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Outline

Introduction and general aspects

Interfacial chemistry — Electrostatic adsorption

Impregnation and drying

Sol-gel chemistry processing

Deposition — Precipitation — Coprecipitation

Shaping of solid catalysts — Monolith-based catalyst
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Outline

Zeolite-based catalysts

Characterization — High throughput experimentation

Case studies:

- Noble metal catalysts
- Methanol catalysts

- Hydrotreating catalysts
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Outline

Introduction and general aspects

1) Importance and development of solid catalysts

2) What is catalysis ?
A short introduction
Surface reactions, physisorption, chemisorption

Kinetics and catalysis

3) What is a solid catalyst ?
Preparation : carrier, precursor, active phase

Characterization : surface area, metallic area, sg, porosity
Active centers : stability, activity, selectivity
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Importance and development of solid catalysts: somedoks

Preparation of B catalver
Solid Catalysts @ PREPARATION

Science and Engineering

Edited by
G. Ertl, H. Knézinger, J. Weitkamp
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ortance and development of solid catalysts: somedoks

Edited by G. Entl, H. Knbzinger, HWILEY-VCH ; - s §
F. Schath, |. Weitkamp Edited by Krijn P. de Jong VWILEY-VCH

Handbook of
Heterogeneous Catalysis

Second, Completely Revised and Enlarged Edition

Synthesis of
Solid Catalysts

Volume 1
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Importance and development of solid catalysts

*About 85 % of all chemical processes make use ofysasal
*All molecules of modern fuels have been confronted at ébktone catalyst

World catalyst demand and forecast (billion US &fydy application
[de Jong, 20009

2007 2010 |2013
Refining 435 |4.98 |5.85

Petrochemicals 3.03 3.64 4.34

Polymers 3.24 3.75 |4.30

Fine chemicals/other 1.47 1.59 1.70

Environmental 5.51 6.28 6.93
Total 17.6 20.2 23.1
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Importance and development of solid catalysts

Chemical Application reaction Catalyst
CH,, CH, hydrocarbon cracking PU/SIAILO,
H,SO, SO, +0.50 =2 SO, H,SO, V.0

Ammonia N, + H, = NH, K,O/Fel/ALO,
Nitric acid NH; + O, =2 NO, = HNO, Pt-Rh
Saturated chemicals hydrogenation Ni/SIO
Polymers polymerization Cr@sio,
Epoxide CH,+ O, CH,O Ag/a-Al O,
Methanol CO + 2 H=>» CH,OH Cu/ZnO/ALO,
Fuel, gazoline hydrotreating CoMg$-Al O,
Gazoline Fischer-Tropsch synthesis Co/siO
Gazoline hydroisomerization Pt/mordenite
Gazoline catalytic cracking Zeolite Y based
Clean air NQ abatement VO/TIO,
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What is catalysis? The Past

 Use of catalytic reactions since ancient time buirecognized due to the lack of
scientific knowledge. Ex.: fermentation to produdeagiol.

«  CgH;,04(aq) 2 2 CHOH(l) + 2 CO(9)
e Use of sulfuric acid to catalyze the synthesis ofhgiether (18' century).
e 2 CH OH(l) = C,H.-O-CH,(I) +H,0O()
e Production of sulfuric acid using nitrogen oxide8"{tentury).

19" century. Discoveries in chemical reaction rates
(Humphry Davy, Michael Faraday

The Davy lampcan burn methane without flame
CH,+20, - CO,+2HO0O

use of platinum gauze to control this reaction

without flame propagation

=» First use for human safety: the presence of metharkeetsoc
In mines could be detected before the explosion heagppe

(- T — HL‘Ji

dig. 192. Davyjdie Siderheitdlampe
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What is catalysis? The definition of catalysis

J. Berzeliusntroduce the word "catalysis" in 1836.
Catalysis derived from Greek rootsta = down,lysein = split or break
Example: decomposition of B,:

H,O,(I) = H,O(l) + 1/2 O(g)

“Catalytic poweiactually means that substances are able to awélkeities
which are asleep at this temperature by their ma¥sence and not by their o
affinity.”

