glucose to fructose in the pro.
duction of soft drinks.

5.3. Unit Operations in Catalyst
Production

As in other branches of the chemical industry
unit operations have also been established in
catalyst production in the past few decades, for
example, in operations such as filtration, dry ing.
calcination, reduction and catalyst form-
ing [322.324.328]. Continuous operations ae
favored because of larger throughputs, lower
operating costs, and better quality control Ad-
ditionally. factors such as environmental pollu-
tion and hazards to human health can be mini-
mized more easily.

Filtration, Washing  The main purpose of
these operations is to separate precipitate's ad
to remove byproducts and possible impurities
In batch operations mainly plate-and-framc fil-
ter presses are used [322,328]. The washing of
the filter cake proceeds in countercurrent to the
direction of the filtration.

Continuous vacuum rotary filters arc widel)
used. By changing the speed of the filter dum
(covered with filter cloth), the quantity of sluny
filtercd and the thickness of the filter cakc can e
varied over a broad range. As the drum rotate4
there is a washing phase in which water «
sprayed against the moving filter cake. Finall)
the filter cake is scraped or blown to remove *
from the drum [328].

Another filtration equipment is the ccntn
fuge. However, its application is possible oNe
when the filtered material is grainy or crysP*
line. e.g.. zeolites. Washing can be carried (>u
introducing washing water into the centrifup-
Centrifuges can operate either in a discontirl
ous or continuous manner [328].

J
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prying  Because dry ing conditions such as

le temperature, duration, or gas flow rate can
cbilfigC the physical properties of the resulting
material- it > important to measure and keep
M e parameters constant. For example the
ocorWi'y precipitated catalysts depends on
[he drying procedure. The drying of impregnat-
edsupports can change the distribution of active
comports Their uniform distribution can be
obtained only if all the liquid is evaporated
spontaneous!) 1322.325.328]. Usually, drying
proceeds up to 400 K.

For the drying of filter cake, various tools arc
used, e.g., box furnaces with trays, drum dryers,
rotary Kkilns, and spray dryers 1322.325.328].

The main problems with drums and rotary
doers are the feeding of the wet filter cake and
removal of adhering material from the walls.
Because lumps are usually formed in the drying
process, the resulting material must pass a gran-
ulator equipped with a sieve [328].

Spray dryers provide microspherical materi-
als with a narrow particle-si/e range. Spray
dryers arc equipped with a nozzle or a rotating
disk to disperse the watery slurry of the filter
cake in a stream of hot air [322,328,335[.

All the above drying equipment operates in
continuous mode.

Small batches of cataly st precursors arc dried
in box furnaces with trays [325).

For the drying of extrudates, continuously
operating belt dryers have found technical
application [328).

Calcination  The main object of calcina-
4°n (thermal treatment in oxidizing atmo-
4%ere) is to stabilize physical and chemical
Ptoperties o f the catalyst or its precursor. During
calcination, thermally unstable compounds
ecarbonates, hydroxides or organic com-
pounds) decomptise and arc usually converted
«ooxides. During calcination new compounds
TaY formed, especially if the thermal treal-

isearned out al higher temperatures |268|.

example, in the thermal decomposition of

or Ni nitrate deposited on alumina, not only

“ or NiO but also Cu or Ni aluminate is
A" nalK formed [268).

“rnermc>rc amorphous material can be-

crystalline Various crystalline modifica-

AN can undergo reversible or irreversible

Physical and mechanical properties and pore
structures can also changc. The calcination
temperature is usually slightly higher than that
of the catalyst operating temperature
[322.325.328.335).

For the calcination of powder or granulate,
rotary kilns are preferably used [325,328].
Smaller batches of powdered catalysts arc cal-
cined in box or muffle furnaces with trays, as in
the case of drying. The gases that arc mainly
used for heating arc in direct contact with the
material being calcined [322,325,328].

Pellets or extrudates are calcincd in belt or
tunnel furnaces. The tunnel-type calcincr can
operate at substantially higher temperatures
(close to 1270 - 1470 K) than the belt type
(870 - 1070 K). The tunnel calciner is especial-
ly suitable for firing ceramic carriers. The ma-
terial being calcined is taken in boxes or carts
which are recycled to the entrance \ia a contin-
uous chain or belt [328].

Reduction, Activation, and Protection
Reduction, activation, or passivation, is in sev-
eral cases the last step in catalyst production.
These operations are performed by the catalyst
producer or in the plant of the client.

For example, in the production of Ni cata-
lysts for the liquid-phase hydrogenation of fats
and oils, the reduction of NiO deposited on
kieselguhr is carried out exclusively by the
catalyst producer. The reduction of powders
(50 - 500 pm particle size) is performed on
an industrial scale in fluid-bed reactors. The
reduced material is pyrophoric and must be
protected with a hard fat such as tallow, to
make its handling easy and safe. The finished
catalyst is supplied in the form of flakes or
pastilles 1322.328.336].

The reduction of metal oxides such as NiO,
CuO, CoO, or Fe”j is carried out with H2 al
elevated temperature (> 470 K) and has two
steps. In the first step metal nuclei are formed.
In the second, nuclei accumulate to form metal
crystallites. The rates of both processes de-
pend on temperature and on the nature of the
substrate [322). Reduction at lower tempera-
tures (< 570 K) provides a narrow distribu-
tion of small metal crystallites. Reduction al
higher temperatures (> 670 K) gives a broad-
er distribution and larger metal crystallites
[322).
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Reduction of «nne oxides, such as those of
Cu and Fe, is exothcrmic and needs to be carried
out carefully with H2 diluted with N2

Water, the reduction product, has negative
effects on the rate and on the extent of reduc-
tion [322]. In industrial practice, where H2 is
recycled, the removal of water by freezing out
(below 270 K) and by adsorption on molecular
sieve is essential.

To achieve optimal activity, partial reduction
of oxidic catalysts is common (322.337). For
example. Ni catalysts for fat and oil hydrogena-
tion contain about 50 - 60 wt % of metallic Ni.
45- 35 wiofc NiO, and about 5wt% Ni
silicate.

When the reduction of shaped oxidic cata-
lysts is conducted by the catalyst producer, then
the active material is protected either with a
high-boiling liquid such as higher aliphatic
alcohols or Cu - Cm paraffins [337) or it is
passivated. In this procedure, chemisorbed hy-
drogen is removed in a gas stream composed of
N2 and about 0.1 - 1.0 vol% of 0 2 at ambient
temperature. After this treatment catalysts can
be handled in air without any precautions (336].
The activity is restored in the client's plant by
treatment with H2 {322].

The activation of hydrotreating catalysts
composed of Ni- or Co-promoted M0O3 -
AbO3 is carried out with H2 containing
10 vol*- of HZS [268]. In the past, this activa-
tion was performed exclusively in the hydro-
dcsulfuri/ation plants. However, prcsulfiding at
catalyst producers is becoming more common
[322].

Mainly electrical or gas-heated shaft reactors
are used for the reduction ofextrudatcs. spheres,
or pellets in plants of catalyst producers.

Catalyst Forming  The si/e and shape of
catalyst particles depend on the nature of the
reaction and on the type of applied reactor.

Reactions in the liquid phase require small
particles or even powders (50 - 200 y,T). Such
materials arc made by grinding of a dried or
calcined precursor, e.g.. filter cake, using gran-
ulators equipped with sieves to give uniform
particle size 1322.328.335.337].

Catalysts forflitidized bed reactors (0.05 -
0.25 mm) are usually made by spray drying or
by cooling molten material droplets (V20 ,) in
an air stream 1322.328.335].

Spheres consisting of A120j, Si0 2 or aju
minosilicate with 3 -9 mm diameter are used
preferentially as a support for catalysts jn
moving-bed or ebullating-hed reactors. Thej
are produced by the so-called oil-drop method
(see Section Unsupported Catalysts). Sphere
prepared in this way possess sufficient abrasi®
resistance [322.328.335].

Another method for producing spheres js
based on aggkimeration of powder by moistening
onarouting disk (spherudi/.er) [322328.335L. g,
the spheres reach the desired diameter they ac
removed automatically and transported to te
dryer and calciner. Such spheres arc suitable fa
fixed bed reactors.

Other methods for forming spherical perti-
cles include tumbling short freshly extruded
cylinders in a rotating drum [328].

In the briquetting technique, the plastic mix-
ture of catalyst powder with a binder is fed
between two rotating rolls provided with hd-
lowcd-out hemispheres [328].

Extrusion of pastes containing catalyst pow
der. binders and lubricants is a frequent!) used
industrial shaping method [322.328.335].
Depending on the properties of the paste, press
or screw extruders arc applied. Press extruders
are principally suitable for viscous pestes.
Screw extruders arc preferred for thixotropic
masses. In both cases, pastes are forced through
a die. and the extruded material is cut with a
special device to adesired length and falls onioa
moving belt that transports it through a drier a
calciner [322.328.3351- Poly(vinyl alcohol),
powdered stcarinc. and Al stearate are used &
lubricants. If the mass being extruded contains
alumina, then pcpti/.ing agents such as nitrx
acid arc added mainly to improve the mechani-
cal strength [322,327.3281.

Another type of binder is calcium alununak
cement, which sets up by treatment widl
steam [322,3281.

The extruded material can have differe"l
shapes, such as cylinders (noodles), hollo*
cylinders (macaroni), or ribbed cylinder'. 1%
sizes depend on the shape and are in the rangeQ
1.5-15 mm diameter [328.337).

Added organic lubricants and porc-formi»?
agents can be removed by calcination in 1
stream of air.

Special extrusion techniques and equipnkK
are necessary to produce honeycombs.
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Extruding is less expensive than pellcti/ing.

extrudates have less resistance to abrasion
- pellets. Extrudates arc suitable for different

nesoffixed-bed reactors operating in the gas
j* trickle phase.

palletizing is a very common method for
catalyst forming. It is based on compression of
acertain VOlume of powder in a die between two
moving punchers, one of which also serves to
eject the formed pellet (322,328,335). Depend-
ing on the size and the shape of thc prepared
pellets, the material being pclletized must be
crushed and forced through a corresponding
sieve (328). Furthermore, lubricants such as
graphite, Al stearate. pol<vinyl alcohol), kaolin,
and bentonite are added before thc material
enters the tabletting machine. Thc fluidity of
thc material is required to assure homogeneous
filling ofthe die [322.328,3351 As in the case of
extrudates. organic lubricants can be removed
by calcination of the pellets.

Industrial pelleting machines arc equipped
with around thirty dies and produce about 10 li-
ter of pellets per hour or more, depending on
their shape and size. Pressures in thc range 10
100 MPa in the pelleting machine arc
common (322,328.335].

Commercially, cylindrical pellets with sizes
suchas3 x 3,45 x 45.5 x 5,0r6 x 6 mm
are offered [322,328.335! Productionof3 x 3
mmpellets is more expensive than that of larger
sizes. Besides cylindrical pellets, various com-
panies provide rings, cogwheels, spoked
wheels, multiholc pellets, etc. (336,337).

M lets of different shapes and sizes are suit-
able for various types of fixed-bed reactors.

Coating ofinertsupports  (338) with athin
myer of catalytically active material is required
°r manufacture ofcoated catalysts. A variety of
F*h<xLsfor coating with catal) stsare available.
Vj* can distinguish between material-dcpcn-
nt methods for the preparation of thin catal yt-
active layers on supports and material-
2 “4*P«jent coating methods (319). Material

methods are anodic oxidation of

J/”~num or aluminum alloys, which gives rise
(~*?Y er with a onc-dimcnsional and unidirec-

lies u *HT iys'tm with adjustable propcr-
m!. and formation of porous layers on

mi i | ***°yy 2y ~cal treatment. Matcrial-in-
coating technologies can be grouped

according to the stale of aggregation of thc
catalyst precursor (338).

Gaseous catalyst precursors can be trans-
formed into coalings by chemical vapor depo-
sition (CVD) or physical vapor deposition
(PVD). Coating methods based on a liquid phase
comprise sol - gel methods, deposition of cat-
alyst suspensions, and combinations of both
techniques. Depending on the adjusted viscosity
of the sols or suspension, thc liquid precursors
may be applied on surfaces by dip coating,
spraying, printing, or rolling. Solid catalyst
powders can be applied, e.g., by flame spray
deposition or powder plasma spraying.

A coaling procedure that has been intensive-
ly studied is the manufacture of monoliths, e.g..
as catalysts for pollution control (340). Oxides
such as AljOj, CeOr, and ZrOj (washcoat) are
deposited on monoliths with a honeycomblike
structure by dipping into an aqueous slurry
containing primary particles (about 20 nm in
diameter) of these materials (259). The excess
slurry is blown out. and after drying and calci-
nation a thin catalyst layer is obtained, thc
thickness of which can be tailored by adjusting
the slutTy properties and repetition of the dip-
coaling step.

6. Characterization of Solid
Catalysts

Catalytic activity and selectivity critically de-
pend on thc morphology and texture, surfacc
chemical composition, phase composition, and
structure of solid catalysts. Therefore, many
physical and chemical methods are used in ca-
talysis research to characterize solid catalysts
and to search for correlations between structure
and performance of catalysts. These methods
include classical procedures (341) as well as
techniquesdeveloped more recently forthe study
of thc chemistry and physics of surtaces (341).

6.1. Physical Properties

6.1.1. Surface Area and Porosity
|342,343|

Thc specific surfacc area ofa catalyst or support
(in m*/g) is determined by measuring the vol-
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ume of gas. usually N2 needed to provide a
monomolecular layer according to the Bru-
nauer - Emmett - Teller (BET) method.

In this approach, the determination of the
monolayer capacity is based on the physisorp-
tion of the test gas. The volume adsorbed at a
given equilibrium pressure can be measured by
static methods, namely, volumetric or gravimet-
ric measurements. Flow or dynamic techniques
are also applied.

The total surface area ofa porous material is
given by the sum of the internal and external
surface areas. Pores arc classified as micropores
(pore width < 2 nm). mesopores (pore width
2 - 50 nm). and macroports (pore width > 50
nm) according to IUPAC definitions 1344).

The specific pore volume, pore widths, and
pore-size distributions for micro- and mesopores
arc determined by gas adsorption. For meso-
porcs. the method is based on the dependence
of the pressure of capillary condensation on the
radius of a pore in which condensation takes
place, which is given by the Kelvin equation:

n a
where p/p, = pressure/saturation pressure. V is
the molar volume, a the surface tension of the
liquid adsorbatc. B the contact angle between
adsorbatc and adsorption layer on pore walls
(hence, 9 = 0 is a good approximation), and
rKis Kelvin radius ofa pore assuming cyliiKfeical
shape. Since an adsorption layer is typically
formed before capillary condensation occurs,
the geometric radius rpof a pore is given by the
sum of the Kelvin radius rK and the thickness of
the adsorption layer t: rp = rK + I. Mesoporr
size distributions can be calculated when adsorp-
tion and desorption isotherms are available in the
full pressure range up to plp, = 0.95. The
mcsopore volume Vpis assumed to be complete-
ly filled al this relative pressure, which corre-
sponds to rpa 20 nm.

In the micropore range (pore width < 2 nm).
where the pore dimensions are comparable to
molecular dimensions, porefilling occurs rather
than condensation (343). The Dubinin - Ra-
dusiibeviui wun lik. Dubinin - 3w bl kK ik viit»
then permit the estimation of pore dimensions
from physisorption data. In addition, several
empirical methods exist, such as the t-mcth-

od (345] and the a,-method [346). In the origj.
nal t-method the amount of nitrogen adsorbed 4
77 K was plotted against t, the corresponding
multilayer thickness calculated from a universe
Ni isotherm, while in the a s method the mulij.
layer thickness t is replaced by the reduced
adsorption a,. Here, a, is defined as the dimon-
sionless adsorption n'/fi') such that vr, = | atpi
p, = 0.4. and n* is the adsorbed amount In
moles of the adsorbatc (e.g.. N2 al a given
relative pressure and is the amount adsorbed
(in moles) at a relative pressure of 0.4.

For mcso- and macroporous materials (pore
width > 2 nm). the pore size distribution is
determined by measuring the volume of mcrcu-
ry (or another nonwetting liquid) forced into the
pores under pressure (322). The measurement,
earned out with amercury pressureporosimncr.
depends on the following relation:

where P is pressure, < is surface tension of
mercury, and a is the contact angle of mercury
with solid. At pressuresof0.1 - 200 MPa. pore
size distributions in the range of 3.75-
7500 nm can be measured. Because the actual
shape of the pores is not exactly cylindrical as
assumed in the derivation of the above equation,
the calculated pore sizes and distributions can
deviate appreciably from the actual values
shown by electron microscopy.

For pore systems with narrow pore size dis-
tributions. the average pore radius can be ap-
proximated by using

=2V,/Sp ~

where Vpis pore volume, and Spis the surfacc
area. The pore volume of a catalyst or support is
given by

VP=i/<?p-i/e )

where ppand q arc the particle and true densi
ties, respectively. The former is determined by *
pycnomcter using a nonpcnetrating liquid, sue
as mercury, whereas the true density is obtain”™
by measuring the volume of the solid part of*
b:i bolinm HicglqufTW’nl

In certain instances, pore dimensions can
determined by high-resolution electron micro®
copy (HREM) [3471.
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41 2. Particle Size and Dispersion |/148|

m/» surface area of active metals dispersed on a
support deserves particular consideration sincc
(ht. meial surface area and particle si/e (which

interrelated quantities) determine the cata-
lytic properties of supported metal catalysts.
The metal dispersion D is given by D = Jly/i/p.
where N$ is the number of metal atoms exposed
at the surface and NT is the total number of metal
atoms in agiven amount of catalyst. The fraction
of surface atoms D can be determined if Ns is
experimentally available. It can be determined
by chemisorption measurements with adsorp-
tives that strongly bind to the inetal but which
interact negligibly with the support at the chosen
temperatures and pressures. H>. CO, NO. and
N;0 have been used for this purpose at or above
room temperature [348], and static, dynamic,
and desorption methods have been applied.
Saturation values of the chemisorbed amounts
permit J¥sto be calculated if the chemisorption
aoichiometries are known.

Dispersion is directly related to panicle size
and particle size distribution. Assuming reason-
able model shapes for the metal particles, aver-
age particle sizes can be calculated from the
chemisorption data.

Average crystallite size distributions can be
determined independently from X-ray diffrac-
tion line broadening [348.350]. and small-angle
X-ray scattering (SAXS) permits the determi-
nation of particle sizes and particle size distri-
butions. but also of the specific surfacc area of
the metal and of the support [348.350).

Electron microscopy offers the unique
opportunity to observe catalyst morphologies
over the entire range of relevant particle
~Nes [347.348.351-353]. Particle shapes and
szes of the support or active phase and their
Yre distributions can be extracted from micro-
Saphs. but structural information can be also
obtained by elcctron-diffraction and lattice-
IMaging techniques [347].

6 13- Structure and Morphology

powder diffraction (see aiso —*

Jrbcture Analysis by Diffraction Diffraction
J~rolycTystaliine Specimens) (XRD) is a
~*m8 technique for Ihe iilentification of

phases present in a catalyst [349.3541 It is based
on the comparison of the observed set of reflec-
tions of the catalyst sample with those of pure
reference phases, or with a database (Powder
Diffraction File (PDF) distributed by ICDD. the
International Centre for Diffraction Data). XRD
studies can now be carried out in situ on the
working catalyst [354]. and the use of synchro-
tron radiation permits dynamic experiments in
real time [355). Time-resolved studies on a
timcscalc of seconds arc now becoming possi-
ble. Quantification of phase compositions can
also be performed.

More sophisticated analysis ofthe diffraction
patterns of crystalline materials provides de-
tailed information on their atomic structure. The
Rietveld method is used for structure refine-
ments. Perhaps more importantly for catalytic
materials, the local atomic arrangement of
amorphous catalysts is based on the Debye
equation, which gives the intensity scattered by
acollection of randomly distributed atoms. The
Fourier transform of the Debye equation gives
the radial distribution function (RDF) of elec-
trons. from which the number of atoms (elec-
trons) located in the volume between two
spheres of radius r and r + dr around a central
atom, i.e., the radial density of atoms, can be
obtained [354]. This approach has been applied
for the structural analysis of amorphous or
poorly crystalline catalyst materials and of
small metal particles.

X-ray Absorption Spectroscopy (XAS)
[356,358], is the method of choice where the
applicability of XRD for structure analyses
ceases to be possible. Because of their high
photon flux, synchrotron facilities are the pre-
ferred sources for X AScxpcriments. The physical
principle of XAS is the ejection of a photoelcc-
tron from a core level of an atom by absorption of
an X-ray photon. The position of the absorption
edge gives the binding energy of the electron in
the particular core level and is thus characteristic
of the respective element and its chemical state
(see also — Surface and Thin-Film Analysis)
and the shape of the absorption edge provides
information on the distribution of the local den-
sity of states (LDOS).

Tne ejected piiotoclecuou wave is backs*.al-
tered at neighboring atoms, and the scattered
wave interferes with the outgoing primary wave.
This interference results in a modulation of the



Heterogeneous Catalysis and Solid Catalysts o

absorption coefficient at energies between 50
and 1000 eV beyond the absorption edge
(extended X-ray absorption fine structure.
EXFAS). Analysis of these oscillations provides
information on the chemical nature of atoms at
well-defined distances from the central (ion-
ized) atom and gives coordination numbers.
Qualitative information on coordination of the
central atom may also be obtained from the
observation of pre-edge peaks. Information on
dynamic and static disorder can also be
extracted from the EXAFS. Hence, a detailed
microscopic picture of the structure ofa catalyst
can be derived XAS is particularly attractive for
studies of catalysis under working conditions,
although there are limitations regarding temper-
ature |356]. The combined application of XAS
and XRD on the same sample using synchrotron
radiation for in situ studies is an ideal tool in
catalysis research [359].