Usually accepted definition:

A catalystis a substance that increasesrtite at which a chemical system
approachesquilibrium , without being consumed in the process.

Catalysisis the phenomenon of a catalyst in action.
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What is catalysis? The definition of catalysis

The original text (translated in English)

"This is a new power to produceemical activitybelonging to both inorganic and
organic nature, which is surely more widespread tamave hitherto believed and the
nature of which is still concealed from us. Whenll it@ new power, | do not mean to
imply that it is a capacity independent of tiectrochemical propertied the substance.
On the contrary, | am unable to suppose that thisytheng other than a kind of special
manifestation of these, but as long as we are unallscover their mutual relationship,
will simplify our researches to regard it as a segapatver for the time being. It will also
make it easier for us to refer to it if it possesseamenof its own.

| shall therefore using a derivation well-known hemistry, call it theatalytic power of
the substanceand the decomposition by means of this povegslysis just as we use the
word analysisgo denote the separation of the component partschébdy means of
ordinary chemical force€atal ytic power actually means that substances are able to
awaken affinities which are asleep at this temperature by their mere presence and not by
their own affinity.

FTOPUIAUUTT UTTUTITRT y Ot OO, TVIATOTT TR O TIT & U e C




What is catalysis? Classification of catalytic systems

Heterogeneous catalysis (80 wt.-%)

The reactants and the catalyst are present irreiffgphases:
=» reactants: gas or liquid phase
=>» catalyst: solid phase

The catalytic reactions happen at sheface of the solid

Homogeneous catalysis (17 %) and biocatalysis (3 %)

The reactants and the catalyst are present irathe phase : liquid phast

The catalyst is aolute of the system
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What is catalysis? Surface reactions

Difference betweembsorption and adsorption

ABSORPTION ADSORPTION
=» An adsorption is asurface reaction

The solid is theadsorbent The molecule is the adsorbate
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What Is catalysis?

Mechanism of catalytic reactions

The essence of catalysis isc@cle of reactions that consumes the reactants, forms the
products and regenerates the catalytic species for aweycle [Bond, 1987].

A reaction takes place on B

The surface, but the :

. : 2 &
species involved in the . internal
reaction must geb and 5 diffugion
from the surface - 3

--------------- L e

Seven steps involved in a
heterogeneous catalytic
reaction

Catalylic surfocs
Limiting steps:

Chemical reaction at surface => rate limitation through chemistry 4
Transport of molecules to and from surfae® rate limitation through diffusion 1, 2, 6,




What is catalysis? Volcano plot

Which metal is the best catalyst for a
given reaction ?

The catalytic activity is inversely related
the strength of chemisorption of t
reactants providing that adsorption
sufficiently strong for the adsorbate
achieve high surface coverage.
(Balandine, 1925)

[

Surface coverage

<

— e Gt E— ST SeSD EES Smme S— p

{& Adsorption =

Ad ti
too weak QZ o EJ‘>

too strong

The volcano curve:
dependence of catalytic activity up
strength of reactant adsorption (lower p
and the corresponding variation in surfz
coverage (upper part).

Catalytic activity

Parameter measuring strength of adsorption
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What is catalysis? An example of volcano plot

Temperature for 50 % decomposition
Catalytic decomposition of formic acid

in gas phase
HCOOH(g) = H,0O(g) + CO(g) Ptair

400

T/IK

500

A volcano diagram.
The reaction temperature for a set ratej of
formic acid decomposition is plottep 600 L
against the stability of the correspondilg -25 _360 — 4'50
metal formate, as judged by enthalpyfof PN -1
formation. AH=/(kd mol™)

[Bond 1987]
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Outline

Session |- Catalysis and Catalysts

1) What is catalysis ?
A short introduction

Surface reactions, physisorption, chemisorption
Kinetics and catalysis

2) What is a solid catalyst ?
Preparation : carrier, precursor, active phase

Characterization : surface area, metallic area, sg, porosity
Active centers : stability, activity, selectivity
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What is a solid catalyst ~ Characteristics