Electron Microscopy and Diffraction
[347.351-353], (see also —* Microscopy
Electron Microscopy). When electrons pene-
trate through matter in an electron microscope,
contrast is formed by differential absorption
(amplitude contrast) or by diffraction phenom-
ena (phase contrast). Electron micrographs of
catalyst materials can provide for identification
of phases, images of surfacesand their morphol-
ogies, and elemental compositions and distri-
butions. Image interpretations are often not
straightforward and need expert analysis. Sev-
eral variants of electron microscopy use differ-
ent electron optics and working principles and
therefore have to be chosen according to the
problem to be solved.

Conventional transmission electron micros-
copy (CIEM) operates in the 100 - 200 KV
range ofelection energies, and imaging is based
on amplitude contrast in the bnght-field mode.
Point resolutions of 0.2 - 0.3 nm can be
achieved in favorable eases. A typical applica-
tion of CTEM in catalysis research is the
examination of metal particle sizes and their
distributions in supported catalysts.

Dark-field images arc produced when the
directly transmitted electron beam is excluded
by the objective aperture, and only diffracted
electrons are used for imaging. This mode of
operation selectively detects crystallites with
crystallographic soacings within a narrow range.

High-resolution electron microscopy (HREVj '
can be performed in CTEM instruments by nod
ifying the mode of imaging, or in dedicate) *
instruments operating at electron energies Q
05 - 1.0 MeV. HREM images can be directly
related to the atomic structure of the materj.
al [360]. Lattice fringes can be resolved, and t™
determination of the spacings of atomic planes is
enabled. Support particles can thus be identified 1
and the crystal structure of heavy metal panicles
having sizes in the range downto I nmcante *
investigated.

In dedicated scanning transmission electron
microscopes (STEM) an annular detector po-
vides the image formed from diffracted beans,
while the central transmitted beam can be fur.
ther analyzed by using an electron spectrometer
to simultaneously provide elemental analysis.
The intensity distribution of electrons scattered |
at high angles (40 - 150 mrad) depends on tre
square of the atomic number Z according to the
Rutherford scattering cross section. The STEM
images are therefore also called Z-contrast j
images, and they arc particularly useful for the
study of catalysts containing small metal
particles [347].

In scanning electron microscopy (SEM ) te
image is produced by scanning a finely focused
probe beam in a raster pattern across the spoci- |
men surface. Emitted signals such as backscat-
tered and secondary electrons arc detected ad “
used for image formation. Secondary electrons
are most commonly used. The best resolutions
that can be achieved with current generation
SEM instruments are approximately 1mm
SEM is most useful for studying sample topo-
graphies. and it can be applied with a significant
background pressure of a reactive gas while the
sample is observed (environmental Sem < j
ESEM). 1

Selected area electron diffraction (SAED)
provides information on phase composition
and structures at a microscopic level. The com-
bination of microdiffraction patterns and bright
field images enables the determination 11
shapes and exposed facets in dispersed phese* j
in solid catalysts.

Analytical electron microscopy (AEM) Pct
mils the determination of the elemental cotnpl
sition of a solid catalyst at the microscopic levxC
by energy dispersive detection of the electron
induced X-ray emission. Energy dispersif |

—~

[ —
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jtm<copy (EDS) is sensitive for elements

atomic numbers />11 For lighter elc-

Ju ,, < Il). electron energy loss spectros-
STeELS is applied.

QantmIbd atmosphere electron microscopy
CAEM) (347.361) is arousing considerable
interest as ' permit the observation of
j~Uges in the catalyst structure and morpho-
logy under reaction conditions

Vibrational Spectroscopy  (362) (—> In-
frared and Raman Spectroscopy). Vibrational
spectroscopy is one of thc most promising and
most widely used methods for catalyst charac-
terization. since it provides detailed structural
information on the solid catalyst material and on
surface groups and adsorbates. Several vibra-
tional spectroscopic methods can be applied in
situ, and they can be successfully used for studies
onill-defined high surfacc area porous materials.
In situations where X-ray diffraction techniques
are not applicable, vibrational spectroscopy can
often provide information on phase transitions
and changes in compositions of bulk catalyst
materials, on their crystallinity. and on thc nature
of surfacc functional groups. Most vibrational
spectroscopic methods arc not surface-sensitive,
but they become surface-sensitive when vibra-
tional spectra are recorded for groups or
adsorbates that arc present exclusively at the
material's surfacc. Representative examples for
the structural characterization of solid catalysts
by vibrational spectroscopy are bulk oxides (in-
cluding simple binary oxides, multicomponent
materials such as oxidation catalysts, and zeo-
lites and molecular sieves), and supported oxides
~eg, monolayer-type catalysts), and sulfides.
The vibrational analysis of surfacc groups, par-
ticularly of hydroxyl groups, can also be ad-
dressed. In many eases surfacc hydroxyl groups
*e.g., on oxides) are simply formed by dissocia-

chemisorptinn of water molecules, which
~uces the surfacc free energy. Hydroxyl groups
can ®lIso he constituents of the solid-state struc-
Jure-f°r example as in zeolites
There are several methods and techniques of
7**tional spectroscopy which arc particularly
*M™*ble in catalysis research Infrared transmis-
T”1 ~absorption spectroscopy is the most
2 **» |y used technique. The KBr disk tcch-
g?** ¥ routine for transmission spectroscopy
Powder samples. However, for in situ inves-

tigations pressed self-supporting wafers have to
be used. Samples which exhibit only weak bulk
absorption, and the average particle size d of
which is smaller than the wavelength of thc
infrared radiation (d < /.) are optimally suited
for thc transmission mode. Transmission - ab-
sorption infrared spectroscopy has been partic-
ularly successful in elucidating the structure of
hydroxyl groups [174.362]. More strongly ab-
sorbing materials, and particularly those having
average particle sizes greater than the wave-
length of the infrared radiation, which therefore
cause significant scattering losses in transmis-
sion. may preferentially be studied by diffuse
reflectance spectroscopy (DRS, DRIFT). A
powerful technique for structural studies on
catalytic materials under extreme temperature
and pressure conditions is laser Raman spec-
troscopy (LRS). although laser heating and
lascr-induccd fluorescence may cause serious
problems. One way, among others [362], to
avoid fluorescence is to use of UV light instead
ofvisible radiation for spectral excitation [363].
LRS has been successfully applied for the struc-
tural characterization of complex oxides, zeo-
lites. and supported oxides and sulfides [362].
Surface-enhanced Raman spectroscopy (SERS)
has found some application in studies of finely
divided metal catalysts, particularly silver [364].
Second harmonic generation (SHG) and sum
frequency generation (SFG) (365,366] are non-
linear optical techniques with high surface sen-
sitivity which will probably find increasing
application in studies relevant to catalysis.

Neutron techniques  [367] include neu-
tron diffraction and inelastic neutron scattering
(IN'S). Both techniques arc particularly sensitive
to light elements (such as H or D) and provide
complimentary structural information to XRD.

6.1.4. Iecal Environment of Elements

Nuclear spectroscopic methods provide infor-
mation on the local environment of several
selected elements.

Miissbauer spectroscopy and tune differen-
tial perturbed angular correlation
(TDPAC) belong to the class of techniques
which detect solid-state properties mediated by
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hyperfme interactions via nuclcar spectrosco-
py [368]. Both techniques arc 7 spectroscopies;
they arc bulk techniques and can be applied
under in situ conditions, although Mossbaucr
spectroscopy requires low temperatures.

Mossbaucr spectroscopy (Mossbaucr Spec-
troscopy) [368,369] provides information on
oxidation states, phases, latticc symmetry, and
lattice vibrations. Its application is limited to
elements which exhibit the Mossbaucr effect,
such as iron, cobalt, tin. iridium, ruthenium,
antimony, and platinum. Particularly valuahle
information on catalyst structures has been ob-
tained for iron catalysts for Fischer-Tropsch and
ammonia synthesis, and for cobalt-molybdc-
num hvdrodesulfuri/ation catalysts.

The time differential obscnation of the per-
turbed angularcorrelation of 7 rays emitted from
radioactive nuclei (TDPAC) [368.370371] is a
m-spectroscopic technique which also allows the
determination of hyperfme interactions such as
nuclear electric quadrupole interactions (NQI).
The NQI parameters enable local structural in-
formation around the 7 emitter to be extracted.
The technique has been successfully applied in
studies on molybdenum-containing catalysts,
and its application to tungsten socms promising.

Solid State Nuclear Magnetic Resonance
[372-374] (see also —* Nuclcar Magnetic
Resonance and Electron Spin Resonance Spec-
troscopy - NMR of solids and Heterogeneous
Systems). NMR spectroscopy in heterogeneous
catalysis principally allows the characterization
of the chemical and structural environment of
atoms in the catalysts (or in species adsorbed on
catalyst surfaces). NMR studies on catalysts can
be carried out over a wide range of temperatures
and pressures, as well as in the presence of gases
and liquids. Information can therefore be derived
about the structures of catalysts and their
thermal or chemical transformations. In addi-
tion. specific adsorbent - adsorbatc interac-
tions. the nature of chemically bonded surfacc
species. and chcmical reactions occurring at the
catalyst surface can be studied. Most elements of
interest in catalysis have isotopes that can be
studied with modem NMR spectrometers. Iso-
tope enrichments may be desirable or even nec-
essary for certain elements, for example. ,70 .

NMR spcctra of solids arc often complex
since structurc-dcpendcnl interactions such as

dipolar interactions, chemical shiftinteraction
quadrupolar interactions (for nuclei with o)
/ > 12) contribute strongly to the shape an(
position of NMR lines. Because of their strut,
ture-dcpendence these interactions ore the main
source of information on the structural en\iron,
mcent of the nucleus in question. The selective
determination of the related interaction para.
meters of structurally inequivalent nuclei is
major goal of an NMR experiment. In well-
crystallized samples, the interaction parameters
adopt unique values, while in poorly crystal-
lifed or amorphous powders they must ke
described by distribution functions.

The anisotropy of the above-mentioned inter-
actions results in line broadening, and the spcctn
of polycrystalline samples consist of a broad
superposition of signals arising from different
orientations of the crystallites relative to te
direction of the external magnetic field B,,
weighted by the statistical probability with
which each orientation occurs (powder pattermns).
Special techniques have been developed which
remove oral least reduce substantially these line-
broadening effects and permit highly resolved
NMR spcctra of powders with individual lines
for inequivalcnt nuclei to be recorded. The nost
important of these techniques are di/Xilar decou-
pling. magii —angle spinning (M AS), and double
oriented n>tation (DOR). Cross-polarization
(CP) improves the sensitivity for nuclei with
low natural abundance and allows the spatial
proximity of nuclei to be monitored.

Typical examples for structural characteriza-
tions by solid-state NMR [372] arc studies «!
zeolites using "7A1 and wSi NMR. Information
on the distribution of Al in the environment of Si
atoms and on the possible presence of nonfra-
mework Al species has been obtained [k
location of exchangeable alkali metal ions ha*
been studied by 3,Na and ,35Cs NMR. Vanadi-
um- and molybdenum-based calalvsts have suc-
cessfully been charactcri/cd by 'V and
NMR.

6.2. Chemical Properties

6.2.1. Surface Chemical Composition

The atomic composition of a catalyst surta®
plays a decisive role for the catalytic properti**-
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electron and ion spectroscopies [375] arc sur-
sensitive analytical tools which provide

Information ,>n the alomic composition within
A topniost atomic layers. The information
fiMth. i.e.. the number of atomic layers contrib-
~ng 1o the measured signal, depends on the
method. Concentration profiles can be obtained
by sputter etching of the surface by ion bom-
bardment. The application of these particle
spectroscopies  requires  ultrahigh-vacuum
,(JHV) conditions

The basis for the identification of atoms on
surfaces of solid materials by electron spectro-
scopies. such as Auger electron spectroscopy
(AES) and X-ray photoelectnm spectroscopy
(XPS) are the electronic binding energies. With
ion spectroscopies, such as low-energy ion scat-
tering (LEIS) and Rutherford backscattering
(RDS), surface atoms are identified by their
nuclear masses. lon bombardment of surfaces
isaccompanied by sputtering processes (surface
etching) which lead to the removal of secondary
ionic and neutral particles. These are analyzed
by mass spectroscopic techniques, such as sec-
ondary ion mass spectroscopy (SIMS), and
secondary neutral mass spectroscopy (SNMS).
Less frequently used is laser microprobe mass
analysis (LAMMA). Relevant information on
the properties of the various surface analytical
techniques is summarized in Table 11.

The physical principles of the various tech-
niques have been discussed in several articles
and monographs (375,376].

Electron Spectroscopy (AES, XPS) (see
also — Surface and Thin-film Analysis -
Auger Electron Spectroscopy (AES)). These
techniques use electrons as information carriers.
The electrons can be produced by the absorption
v P*0ons ™ «ing in phot«emission. In XPS.
*-n»y photons arc used to ionize core levels, and

the kinetic energy £kof the emitted photoelec-
trons is measured. The energy balance is given
by:

Ek=hv-Eb-® (22)

This equation permits the electron binding
energy £b (relative to the Fermi level) to be
measured when the photon energy hv and the
work function ® ofthe spectrometer are known.
The binding energies are characteristic for a
particular element.

As a result of the photoionization a singly
ionized atom is formed, which can also be
produced by electron impact. The core hole
(e.g.. in the K shell) can be filled by an electron
from a higher shell (e.g.. the L| shell) and the
energy of this de-excitation process can be
released by emission ofan X-ray photon (X-ray
fluorescence, XRF) or can be transferred to
another electron (e.g.. in the I.: shell) which is
then emitted with awell-defined kinetic energy
(Auger process). This kinetic energy is deter-
mined by the orbital energies £K, £t |.and °f
the three orbitals involved. The Auger energy
£'ku. is then given by:

EkIl = Ey- £EMN —£1, — ® (23)

where SE is a relaxation energy, and ¢ the
spectrometer work function. Clearly, £w is
charactcristic for an element and indcpcndent of
the initial ionization process. Thus, both tech-
nigues permit the elemental constituents of a
surface to be identified.

The information depth of both electron spec-
troscopies is determined by the mean free path
of the emitted electrons, which depends on the
kinetic energy of the electron in the solid matrix.
This dependence is known (375-377]. The elec-
tron mean free path is typically larger in oxides
than in metals at equal energy, and it is particu-
larly large for zeolites because of their low

1lt- Oiaractcmtus >f surfacc analytical lochnkjik'> in standard applications (adapted from ret. 13751)

AES XPS
SN e
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density. Together with reported ionization cross
sections and. in thc case of AES. Auger decay
probabilities, quantitative surface analysis is
possible. Thc ratios of integral peak areas arc
proportional to concentration ratios. These can
be analyzed as a function of preparation and
treatment conditions of a given catalyst system
(e.g.. supported metal, oxide, or sulfide cata-
lysts) and compared with model calcula-
tions [376]. Information on thc elemental
distributions and on dispersions of active com-
ponents thus becomes available.

lon-scattering Spectroscopies  [3751 (see
also —= Surface and Thtn-Film Analysis). In
ion-scattering spectroscopies solid surfaces arc
bombarded with monoencrgetic ions, which are
scattered on the top atomic layer (ion energies of
about 0.5 - 5 keV, low-energy ion scattering
(LEIS) [378,379]) or within near-surface re-
gions (ion energies of about 0.1 - 23 McV.
Rutherford backscattering (RBS) [380.381]). In
both cases the collision kinematics can be
described as simple binary collisions, so that
thc kinetic energy of the backscattered ion is
directly dependent on thc ratio of thc masses of
thc projectile ind the scattering target atom and
on the scattering angle. The mass of the projec-
tile is known and thc scattering angle is fixed
and determined by thc geometry of the spec-
trometer. Thus, the mass, and hence thc identity,
of the scattering target atoms can be determined
unequivocally.

The LEIS technique provides information on
thc nature of the atomic constituents of the
topmost atomic layers. Quantitative analysis,
however, is difficult since neutralization proba-
bility. which makes the technique surface sen-
sitive. is not easily available. Only a few percent
of thc primary ions arc backscattered as ions in
thc case of noble gas ion (e.g.. Hc+). The
technique can be applied for the characteriza-
tion of real catalyst surfaces, although surface
roughness reduces the signal intensity.

In contrast, in the energy regime of RBS thc
scattering cross sections can be calculated ex-
actly. As a consequence, quantitative analysis is
possible by RBS. but the surface sensitivity is
lower than for LEIS. In optimal cases an infor-
mation depth of 1 - 5 nm can be achieved. A
combined application of LEIS, RBS. and
perhaps XPS is often most informative [375J.

Secondary Particles  lon bombardment
a surface leads to ion etching with thc release Of
atoms and molecular fragments with varyj,
charges (anions, cations, and neutrals) and e*ci
tation states. The mass analysis ofsecondary ior#
by mass spectrometry [secondary ion mass \pet
tmscopv (SIM S)] has been developed as a highly
sensitis e and powerful surface analytical method
(—» Surface and Thin-Film Analysis - Second,
ary ion Mass Spectrometry) [382,383]. Although
destructive because of the need for sputtering
the sputtering rate can be kept low in te
so-callcd static mode (low primary-ion current
density) so that the surface remains essentially
unchanged. Since the sputtered particles at
preferentially released from the first two atomic
layers, the SIM'S technique is surface-sensitive.
In contrast to the ion-scattering techniques, not
only atomic constituents of a surface can ke
detected but information on the local erviron-
mentofan atom in the surface can be obtained by
analysis of molecular fragments. The detection
of light elements, particularly hydrogen, is also
possible. Quantification of the method is diffi-
cult, although not entirely impossible.

A high percentage of the sputtered secondary
particles are neutral and must be postionized for
mass spectroscopic analysis [secorulary neutral
mass spectroscopy (SNMS), —* Surfacc ad
Thin-Film Analysis - Secondary Natural Mass
Spectrometry (SNM S)] [384,173]. Post-ioniza-
tion can be achieved by electron impact in a
plasma or by an electron beam. Alternatively.
resonant and nonresonant laser ionization can
be applied. Applications of SNMS for catalyst
characterization have still not been reported.

6.2.2. Valence States and Redox
Properties

Electron Spectroscopies  X-ray photoelec-
tron spectroscopy (XPS) and Auger electro
spectmscopy (AES), in addition to element3
analysis, permit information to be obtainedin
the valence and bonding states of a given
ment. This is due to the fact that thc corc-Iclf
binding energies and Auger kinetic energies*¥
dependent on thc chemical state, which leads &t
characteristic chemical shifts. In solids. lix
Madclung potential also plays an inp<rlinl
role [376.385.386]. In addition, the ioni/a10'
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atom leads to relaxation phenomena which
JLyjde arelaxation energy that is carried on by
Jhe emitted photoelectron The binding energy
ofacore electron in level C of an atom is given

by:
~(C) =const- ~2(@./R)*+Kg-R;, (24)
|

where ™ are the charges ofall other atoms and R,
their distances from the core-ionized atom. The
constant is the Hartrec  Fock energy of the core
electron in the atomic level C for the free atom,
is the change of the core potential resulting from
the removal ofanelectron, and Ra, represents the
extra-atomic polarization energy.

For an Auger transition involving the atomic
levels C. C'. and C", the kinetic energy EKC, C".
C*) of the Auger electron is related to the
photoelectron binding energy tKC) in good
approximation by:

a = s (C)+£i(C,C .C") = const.tJk,
(25)

where a' is the so-called Auger parameter.
Chemical shifts and the Auger parameter
provide detailed information on the chemical
state of an element as regards its oxidation state
and its local environment. The latter is reflected
in the Auger parameter, which is dependent on
the extra-atomic polarization energy and hence,
on the structural and bonding characteristics of
the atom under consideration. So-called Wagner
plots [386.387] in which the X P binding energy,
the Auger energy, and the Auger parameter are
correlated for families of compounds often per-
mit the analysis of a compound of unknown
structural and bonding characteristics.

O ptical Spectroscopy and Electron Para-
magnetic Resonance  Optical excitations

in the UV, VIS. and NIR regions and electron
Paramagnetic resonance (EPR) are classical
kchniques which provide information on the
,mn configuration (oxidation stale) of a
center and on the symmetry of the ligand

J™ ?2* [388-391]. While optical spectroscopy is
ylicaMe to practically all systems. EPR is
to paramagnetic spccies. i.e. those which

onc w more unpaired electrons.

~ VIS - N IR spectroscopy covers a wide
8 of energies (typically 0.5 - 6 eV or 4000

i

N«r nkmd

IMCTatfMjCT NIrM x onoone

MMCT

«-«HNYy,

figure IK. Knergy ranges Sfifcflerm| types of electronic
transitions (adopted from [JIKXI)

to 50000cm"1 or wavelengths (2500 to
200 nm) as shown in Figure 18. Several types
of transitions occur in this range, namely,
charge-transfer (CT) and d - d transitions, as
also indicated in Figure 18. The first class of
excitations involves two adjacent atoms, one of
which is typically a metal center and the othera
ligand or another metal atom. Electromagnetic
radiation can promote charge transfer from the
ligand (L) to the metal (M). from the metal (M)
to the ligand (L) or from one metal center to
another. These transitions are therefore called
ligand-to-mctal CT (LMCT). metal-to-ligand
Crl (MLCT), and metal-to-metal CT (MMCT).
respectively. Such transitions occur in molecu-
lar complexes and in nonmolecular solids, such
as metal oxides. The energy of CT transitions
depends on the symmetry and oxidation state of
the metal center and on the nature of the ligand
or of the second metal atom [392]. Hence,
information on these properties can be extracted
(toT CT spectra. These spectra are relatively
intense since they arc dipole-allowed. In con-
trast. metal-centered or intra—atomic transitions
in transition metal atoms or ions (ligand-field or
d - d transitions) are of moderate or weak in-
tensity because they are forbidden by the La-
pone (orbital) selection rule (and also by the
spin selection rule) unless the selection rales arc
relaxed by vibronic or spin  orbit coupling

The d - d transitions also provide information
on the electron configuration and on the sym-
metry of a complex (or local environment in a
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solid). Typical systems that have been studied
by optical spectroscopy arc transition metal and
base metal oxides, transition metal ions or com-
plexes grafted on support surfaces, and transi-
tion metal ion-exchanged zeolites.

While spectra of liquid samples can be re-
corded in thc transmission mode, catalyst pow-
ders must be studied by the diffuse reflectance
technique (DRS) (389.390.3931 The measured
diffuse reflectance can be converted into the so-
called Schuster - Kubelka - Munk (SKM)
function, which is directly proportional to the
absorption coefficient. The wavelength depen-
dence of thc SKM function is thus equivalent to
an absorption spectrum, provided the scattering
coefficient is independent of thc wavelength.
This condition is often fulfilled in thc (JV and
VIS spectral regions. Simple quart/ cells for in
situ treatments can be designed, to which an
EPR tube can also be connected for simulta-
neous optical spectroscopy and EPR on thc
same sample (388].

Lum inescence spectroscopy (394,395] has
proved to be avaluable addition to the spectros-
copy techniques for characterization of solid
catalysts under well-defined conditions.

As mentioned above, electron param agnetic
resonance (EPR) is used to study paramagnetic
species in catalytic materials. Besides thc sim-
ple qualitative (and quantitative) detection of
thc presence of paramagnetic sites, thc spin
density distribution at thc paramagnetic center
and on thc neighboring atoms can be deduced
from thc spectra. Simulations of EPR spectra arc
often useful for full interpretation. The extreme-
ly high sensitivity of thc EPR technique can
be an advantage but also adrawback because thc
importance of minority radical species may be
overemphasized. EPR is not surface-sensitive.
However, radical species in the surface can
easily be identified by exposing thc sample to
paramagnetic O2, which leads to significant
broadening or disappearance of signals of
surface species because of dipole - dipole
interactions.

Several reviews on the use of EPR in
catalyst characterization have been published
[388,396,397]. Typical applications of F.PR are
thc detection of paramagnetic states of transi-
tion metal ions and analysis of thc symmetry of
their ligand sphere and/or their coordination,
redox properties of catalytic materials and their

surfaces, and surface anion or cation radiC
deliberately produced by organic molecules
probes for the redox properties of the 4)||j
catalyst. Radical species (e.g.. in connccti¢h
with coke formation) formed during catalyt
reactions have also been detected.

ThermalAnalysis Thcrmoanalytical tech.
niques such as differential thermal analsis
(DTA). therm ogravim etry (TG), and differential
scanning calorim etry (DSC) are well-estab-
lished methods (— Thermal Analysis ad
Calorimetry) in solid-state chemistry 1398.399]
which have successfully been applied to inves-
tigating the genesis of solid catalytic materials,
They can also be used to follow reduction ad
oxidation processes by measuring either ther-
mal effects and/or weight changes. When com-
bined with an on-line mass spectrometer.
changes in the gas-phase composition occurring
during chemical transformations of the solid
sample can be monitored simultaneously.

In  temperature-programmed  reduction
(TPR), as first described by Robertson ct
al. (400], a stream ofinert gas (N 2or Ar) contain-
ingca 5vol% H2is passed through the catalyst
bedofaflow reactorcontaining areduciblc solid
catalyst (401]. By monitoring continuously the
H2concentration in the gas stream and its even-
tual consumption with a thermal conductivity
dctector while heating thc sample with a linear
temperature ramp of ca. 10 K/min. the rates of
reduction are obtained as a function of time (or
temperature). The total amount of H 2consumed
determines the reduction equivalents present in
the catalyst, and detailed analysis of the experi-
ment permits the kinetic parameters of thc re-
duction process to be determined and pros ide’
information on reduction mechanisms. Charac-
teristic numbers which depend on thc expen-
mental parameters (amount of reducible specie
present. H2 concentration, flow rate, and ten1
perature ramp) have been defined (328.3291
These numbers must be kept in certain range"
for optimal performance of thc experiment

TPR experiments have been used to investi-
gate the reduction behavior of bulk at*)
supported reducible species, solid soluti',n™
promoted metal catalysts, metals in zeolite*-
and of supported sulfides and of nitrides (4011

Temperature-programmed oxidation (TPO1
is an equally valuable technique for investigal'
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(he oxidation kinetics and mechanisms of
"JljL-cd materials |40l|. Cyclic application of
1pr and TPO provides information on thc

behavior of catalytic materials, e.g.. of
~Htysls for selective catalytic oxidations.

jjj. Acidity and Basicity

Acid-catalyzed reactions are among the indus-
nially most important hydrocarbon conver-
sions. Acid sites can be classified as Lewis
acidic sites, such as coordinatively unsaturatcd
cations (e.g., AI'* on the surface of partially
dehydroxylated alumina, and Brwnsted acidic
sites, which are typically surface OH groups as.
eg. in H forms of zeolites. Carbenium and
carbonuim ions are thought to be formed by
pmtonalion of hydrocarbons on these groups.
Surfacc oxygen ions may function as Lewis
basic centers, and if strong enough they may
abstract protons from hydrocarbon molecules to
form cart>anion intermediates. A typical solid
base is MgO.

For charactcn/ation of acid and base prop-
erties, the nature (Lewis or Bransted) of the
sites, the acid or base strength, and thc number
of sites per unit surface area of a solid catalyst
must he determined Bronstcd acidity is almost
certainly required for all acid-catalyzed reac-
tions. However, thc mechanistic details on sur-
faces are significantly different from the well-
known carbenium and carbonium ion chemistry
insolution, because of thc lack of thc stabilizing
effect of solvation in heterogeneously catalyzed
gas-phase reactions. As shown by Kazans-
ky [404]. the electronic ground state of surface
acidic OH groups of oxides and in H forms of
zeolites is essentially covalent. Thc main differ-
ences in their acid strength arc thought to be due
lo*he energetic positions of their electronically
excited heterolytic terms. Similarly, thc interac-
hon of acid groups with alkcncs docs not result
In'he formation of adsorbed carbenium ions but
rather in the formation of more stable covalent
*|koxidcs. Basic sites (surfacc O" ions) in the
vi|nity of OH groups could be involved in this
Process. Carbenium ions (and even more so
carbonium ions) are llk.~icfoic not considered

be reaction intermediates in solid acid catal-

but rather excited unstable ion pairs or
B*nsition states resulting from electronic

excitation of covalent surface alkoxy species.
Because of thc proposed bifunctional nature of
active acid sites in heterogeneous acid catalysis,
it is necessary to characterize both thc acidic and
basic properties of solid catalysts. Many differ-
ent methods have been developed for the char-
acterization of acidity, but only little is known
about the basic character, particularly of mate-
rials that arc typically considered to be acid
catalysts.

Chem ical Characterization [405]. Titra-
tion methods in aqueous medium are not very
informative, because HsO tends to strongly mod-
ify surface properties by molecular or dissocia-
tive chemisorption. Therefore, nonaqucous
methods have been proposed, in which thc sol-
vent (e.g..benzene or isooctane) does not or only
weakly interact with the catalyst surfacc. Ham-
mett indicators were used to determine thc acid
strength in terms of the Hammett - Deyrup H()
function:

Ho = -logaH (/b //bn ) (26)

where is the proton activity and/B and/Bu,*
are thc activity coefficients of thc basic probe
and its protonated form, respectively. A series of
Hammett indicators covers the range of -18 <
Ho < 4, where Ho = —12corresponds to 100%
H2XS04.

Site densities and acid strength distributions
were determined by the n-butylamine titration
method [406]. As these titration and indicator
methods can yield erroneous results [407], they
are not frequently used today.

Isosleric heats of adsorption of strong bases
(e.g.. pyridine) may be considered as measures
of acid strength. However, a discrimination
between Lewis and Bronstcd sites is not
possible.

7emt>eruture-programmed desorption (also
called therm aldesorption specim scopy (TDS)]|
of basic probe molecules has been developed as
a powerful tool for the characterization of solid
acids [408.409]. In this method, a strong base is
isothermally pre-adsorbed on an acidic catalyst
and then exposed to a stream of inert gas (e.g..
He). Heating by a temperature ramp (ca. 10 K/
min) leads to desorption of thc base. Thc inte-
gral area of the desorption peak gives thc total
acid site density, and the position of the peak
maximum provides thc activation energy of
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desorption (which may be close or identical to
the heat of adsorption (.which can be considered
to be a measure of the acid strength. This
approach has been applied for investigations of
H forms of zeolites using ammonia as the
probe [410.411]. However, discrimination
between Lewis and Brwisted acid sites is again
only possible with the assistance of, eg.
vibrational spectroscopy.

Microcalorim etry  [408). Differential heats
of adsorption of probe molecules can be mea-
sured with high accuracy by heat-flow calorim-
etry and differential scanning calorimetry. These
data provide information on the acid (or base)
strength distribution. Ammonia and other
amines have been used as probes for acid sites
on oxides [412] and in H forms of zeo-
lites [413.414]. and carbon dioxide and sulfur
dioxide were adsorbed as acidic probes on sev-
eral oxides [412].

Vibrational spectroscopy [415.420].
TninsmissUm infrared spectm scopy is the most
frequently applied technique for investigations
into acidic and basic properties of solid cata-
lysts. Surface hydroxyl groups can easily be
detected since they function as dipolar oscilla-
tors. However, the stretching frequency of un-
perturbed OH groups can not be taken as a
measure of the acid strength. Lewis acidic and
basic centers can only be detected by vibrational
frequencies with the adsorption of suitable
probe molecules. Criteria for the selection of
optimal probe molecules have been defined by
Knoezinger etal. [415,420].

The use of basic probe molecules permits a
discrimination between Bwnsted and Lewis
acid sites. When a base B is adsorbed on an
acidic OH group, hydrogen bonding followed
eventually by protonation of the base may occur
(Eq. 20):

OH-B=0OH B=0 H*B @7)

The strength of the hydrogen bond and the
ability of the OH group to protonate the base is
determlned by the a<:|d strength of the surface
KJtI (Ju)u|) aim LIJf un mcmn auvttgut \Qm jnVﬂVI’\I
affinity) of B. When hydrogen bonding occurs,
the induced frequency shift of the O - H
stretching mode Av oH % a measure of the
strength of the hydrogen bond [HB

(Eq. 28) [421[ and hence, of the acidity Of L
OH group.

IAi'0iil' * ~ bl 14 (jo

Simultaneously, internal molecular modesof
the base B are modified, particular!)
protonation occurs. These changes can also re
used for the interpretation of the bonding typeOf
the probe. Strong bases such as the traditional
probe molecules ammonia and pyridine ac
protonuted by even very weak Bronsted sites
which may not be atall relevant in acid catalysis.
Weaker bases such as nitriles. carbon monoxide
and even dinitrogen and dihydrogen only u+
dcrgo hydrogen bonding (hydrogen bonding
method [416]), but due to their weak interac-
tions they are very specific and can provide vely
detailed information on the properties of acidic
surfaces.

The same bases can be used for the detection
of Lewis acid sites L, with which they fom
surface coordination compounds:

L+B — L«B (29)

The frequency shifts of the internal B nodes
are a measure of the nature and strength of the
coordinative bond. For example, carbon non
oxide when coordinated to L sites undergoes
very typical shifts of the C - O stretching fre-
quency which provide information on the rature
of the clement and of the coordinative bond, an
the oxidation state, and on the coordination of
the L site [415,420].

The investigation of basic sites O2 by acidic
probe molecules AH with analysis of the vibra-
tional spectra is much less advanced than that &
acid sites. The hydrogen-bond meihod can in
principle be applied:

02 +H-A ™ 02 -H-A (#

Here the shift ofthe H-A stretching mode iv*
measure of the hydrogen-bond strength
hence, the basic character (proton affinity) (
the surface O2 site. Recently. CH comp**“ri‘*
such as trichloromethane [416], acetylene *
substituted acetylencs [420 422] and even me (
L wd1 sy fUTlY tESER
as acidic probe molecules. Pyrrole [4191
several Lewis acids [415] have also been u

Surface chemical transformations of. ¢/
C02 alcohols, ketones, acetonitrilc. a



Heterogeneous Catalysis and Solid Catalysts

uridine ?ave dc,a‘lctl information on the bi-
acid - base pair character of several

Jjljes. particularly of alumina (415.424).

Nuclear M agnetic Resonance  (425.427).
Solid-state 'H magic-angle spinning (MAS)
MMR spectroscopy measures proton chemical
shifts, which were thought to reflect the depro-
lonation energies of surface OH groups. How-
ever. proton chemical shifts are also very sensi-
tive Ohydrogen bonding. Therefore, changes in
proton chemical shifts induced by hydrogen
bonding of probe molecules can also be used
for the characterization of protic acidity.

Dissociative chemisorption of CH il was pro-
posed o r characterization of surface basicity by
" C NMR spectroscopy |428).

6J. Mechanical Properties [429]

Catalyst particles are exposed to diverse me-
chanical strains during transportation, charging
to the reactor, and operation. In fixed bed re-
actorscatalyst particles must withstand pressure
caused by the mass of the catalyst charge and
erosion by high-velocity gas streams. In fluid-
ized- and moving-bed reactors, the particles
must resist attrition from rubbing against each
other and from colliding with the walls of the
reactor system. The technical performance of
catalysts depends on their mechanical strength
to maintain integrity for a reasonable time in
spile of these strains.

There are three types of methods for deter-
mining the strength of catalysts used under static
conditions [430]. For pellets and rings with no
areas of distortion (preferably sized | cm or
larger), the crushed (or crush) strength is deter-
mined by exerting pressure on the specimen
P* <*d between two horizontal plates of a hy-
®*ulic press. The upper plate moves down until

4*cimen is crushed, at which point the
Assure is recorded. The test is repealed for
T****| particles, and the values arc averaged. In
knife-edge hardness test, the upper plate of
Press is replaced by a knife with a 0.3 mm
jI™ Anats of | kg is applied to the knife and
ui orukcn sampics is rucurtictl.

w " *cn ra'sci* 'n increments of | kg.
test is repeated until 100**- of the

are broken or until a mass of 10 kg is

reached. Catalyst particles of irregular form are
tested in a cylinder provided with a ram. After a
definite pressure is applied, the sample is dis-
charged. and the weight percent of fines formed
during the test is determined by screening.

Tests for impact strength and resistance
against abrasion or attrition are carried out
under dynamic conditions. For im pact testing
of very strong catalysts (e.g.. ammonia synthe-
siscatalysts).amassof500 - 1000 gisdropped
on the particle from a standard height and the
percentage of unbroken, split, and broken sam-
plesout of 200r more is recorded. Abrasion tests
on tableted and extruded catalysts arc carried
out in a rotating horizontal steel cylinder pro-
vided with one baffle. The percent of fines
(based on the mass of the catalyst tested) formed
after | his reported as attrition loss. The attrition
loss of fluid catalysts is measured by exposing
the catalyst particles to a high-velocity air
stream in a glass pipe. The fines formed during
thetest (prevented from escaping by a filter) are
reported as attrition loss expressed as the per-
centage of the sample charged [431].

6.4. Characterization of Solid
Catahsts under Working Conditions

The best description ofa catalytic mcchanism is
thecorresponding catalytic cycle. As a first step,
adetailed product analysis is required to differ-
entiate between a single clean reaction and
systems undergoing parallel and/or consecutive
reactions. The microkinetic approach, as out-
lined in Section Kinetics of Heterogeneous
Catalytic Reactions, for the prediction of the
overall rate of a catalytic reaction taking into
account the surface chemistry of the catalyst and
the elementary reactions involved, is the most
promising procedure to predict a mechanism.
However, the results of microkinetic analyses
may not always be unequivocal, and discrimi-
nation between different kinetic models may not
be straightforward. Therefore, additional infor-
mation is necessary to prove or disprove the
sequence of elementary steps (catalytic cycle)
that represents the mechanism of a catalyzed
Icoctiun at wc w 'nxuw rerel.

Quantum chemical calculations at various
levels of sophistication and computer modeling
procedures now permit structures of adsorbed
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intermediates and transition states to be
elucidated and reaction encrgv diagrams to be
computed (see Section Molecular Modeling in
Heterogeneous Catalysis).

6.4.1. Temporal Analysis of Products
(TAP Reactor)

Transient kinetics measurements can also pro-
vide quantitative values of kinetic parameters
and elucidate individual reaction steps
[432,433]. Pulse reactors arc one type of tran-
sient reactors. A valuable laboratory pulse
reactor (transient operation) is the TAP reactor
(TAP = temporal analysis of products). Pulses
containing small amounts of reactants (10 13-

10 1? molecules per pulse) are injected into the
evacuated reactor containing the catalyst bed.
The reactant/product molecules leaving thc
reactor (response signal) are analyzed by mass
spectroscopy with a time resolution of less than
100 ms. This approach permits surface pro-
cesses on solid catalysts such as adsorption,
reaction, and desorption to be studied, and
reaction mechanisms and kinetic models to be
established [434.436].

In another kind of transient experiment, step
changes in concentrations arc effected, and thc
response of product concentration is measured
as a function of time. Thc analysis of this
response provides details of thc course of
reaction and permits kinetic parameters to be
determined.

6.4.2. Use of Isotopes

A powerful technique for the kinetic and mech-
anistic study of heterogeneous catalytic reac-
tions is steady-state isotopic-transient kinetic
analysis (SSITTCA) [433,437]. The technique is
based on thc detection of isotopic labels in thc
reactor effluent species versus time following a
step change in the isotopic labeling of one ofthc
reactants in thc reactor feed. Reactant and
product concentrations and flow rates remain
undisturbed during the step change and — in
Ok absence of isotopic mass etfects — steady-
state conditions arc maintained under isotopic-
transient operation. In contrast to other
transient experiments, the steady-state kinetic

behavior of the catalyst surface can be studi®

Steady-state kinetic and mechanistic inform,

tion which can be obtained from SSIT)™
includes concentrations of different types Of
adsorbed reaction intermediates, coverages
surface lifetimes, site heterogeneity, active
distributions, and identification of possible
mechanisms [433].

The use of isotopes can greatly aids the
elucidation of catalytic mechanisms [438|. The
most frequently used isotopes are 2Il, nC. Ke
and 0. Deuterium-exchange reactions with
organic reactants yield isotopic distribution p,
terns which are often specific enough to elimi-
nate a number of conceivable mechanisms.
When carried out in conjunction with structure
variations, isotopic distribution patterns may ke
effective in narrowing thc range of possible
mechanisms, even though such studies cannot
give "the mechanism” [34]. Deuterium labeling
is also used to determine which carbon atons
end up where or whether a reaction is inter- or
intramolecular [34]. JC labeling can be used for
the same purpose. Although nonradioactivc
labels are preferred, radioactive tracers such as
AC have also been used [439]. ,80 labeling hes
been applied to elucidate thc relative rates ofCO
and c0 2 in methanol synthesis [440].

Kinetic isotope effects (441.442] arc due
the different masses of a given element and its
corresponding isolope. Thc resulting difference
in zero-point energy may lead to an increase in
activation energy of the labeled molecule ad
therefore a reduction of thc rate. Whether a
kinetic isotope effect occurs or not when an
atom in a certain position or group is isotopi-
cally labeled (i.e., an X-H bond is replaced bs
X-D) for a catalytic reaction of interest
provides information on whether weakening
rupture of the X-H bond is involved in *
kinctically significant elementary step.

6.4.3. Use of Substituents, Selective
Feeding, and Poisoning

Modification of organic molecules with suii-
able substituent groups may provide valuable
information on reaction mcchanisms from

stereochemistry of thc reaction of inter-
est [34,443,13]. Substituents generally “PO
have electronic effects on the reactivity *
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~cnt reactant (substituent effects). Resulting
E*ftec-cnerg> relationships fora scnes of

L~Mjtucnis also assist the determination of
kinetical ly significant reaction steps of a con-
livab le reaction mechanism [444.445.14.181
jince the substituents directly affect the rela-
tive energy of the transition state and hence the
activation barrier of a kinetically significant

SteR)Iodification ot molecules by substituents
may also cause intra- or intennolccular stcric
effects [34]. and steric interactions between
adsorbate and catalyst surfacc can be studied.
The latter studies provide almost the only way to
directly probe the steric nature of active catalyt-
ic sites without confusion with adsorption sites
that arc not catalytic sites [34].