High surface area
Low pressure drop
e High number of active sites

Classification of heterogeneous catalysts
Class Functions Examples
Metals, alloys hydrogenation Fe, Ni, Pd, Pt, Ag
conductors dehydrogenation

hydrogenolysis

Oxides and sulphides block d oxidation NiO, ZnO, MnO2
Semiconductors dehydrogenation ,Gf, Bi,O;-M0oO,
desulphurization WS

Insulator oxides blocks s and p  dehydration ,AAl SIQ,, MgO

Acids, zeolites polymerization O,, H,SO,
Isomerization SIQAILO,
cracking, alkylation
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What Is a solid catalyst

The periodic table

1

Li
Na
K
Rb
Cs
Fr

| s block

lanthanides Eu | Gd

actinides Am|Cm

f block
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What Is a solid catalyst

Metal dispersion

For metal catalysts:

number of surface atoms

Dispersion = 000000000000
total number of metal atoms

Clusters of atoms with single cubic pack
having 8, 27, 64, 125 and 216 atoms.

In an 8-atom cluster, all the atoms are on
surface. However, the dispersion declines rap
with increasing cluster size [Somorjai, 1994].

e
ly

1 nm

Dispersion (D)
o

2 nm

v T - L] M T L}
4] 1000 2000 3000 4000
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What is a solid catalyst ? Semiconducting oxides

Example: manganese oxic
(decomposition of ED.)

\/. | TX?] 2x2)

Polymorphs of MNQ  mmmg)>
1 1t |
[Thomas & Thomas, 1997 X nnes

2X3 3x3

(a) Pyrolusitg3-MnO, has the rutile structure;

(b) ramsdellite-MnO, has the structure of the mineral diaspore;

(c) hollanditea-MnO, has tunnels circumscribed by a 2 x 2 arrangemeetgé-sharing octahedra;
(d) romanechite displays 2 x 3 tunnels;

(e) todorkite displays 3 x 3 tunnels.

=2 What is the best structure for the decomposition of hydrogermeroxide?
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What is a solid catalyst ~ Insulator oxides

Alumina
Linked octahedra icorundum a-Al,O,. The Al atoms are at the centers and the O atoms§ at
the corners of the octahedra. (U. Miller, Inorgatmactural chemistry, Wiley, 1992, p. 17

=» Low specific surface area

=» High thermal stability
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What is a solid catalyst -

Silica

Schematic representation of a dehydrat
but fully hydroxylateccolloidal silica
particle. The 4" oxygen coordinated wit
Siis above or below the plane. The Si-
Si bond angle may vary, but the Si-O
distances are constant.

(H. Bergna, The Colloid Chemistry of
Silica, ACS, 1994, p. 9.)

=» Low thermal stability
=» Large specific surface area

Preparation of catalysts 1
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What is a solid catalyst - Zeolites

Sodalite unit

Sodalite unit

Aluminosilicates
Zeolite frameworks buit up fror
sodalite units:

(a) sodalite,

(b) A-zeolite,

(c) faujasite (X- and Y-zeolite).

(L. Smart, E. Moore, 'Solid Sta
Chemistry', Chapman et Hall, 1992)

-~

(b)

- Sodalite unit
=» Low thermal stability

=» Very large surface area

Large cavity

(©)
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What is a solid catalyst 7§ Preparation of metal supported catalysts

=» Impregnation of the support with the precursor of theactive phase.

Support: high surface area oxide (100 - 408qn), high internal porosity (1 mL:3$.
Precursor: soluble in the solvent and firmly bonded on thdae after the impregnation.
Active phase obtained after transformation of the precursatiyation of the catalyst).

Ex.: Shell 405 catalyst for NH, decomposition
Support: gamma alumina, specific surface area: 100-28¢
Precursor: hexachloroiridic acid KrCl, in agueous solution.