Selective feeding and scavenging have been
proposed for the characterization of reaction
intermediates [34]. Suppose Q is a suspected
intermediate for a particular reaction. This
hypothesis can be tested by adding (feeding)
acompound to the reaction feed which is sup-
posedly adsorbed to form the suspected inter-
mediate Q, and by testing whether the added
compound is indeed converted to the expected
product. In scavenging, a compound is added
which should react with the intermediate Q to
form another compound which is not normally a
product

The nature of catalytic sites can be tested and
their density estimated by selective poisoning
[446].

<>4A Spatially Resolved Analysis of the
Fluid Phase over a Catalyst

Analysis of the temperature and concentration
Profiles in the fluid phase over aworking catalyst
often provides valuable information on the func-
tional behavior of the catalyst. Since, at high
<Wpwatures. conversion of reactants can also
Proceed via homogeneous reactions in the fluid
Phase aside from catalytic conversion, intcrac-
40n of homogeneous and heterogeneous chemi-
reactions and mass and heat transfer in the
eatalyst-containmg reactor bccomces importani
fcfafly understand the function of the catalyst. In
P*nicular in these cases, temporally and spatial-
. resolved profiles provide a more stringent test
model development and evaluation.

Useful data arise from the experimental reso-
lution of local velocity profiles by laser
Doppler anemomctry/vclocimetry (LDA. LDV)
[447.4491 and of spatial and temporal species
profiles by in situ, noninvasive methods such as
Raman and laser-induced fluorescence (LIF)
spectroscopy. For instance, an optically accessi-
ble catalytic channel reactor can be used to
evaluate models for heterogeneous and homo-
geneous chemistry as well as transport by the
simultaneous detection of stable species by Ra-
man measurements and OH radicals by planar
laser-induced fluorescence (PLIF) [450.451].
For example, the onset of homogeneous i unilion
of methane oxidation in a platinum-coated cata-
lytic channel can be monitored by means of the
distribution of OH radicals. While catalytic oxi-
dation of methane along the channel walls re-
leases some OH radicals, at a certain point in the
reactor a transition to homogeneous oxidation
occurs accompanied by high concentrations of
OH radicals in the flame region. Since transient
phenomena such as ignition, extinction, and
oscillatioas of reactions are very sensitive to
transport and kinetics, they can serve as mea-
sures for critical evaluation of theoretical mod-
els. For instance, the reliability of different
heterogeneous and homogeneous reaction
schemes proposed in the literature was investi-
gated by comparison of the experimentally
derived ignition distances with numerical
elliptic two-dimensional simulations of the flow
field by using combinations of a variety of
schemes [452.453)].

6.4.5. Spectroscopic Techniques

Any spectroscopic technique which is surface-
sensitive. has sufficiently high sensitivity, and
can be applied under catalytic working condi-
tions can provide valuable information on the
nature of sufficiently long lived intermediates.
However, spectroscopy often detects spectator
species rather than reaction intermediates.
Therefore, it is mandatory to demonstrate that
true intermediates are in fact seen. This can be
done by varying critical reaction parameters and
monitoring lhe response of spectroscopic signal
intensities as a function of time. Sufficiently
high temporal resolution of the applied spectro-
scopic technique is therefore required.
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7. Design and Technical Operation
of Solid Catalysts

7.1. Design Criteria for Solid
Catalysts [4541

Solid catalysts are used in a surprising variety
of shapes including powders and irregularly
shaped particles, regular panicles such as
spheres and cylinders, and more complex ge-
ometries like monolithic honeycombs, gauzes,
and fibers. The most suitable geometry must be
carefully selected and adjusted according to the
properties of the catalytically active material
and specific requirements of the chemical reac-
tion and catalytic reactor. Only rarely is the
catalytic reaction so fast that the outer geometric
surface area of a nonporous catalytic body is
sufficiently large. Hence, porous catalysts are
mainly used in which the catalytically active
surface area inside the structure often exceeds
the geometric surface area by several orders of
magnitude. In these cases, the pore structure
must be accessible to the reactants while pro-
ducts are allowed to leave. Design criteria for
solid catalysts comprise the choice o f appropri-
ate geometries with respect to highest possible
catalyst utilization and product selectivity in a
given reactor. These goals should be achieved at
the lowest possible pressure drop over the
reactor.

Diffusion, Mass- and Heal- Tranx ftr Effects

/H9.455456]. Heterogeneous catalytic re-
actions take place on the external and internal
surfaces (pores) of the catalyst. External and
internal concentration and temperature gradi-
ents can build up in the fluid (ga4 or liquid)
boundary layer around the catalyst particles and
inside the pores if mass and heat transfer be-
tween the bulk of the fluid and the active sur-
faces are not sufficiently fast. Such gradients
tend to exist (1) in fixed-bed reactors charged
with large, porous catalysts; (2) during opera-
tion at low mass flow velocities (mass flow rate
per unit cross-scctional area); or (3) in the case
of highly exothermic reactions. On the other
hand, gradient effects usually arc absent when
small catalyst particles arc used in lluidized-bed
reactors.

Because such internal and external gradients
can substantially reduce the activity and selec-
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tivity of the catalyst, conditions have bce,
delineated under which their adverse effects
can be minimized [89.455.456). By carefully
matching operating conditions, catalyst, ad
reactor, optimum catalyst performance can re
ensured.

Mass and heat transfer in heterogeneous
catalytic reactions occur in two ways. External
transport to the external surface involves diffu-
sion through the more or less stationary hydro-
dynamic boundary layer that surrounds the cat-
alyst particle. The thickness of this layer de-
pends on the characteristics of the lluid and its
flow rate past the particle, and affects the rate of
mass and heat transfer. Internaltransport to the
stationary fluid in the pores of catalyst particle is
controlled by diffusion alone.

Depending on the relative rates of the trans-
port processes and the catalytic reaction, three
or four types of regimes can be distinguished. In
the kinetic regime the rates of external ad
internal mass transport are much higher than
the rate of the chemical reaction. Therefore,
concentration and temperature gradients
between the fluid and the center of a catalyst
particle are negligible, and the catalyst is fully
utilized.

In the internal diffusion regime, mass trans-
port in the catalyst pores is about as fast as, or
slower than, the chemical reaction. In this case
there are considerable concentration gradients
along the length of the pores, the effectiveness
of the catalyst is impaired, and the apparent
energy of activation is lower than that observed
in the kinetic regime.

At an even lower ratio of rales of transport
and conversion, there is an interm ediate regii»"
in which the reaction takes place only on tI*
external surface of the catalyst particles while
the internal surface area in the pores is inactive-
Because of the limited heat transfer in 'hl
regime, exothermic reactions can overheat tbl
catalyst, and this results in a higher activity th**
that corresponding to the temperature ot
fluid.

Finally, on further decreasing the ratio o fitk
rates of transport and conversion (e.g., by ¥
ing the temperature of the fluid), the <sc<rAd
mass transfer regime is reached in which <
reaction rate is controlled by mass transfer.]
the concentration of the reactants al the surli,"),
of the catalyst particles drops. Raising 1
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* temperature in this regime has little
on the reaction rate, and thc apparent
~vatmn energy drops.

Effectiveness Factor /N9,4554561 Thce
(fectiveness factor rj is thc ratio of the actual
taction rate observed on a porous catalyst
-article to the rate that would be obtained if the
Pjgjij. of the particle were exposed to the tem-
perature and reactant concentrations of the flu-
Mathematical analysis [89,457-466] of mass
transfer in porous particles of different shapes
to shown that thc effectiveness factor is a
function of a dimcnsionlcss quantity, called the
Thiele modulus $p[457]: for a sphere of radius R
and for a plate sealed on one side and on the
edges the thickness of which is L, ip is defined by
the following equations:

sphere = W (31)

(kydT '\ 173

fet= N

where ky is the reaction rate constant per unit of
gross catalyst volume. c%is thc concentration on
the surfacc. m is the reaction order, and Dca the
effective diffusion coefficient, given by

Dc, =0® (32)

where D is the diffusion coefficient for a pair of
fluids taking into account binary and Knudsen
diffusion. O the void fraction of the porous
mess, and T a factor allow ing for tortuosity and
varying cross sections of the pores.

Equation (31) for thc plate can also be used
forarbitrary catalyst geometry if L is interpreted
~characteristic diffusion length, i.e. the ratio of
catalyst particle volume and its external surface
area.

For first-order reactions (m = 1), thc cffec-

toveness factors are as follows (tan is hyperbolic
tangent):

Sphere n —I (\t;n%_ :’;:’?))J

Figure 19. Effectivenevs factor fasa function ofthc Thiele
modulus ifi, or at.

Hal plate sealed no one side and un edges, first-order
reaction: /1 Same, second older reaction; * Spherical parti-
cle. first-order reaction

* Reproduced with permission (462)

Correlation between the effectiveness factorand
the Thiele modulus for nonexothermic reactions
is shown in Figure 19 [462|. Thc effectiveness
factor is about unity for ip < | and inversely
proportional to ip for 9> 3.

If the intrinsic velocity rate constant *v
(Eg. 32) cannot be determined directly, another
dimensionless modulus O has been de-
rived [460.462]. For first-order reactions occur-
ring in a sphere, it is defined by

where dnldt is the conversion rate in moles per
second of the reactant in the catalyst volume Vc.
The effectiveness factor as a function of O is
shown in Figure 20 for a moderate energy of
activation (E = 10RT: first-order reaction in a
spherical particle) and variable enthalpy change
AH (A is thc thermal conductivity of the cata-
lyst). For exothermic reactions (fi > 0). the
effectiveness factor goes through a maximum
value exceeding unity because of thc interaction
of two opposing effects. Poor mass transfer
lowers the efficiency of the catalyst, whereas
insufficient heat transfer raises catalyst temper-
ature and reaction rate.

Effects on Selectivity /894554561 The
effect of mass- and heat-transport processes on
thc selectivity of reactions yielding more than
one product depends on the selectivity type. In a
type | reaction at low effectiveness factors, the
observed selectivity factor changes from *|/tito
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Moduli* *

Figure 20. Effectiveness factor as a function of modulus
(Eu 34)

— Unstable region

* Reproduced with permission [467]

(k1D 2~ nk2 'O fcfj)IB-provided the order of the
two reactions (A —» X and B —*Y) is the same.
If. as usual, the ratio of the effective diffusivities
is smaller than 4|/i2 the selectivity will drop at
low effectiveness factors. However, if the dif-
fusivity ratio it high, the selectivity can increase
in a porous catalyst. This is the situation in the
so-called shape-selective zeolites (89). If the
reaction orders are different, the reaction with
the lower order is favored in the porous catalyst
at low rf values.

In reaction type IlI. the effectiveness factor
has no influence on the selectivity if the orders
of the two reactions arc equal Otherwise, the
effect of different orders is the same as in type Il
reactions 1456.467).

For an isothermal first-order reaction of type
11l occurring at low effectiveness factor on a
porous plate, the observed selectivity is approx-
imately the square root of the intrinsic rate
constant ratio k,k2 (468). Figure 21 shows
comparative conversions of A to X for type 111
at effectiveness factors = 1andtj < 0.3, forit|/
*2 = 4; the maximum yield and selectivity both
drop by ca. 50 % at the low effectiveness
factor (468].

Temperature gradients caused by exothermic
reactions favor reactions with higher apparent
energies o factivation. Becausc such undesired
side reactions as decomposition and oxidative
degradation generally have high energies of
activation, large catalysts having narrow pore
structure can have an unfavorable effect on the
selectivity and product yield.

Figure 21. Effect of the effectiveness factor on catalpt
selectivity
* Reproduced with permission (4681

In the regime o f external mass transfer, re-
sistance of the boundary layer to diffusion hes
similar effects on the selectivity of parallel and
consecutive reactions as docs diffusion in pores.

Catalyst Geom etries and Transfer Proce-

sses  Industrial processes that occur in te
kinetic regime include reactions conducted in
fluidized-bed reactors using catalysts 0.05-
0.25 mm in size (89,456]. Because diffusion
coefficients in liquids are smaller by several
orders of magnitude than those in the gaseous
phase, liquid-phase operation in the kinetic
regime requires a finely powdered catalyst.

Because the resistance to flow of catalyst'
increases steeply with decreasing size, use of
catalysts smaller than 2-3 mm in fixed-bed
reactors is restricted to radial-flow reactors with
small bed length. Ring-shaped and tablet cata-
lysts show relatively favorable pressure dr'f
and diffusion characteristics.

In various partial oxidation processes (e g-
xylene to phthalic anhydride), good result' h3'1
been obtained with so-called eggshell rnn/T*®
in which the active catalyst mass is appliedin
thin layer of a few tenths of a millimeter to*
external surface o f an inert, nonporous supp*»

If the reaction rate is higher and the rcgin™ *
internal diffusion cannot be avoided, it <*
advantageous to use catalysts with a binl
pore system in which microporcs (< 2 nm)
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connected by macropores (> 50 nm) to the
external surface area of thc catalyst particle

Ibe micropores provide thc needed high active
surface area, whereas the macropores facilitate
—gsstransport to and from thc micropores Such
caialysts are especially suitable for operation at
omceess pressures below 3 MPa. At these pres-
ses mass transport into pores smaller than
100 _ 1000 nm occurs increasingly through
gffudsen diffusion involving molecular colli-
sions with the pore wall rather than between
molecule' [89.456].

In fast processes occurring in the regime of
external mass transfer, thc overall conversion
rate is independent of thc porosity of the catalyst
and is essentially proportional to its external
surface area [463]. Examples of such reactions
ut oxidation of ammonia to nitric acid and
gnmoxidution of methane to hydrogen cyanide
carried out at 1070 - 1270 K on stacks offinc-
mesh Pt - Rh gau/c.

7.2. Catalytic Reactors |[469-473]

721. Classification of Reactors
11*7,469,4711

Catalytic reactors can be classified by their
mode of operation under steady-state ot tran-
sientconditions or on their mode of centring/
mixing of reactants and solid catalyst.

Typical steady-stale reactors are packed-bcd
tubular reactors under continuous flow condi-
tions, either plug flow or mixed flow. In anideal
tubular reactor ideal mixing takes place wj the
=edia direction, but there is no mixing in the
a*ialdirection. Plug flow is attained in thiscase.

flow reactors can be operated cither in
mitegral or differential mode. In thc lattci case.
Sngle-pass experiments in small-scale rectors
P~ide thc data for differential conditions re-
quired for analysis of thc reaction kinetics. As
j® alternative, thc effluent from the differential-
ly operating reactor can also be recycled exter—
or internally, thus approaching a wcll-

7 **ed reactor system, the continuous-flo* «<>
‘«r* reactor (CSTR) Without inlet and

n feed a continuous recycle flow results.
Hpnenaic of a batch reactor in which the
TAWmpositiun changes with time (transient
m F»ns as opposed to steady-state condi-

tions). The catalyst must not necessarily be kept
in a packed bed hut can be suspended in the
liquid or gaseous fluid reactant mixture. In the
fluidi/ed-bed mode, thc solid catalyst consist-
ing of fine powder (particle diameter 10-
200 u 1) is kept in motion by an upward ges
(low (fluidized-bed reactor, see Section Indus-
trial Reactors). If the fluid is a liquid the catalyst
can be suspended easily in aCSTR by efficient
stirring (slurry reactor, sec Section Industrial
Reactors). In so-called riser reactors, catalyst
matcnal is continuously introduced into ad
removed from the reactor with thc reactant and
product feeds.

Batch and semi-batch reactors operate under
transient conditions. Discontinuous step or
pulse operation necessarily results in transient
conditions.

Several catalytic reactor types are schemati-
cally shown in Figure 22. Tubular fixed bed
reactors (A) have an inlet flow no and an outlet
flow n of the reactant-product mixture.
Thc adiabatic fixed-bed realtor is shown in
Figure 22 B. Multitube fixed-bed reactors (C)
arc used for highly exothcrmic reactions suchas
the oxidation of o-xylenc to phthalic anhydride.
The principle ofaCSTR isdemonstrated asD. /1
fluidized-bed reactor with catalyst rccirculation
is sketched in E. A slurry CSTR reactor is
schematically shown in F. An alternative for
three-phase reactions (gas - liquid - solid) is
thepacked bubble column orslurry reactor (Gk
Discontinuous batch reactors with internal and
external recycling operating under transient
conditions are depictcd as H and I. respectively.

7.2]). Laboratory Reactors |469,470|
A compilation of laboratory reactors and their
operation mode is given in Figure 23.
Laboratory reactors are small-scale reactors.
Steady-state fixed-bed tubular flow reactors ae
most frequently used for catalyst testing ad
determination of the reaction kinetics on tre
laboratory scale. These reactors are favored
bccausc of thc small amounts of catalyst re-
quired. the case of operation, and the low cost
Stirred tank reactors (e.g., with fixed or rotating
basket) and batch suspension reactors arc less
frequently used. Provided that heat- and nmess-
transfer limitations can be neglected under tre
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ProOud

Ctwr*

Figure 22. Schematic representation of several type of catalytic reactor
A) Tubular fixed bed reactor. B) Adiabatic fixed-bed reactor. C) Multitube fixed-bed reactor. D) CSTR: E ) FtuidizetH*®
reactor with catalyst recirculatiun: F) Slurry CSTR reactor: G) Packed bubble column or slurry reacwr: H). 1) Discontinu*®"

batch reactors

operating conditions in a tubular flow reactor,
the catalyst bed is isothermal, and the pressure
drop across the catalyst bed is negligible, the
reaction rate can be determined from the mass
balance for a component i. This is usually veri-
fied in microreactors operating under differen-
tial conditions. The reaction rate per
unit mass rw (mol s_I kg ') is then given by

Equation (35):
d, = -v,rw. (35)

*00

where X, is the conversion of component i. U s
stoichiometric coefficient. w the catalyst nm»**
(kg), and F ° the molar rate ofcomponent ZalllK
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Figure 23. Classification of laboratory reactors

reactor inlet (mol s~*). The ratio w IF° is the
space - time.

Ancillary techniques in laboratory units for
catalyst testing such as generation of feed
streams and product sampling are discussed
in (474).

The TAP reactor, a laboratory pulse reactor,
is described in Scction Temporal Analysis of
inducts (TAP Reactor).

~e2-3. Industrial Reactors 1167,471)

‘fenous types of industrial reactors and their
operation mode arc listed in Figure 24.

Catalytic Fixed-Red Reactors 14754771
«nthe chemical industry fixed-bed reactors arc
J* standard type ofreactors for heterogeneous-
v catalysed gas-phasc reactions (two-phase
**ctors). Fixed catalyst beds can be realized

Intern* recycle
basket, ftgh pressure)

External recycle
(Kw pressure!

TAP*ystom

Stared vessels
<to*pressi*e)

Aulodanes
(hign pressure)

in various ways. Randomly packed beds (deep
beds) require catalyst particles having different
shapes such as spheres, cylinders, rings, flat disk
pellets, or crushed material of a defined sieve
fraction. The geometries and dimensions of the
catalyst particles are dictated by pressure drop
and heat- and mass-transfer considerations. The
use of monolithic catalysts significantly reduces
the pressure drop across the catalyst bed. This
type of catalyst is employed for example for
automobile exhaust gas purification and for the
removal of nitrogen oxides from tail gases of
power stations.

Fixed-bed reactors can be operated under
adiabatic or nonadiabatic conditions. Adiabatic
reactors can be applied for reactions with low
heats of reaction such as gas purification. They
consist ofacylindrical tube in which the catalyst
is packed on a screen and is traversed in axial
direction (Fig. 22 B). This design is particularly
suitable when short residence times and high
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24. Clutificalitn of industrial reactors

~Nemperatures are required. In this ease a fixed
of large diameter and small height (5 -
imm) is used (shallow bed). As an example.
|*>r ammonia oxidation in nitric acid plants the
lix cd bed consists of several layers of platinum
Vvirrc gauze with bed diameters up to several
>yvliters. This type of reactor is limited to small
NatEalyst volumes. The radial flow concept is
ferred when large amounts of catalyst are
N4« “'red [475]. In this reactor type, the catalyst
' clharged in the annular space around an axially
'Xtated tube. The reactants are traversing radi-
either from the inside or from the outside of
f~erH'orated plate rings. Because of the low pres-
**Jroe drop, smaller catalyst pellets (4 x 4 or
"* xx 3 mm) can be used in this reactor type.
+Only limited conversions can be achieved by
** duabatic reactors because of the necessary con-
1*0 || ofthe adiabatic temperature change. Multi-
s'lijjgc reactors consisting of several sequential
**disabatic stages which are separated by inter-
f'Ujgge heat exchangers have therefore been
vtrroduced.

Nonadiabatic operation can beachievech!*
l'ued-bed reactors which are coded» to*
through the reactor walls. Efficient to*»
change results in so-called isotheWPto™
A typical example is the mutal* T * -
schematically shown in FAg- A«- 7
used for highly exothermic pall*
sensitise reactions (e.g.. "=*=> ,—(|»1»
with. eg., sm elts as
a m ulniiihr reactor, the pre flom»
the same in each tube sota lubei
distributed uniformly over & FHHE
changes in the packing
cause uneven heat transfer r
highly exothermic
lectivity loss. For th
actors arc filled by spi((@.

charges each tube wi
catalyst at adefim ttn - tAftf~ if
arc chocked for pressure drop

eurPx *

the charge is adjusted

AutothermaUcjc~rSp-**~n
plied for exothermic a
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L~ ooen”
conventional reactor de-

*>*"" N Li.c peeked-bed reactor
heat exchanger in

fced ,s brough* ,0 rca"
*£ - -«m | XK.|Gr, are being doel-
"viuin f~ X . goal ofimproving operation
AN 14781 bk A
LKA

not necessarily optimaily
n sumlarcl fixed-bed reactor

industrial processes aa*
NTvarious types

meKom»;

. “Hnen/ation of C4 C,, alkanes or ol
ir~linc a 620 -770K. 20
40 bar on Pt-alumina (HCI activated) or
on pi-H-mordenitc

= Catalytic reforming of heavy gasoline
using acascade of single bed reactors al
700 *20 K. 20 - 25 bar on K-promot
odCr/IrAbO, catalyst.

< Hydrocracking of vacuum gas oil at
670- 770 K, 20 - 40 bar. using single
or two stage processes on Ni-MoO ,-Y
/oolite-alumina and  Pt-mordenite-alu
mina. respectively.

multibed" adiabatic system:

= Ammonia synthesis at 670 - 770 K.
200 - 300 bar on K-. Mg-. Al-promotcd
iron catalysts.

° SdU<n N SO, in the sulfuric acid
P™*wew»n at 720 - 770 K. atmospheric
KZ0,-V,0, catalyst, Kl-

i located heat ev
" «5ts are in operation

erwllY *' sys'tm;

N -0k Jhif* (HTS) al 620 fl7,) K
CrjOi-FeiO, catalysis.

e * 2 7 Y™
..... to formalde-
> Pressure «  PARh-gnds
e *AN_ydAcT
520 K.so

"Q-AJjO, catalysts

vi. "multitube” system:

= Methanol synthesis at 490 - 520 K.
50 - 100 bar on Cu-ZnO-AKOi cata-
lysts.

= Oxidation of ethylene to ethylene oxide
at470 - 520 K, atmospheric pressure on
Ag-e-alumina.

= Oxidation of «-xylene to phthalic anhy-
dride al 640 - 680 K, at atmospheric
pressure on X/10u-THO, catalysts.

= Hydrogenation of benzene to cyclohex-
ane at 470 - 520 K. 35 bar on Ni-Si03
catalysts.

= Dehydrogenation of ethylben/ene to sty-
rene at 770 - 870 K, atmospheric or re-
duced pressure on promoted (K, Ce, M0)
Fe-oxide.

Fluidized Bed Keaclon /479—4821  Fluid-
ized-bed reactors arc prefen-cd over fixed-bed
reactors if rapid catalyst deactivation occurs or
operation in the explosive regime is required.
In this type of reactor, an initially stationary
bed of catalyst is brought to a fluidi/cd-statc by
an upward stream of gas or liquid when the
volume flow rate of the fluid exceeds a certain
limiting value, the minimum fluidization vol-
ume flow rate. The catalyst particles are held
suspended in the fluid stream at this or higher
flow rates. The pressure drop of fluid passing
through the fluidized bed is equal to the differ-
ence between the weight of the solid catalyst
particles and the buoyancy divided by the
cross-scctional area of the bed. Major advan-
tages of fluidized-bed reactors arc excellent
gas - solid contact, good gas - solid heat and
mass transfer, and high bed-wall heat transfer
coefficients.

The gas distribution in the fluidized bed is
performed industrially by. for example, perfo-
rated plates, nozzles, or bubble caps which arc
mounted at the reactor bottom.

Depending on the volume flow rate of the
fluid different types of fluidized beds form.
Fluidization with aliquid feed leads to a uniform
expansion of the bed. In contrast, solid-free
bubbles form when fluidization is carried out
in a gas stream. These bubbles move upwards
and tend to coalesce to larger bubbles as they
reach increasing heights in the bed. At high gas
volume flow rates, solid particles are carried out
ofthe bed. To maintain steady-state operation of



Heterogeneous, CatalySls a

Huwurt 25. Schematic rrpresentation o ftwo form» ofpas
solid fluidized beds under ruibulenl flow conditions

such a turbulent fluidized bed. ihe solid catalyst
particles entrained in thc fluidi/.ing gas must be
collected and transported back to thc reactor
bed. This can be achieved most easily with an
integrated cyclone, as schematically shown in
Figure 25 A. A circulating fluidized bed is fi-
nally formed at still higher gas volume rates. An
efficient external recycle system, as shown in
Figure 25 B, is required for such operating
conditions because of thc high solids
entrainment.

Catalytic cracking is carried out in fluidized-
bed reactors because thc solid acid catalysts arc
rapidly deactivated by coke deposition. Thc
catalyst must therefore continuously be dis-
charged from thc reactor and regenerated in an
air-fluidized regenerator bed where the coke is
burned off. The regenerated catalyst is then
returned to the fluidized-bed reactor. The heat
of combustion of the coke can be used for
pa‘heating of the reactant feed.

The main advantages offluidized-bed reac-
tors are:

= Uniform temperature distribution (due to
intensive solid mixing)

= Large solid-gas exchange urea

= High heat-transfer coefficient between bed
and immersed heating or cooling surfaces.

However, these reactors have also some dis-
advantages. e.g.:

= Expensive catalyst separation and purifica-
tion of reaction products (installation of
cyclones and filters)

< Undesired bvpass nf
development

« Catalyst attrition

= Erosion of internals
solids velocities ubl4 fit, ~
Fluidized-bed reactors fo M

plication m the petroleum ref” **

non of chemicals, fore x aT~A [ **"~

= Catalytic cracking of vac
gasoline at 720 - 820 *

cates containing ulirastableV ~ * ¢

< Ammoxidation of propyleneioactvki-*.
(SOHIO-process) at 670 - 7?20k“T
2 b.ir on promoted Bi-MoO, n tifrai.

= Oxidation ol naphthalene or »—ylak i
phthalic anhydride al620 - 650K.amMK
spheric pressure on V.O™-SiOMatfa.

A special type of thc |l uidized-bed resctorn
the so-, ailed riser reactor. This reactorcriaii
ot a vertical luhc in which the reaction Oto
place i i the presence of the entrainedoall*
<.it.ily tcoming Irom the riser tubeiicoBecad
in the vessel. before passing throughtfoetw L *
to the r. generator i Huidi/ed-bcd type). TEMV/1»
reactor is mainly used in the catalytic
ol heav v oils on highly active /ediliccaafr*

1he nuning-hed reactor |479]
spherical catalyst particles larger (2-
than those used in the tluid-bed m
standard .irTangement. catalyst
mown:' slowly through thc agi
ly si re.i® hing the reactor top is
ihe regenerator. I'sing
conveyer the regeneratedcaWly
Ihe bottom ot the reactor.

The mam advantage ot he m
actor is lower catalyst)
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and a finely dis-

NNVa° €, .nree-rhasc reactors i

solid catalyst »U T .

nim< 200LMM,).bal i remains

m ec» s J Auience ofthe liquid in the

Tn"which an upward
fc~ ™ ~ired O suspend the larger
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Toctors can e d distmgulshed 1483):

Set) Nibble column
i Countercurrent column
j. Cocurrent updo»
4 Cocurent fewnflow
5 Stirred vessel
6 Drift-tube reactor
7. Tny column
g Kiaiing-disk or multiagitalur column
9 Three-phase spray column

Sluny reactors arc industrially applied lor a
imlutLce of processes [484], many ofwhich arc
ViCToyeneawsly catalyzed processes for hydro-
fouoon of edible oils. A new development is
‘hooontinuous Fischer - Tropsch slurry synthe-
w process of SASOL in South Africa (4851

Threephese reactors art classified as fixed-

<o suspension reactors depending on the
minjcmeni and shape:

itactors operate either in the trick

fira « 1"t*|hUbblC' n'm mode 4831 In the

- e *ye”™ I~ Un,S*reactam' dissolved

bcd!ILT~Ing (kmnv' ard through the

Vied In I gaseous reactants are con-

“ untercurrcnt or concurrent

""4'Octants ar-"T reac.orv liquid and ges-

ac fW Im* ** bH’T (,f hc

H fi«dt>ed g UpWard ,hmukh 'he
n-T Irtcde-be.i

Yo ~ ™I®Cft* nl has some ad-

‘bfusion nf

»* Ukkpgg

=‘alyst separation

Selective removal of catalytic poison in the
entrance /one of the bed
Simple catalyst regeneration

Drawbacks of tricklc-bed reactors are:

Poor heat transfer

Partial utilization of the catalyst in case of the
incomplete wetting

Possibility of "brooks” formation

The successful performance of the trickle-
phasc reactors depends on the suitable diameter/
length ratio, catalyst shape and size, and the
liquid flow distribution through the catalyst bed.
The catalyst particle size is limited by the
allowed pressure drop. Larger sizes(6 - 10 mm
diameter) are therefore preferred, which,
however, can bring diffusion problems.

The “bubble-flow” version is favored in par-
ticular for reactions with a low space velocity.
A good heat transfer and no problems with
an incomplete catalyst wetting are the main
advantages of the "bubble-flow” reactors.

Both types of the three-phase reactors
have found numerous industrial applications.

eg.

< Hydrotreating of petroleum fractions at
570 - 620 K. 30 - 60 bar on Ni-MoO,-
A1203 catalysts.

= Hydrocracking of high boiling distillates al
570- 670 K. 200 - 220 baron Ni-MoO,-
Y-/colite alumina catalysts.

= Selective hydogenation of C4-fractions (re-
moval of dienes and alkines) at 300 -
325 K. 5 - 20 bar on Pd-AljOj catalysts

= Hydrogenation of aliphatic carbonyl com-
pounds to alcohols at 370 - 420 K, 30 bar
on CuO-CriOj catalysts.

Suspension reactors (483.484] are operated
successfully in the chemical industry because of
their good heat transfer, temperature control,
catalyst utilization, and simple design. Because
of the small catalyst particle size, there arc no
problems with internal diffusion. Suspension
reactors operate either in the discontinuous or
in the continuous mode. One serious disadvan-
tage is the difficult catalyst separation, especial-
ly if fine particles have to be removed from the
viscous liquid.
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Figure 25. Schematic representation ot*two formsofgas -
solid fluidized beds under tuibulent Mo» conditions

such a turbulent fluidized bed. ihe solid catalyst
particles entrained in the fluidi/.ing gas must be
collected and transported back to the reactor
bed. This can be achieved most easily with an
integrated cyclone, as schematically shown in
Figure 25 A. A circulating fluidized bed is fi-
nally formed at still higher gas volume rates. An
efficient external recycle system, as shown in
Figure 25 B, is required for such operating
conditions because of the high solids
entrainment.

Catalytic cracking is carried out in fluidized-
bed reactors because the solid acid catalysts are
rapidly deactivated by coke deposition. The
catalyst must therefore continuously be dis-
charged from the reactor and regenerated in an
air-fluidized regenerator bed where the coke is
bumed off. The regenerated catalyst is then
returned to the fluidized-bed reactor. The heal
of combustion of the coke can be used for
preheating of the reactant feed

The main advantages offluidized-bed reac-
tors are:

= Uniform temperature distribution (due to
intensive solid mixing)

= Large solid-gas exchange area

= High heat-transfer coefficient between bed
and immersed heating or cooling surfaces.

However, these reactors have also some dis-
advantages. e.g.:

= Expensive catalyst separation and purifica-
tion of reaction products (installation of
cyclones and filters)

= Undesired bypass of reactants due to kudde
development

= Catalyst attrition

= Erosion of internals resulting from high
solids velocities

Fluidized-bed reactors found very broad ap.
plication in the petroleum refining and produc.
tion of chemicals, for example:

= Catalytic cracking of vacuum gas oil i0
gasoline at 720 - 820 K on aluminosilj.
cates containing ultrastable Y-zeolites.

e Fischer - Tropsch  synthesis  (Synthol
process) from CO und Hi al 620 - 670 K
and 15- 30 bar on promoted Fe-oxidc
catalysts.

= Ammoxidation of propylene to acrylonitrile
(SOHIO-process) al 670 - 770 K. 1-
2 bar on promoted Bi-MoO, catalysts.

= Oxidation of naphthalene or «-xylene to
phthalic anhydride at 620 - 650 K. at atmo-
spheric pressure on ViO " SiO ; catalysts.

A special type of the fluidized-bed reactor is
the so-called riser reactor. This reactor consists
of a vertical tube in which the reaction takes
place in the presence of the entrained catalyst.
Catalyst coming from the riser tube is collected
in the vessel, before passing through the snipper
to the regenerator (fluidized-bed type). The riser
reactor is mainly used in the catalytic cracking
of heavy oils on highly active zeolitic catalysts.

The mnving-bed reactor (479) operates with
spherical catalyst particles larger (2-6 nmm)
than those used in the fluid-bed system. In the
standard arrangement, catalyst particles ae
moving slowly through the agitated bed. Cau-
lyst reaching the reactor top is transported innl
the regenerator. Using mechanical orpneumailL
conveyer the regenerated catalyst is relumingll
the bottom of the reactor.

The main advantage of the moving-bed
actor is lower catalyst attrition than in
fluidized-bed system. The disadvantage is *
poor heat transfer, and therefore this react**s
not suiiable for exothermic reactions.

The moving-bed reactor found appl'#10'
mainly in petroleum cracking.

Slurry Reactors 14X.il  The aim of slu™
reactors is intimate contact between a t
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-hase component (which is to be dissolved in a
jiquid-ph™ component) anti a finely dis-
posed solid catalyst (three-phase reactors).
The particle size of thc solid catalyst is kept
sufficiently small (< 20() y 1) that it remains
impended by thc turbulence of thc liquid in thc
jitirTy reactor. This is in contrast to three-phase
fitiidized-hcd reactors, in which an upward
liquid flow is required to suspend the larger
catalyst particles.

On thc basis of thc contacting pattern of thc
phases and the mechanical devices that achieve
contact and thc mass transfer, nine types of
slurry reactors can be distinguished [483]:

1 Slurry bubble column

2. Countercurrcnl column

3. Cocurrent upflow

4. Cocurrent downflow

5. Stirred vessel

6. Draft-tube reactor

7. Tray column

8. Rotating-disk or multiagitator column
9. Three-phase spray column

Slurry reactors arc industrially applied for a
multitude o fprocesses [484|. many ofwhich are
hetefogeneousIN catalyzed processes for hydro-
genation of edible oils. A new development is
thecontinuous Fischer - Tropsch slurry synthe-
sis proccss of SASOL in South Africa [4851.

Three-phase reactors are classified as fixed-
bed or suspension reactors depending on thc
catalyst arrangement and shape:

Fixed-bed reactors operate either in thc trick-
le-bed or in the bubble-flow mode [483). In the
firstcase, liquid reactants or reactants dissolved
in a solvent arc flowing downward through thc
catalyst bed and the gaseous rcaclants are con-
ducted in thc countercurrent or concurrent
direction

In thc bubblc-llow reactors, liquid and gas-
whis reactants arc fed into thc bottom of the
column and arc flowing upward through the
‘«alyst fixed-bed

The tricklc-bed arrangement has some ad-
V>tages such as:

Fast diffusion of gases through thc liquid
% film to thc catalyst surface
, Lower back-mixing
problems with catalyst separation

= Selective removal of catalytic poison in thc
entrance zone of the bed
= Simple catalyst regeneration

Drawbacks of tricklc-bed reactors are:

Boor heat transfer

Partial utilization of thc catalyst in case of thc
incomplete wetting

Possibility of "brooks” formation

The successful performance of the trickle-
phasc reactors depends on thc suitable diameter/
length ratio, catalyst shape and size, and the
liquid flow distribution through the cataly stbed.
The catalyst particle size is limited by the
allowed pressuredrop. Larger sizes(6 - 10 mm
diameter) are therefore preferred, which,
however, can bring diffusion problems.

Thc “bubble-flow" version is favored in par-
ticular for reactions with a low space velocity.
A good heat transfer and no problems with
an incomplete catalyst wetting arc the main
advantages of the “bubble-flow” reactors.

Both types of thc three-phase reactors
have found numerous industrial applications,

eg.

= Hydrotreating of petroleum fractions al
570 - 620 K. 30 - 60 bar on Ni-MoO,-
AI120 3 catalysts.

= Hydrocracking of high boiling distillates at
570 - 670 K. 200 - 220 baron Ni MoO,-
Y zeolite alumina catalysts.

<« Selective hydogcnation of extractions (re-
moval of dicncs and alkines) at 300 -
325K. 5 - 20 bar on Pd-AUO, catalysts.

< Hydrogenation of aliphatic carbonyl com-
pounds to alcohols at 370 - 420 K. 30 bar
on CuO-Cr20t catalysts.

Suspension reactors [483.484) are operated
successfully in thc chemical industry because of
their good heat transfer, temperature control,
catalyst utilization, and simple design. Because
of thc small catalyst particle size, there are no
problems with internal diffusion. Suspension
reactors operate either in the discontinuous or
in the continuous mode. One serious disadvan-
tage is the difficult catalyst separation, especial-
ly if fine particles have to be removed from thc
viscous liquid.
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Currently two types of suspension reactors
an-in use: stirred vessels and three-phase bubble
columns.

In the case of stirred vessels the catalyst
particles (mainly smaller than 200 4 T) arc
suspended in the liquid reactant or solutions of
reactants. whereas gaseous reactants are intro-
duced at the bottom of the vessel through per-
forated tubes, plates or nozzles. The vessels are
equipped with different types of stirrers or
turbines keeping the catalyst suspended. Cool-
ing and heating coils as well as the gas recycle
system belong to the standard equipment. Stir-
red vessels operate mostly discontinuously.
However, if continuous operation is favored,
then stirred vessels arc arranged in a cascade
to complete the required conversion.

Bubble columns are mainly continuously
operating three-phase reactors. The gas is intro-
duced at the bottom of the column through
nozzles, perforated plates or tubes. In the stan-
dard arrangement the liquid reactant flows in the
cocurrent direction with the gas. In some cases
stirrers arc installed to keep powdered catalysts
in the suspension.

The gaseous reactants can be recycled by an
external loop or by an internal system, such asa
Venturi jet tube. This equipment is driven by a
recycle of the slurry using a simple pump. The
Venturi tube issucking the gas fn>mthe free board
above the reactor back into the slurry. Heat ex-
changerscan be installed in the loop in bothcases.

The main advantages of bubble columns are
simple and low-priced construction, good heat
transfer, and good temperature control.

Suspension reactors are used predominant-
ly for fat and oil hydrogenation 420 - 470 K. at
5-15 bar using various Ni-kieselguhr catalysts.

Also, hydrogcnolysis of fatty acid methyl
esters to fatty alcohols is performed in suspen-
sion reactors at450 - 490 K. 200 - 300 bar on
promoted copper chromites (CuO-Cr2 3.

Further applications arc: syntheses of acetal-
dchyde and of vinyl acetate according to the
W.icker process.

7.2.4. Special Reactor Types
and Processes

Microstructured Reactors 14X6—491] A
microstnictured reactor can he defined as a

series of interconnecting channels havinB n
meters between 10 and 1000 uwy iha( *
formed in a planar surfacc in which sJ?
quantit les of reagents arc manipulated <seeai
—» Microreactors - Modeling and Simulati,,"0
Among the advantages of microstructured re
actors over conventional catalytic reactors ae
high heat-transfer coefficients, increased sur
face-to-volume ratios of up to 50000 M’ m 1
as opposed to 1000 m* m 3 for conventional
catalytic laboratory reactors, shorter mixing
times, and localized control of concentration
gradients. The small scales reduce exposure o
toxic or hazardous materials, and the enclosed
nature of the microstnictured reactors permits
greater case of containment in the event ofa
runaway reaction. Furthermore, the highly ef-
ficient heat transfer as well as high surface
areas available for adsorption of radicals allo«
reactions to be carried out beyond the explo-
sion limit 1488,492,493].

Despite their small size, microstructured re-
actors can be used for synthetic chemistry |494],
since as few as 1000 microchanncls operating
continuously could produce | kg of product per
day. While several types of laboratory-scale
microstructured reactors are already commer-
cially available, funhcr developments arc still
required to make microstructured reactors me-
ture for industrial application. One of the nost
advanced designs targeted at large-scale appli-
cations for exothermic gas-phasc reactions is
the DEM S project of Degussa and Uhde [495]
The state of development of microstructured
reactors for heterogeneously catalyzed gs-
phasc and liquid-phasc reactions has been sum
marized [319). Coating of wall materials with
catalysts, strategies for replacement of spert
catalysts, and the reduction of overall apparatu*
size appear to be the most challenging obstacles
to be overcome. It is also evident that in men'
cases more active catalysts arc required for ft"
utilization of microstructured reactors.

Unsteady-State Reactor O peration /4961
Forced unsteady-state reactor operation
been applied to continuous catalytic process**
in fixed and fluidized-bed reactors Thisop”
ating mode can lead to improved read
performance. Nonlincarity of chemical I***
tion rates and complexity of reaction sysic~
are responsible for conversion or sciecttvi
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improvements under forced unsteady-stale
conditions [4971.