Impregnation procedure: wetness impregnation procedure. The volume ointipeegnating
solution corresponds to the volume of the porosity.

Drying: fixation of the precursor on the hydroxyl groupegent at the alumina surface.
Activation, reduction in H, formation of iridium crystallites onto the surfadeatumina.
The procedure is repeated in order to obtain theatrd load on the alumina surface.
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What is a solid catalyst 7§ Preparation of metal supported catalysts

Two procedures for the impregnation: | Precursor  Reduction  Metal
« Impregnation with a solution excess; . - crystallites  stage particles
= Dilute solution. Impregnated Drying ==} [= =i=) =
« Wetness impregnation; - support. stage === ===
=» Concentrated solution P — fast —|l=| = — —ll=| |—=
Dilute‘ E___——— E A T P
-———j—-—g__,i-— slow —H=F |= e | o o
—H=f]=  fast —:_:_:.:E - ::':
Concentrated-[]-- ] — 1—*_‘——-'> ——|d—| 4-— :> .
solution | F— _ q:: o | ‘___—I: —

i

lllustration of the stages in the preparation of sufgabmetal catalysts:

the pores of the support are initially impregnatethvaither a dilute or a concentratec
solution of the metal precursor [88-B].
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Forms and shapes of catalysts

What Is a solid catalyst

Various forms of coarse catalyst particles [Bond, 1987]

th

Active catalyst

sphere packing

0 IR

Fo%s detededed
950005¢

S5

Honeycomb monol

(1) 15
5 ©
= =
b ©
e . —
&4 S
o
i
~
i

Influence of the shape on
*Boundary effect (particles size

*Pressure drop
Diffusion effect

27144
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What is a solid catalyst - Cellular ceramics

1) Small honeycomb monoliths: square channels

2) Small honeycomb monoliths: triangular
channels

Py A

‘J- a¥ Va¥ ".l.
‘("AVA'A A'A:“:‘?&Y‘

| =T¢Y¢V¢Y‘VAY“'
. . AVAVAVANAV VLY, . .
VAVAYANAY YV
Cordierite A eevas Cordierite
Y AN
A/

400 cpsi 2 s 600 cpsi
SiC
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What is a solid catalyst - Cellular ceramics

3) Foams: interconnected pores

block of foam (alumina) cylindrical-shaped foam (ia).

Monolith before
preparation

100 or 400 cpsi
Cordierite or mullite
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What is a solid catalyst ? Characterization

Different tools are necessary to characterize the taysts and their surfaces

Technique Property probed

Bulk information:
Elemental analysis chemical composition:
Powder X-ray diffraction phase composition, averagystallite size
Electron microscopy texture, porosity, crystallite sirsribution
EXAFS environment of the target atoms
Infrared and Raman spectroscopy structure

Surface information
Physisorption total surface area, pore volume,
pore size distribution
Chemisorption active surface area, dispersion
Work function direction of flow of electrons to fstom the
surface
XPS surface composition, oxidation states
Probe molecules (NKICO,...) acidity, basicity, metal surfaces
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111

|deal surfaces

100

the stepped

idealized atomi

of
faces,
platinum (775) and kinked platinu

model
structures of theplatinum (111) and

(10,8,7) surfaces [Campbell, 1988]

What is a solid catalyst ~
(100) crystal

Ball

10,8,7

31/44
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What is a solid catalyst ‘- |deal three-dimensional model

Close packed cubic arrangement. (001)
Truncated octahedron with faces

(100) and (111) (111)
[Thomas & Thomas, 1997]

{010}
Neighbour number C7 C9
C6 (corner) 6 o8
C7 (edge) 7 -
C8 (square surface) 8 ca
C9 (hexagonal surface) 9
Bulk 12
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What is a solid catalyst ~ Real surfaces

Monoatomic
ledge

Adatom

" 4

Kink

/

/

Terrace
vacancy

Model of a heterogeneous solid surface depictingafit surface sites.
These sites (step, kink, terrace, adatom and vacaneyistinguishable by the
number of nearest neighbors [Attard & Barnes, 1998].
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What is a solid catalyst ~

Model of supported catalysts

Pt particle
Silica gel

Schematic diagram ofplatinum particle
supported on silica gel Pt/SjO

We have the same model for Iri&l,.