An unsteady-stale in a fixed-bed reactor can
be created by oscillations in the inlet composi-
tion or temperature (control function) such as
,ehematical\ shown in Figure 26. The most
widely applied technique in a fixed-bed reactor
is periodic flow reversal. Examples of this oper-
ation mode in industrial applications arc SO;
oxidation. NO, reduction by N H (. and oxidation
of volatile organic compounds (VOC). In fluid-
ued-beds for exothermic reactions, favorable
mHtead)-4laic conditions of thc catalyst can be
achieved by catalyst circulation inside the reac-
tor. The unsteady-state operation in the fluid-
ized-bed is applied for example for the partial
oxidation of n-butanc to malcic anhydride on
vanadvl pyrophosphate catalysts developed by
OiPont In thc first step, n-butanc diluted with an
inen gas is contacted in thc riser reactor (resi-
dencelime 10 - 30 s) with spherical catalyst par-
ticles* 100 1, T). Thc partial oxidation of n-butanc
proceeds on account of the lattice oxygen in thc
surface layer of vanadyl pyrophosphate. In thc
second step, the partially reduced catalyst is
transported into the fluidized-bed reactor
wherc the catalyst rcoxidation lakes place
The obtained selectivity was about 10 higher
dun that in the multilubular fixed-bed reactor,
grating under steady-state conditions. A
farther group of forced unsteady -stale processes
wses the combination of a chemical reaction
"ith the separation of products (chromato-
graphic reactor). Systems applied till today
‘Peraiing on the principle of chromato-
graphic columns arc filled with a catalyst
Possessing suitable adsorption properties, such
JIP* - AliO , Pulses of reactant are periodical-
v injected into ihis reactor which is purged by
Jj*rricr gas during periods between the pulses

"is operation can provide a higher conversion

for reversible reactions if one of the reaction
products is adsorbed on the catalyst more
strongly than thc other one. The feasibility of
this principle was tested in the dchydrogenation
of cyclohexane to ben/ene on pilot scale.

Mem brane Reactors [490-500/ In mem-
brane reactors (— Membrane Reactors) cata-
lytic conversion is coupled with a separation
effect provided by the integrated membrane
High conversions can be achieved for equilibri-
um-restricted reactions when one of the reaction
products can be removed from thc reaction
mixture by diffusion through a permselective
membrane. Hydrocarbon dehydrogenation re-
actions are the bestexample for this application.
In addition, catalytic membrane reactors have
been proposed for improved control of thc
selectivity of some catalytic reactions. For ex-
ample. controlled introduction of a reactant into
the reactor by selective or preferential perme-
ation may limit possible secondary reactions of
the target product.

Two types of membranes can be distin-
guished: dense membranes and porous mem-
branes. Dense metallic membranes consist of
thin metal foils. Palladium and palladium al-
loys (PdAg. PdRu) arc specific for hydrogen
permeation. Dense oxide membranes are usu-
ally solid electrolytes such as ZiO: and CeO;,
which are permeable for 0 2 [500]. Porous
membranes are typically made of oxides, al-
though carbon membranes have also been
used [501]. Ceramic membranes consist of
several layers of material with progressively
decreasing pore size. The lop layer with the
smallest pore size controls the separation. Most
of these membranes are produced by sol - gel
techniques. Intrinsic catalytic properties can be
introduced into these membranes, which can be
produced as cylindrical tubes forming the basis
for tubular reactors. Zeolite membranes can
also be prepared, and thc structure of the zeolite
should permit high selectivity in separation
processes.

Despite the potential of membrane reactors,
their development is still not mature for indus-
trial application.

Reactive D istillation /502-504/ In reac-
tive distillation (—> Rcactivc Distillation) frac-
tional distillation and chemical reaction arc
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performed simultaneously, e.g.. for a reaction of
the type

A+B-C+D

in which at least one of the products has a
volatility which is different form those of the
other compounds. The most attractive features
of reactive distillation are:

1. The separation of at least one of the products
by distillation drives reactions to completion
which are otherwise equilibrium-limited.

2. Reactions in which high concentrations ofa
product or one of the reactants lead to unde-
sired side reaction, can be carried out.

Despite these advantages, several chemical
and physical limitations exist in practice for its
use in chemical processes, so that reactive dis-
tillation has found application for only a few
important reactions. Industrially important pro-
cesses arc various etherification, esterification.
alkylation. and isomerization reactions.

IFP. Mobil. Neste Oy, Snamprogetti. Texaco,
and UOP are providing licenses for plants to
produce /c¢/t-hutyl and /<tr-aty | ethers from the
corresponding olefins and methanol or ethanol
using strong acidic resins as solid catalysts.

Reactions under Supercritical Conditions
1505-5081 The major advantage of super-
critical fluids as solvents in catalytic reactions
is the fact that carbon dioxide and water can be
used as environmentally benign solvents.
When in their supercritical state, these non-
toxic compounds are good solvents for many
organic compounds. A multicomponent sys-
tem under supercritical conditions may behave
like a single gaslike phase with advantageous
physical properties. Under reaction conditions
this leads to (505]:

1 Higher reactant concentrations

2. Elimination ofcontact problems and diffusion
limitations in multiphase reaction systems

3. Easier separations and downstream pro-
cessing

4. In situ extraction of coke precursors

5. Strongly pressure and temperature depen-
dent solvent properties near the critical point

6. Higher difTusivities than in liquid solvents
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7. Better heat transfer than in gases
8. Use of clustering to alter selectivitics

Hence, supercritical fluids offer stratcgjes
for more economical and environmentally
nign process design, mainly because of en
hanced reaction rales, prolongation ofcaulyy
lifetime, and simplification of downstream
processing.

7.2A Simulation of Catalytic Reactors (122

Catalytic reactors are generally charactcri/ed by
a complex interaction of various physical and
chemical processes. Therefore, the challenge in
catalysis is not only the development of new
catalysts to synthesize a desired product, but
also the understanding of the interaction of the
catalyst with the surrounding reacti\ e flow field.
Sometimes, the exploitation of these interac-
tions can lead to the desired product selectivity
and yield. This challenge calls for the develop-
ment of reliable simulation tools that integrate
detailed models of reaction chemistry and
computational fluid dynamics (C U)) modeling
of macroscale flow structures. The consider-
ation o f detailed models for chemical reactions,
in particular for heterogeneous reactions, how-
ever. is still very challenging due 10 the large
number of species mass-conservation eque-
tions. lheir highly nonlinear coupling, and the
wide range of timescales introduced by the
complex reaction networks.

Currently available multipurpose commer-
cial CFD codes can simulate very comp*»
flow configurations including turbulence and
multicomponent species transport. However.
CFD codes still have difficulties in implement-
ing complex models for chemical processes, m
which an area of recent development is d*
implementation of detailed models for heterO"
geneous reactions. Several software package*
have been developed for modeling complex e
action kinetics in CFD suchasCHEMKIN Ist_
CANTERA [510], DETCHEM (511],which»**
offer CFD codes for special reactor confip
tions such as channcl flows and monoliths
actors. These kinetic packages and also a
of userwritten subroutines for modeling conp*
reaction kinetics have meanwhile been cotjP?j
to several commercial CFD codes. Aside
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~com m ercially widcspread multipurpose CI-D
L~ware package’s such as FLUENT [512).
S|/jl-cD|513]. FIRE[514|.CFD-ACE- |5I5].

%CFX 1516). a variety of multipurpose and
—jcialized CFD codes have been developed
i*ademia and at research facilities such as
P-SALSA [517).

Prom a reaction-engineering perspective,
jomputational fluid dynamics simulations have
matured to a powerful tool for understanding
mess and heat transport in catalytic reactors.
Initially- CFD calculations focuscd on a better
understandin;: of mixing, mass transfer to en-
liance reaction rates, diffusion in porous media,
and heal transfer. Later, the flow field and heat
transport models were also coupled with models
for heterogeneous chemical reactions. So far.
most of these models are based on the mean-
field approximation as discussed in Section
Mean-Field Approximation, in which the local
state of the surfacc is described by its coverage
withadsorbed species averaged on a microscop-
ic scale.

Detailed CFD simulations of catalytic reac-
tors. often including inultistep reaction mec-
hanisms. have been carried out for catalytic
channel reactors with laminar [518) and tur-
bulent [519] flow fields, monolithic reac-
tors (520-524). fixed-bed reactors [525.526].
wire-gauzc reactors [527.528). reactors with
multiphase flow [512]. and others. CFD simula-
tions arc becoming a powerful tool for under-
standing the behavior of cataly tic reactors and
in supporting the design and optimization of
reactors and processes.

Catalyst Deactivation
Regeneration

~e31 Different Types of Deactivation

As has been observed in the laboratory and in
P*Bnal application, heterogeneous catalysts

deactivated during time on stream. For
e*ample. ,n fluid-bed catalytic cracking and
I”YPene ammoxidation the catalyst life is limit-

_= few seconds or minutes, while in other
P>Clijons. such as NHi and CO oxidation the
‘=alysi remains active for several years. Not

only loss of activity but also a decrease in
selectivity is usually caused by catalyst deacti-
vation 1529-531].

The activity loss can be compensated within
certain limits by increasing the reaction temper-
ature. However, if such compensation is not
efficient enough, the catalyst must be regener-
ated or replaced.

The main reasons for catalyst deactivation
are:

1 Poisoning

2. Fouling

3. Thermal degradation

4. Volatilization of active components

Some types of catalyst deactivation are re-
versible. e.g.. catalyst fouling and some special
types of poisoning. Other types of deactivation
are mostly irreversible [529.530.532].

CatalystPoisoning  The blocking ofactive
sites by certain elements or compounds accom-
panied by chemisorption or formation of surface
complexes are the main causes of catalyst de-
activation [529.530.532]. If the chemisorption
is weak, reactivation may occur; if it is strong,
deactivation results. Chemical species often
considered as poisons can be divided in five
classes:

1 Group 15 and 16 elements such as As. P. S,
Se. and Te

2. Metals and ions. e.g.. Pb. Hg. Sb. Cd

3. Molecules with free electron pairs that are
strongly chemisorbed. e.g., CO. HCN, NO

4. NH> HjO and organic bases, e.g., aliphatic
or aromatic amines, pyridine, and quinolinc

5. Various compounds which can react with dif-
ferent active sites, e.g.. NO. SO* SO* CO..

Elements of class | and their compounds, for
example. HZ, mercaptans. PHi, and AsH,. are
very strong poisons for metallic catalysts, espe-
cially for those containing Ni. Co. Cu. Fe. and
noble metals [529,530.532].

Elements of the class 2 can form alloys with
active metals and deactivate various systems in
this way [529,533].

CO is chemisorbed strongly on Ni or Co and
blocks active sites. Below 450 K and at elevated
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pressure the formation of volatile metal carbo-
nyls is possible [529.530]. and catalyst activity
is strongly reduced.

Ammonia, amines, alcohols, and water are
well known poisons for acidic catalysts, espe-
cially for those based on zeolites [529.534].

Catalysts or carriers containing alkali metals
arc sensitive to CO:, S02 and SO,.

Catalyst Fouling Because most catalysts
and supports arc porous, blockage of pores,
especially of micropores. by polymeric com-
pounds is a frequent cause of catalyst deactiva-
tion. At elevated temperatures (> 770 K) such
polymers are transformed to black carbona-
ceous materials generally called coke [529,535].
Catalysts possessing acidic or hydrogenating -
dehydrogenating functions are especially sensi-
tive to coking.

There are different types of coke, such asC,,.
Cp, carbidic or graphitic coke, and whisker
carbon [529]. C,, is atomic carbon formed as
a result of hydrocarbon cracking on nickel
surfaces above 870 K. C,, carbon can be trans-
formed al higher temperatures to polymeric
carbon (Cp) which has a strongly deactivating
effect. C,, carbon can also dissolve in metals and
forms metal carbides, and it may precipitate at
grain boundaries. Metal-dissolved carbon may
also initiate thc growth of carbon whiskers,
which can bear metal particles at their tops.

Coke formation can be minimized, for ex-
ample. in methane steam reforming by suffi-
cicntly high steam/methane ratio or/and by the
alkalization of thc carrier.

Thermal Degradation  One type of ther-
mal degradation is thc agglomeration of small
metal crystallites below the melting point,
called sintering [529]. Thc rate of sintering
increases with increasing temperature. Thc
presence of steam in the feed can accelerate thc
sintering of metal crystallites.

Another type of thermal degradation arc sol-
id-solid reactions occurring especially at higher
temperatures (above 970 K). Examples are re-
actions between metals, such as Cu. Ni, Co, and
alumina earners which result in the formation of
inactive metal aluminatcs [529.536].

Also, phase changes belong to thc category
of thermal degradations. A prominent example

is the reduction of the surface area of al Uni
from 250 nr g 1(y phase) lo 1-2 w-

(a phase) by thermal treatment between
and 1270 K. 0
Alternating oxidation and reduction of
systemn, as well as temperature fluctuations, art
often accompanied by activity losses and tan
cause mechanical strain in catalyst pcllets
Therefore, mechanical strength of catalyst pdr

tides has major industrial importance.

Volatization o fActive Components Some
catalytic systems containing P205.M 00,. H i,0
etc. lose their activity on heating close to the
sublimation point. Cu, Ni. Fe and noble metals
can escape from catalysts after conversion to
volatile chlorides if traces of chlorine arc present
in the feed.

7].2. Catalyst Regeneration

Thc regeneration of metallic catalysts poisoned
by Group 16elements is generally rather diffi-
cult. For example, oxidation of sulfur-poisoned
metallic catalysts converts metal sulfides to
SO,, which desorbs from metals. However, if
the catalyst or carrier contains AlD,. ZnO,
MgO then SO, forms thc corresponding sul-
fates. When the catalyst is subsequeiul) brought
on-line under reducing conditions, then HiS is
formed from sulfates and the catalyst will be
rcpoisoned [529.537].

Therefore it is necessary to remove poisons
from thc feed as completely as possible. Further
prevention is the installation of a guard-bed
containing effective poison adsorbents in frenl
of the reactor.

Ni catalysts poisoned with CO or HCN can
be regenerated by H: treatment at tcmperiiturc'
that allow formation of methane and Nftv
respectively.

Thc original activity of acidic catalysts PQl
sorted partially by H20, alcohols. NH,.
amines can be restored by thermal treatn-"11al
sufficiently high temperatures.

From the industrial point of view, thc rc~ I\
eration ofonked catalysts is very important-
removal of coke depends on iLs structure
the catalyst composition. Alkali metals.
cially potassium, accelerate coke gasifies*O
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BLgtjon isthe fastest gasification reaction, but
highI\ exothermic |529.538]. To maintain

i(ttetnpcril"rc” ‘thin allowed limits, mixtures
~QOj. steam, and N; arc mainly used to remove
the coke.

catalysts deactivated by thermal degradation
Og very difficult to regenerate. Certain Pt
*|,0 ucatalysts, deactivated as a result of ther-
mel pt sintering, can be partly regenerated by
chlorine treatment at elevated temperatures,
which makes Pt redistribution possible.

7]J. Catalyst Reworking and Disposal

The leaching of precious metals from spent
catalysts is widely practiced. Producers of noble
metal catalysts, such as Engelhard Corp. BASF.
Johnson Matthey, and Umicore have plants for
this purpose. Yields of recovered precious me-
tals are 90 - 98°k depending on the original
metal content and on the nature of the support
used.

Besides precious metals. Ni from spent Ni -
kieselguhr catalysts used in fat and oil hydro-
genations are reworked to a large extent. Before
Ni leaching, fats must be removed.

Hydrotreatmg catalysts containing Mo. Ni
or Co arc also reworked. Before leaching of
the metals, coke and sulfur arc removed by
roasting [529.530].

In various cases, however, problems arise
when the price of recovered components does
not cover the costs of catalyst reworking. The
final alternative is the disposal of the spent
catalyst. In general, catalysts containing Al. Si.
fc can be disposed of without any spccial pre-
cautions or can be used in construction maleri-
* However, if such catalysts contain Ni or V
eccumulated during their use, then removal
of these elements below legislative limits is
"eccssary [529].

Spent Cu- and Cr-containing catalysts arc
*0Ol4etimes accepted by metallurgical plants.

Before disposal, spent catalysts containing
==nous contaminants need to be encapsulated
J*avoid their release into water. Materials used

encapsulation are. e.g.. bitumen, cement.

J T’ end polyethylene [529]. Nevertheless.
* disposal of encapsulated catalysis is not
expensive but is becoming increasingly

8. Industrial Application and
Mechanisms of Selected Technically
Relevant Reactions

8.1. Synthesis (.as and Hydrogen
[5397401

All fossil fuels, i.e., coal, petroleum, heavy oil.
tar sands, shale oil. and natural gas. but also so-
called renewable sources such as biomass, can be
used for the production of synthesis gas (syngas).
a mixture of hydrogen and carbon monoxide in
various ratios. Syngas is an important raw mate-
rial for many catalytic syntheses in the chemical
industry as described in consecutive sections.

By conversion ofCO to CO; in the water-gas
shift reaction (WGS). and COj separation, hy-
drogen can be produced.

H20~CO—H2-hC02

Direct hydrogen production can also be based
on water electrolysis using electricity from
nuclear power, solar, wind, hydro, geothermal,
and oceanic sources as well as combustion
(power plants) of any fuel. Due to current
changes in energy resources, a variety of new
routes are being discussed or arc on the way to
commercialization (see also — Gas Production
and —» Hydrogen), in many of which heteroge-
neous catalytic reactions play a significant role.

Syngas is manufactured from coal by coal
gasification (sec also — Hydrogen-Production
from Coal and Hydrocarbons), and from
gaseous or liquid hydrocarbons by cndothermic
steam reforming (SR),

C.H.-MHO—nCO+(n+TN)HTr
exothermic partial oxidation (PO X)
C,ti.-Hii/2) O j—n CO + (m/2)H2

and a combination of both, called aulothcrmal
reforming (ATR) [541]. Today, natural gas is the
dominant feedstock for syngas production.

The Hj/CO ratio can be adjusted by reforming
and shift reactions according to the application,
e.g., 1/1 for oxo synthesis. 2/1 for production of
methanol and DME as well as Fischer - Trapseh
(FT) synthesis. 3/1 for methanation. Syngas for
ammoniasynthesis(HyN? = 3)is manufactured
by nitrogen addition in a second reforming
step [542].
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A survey onsteam reforming isgiven in [542).
Nickel is lhe preferred catalyst bul other group
8 - 10 metals are active as well, in particular Co
and Fe [543]. The expensive metals Pt. Ru. and
Rh show even higher activities [544]. A variety
of industrial catalysts are available, most of
which arc based on Ni/alumina with alkali metal
promoters, produced in Ihe shape of pellets with
large external diameter and high void fraction
(rings, cylinders with holes, or ceramic foams),
and used in tubular reformers [542]. Present
developments focus on compact reformers, effi-
cient coupling with heat exchangers, and heat
recovery from the reformed gas.

An alternative technology for syngas gener-
ation is exothermic catalytic partial oxidation
(CPOX) of hydrocarbons to s>ngas over metal
catalysts, in particular Rh. The fuel (natural gas.
vaporized liquid hydrocarbons, alcohols), pre-
mixed with oxygen at an atomic C/O ratio of | is
fed into acatalytic bed or monolith, in which the
fuel is almost completely converted to synthesis
gas within few milliseconds at ca. 1000 C
(high-temperature catalysis) [545-547]. The
largest hurdle for widespread application of
CPOX seems lo be safely issues; therefore,
membrane [548] and microreader [549] con-
cepts arc under development.

Autothermal reforming is a combination of
SR and POX. in which the heat lor the reforming
reaction is supplied by internal combustion of
the fuel with oxygen. Actually. CPOX can also
be considered to be a two-stage process, in
which the oxygen is first used lo bum some of
the fuel and consecutive steam reforming of the
major part of the fuel produces the desired
syngas [524]. ATR has already been widely
used in chemical industry, and now is also
considered for syngas production in new GTL
(gas-to-liquid) plants [550]. ATR runs cither on
Ni- or Rh-based catalysis, usually with alumina
or magnesium alumina supports lo improve
thermal stability and strength at the high oper-
ating tcmpcrdures. Current developments in-
clude air-blown ATR. in which eliminating the
need for an oxygen plant is traded off by the
compression costs, in particular inG TL with FT.
ATR can also be operated without catalysts.

There are avariety of proposed methods for
syngas production from alternative feeds [5511
such as ethanol or any other biomass-derived
fuel. In particular. CPOX and ATR techniques

using noble metal catalysts have been shown
provide high syngas yields when operated "
high temperatures and millisecond conu!
times [547.552-554].

W GS is the most important step in the indUs
trial production of hydrogen, ammonia. ard
other bulk chemicals utilizing syngas in respcei
to the adjustment of the CO/H: ratio [540.5551
Depending on the required CO conversion the
reaction is carried out in several stages. The first
high-temperature shift (HTS) is carried out over
FeCr catalysts at temperatures between 280 and
350 °C. Since Ihe equilibrium at high tempera-
ture is unfavorable for complete conversion, a
second stage, the low-tcmperature shift (LTS
180 - 260 °0, is added, in which CuzZn- or
CuZnAl-based catalysis arc used to give a CO
content of0.05 - 0.5 vol %. The produced CO,
can be removed by scrubbing. Complete CO
removal, e.g.. as needed for ammonia synthesis,
can be achieved by subsequent mcthanation
over N1 catalysts. Since sulfur-containing com-
pounds such as HZ5 and carbonyl sulfide (COS)
arc not removed, separate catalytic treatment is
usually necessary, e.g.. hydrolysis of COS to
HZS or oxidation with SO 2 (Claus COS conver-
sion) and sour gas shift over Mo catalysts [556].

The production of syngas and subsequent
hydrogen is currently also of interest in the area
of energy-related catalysis such as fuel cells.
While for stationary applications natural gas is
the major fuel option, logistic fuels are consid-
ered as potential feed in mobile applications, for
instance, to provide electricity by an auxiliary
power unit in a vehicle. Logistic fuels can. for
instance, efficiently be converted to syngas in
compact on-board CPOX reactors; the syngas is
then fed to a SOFC or a PEMFC; in the latter
case an additional fuel-processing system is
needed for CO removal.

8.2. Ammonia Synthesis
[48,557,534,558]"

In the Haber - Bosch process, ammonia is syr+
thesized over a promoted iron metal catalys,s
from its constituents, nitrogen and hydrogen
approximately 400 °C and 15 MPa (for nr*
details see also —e Ammonia).

Ni+3 H2—2 NH,
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p rio rs with capacities up to 1000 t/d arc used.
Kjieaction toward thc target product NH, is
~rctiwe thermodynamically favored at low
Encraturc .ind high pressure. This equilibrium
jjinitation at practical conditions requires loop
mRation with recovery of thc easily condcns-
d,|c product gas. Thc feed gases are prepared
fromair (nitrogen) and hydrogen via syngas(scc
,|so Section Synthesis Gas and Hydrogen).

Besides Fe, only Ru has been found lo he a
pactically useful catalyst, although thousand of
systems have been tested over the years (558).

The most important single application of
gnmonia isthe production ofartificial fertilizer.
AwTowa is also required in thc production of
explosives, dyestuffs. plastics, and lifc-science
products. In environmental catalysis, ammonia
is applied as reducing agent for nitrogen oxides
emitted in power plants and more recently also
in automotive vehicles (see also Section Envi-
ronmental Catalysis).

Thc mechanism of ammonia synthesis is one
of the best known in heterogeneous catalysis,
besidesCOoxidation on Pt (sec Chap. Theoreti-
cal Aspects), the reaction served as prototype for
the understanding of heterogeneous catalysis by
elucidation of thc molecular behavior on thc
catalytic surfacc. and represents one of thc few
mKcessful examples of bridging thc materials
and pressure gap between surface scicncc and
industnul heterogeneous catalysis. Three Nobel
prizes in chemistry arc closely related to ammo-
nia synthesis (Habik 1921. Bosch 1931, Ekti
2007). Therefore, the mechanism of ammonia
synthesis is discusscd in more detail here.

The adsorption of N: on iron is slow and is
Characterized by a very low sticking coefficient
(ca. 10 *) and high activation energy |557].
Single-crystal surfaces of iron arc reconstructed
upon adsorption of nitrogen. Dinitrogen is dis-
sociated above 630 K [559] and forms complcx
surface structures. These have been inferred to
be surfacc nitrides with depths of several atomic
layers [557]. Their composition is roughly Fc4N.
=becorresponding bulk compound is themiody-
BWTocally unstable under conditions for which

surface structure is stable. The rate of disso-
ciative adsorption of dinitrogcn is structure-scn-
~itiye. the Fc(111) face being by far the most
=««vC. since thc activation energy is the smallest
~  the rate of adsorption Ihe highest [560]. The
**me crystal face is also the catalytically most

active. These observations arc consistent with
the earlier suggestion [561] that dinitrogcn ad-
sorption is an activated proccss and that it is thc
rate-determining step in thc catalytic cycle.

In contrast, thc adsorption of dihydrogcn on
iron is fast and characterized by a high sticking
coefficient (ca. 10 ') and an extremely small
activation barrier. This chcmisorption is disso-
ciative and yields covalently bonded H atoms
which have high mobility on the iron surface.

Atomic nitrogen was shown to be the most
stable and predominant chemisoibed species on
Fe<l 11) after evacuation [87.88], and it was
inferred to be an intermediate in the catalytic
reaction. Adsorbed dinitrogcn could be excluded
as a reactive intermediate. The involvement of
adsorbed N atoms in thc rate-determining step was
also demonstrated by kinetics experiments [562].
Other less stable and less abundant surface inter-
mediates include NH and NH2 species.

Based on these results the following se-
quence of elementary steps was formulated
(* denotes a surfacc site):

N2+2*- 2N~" (36)
Hj+2*—2H,b 37)
N«b NH.*+» (38)

NH«b-H™-NH »k+» (39)

NHbd.+H.h-.NH,+2 (40)

A schematic potential-cncrgy diagram for the
catalytic cycle is shown in Figure 27. Decompo-
sition of N2 is exothermic, whereas thc steps
involved in successive hydrogenation yielding
NH, species arc cndothermic. The addition of
the first H atom is thc most difficult step.

The promotion of the iron catalyst with
potassium lowers thc activation energy for dis-
sociative N2 chemisorption [563].

8J. Methanol and Fischer - Tropsch
Synthesis

8.3.1. Methanol Synthesis 1148|

Methanol is one of thc most important organic
chemicals (sec also — Methanol). It is mainly
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Kijiurr 27. PtxeMial-encrgy diagram tor the sequence of elementary step» of the ammonia synthesis reaction leneryies 1

U inol *)|234]

used as an intermediate for production of form-
aldehyde. methyl ;err-butyl ether (MTBE).
acetic acid, amines, and others. Methanol is
produced from synthesis gas according to the
following stoichiometry.

CO-t-2Hi—»CHjOH

It is now generally accepted that this reaction
pmceeds by conversion of CO via the water-gas
shift reaction followed by hydrogenation of
carbon dioxide [564].

00+ H20 — H2+CO2

C02+3H2-CH ,0OH

All these reactions are exothermic and equilib-
rium-limited. The achievable methanol yield is
favored by high pressure and low temperature

The first process for methanol synthesis,
operating at about 30 MPa and 300 - 400 C
over a Zn/Crj catalyst, was developed by
BASF in Germany in 1923. A substantial im-
pnivement w»s made by ICI| in the 1960s
through introduction of the more active Cu/
ZnCVADO, catalyst, which allowed for synthe-
sis under much milder reaction conditions of
50 - 100 bar and 200 - 300 C. Today, the vast

majority of methanol plants use this more ad-
vanced low-pressure synthesis.

Although methanol synthesis on copper-base
catalysts has been intensively studied for several
decades, no general agreement about the nature
of the active sites and the reaction mechanism
could be achieved. Regarding the active site, it
appears that metallic copper in close contact to
ZnO is a requirement for an active and selective
catalyst. This synergy has been explained by
various mechanisms including hydrogen spill-
over from ZnO [565], stabilization of intermedi-
ates on ZnO or the interface between Cu ami
ZnO [566]. and spreading of Cu on the ZnO
surface [567]. The most important intermediate»
appear lo be formate, methoxy, and form)
species. A possible reaction mechanism in
volves dissociative adsorption of hydrogen, hy-
drogenation of adsorbed CO to C 0 2-conversion
of atomic hydrogen to formate, further addition
of hydrogen to give HJCOO, nydrogenation o
this species to a methoxy species, and fina <
hydrogenation of this group to methanot. SIim*
lations suggested that the rate-determining
in this sequence is hydrogenation of the H /1
species to the methoxy group [5681 .

Several empirical and mechanistically
rate equations for methanol synthesis have
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ted. An example using only statistically
giiificant and physically meaningful para-
meters IS given in [569). The usual catalyst
~Kjnetry comprises pellets of typically five
millimeter in size. Under the commercial reac-
tion conditions, pore diffusion resistances may
occur [570].

In industrial practice, a variety of different
leactor types for low-pressure methanol synthe-
sisarc used, but generally fixed beds of catalyst
operated in the gas phase arc employed. One
possibility for temperature control during the
exothermic reaction is a staged catalyst bed with
interstage cooling through heat exchangers or
injection of cold synthesis gas. The other fre-
quently used possibility for exothermic reac-
tions is a cooled multitubular reactor with fixed
bed of catalyst in each tube. While the multi-
tuhular reactor allows the best temperature con-
trol and thus the longest catalyst life, the capital
costs for adiabatic reactors are lower. Two-
phase fluidixed-bed reactors and three-phase
teadors with an additional liquid product phase
have also been extensively tested. However, the
lack of mechanical stability and/or low catalyst
effectiveness has until now prevented commer-
cial implementation of these reactor designs.

Much effort has also been devoted to over-
coming the equilibrium-limited methanol con-
version in a single-pass reactor by removal of
methanol from the reaction mixture. A particu-
larly interesting system removes methanol by
selective adsorption on a porous adsorbent trick-
ling through a fixed-bed of catalyst [571]. How-
ever. this elegant multifunctional reactor suffers
from severe practical mechanical problems.
Another approach concentrates on operation
close to the dew point of the product to allow
temoval of liquid methanol between beds of
catalyst In this case, highly active catalysts for
operation at very low temperature and high
P®*sure are required.

A possible future trend is the further proces-
Mre of methanol to synthetic fuels via mctha-
mOHo-olefins as proposed by Lurgi.

*32 Fischer - Tropsch Synthesis | 14X]|

Tropsch synthesis (FI'S) is the direct
R uction of hydrocarbon chains from synthe-
8as. Details of the prix’css can also be found

in —» Coal Liquefaction. The most important
reaction, which is exothermic with a reaction
enthalpy of about —150 kj/mol, can be des-
cribed by the following equation.

n CO+(2n-*-1)Hr —*CuHZ+2~Y1HjO

In side reactions, olefins and oxygenates arc
formed, and undesirable CO; and additional
CH4 may be produced via the water-gas shift
reaction and CO mcthanation.

FTS has a long history starting with Fisc her
and T ropsch repotting the synthesis of liquid
hydrocarbons from synthesis gas under moder-
ate conditions in 1923 [572). Within a short
period, this new process was commercialized
and provided, together with coal liquefaction,
synthetic fuel on a large scale in Germany
during World War Il. After the era of cheap oil
began in the 1950s it became evident that FTS
was uneconomical at that time. Only South
Africa continued production of fuels by FTS
based on coal-derived synthesis gas for political
reasons. The 1973 oil crisis stimulated new
interest in FTS. and Shell started development
of its middle distillate process. In 1993. the first
plant based on natural gas came into operation in
Malaysia. This gas-to-liquids (GTL) process is
currently being realized on industrial scale at
several sites. Commissioning of a plant with a
capacity of 70000 barrels per day built by Sasol
and Qatar Petroleum look place in 2006 in
Qatar. Further large-scale industrial plants in
Escravos. Nigeria (Sasol Chevron) and Qatar
(Shell. Qatar Petroleum) arc under construction.
It appears Ihal FTS will play a major role for the
future production of synfuels based on alterna-
tive feedstocks (natural gas. coal, biomass).

FTS has been considered as an ideal poly-
merization reaction [573). According to this
approach the distribution of mole fractions xm
of products can be described as a function of the
number of carbon atoms n in the chain.

m, = (1-0)0--

The ideal product composition depends only
on the chain-growth probability a, which is
determined by the catalyst used. In reality sig-
nificant deviations from ideal polymerization
behavior are observed. Usually the methane
mole fraction is higher, while the cthcne/cthanc
mole fractions arc lower than calculated. Many
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mechanistic studies on FTS support the carbene
mechanism, which starts with the decomposi-
tion of CO and involves the insertion of methy-
lene (CH2 jpecies into the growing alkyl
chain [574].

As FTS catalysts metals like iron, cobalt, and
ruthenium can be used [575]. Due to the high
pnee of ruthenium only iron and cobalt have
industrial relevance. A disadvantage of iron
catalysts is kinetic inhibition by the co-product
water, whereas an advantage is the activity for
the water-gas shift reaction that allows the use
of carbon-dioxide-containing or hydrogen-
depleted synthesis gas mixtures [576). Com-
pared to iron, coball catalysts are already active
at lower reaction temperatures and have a dura-
bility of up to five years on stream compared
to about six months in the case ofiron [577]. On
the other hand cobalt is more expensive than
iron. In addition to the active component differ-
ent promoters (Pt. Pd. Ru. Re. K) can be em-
ployed [578]. As carrier materials alumina,
silica, andtitaniacanbe utilized. Typical chain-
gn>wth probabilities arc 0.5 - 0.7 for iron and
0.7 - 0.8 for cobalt [579]. Currently the deve-
lopment of cobalt catalysts is aimed at maxi-
mizing the chain-growth probability to values of
up to 0.95 (580). Since the product mixtures
obtained with these catalyst cannot directly used
and must be further processed to achieve the
desired fractions (diesel and gasoline fuels), it
has been suggested to couple Fischer - Tropsch
catalysts with hydrocracking catalysts in one
reactor [581,582].

As liquid products often fill the pore system
of working catalysts, resistances caused by pore
diffusion may occur even with small catalyst
particles. Catalyst efficiency is significantly
reduced at characteristic catalyst dimensions
above 100 pm [583]. Furthermore, the higher
diffusion coefficient of hydrogen compared to
carbon monoxide increases the HZCO ratio
inside the porous catalyst. This leads to an
increase of the chain-termination probability
and thus to a decrease in chain length of the
products [584].

The development of catalysts with very high
chain-growth probabilities resulted in the devel-
opment of the more advanced low-temperature
FTS. in which synthesis gas and liquid products
arc present under reaction conditions. Industrial
reactors are operated at typical conditions of

2 -4 MPaand 220 - 240°C . Two reactor typ<

are presently applied in low-tempcruture FTs *
cooled fixed-bed reactor mainly used by Shcl*
and a slurry bubble column developed by Say,|

Disadvantages of fixed-bed reactors are devel

opment ofa hot spot, low catalyst utilization due
to pore diffusion, and. especially in case of g4
recycle for improved heat removal, high prcs

sure drop. On the other hand, mechanical stress
on catalyst panicles, the need for separation of
solid catalyst and liquid products and highly
demanding scaleup are drawbacks of slurry
bubble column reactors. New trends in FTS
reactors are the use of monolith reactors for
improved gas - liquid mass transfer [585] and
isothermal microstructured reactors.

8.4. Hydrocarbon Transformations

8.4.1. Selective Hydrocarbon Oxidation
Reactions

Selective hydrocarbon oxidation reactions
include several important classes of heteroge-
neously catalyzed reactions, which find large-
scalc industrial application for the synthesis of
bulk chemicals. Reviews on the mechanisms of
selective hydrocarbon oxidation [200], oxida-
tive dehydrogenation of alkanes [586]. ammox-
idation of alkenes. aromatics and alkanes [63].
and epoxidation of alkenes [587] are available.
Here, some mechanistic aspects of the epoxida-
tion of alkenes and of the ammoxidation of
hydrocarbons arc discussed.

8.4.1.1. Epoxidation of Ethylene and Pro-
pene |587,588|
The epoxidation of ethylene by dioxygen is
catalyzed by silver metal and yields ethylene
oxide (—* Ethylene Oxide), an important inter-
mediate for the synthesis ofglycols and polyols-
Total oxidation of the reactant and the
target product limit the selectivity of ibe

yo, HIGHH:
o
Corl<
'r2
302  2c0j +2110
Schene 1.
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evoces' Scheme 1shows the three competing

~Kctions
fThc catalyst therefore must be tuned such
that the optimal selectivity for ethylene oxide is
jghicved The active phase consists of large Ag
pgfticlc’ supported on low surface area <»>-Al:(),
unnoted by alkali metal salts. A beneficial
effect is also obtained by adding chlorine-con-
taining compounds such as vinyl chloride to the
faction feed. Under reaction conditions this
additive is readily combusted on silver, and
chlorine is adsorbed on the metal surfacc.
I Oxygen can be adsorbed on transition metals
in general and on silver in particular in three
different stales: (1) molecular dioxygen. (2)
adsorbed atomic oxygen, and (3) subsurface
atomic oxygen [588]. Molecular oxygen is sta-
bleon an Ag( 111) surface at temperatures below
ca. 220 K. It dissociates at higher temperatures.
Oxygen dissociation occurs al high-coordina-
tion sites, since at least two neighboring metal
atoms must be available. It has been shown that
ensembles with a minimum of live silver atoms
are required [589.590]. Oxygen atoms adsorbed
originally on the external silver metal surfacc
may move to subsurface latticc positions. Sub-
surface oxygen atoms have been proved lo form
on transition metals including Rh. Pd. and
Ag [591]. Thc maximum oxygen coverage on
silver surfaces is one oxygen atom per silver
atom, corresponding to the composition of
AgO [588].

The presence of subsurfacc oxygen atoms
«educes thc electron density on adjacent silver
=toms. Hence, oxygen atoms adsorbed on thc
external surfacc which share bonds to silver
surfacc atoms with subsurface oxygen atoms
become highly polari/.ablc. When exposed to
ethylene, the interaction of the surface oxygen
atoms with thc n electrons of ethylene leads to a
flow ofelectron density from thc surface oxygen
®om to the positively chargcd surface silver
*tom |592]. The surfacc oxygen atoms behave
Chemicall\ as clcctrophiltc oxygen atoms,
«=bicli preferentially react with thc part of thc
=eactant molecule having thc highest electron
<density. This situation is most likely at high
“*ygcn coverages, consistent with the experi-
mental observation thal thc epoxidation selec-
®vity is dramatically enhanced by increasing
**ygen coverage [593]. Scheme 2 illustrates

scenario [587[. At low oxygen coverages

the density of subsurface oxygen atoms is also
reduced so that the polari/ability of oxygen
atoms adsorbed on thc external surface is re-
duced. Consequently, these oxygen atoms be-
have as nucleophilic oxygen atoms and lend
to interact preferentially with hydrogen atoms
of the ethylene molecule, thus leading to total
oxidation. This situation is schematically shown
in Scheme 3 [587]. Therefore, epoxidation
selectivity must decrease with decreasing oxy-
gen coverage. The fact that vacant silver sites
exist in the vicinity of an adsorbed oxygen
atom at low coverage (see Scheme 3), is also
detrimental.

Thc influence of alkali metal and chlorine
modifiers is complex. Thc effect of chlorine is
twofold: (1) it suppresses vacant silver sites, and
(2) it enhances the electron deficiency of silver.
The latter effect is due to the ability of chlorine
to also occupy subsurfacc positions [594] and
thus to adopt the role of subsurfacc oxygen as
illustrated in Scheme 4 [587]. These effects
improve thc initial selectivity I|/r2 (r, denotes
a reaction rate, sec Scheme 1). The overall
selectivity is also reduced by subsequent com-
bustion of thc epoxide (r} in Scheme 1), partic-
ularly at high conversions. The combustion
of the epoxide is induced by the residual
acidity of the a-AbO, support. The presence

Hs H H
cC-C H H
H" g QI\éC
An  Ag  Ag,
o
X-C; " 2COj * 2HjO

Ag Ag Ag Ag Ag Ag

X
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of alkali metal reduces the density of acid sites
and thus has a beneficial effect on selectivity by
blocking reaction step ry

The rate-limiting step of the epoxidation
reaction is the dissociative chemisorption of
dioxygen. Alkali metal compounds enhance the
dissociation rate of dioxygcn by reducing the
activation barrier, and consequently the alkali
metal modifier enhances the epoxidation rate
as its coverage increases (587). Interestingly,
when a chlorine-modified catalyst is promoted
by alkali metal compounds, the reaction rale
decreases, and this is suggestive of an enhance-
ment of the steady-state concentration of ad-
sorbed chlorine, which leads 10 site blocking.
Therefore, there is a very subtle interplay be-
tween the two additives which must be carefully
controlled to optimize conversion and selectivity
of the ethylene epoxidation reaction.

Details on the catalytic and engineering as-
pects of ethylene epoxidation can be found
in [148*595]. The reaction is carried out in
multitubular reactors in the gas phase, either
with air or with pure oxygen, at residence times
of about | s. temperatures between 230 and
290 °C and pressures between | and 3 MPa. In
the earlier air-based process, a series of two or
three reactors was employed. The ethylene con-
version in the first reactor is kept relatively low
(ca. 401c) to maintain high ethylene oxide se-
lectivity. while the following reactors are used to
increase the overall ethylene conversion. Mod-
ern ethylene oxide processes use pure oxygen in
a single-stage reactor in recycling mode. In
contrast to air-based processes, ethylene con-
centrations are relatively high (25 - 30 vol Ci
in order to stay above the upper flammability
limit of the reaction mixture. The oxygen pro-
cess gives rise to higher ethylene oxide yield.

smaller equipment size, and smaller amount of
vent gas and is therefore nowadays preferred
over the air-based process.

The epoxidation ofpm pene with dioxygenK
unfavorable because of the enhanced reactivity
of the methyl group for nucleophilic attach
Activation of the methyl group leads to the
ally! or combustion of the propylene epoxide
Altemative oxidants are hydrogen peroxide or
hydroperoxide (- Propylene Oxide-Indirect
Oxidation Routes). The reaction of propcnc
with hydrogen peroxide yields the target prod-
uct propylene epoxide and water (Eq. 41).

HjO, + HjC C=CH:
H

H | @)
IjO * HjC-C-CH
o

The preferred catalyst for this reaction is
titanium silicalite-1 (TS-1) (see Section Metal
Oxides =in which four coordinate Ti4+plays the
decisive role [596]. Although the exact nature of
the reaction intermediate is not known yet.
hydrogen peroxide may coordinate nondisso-
ciatively to a Lewis acidic tetrahedral Ti4' site
as shown in Scheme 5. This induces electron
deficiency on the oxygen atoms of the peroxi-
des, which is favorable for epoxidation. An
analogous reaction path has been proposed for
the homogeneous epoxidation of propcnc by
peroxides [587).