600 A
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What is a solid catalyst ~

Real surfaces probed by electron microscopy

Transmission electron
micrograph of anr/Al ,O,
catalyst. by 3
the bar indicates the scald. %
100 nm. L

.

Vi
i

P
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Real surfaces probed by electron microscopy
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What is a solid catalyst ~ Particle size distribution

! ! ) !
Size distribution %

Particle size distribution of dr/Al ,O,
catalyst The data are from the previo
micrograph (manual counting).

size /nm

Different mean sizes (values in nm): calculated experiantal

Numberzx,d (x; = number fraction) 3.1
Surface 2x;d.3/>x.d.2 4.7 4.7 (dispersion)
Volume £x.d4/=x.d3 5.6 5.5 (XRD)
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What is a solid catalyst - The active centers

Activity: specific activity (per g of catalyst)
Intrinsic activity (per active center)
transformation rate:
%-R, = 100 x number of A-mol converted/ total number of A-mol

Selectivity: choice between several paths
A=>B o A=>C
selectivity factor $= Xg/(Xg + Xc) Xg = mol-fraction of B
depends on the activation energies
selective poisoning

Stability: thermal stability: sintering effect
mechanical stability: attrition
chemical stability: modification of the active sites
poisons (sulfur, ammonia, carbon monoxide, ...)
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What is a solid catalyst ~ Catalyst activity

=» Influence of dispersion or crystallite size on acyivit
Example: decomposition of hydrazine

Two successive reactions:

3N,H, & 4NH; + N, (1)

4NH;, = 2N,+6H, (2)
Study of step 1l:.decomposition of hydrazine into ammonia

Catalysts: 1 %-Ir/AO, diluted in alumina (1 to 20)
catalyst dispersion  activity intrinsic ativity
In % mol/g.h (mol-M,)/(mol-Ir).h
48 2.2 88400
10 0.50 96000
3 0.13 95000
40 1.9 95000
=» Different specific activities
=» Same Intrinsic activity
=» No influence of crystallite size
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What is a solid catalyst ~

Catalyst stability

Influence of thermal treatment on dispersion %

dispersion. _ | _
sInfluence of the nature of the gas. 50 L 1.1 i
Conditions: 1 % Ir/AJO,; 20 h; 500 °C l 40 & Clcontent% 0.75 <0.2 ]
: 0.70 :
30 | ’
20 - i
5 <0.2

Role of HO in sintering 107 . -

Role of surface OH group in pure Ay of | | . .

Protection against sintering in,H initial  Ar  H,O/Ar H,/Ar H,/H,O/Ar
Decrease of C| content

YV V VY
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What is a solid catalyst ~ Catalyst selectivity

Shape selectivity in zeolites

A view through the channels of theta-1
zeolite with an adsorbed benzene moleculg
one of the channels

[Shriver, Atkins, 1994]

Opening of the channels typically 3 to 10 A
for different zeolites.

=» Microporous materials

=>» Absorption of molecules small enough to
enter the channels.

=» Exclusion of larger molecules.

=» Control over catalytic reactions unattaina
with silica or alumina.
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What is a solid catalyst ~ Catalyst selectivity

Other examples of selectivity

Cu

CHsOH(g) === CHCHO(g) + H(9)
Al,O,
mmm——> C,H,(g) + HO(g)
MgO-SiQ,
mmm——p> CH,=CH-CH=CH, + H,0
Zeolite ZSM-5
mmmmmm»> Synthetic gasoline + O

N,H, > NH, + N,
> H, + N,

NH,OH*NO,; === N, +2H,0 + O
(HAN) > 2NO + 2HO
mmmm> NO, + 05N + 2H,0
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End of Lecture 1
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