The development of technical processes
based on hydrogen peroxide and TS-1 catalysts
has recently been reviewed [597]. These HPPO

C-CH,

H,.C o

Scheme 5.
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sses have been developed further by De-
and Uhde. as well as by BASF and Dow.
iihl startup of first production plants is sched-
uled for 2008 15981 Dcgussa and Uhde have
j)so investigated the gas-phasc epoxidation of
ptopenc. Due to the safety risks associated with
mixtures of gaseous propene and hydrogen
peroxide as well as the danger of hydrogen
peroxide decomposition during evaporation,
new technical concepts based on microstruc-
mred devices had to be developed (495). High
Kpductivitics of more than | kg of propylene
oxide per kilogram of catalyst and hour could be
obtained at high propane-lo-propcnc oxide se-
lectivity of more than 90 @ . If the decomposi-
tion of hydrogen peroxide can be significantly
leduced. the gas-phasc process could become
interesting alternative to the commercial liquid-
ph.'sc processes.

8.4.1.2. Ammoxidation
m/109.6001
Inammoxidation. ammonia reacts with a reduc-
ible organic molecule, most frequently an al-
kene. alkanc. or aromatic, in the presence of
dioxygcn to yield nitriles (e.g., Eq. 42).

of Hydrocarbons

2CH; =CRCHi+2NHt 302-2CH2

= CRCN -6 H20 42)

The ammoxidation of an alkcne is a six-
electron oxidation that produces an unsaturated
nitrile and water. The reaction is related lo the
four-electron oxidation of alkenes (Eq. 42) [75]
producing unsaturated aldehydes and water, and
to the two-electron oxydehydrogenation of al-
kencs to dienes and water (Eq. 43) [75].

CH2 =CRCH, +0j—CH2 = CRCHG + HjO

2CHj =CHCH2CHZR + O j—*2CHj

=CHCH = CHR +2HjO  (43)

| Catalysts for these reactions are complex
ntixed metal oxides containing' ariablc-valcncc
elements (see Section Metal Oxides), the am-
rooxidation catalysts typically being the most
Complex These materials possess redox prop-
eties, i.e, they can readily be reduced by
emmonia and reoxidized by dioxygen present
W the gas phase It is the lattice oxygen of the
m Uyst which reacts with ammonia and the

hydrocarbon, and the reduced solid is reoxi-
dized by gas-phasc oxygen (Mars - van Kreve-
len mechanism [601], see also [200]).

The most important alkcne ammoxidation is
that of propene to acrylonitrile (Sohio Acryloni-
trilc Process. Eq. 44; see also —* Acrylonitrile
Quality Specifications and Chemical Analysis)
[586]

2CHj = CH-CHj + 2NHj +30j—»2CH2

= CHCN+6HD (44)

Molvbdates and antimonalcs can be used as
catalysts for this reaction. The active sites are
thought to have bifunctional nature [63.602,603|.
A generalized catalytic cycle for alkcne ammoxi-
dation is shown in Figure 28 [63[. Ammonia is
proposed lo interact first with the bifunctional
active site generating an ammoxidation site. The
alkene coordinates lo this site to form an allylic
intermediate. After several rearrangements and
oxidation steps, the surface intermediate is trans-
formed into the nitrile. which subsequently des-
orbs. A reduced surfacc site is thus formed,
which is restored to its original fully oxidized
state by lattice oxygen O2 , which is provided by
adjacent reoxidation sites. These sites then dis-
sociate dioxygen lo lattice oxygen. The newly
formed lattice oxygen then diffuses lo the oxy-
gen-deficient reduced surface site, from where
vacancies simultaneously penetrate through the
lattice of the solid to the reoxidation sites. Clear-
ly. these sites must communicate with each other
via acommon solid-state lattice which is capablc
of facilc transport of electron, anion vacancies,
and lattice oxygen [63]. As an example, the
proposed bifunctional active site of Bi2MoOh
(see Section Metal Oxides) is schematically illu-
strated in Figure 29[213]. The various function-
alities were assigned to specific elements and lo
specific lattice oxygen positions. Bndging oxy-
gen atoms Bi O -Mo arc considered to be re-
sponsible for a-hydrogen abstraction from the
alkene. while oxygen aloms associated with Mo
arc responsible foroxygen(Mo=0) and nitrogen
(Mo=NH) insertion into an allylic intermediate.
The oxygen dissociation and its reduction to
lattice oxygen is assumed to occur in lhe
region of high electron density generated by the
two lone pair electron orbilals of Bi-O-Bi
sites. More easily reducible elements than Bi
are Fe. Ce, U. and Cu, which are components of
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+2Hjo cowpk*

Figure 28. Generalized mechanistic cycle for alkene anoxidation

more complex, multicomponent catalysts (see
Section Metal Oxides) [63). As an illustration of
the mechanisms of ammoxidation and selective
oxidation of propene. Figure 30 shows thc pro-
posed catalytic cycles for thc two reactions (604].

More recently, selective catalytic oxidation
and ammoxidation of alkanes as lower cost
alternatives to alkcncs has attracted consider-
able interest [600.605]. Multicomponent metal
oxide catalysts have been intensively studied.
Promising results have been obtained especially
with the MoV - TcNbO system, both for oxida-

te

ol T 'o
O_Mﬁo,nd
cr I"cr
B,-a

Kiliurr 29. Schematic rrprrsmutum of thc active utc of
Bi:MoOf, |446]

O' - Oxygen refmuhle fora Il abstraction: O * = Oxy-
gen associated with Mo; re%ponsiNe lor oxygen insertion
into the allylic intermediate. / = Proposed center for O,
reduction and dissociative chcmisorptnm.

tive dehydrogenation of ethane to ethylene and
for ammoxidation of propane to acrylonitrile.

8.4.2. Hydroprocessing Reactions 49,273,
274.606,607-148]

(see also —* Oil Refining-Environmental Pro-
tection in Oil Refining)

Hydroprocessing treatment, including hy-
dmdesulfuri/ation (HDS). hydrodeniirogena-
tion (HDN), hydrodeoxygenation (HDO).
hydrometalation (HDM). hydrogenation, and
hydrocracking, are among the largest industrial
processes in terms of catalyst consumption.
Crude petroleum contains particularly organo-
sulfur and organonitrogen compounds, which
are most abundant in heavy petroleum fractions.
These contaminants must be removed for envi-
ronmental reasons. Thc reactions take place w
thc presence of H2 at high temperature' (ca-
600 - 700 K) and pressures of 500 kPa 10
1 MPa. Because of thc lower reactivity ol 1If
ganonitrogen compounds as compared to orga
nosulfur compounds, the reaction condition' *«*
more severe for HDN than for HDS.

Catalysts for hydroprocessing are highly ®
pcrscd metal sulfides (mainly MoS2 but 3 4
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W S2 supported on 7 -Al10O,. The materials are
promoted hy cobalt or nickel, depending on
application

Although the detailed mechanisms have not
ye» been elucidated, significant progress in un-
derstanding the chemistry of the various hydro-
processing reactions at a molecular level has
been made 149.273.274.607,608|. In the follow-
ing. however, the focus is on reaction networks
of several hydroproccssing reactions with pseu-
do-first-order rate constants for indiv idual reac-
tion steps.

The organosullur compounds in petroleum
include sulfides, disulfides, and aromatics (in-
cluding thiophene. ben/othiophene. dibenzo-
Aiophene. and related compounds). Ben/o- and
Hbeazothiophcnc arc predominant in heavy
jt*els. The reaction network for hydrodesulfure
ttation of dibcn/othiophene. a representative
mtember of organosullur contaminants in fuel,
=«shown in Figure 31 |609]|. Hydrogenation and
fcdrogenolysis take place in parallel. The latter
=taction is essentially irreversible and leads to

formation of H ;S and biphenyl. At low HZS

_—hitrations in the feed, the sulfide catalysts
*** highly selective for hydrogenolysis. The

selectivity, however, drops sharply as the HZ2S
concentration in the feed increases.

Hydroprocessing reactions accompanying
hydrogenation andhydrodesulfurization include
hydrodenitrogcnation. whereby organonitrogen
compounds in the feed react with H2to give NHi
and hydrocarbons. As an example, a reaction
network for the hydroproccssing of quinolinc is
shown in Figure 32 (606). The supported metal
sulfide catalysis are much less selective for
nitrogen removal than for sulfur removal.

Hydroproccssing reactions are earned out in
different reactor types (610). The most common-
ly used is a fixed-bed reactor operated in the
trickle-flow regime with cocurtewws up-or down-
fiow of gas and liquid. Alternative reactor de-
signs are moving-bed and cbullatcd-bcd reactors
with greater flexibility, e.g.. owing to easy re-
placement of spent catalyst during operation.
Recently, structured packed columns of mono-
lithic catalysts operated in countercurrent mode
ate gaining importance in hydroprocessing re-
search. because higher conversions can be ob-
tained. A future trend is the development of
processes for the treatment ofincreasingly heavy
oils and of various residues [611].
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Figure 31. Reaction network for hydnxiesulfurization and hydrogenation of dihenzothiophene catalyzed by \ulfided Co -

Mo/AU), at 570 K and 10 MPa |609|
Numbers next to the arrows represent the pseudtvfirst-order rate constants in units of L/(g of catalyst s) when the H"S
concentration is very small. Addition of H?S markedly decreases the selectivity for hydrodesulfurization.

Figure 32. Reaction network for hydngenation and the hydrogenolyu* ot quinolme catalyzed bv ftulfided Ni - Mo/T*10 '

at 620 K and 35 MPa (ANA]
Numbers next to the arrows represent the pseudo-first-order rate constants in units of L/(g of catalyst s) when tI* -

concentration is small but sufficient to maintain the catal)st\ in the sulfiiied forms.
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£5. Environmental Catalysis

j_5.1. Catalytic Reduction of Nitrogen
0 xides from Stationary Sources [313]

fossil fuels such as coal. oil. gas. and others arc
bumt or gasified for energy conversion. In
Astern European countries and Japan mea-
jures have been implemented since 1980 for
fancing emissions, especially of NO, from
power plants. The preferred method to remove
N o, from exhaust gases of power plants, indus-
trial boilers, and gas turbines is based on the so-
calleil selective catalytic reduction (SCR) with
ammonia in the presence of oxygen. The stoi-
dliometr\ of the main desired reactions can be
‘described as follows:

.»4NO*4NH,-0:-4N:*6H :0(standard

SCR)
6NO;-8NH,-«7N;+I2H,0 (NO: SCR)
NO-NO; +2 NH<—2Ni+3 HIO (fast SCR)

The standard SCR reaction is most important
if NO, originates from high-temperature com-
bustion processes, where very little NO; is
present. How ever, in exhaust streams containing
higher amounts of nitrogen dioxide, the fast
SCR reaction, which proceeds at least ten times
faster than the standard SCR reaction, may
become the predominant reaction (612].

| At higher temperatures above ca. 450 C, the

teducing agent ammonia reacts with oxygen in

i undesirable parallel reaction to give the pro-
ducts N;, N;0. or NO. On the other hand, at
* temperatures below 200 °C, ammonia and NO,
may form solid deposits of ammonium nitrate
and nitrite.
The SCR of nitrogen oxides was first carried
out with Pt catalysts [613]. Due to the high
nitrous oxide selectivity of this catalyst, base
=total catalysts have been developed for NO,
K deduction. Vanadia supported on titania (in the

enatase form) and promoted with tungsten or
m molybdenum oxide exhibits the best catalytic
| properties. While BA SF was the first to describe
m Vanadia as active component for SCR [614],
i~ " ?02-suppc>itod vanadia tor treatment of ex-
haust gases was developed in Japan [615]. Ana-
**sc is the preferred support for SCR catalysts

for two main reasons. Firstly, it is only moder-
ately sulfated under real exhaust gas conditions,
and catalytic activity even increases after sulfa-
tion [616]. Secondly, vanadia is able to spread in
thin layers on the anatase support to give highly
active structures with large surface area. How-
ever. the amount of vanadia in technical cata-
lysts is limited to only a few weight percent,
because it is also catalytically active for SO;
oxidation.

The mechanism of the standard SCR reac-
tion over vanadia-bascd catalysts is generally
assumed to proceed via an Eley - Rideal
mechanism involving adsorbed ammonia and
gas-phase NO. Based on this mechanism, the
following rate equation can be derived that
has been successfully used to model the SCR
reaction.

rso = Kkm ~NHjCNRiQ*)
(I+A’nh.cnh,)

Water vapor has an additional inhibiting
effect on the rate of NO removal. In recent
studies, it was also possible to model and simu-
late the transient behavior of SCR catalysts
exposed to changes in reactant concentration
and temperature [313].

As the rate of the SCR reaction under indus-
trially relevant conditions is quite high, external
and intraparticle diffusion resistances play an
important role, especially for the frequently
used honeycomb monolith or plate-type cata-
lysts operating in laminar flow regime. These
geometries must be used to minimize the pres-
sure drop over the catalyst bed. Monolithic
elements usually have channel sized of 3 -
7 mm. cross sections of 15 x 15cm, and
lengths 0f70 - 100 cm. Monoliths or packages
of plate catalysts arc assembled into standard
modules, which arc then placed in the SCR
reactors as layers. These modules can be easily
replaced to introduce fresh or regenerated
catalysts.

SCR reactors can be used in different con-
figurations. depending on fuel type, flue gas
composition. NO, threshold, and other factors.
The first possibility is the location directly after
the boiler (high-dust arrangem ent) where the
flue gas usually has the optimal temperature for
the catalytic reaction. On the other hand, dust
deposition and erosion as well as catalyst deac-
tivation arc more pronounced than in other
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configurations. A second possibility, which is
common in Japan, uses the SCR rcaclor after a
high-temperature electrostatic precipitator for
dust removal (hm -Just arrangement). In that
case catalyst damage by dust can be prevented.
On the other hand, ammonium sulfate deposi-
tion. which in the high-dust configuration mainly
takes place on the particulate matter in the gas
stream, may become more critical. For this
reason, especially low limits For ammonia slip
must be met. Finally, the SCR reactor may be
located in the cold part after the flue gas desul-
furi/ation unit in the so-called tail-end arrange-
ment. To achieve the required reaction tempera-
ture. the exhaust gases must be reheated by
means of a regenerative heat exchanger and an
additional bumer. On the other hand, catalysts
with very high activ ity can be used, since poisons
arc absent and SO? oxidation need not to be
considered.

New promising catalysts for the removal
of nitrogen oxides are iron-exchanged zeolites
(e.g., MF1. BEA). Although field tests in flue
gases of power plants have shown quite strong
deactivation. Dotably by mercury [617], these
catalysts appear to be especially suited for
“clean" exhaust gases such as in nitric acid
plants. Advantages of iron zeolite catalysts are
a broader temperature window for operation
and the ability to reduce N2 emissions as
well. Uhde has recently developed the EnviNO,
process for simultaneous reduction of NO, and
N;0. which uses iron zeolite catalysts provided
by Siid-Chemie [618].

8.5.2. Automotive Kxhaust Catalysis |619-
622]

This section focuses on the catalysis-related
items of automobile emission control. A more
detailed discussion considering all aspects can
be found in -* Automobile Exhaust Control.
Internal combustion engines in automobiles
represent a major source for the emission of
NO,. CO. and unbumt hydrocarbons (HC).
while diesel engines contribute to the emission
of soot as well. The most appropriate way lo
minimize these air pollutants is the modification
of the combustion process. Aside from these
primary measures, current legislative emission
standards can only be met by additional, sec-

ondary measures for exhaust purification h
application of catalysts. The importance of cn
vironmental catalysis will further increase
future due to the tightening of emission limj,
and an increasing number of automobiles. A]
ready today (ca. 2008). environmental app]|ta.
tions exhibit aworldwide market share of 35 <
among all catalytic processes, and more than
70 x 10* automotive catalyst devices are pro-
duced per year.

The catalytic system used for aftertrealment
of the exhaust gas primarily depends on the fuel
(gasoline, diesel, biofuels) and the operating
conditions. In principle, a distinction is mede
between stoichiometrically operated gasoline
engines, lean-operated gasoline engines, and
diesel engines producing different major pollu-
tants. namely. CO/NO,/HC. NO,, and NO"soot.
respectively.

Three-Way Catalyst The most frequent
type of catalytic converter in automobiles is the
three-way catalyst (TWC) for stoichiomelri-
cally operated gasoline engines with an annual
production of over 60 x 106 units. TWC sys-
tems have been applied in gasoline engines
since the 1980s and contain PI/Rh or Pd/Rh in
the mass ratio of approximately 5/1with a total
loading of precious metals of ca. 1.7 g/L. The
TWC simultaneously converts NO,, CO. and
HC to N2 C02 and HD [619 -623]. The
catalytic components are supported by a cor-
dierile honeycomb monolith coated with high
surface area 7 -A120 3 This washcoat layer ad-
ditionally contains thermal stabilizers, for in-
stance. La20i. as well as the oxygen-storage
component Cc02 Ccria is able to release oxy-
gen under rich conditions and thus maintain
HC and CO abatement and avoid the emission
of H2S. The TWC process exclusively occurs
within a narrow range of 0 2 content that is
close to stoichiometric combustion conditions,
i.e.. when the air coefficient /.ranges from 0.99
to 1.01. To realize these conditions an oxygen
sensor is used which measures the air coeffi-
cient of the exhaust stream and forces the
engine management system to regulate the
air/fuel ratio. The TWC process involves a
complex network of numerous elementary re-
actions [624], whereby the effectiveness <
the catalyst is closely related to the specif*-
activity ofIne precious metals and their surface
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~fcverage. The transfer of TWC technology to
ANL*bum gasoline and diesel motors is prob-
lem atic because of the insufficient NO, abate-
ment. This is associated with thc lower raw
~Bfcsionsofreducing agcntsas well as the high
Eontcni o fO 2 which enhances oxidation of HC
and CO and thus suppresses NO, reduction.
Bbcrelorc. alternative concepts arc required for
the reduction of NO, under Ican-burn condi-
tions. For this purpose selective catalytic re-
duction by NH, and NO, storage and reduction
analysts arc being considered in thc automo-
tive industry.

Selective Catalytic Reduction ISCR)0o fSO ,
by Ammonia. The SCR procedure is thc
only technique that selectively converts NO, to
N2 even under strongly oxidi/.ing conditions.
Thus, SCR has been considered as the technol-
ogy of choice for NO, removal in lean-bum
f engines. Indeed, the SCR proccss covers the
Relevant temperature range of diesel engines and
provides effective NO, abatement. Thus. SCR
hasadvanced to a state-of-the-art technology for
rfceavy-dutv vehicles. However, in mobile appli-
cations the storage of NH, is a problem. There-
fore. an aqueous solution of urea (32.5 wt %)
called AdBlue is currently used. Thc urea solu-
tion is sprayed into the tailpipe, where ammonia
Ik produced after thermolysis and hydrolysis of
the vaporizing urea - water droplets. Current
research focuses on optimization of thc dosing
system and thc development of vanadia-frec
[catalysts, tor instance, bv substitution with
Fe-ZSM5 zeolites [622]. Alternative reducing
agents such as hydrocarbons and hydrogen has
been discussed as well.

N O, Storage Reduction Catalysts NO,
i Moragc reduction catalysts (NSC) were origi-
nally developed for lean spark-ignition en-
gines and are currently being transferred to
diesel passenger cars. The NSC procedure is
based on periodic adsorption and reduction of
NO, [625|. Thc catalysts consist of Pt. Pd. and
Rh in thc mass ratio of approximately 10/%/1
«'ith a total precious metal load ofca.4gL 1
NSCs contain basic adsorbents like Al20,
910 {L = CeO: 98clL )
(2VglL * as BaO equivalent) [626]. In the
lean phase of thc engine (general operation
mode), NO, of thc exhaust is adsorbed on thc

basic components of the NSC. mainly on
barium carbonate to form the nitrate. When
the storage capacity is reached, the engine
is operated under rich conditions for a few
seconds to give an exhaust containing CO.
HC. and H2 as reducing agents for catalyst
regeneration (back-transformation of thc ni-
trate to thc carbonale).The effect of thc Ba
component is lo adsorb NO, at temperatures
above 2SO0 C. whereas substantial storage is
also provided by AlI20, and CeO2 at lower
temperatures (626].

Catalytic CO oxidation Catalytic CO
oxidation is an essential reaction of TWC and
NSC and has also applied in diesel engines
since the 1990sin thc so-callcd direct oxidation
catalyst (DOC). Furthermore, the catalytic
abatement of CO is also a state-of-the-art tech-
nology for gas turbine engines fed by natural
gas. DOCs usually contain Pt as an active
component showing outstanding performance.
Thc expensive platinum can be substituted by
thc less active but cheaper palladium. Thc
precious metal load ofa DOC isca. 3gL 1
DOCs also oxidize gaseous HC and HC ad-
sorbed on soot particles.

Removal of Soot The diesel particulate
filter (DPF) is used for thc removal of soot from
diesel exhaust. DPFs mechanically separate
the particles by forcing the exhaust gas to
diffuse through porous walls thus leading to
high Filtration efficiency [627]. Thc DPF ap-
plication requires regeneration, i.e., oxidation
of the stored soot particlcs. Soot deposits can
produce a substantial backpressure leading to
increased fuel consumption and decreased en-
gine efficiency. The preferred method for DPF
regeneration is the CRT (continuously regen-
erating trap) technology involving the initia-
tion of soot oxidation by NO: produced by
oxidation of NO on Pi catalysts, as in NSC
and SCR. The Ptcatalyst can be applied in form
of a prccatalyst. and coating on thc DPF. Fur-
thermore, so-called fucl-bome catalysis
(FBC). which are organomctallic compounds
based on Ce or Fe. e.g., ferrocene, can be added
to the fuel [628]. FBCs also decrease soot
emissions from thc engine by direct oxidation
of soot in the engine. Additionally, they are
embedded in the soot particles.
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