Lecture 5

Solid catalysts

Catalyst components

A solid catalyst consists of mainly three components :

1. Catalytic agent
2. Support /carrier
3. Promoters and Inhibitors

Catalytic agent:

These are the catalytically active component in the catalyst. These components generate
the active sites that participate in the chemical reaction. Activity of any catalyst is
proportional to the concentration of these active sites. Though concentration of the active
sites depends on the amount of catalytically active component, however, it is not always
directly proportional. Availability of active sites depends mainly on the dispersion of
catalytic agent. The dispersion is defined as ratio of total number of exposed
atoms/molecules of catalytic agent available for reaction to total number of

atoms/molecules of catalytic agent present in the catalyst sample.
Catalytic agents may be broadly divided in the following categories:

i. Metallic conductors ( e.g Fe, Pt, Ag, etc.)

ii. Semiconductors (e.g. NiO, ZnO,etc.)

iii. Insulators (e.g. Al,03, SiO, MgO etc.)
Metallic conductors: The metals that have strong electronic interaction with the
adsorbates are included in this category. The metals are used in various catalytic
reactions such as methanol synthesis, oxidation , hydrogenation and dehydrogenation

processes.
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Examples of metal catalysts :

Cu for water gas shift reaction and methanol synthesis ; Ag for oxidation of ethylene to
ethylene oxide, Au for oxidation of methanol to formaldehyde; Fe for ammonia
synthesis; Pd and Pt for hydrogenation of olefins, dienes, aniline or nitriles as well as

dehydrogenation of alkanes, alcohols, cyclohexanes, cyclohexanols etc.
Semiconductors :

The oxides and sulfides of transition metals that have catalytic activity are included in
this category. Similar to conducting metals, they are also capable of electronic interaction
with adsorbed species and catalyze the same type of reactions. Usually the lower valence
band electrons participate in bonding. The upper conduction band separated by band gap
energy is empty unless electrons are promoted by heat or radiation. Semiconductor
characteristics may be intrinsic or induced by addition of foreign ion, creating cationic or
anionic vacancies. Common transition oxides and sulfides such as CuO, AgO, NiO CoO,
Fe,O3 , MnO, Cr,03, FeS, V,05 show conductivity. These materials participate in
catalytic reactions and reaction occurs through acceptation or donation of electrons
between the reactant material and catalysts. Few applications of semiconductor catalysts
are : CuO for oxidation of nitric oxides, NiO for dehydrogenation of alkanes, MnO, for

oxidation of alcohols, and V,0s for oxidation of hydrocarbons.

Insulators : Catalytic functions of insulators are different from that of conductor and
semi conductor materials. Insulators have large values of band gap energy and very low
concentration of impurity levels. The electrons remain localized in valence bonds and
redox type reactions involving electronic interaction as observed for metal or
semiconductor catalysts does not occur. However, insulators have sites that generate
protons, thereby, promote carbonium ion based reactions such as cracking, isomerization
or polymerization. Al,O3, SiO,, SiO,-Al,0s3, zeolites, MgO, CaO, MgAl,O,, SiO-MgO

are few examples of the insulators used as catalysts.
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Support or carrier

Support or carrier provides large surface area for dispersion of small amount of
catalytically active agent. This is particularly important when expensive metals, such as
platinum, ruthenium, palladium or silver are used as the active agent. Supports give the
catalysts its physical form, texture, mechanical resistance and certain activity particularly
for bifunctional catalysts. Area of the support can range from 1 - 1000 m*gm. Common
supports are alumina, silica, silica-alumina, molecular sieves etc. The surface area of o -
alumina is in the range 1-10 m?/gm whereas the surface area for y or 1) - alumina can be

in the range 100 — 300 m?/gm.

Support may be inert or interact with the active component. This interaction may result in
change in surface structure of the active agent and thereby affect the catalyst activity and
selectivity. The support may also exhibit ability to adsorb reactant and contribute to the

reaction process.
Promoters :

Promoters are generally defined as substances added during preparation of catalysts that
improve the activity or selectivity or stabilize the catalytic agents. The promoter is
present in a small amount and by itself has little or no activity.

Promoters are termed as physical or chemical promoter depending on the manner they
improve the catalyst performance.

The additives that maintain physical integrity of the support and/or deposited catalytic
agents are termed as physical promoters. For example, addition of small quantities of
alumina to an iron catalyst employed in ammonia synthesis prevents sintering of the iron
crystallites. Thus, for this catalyst, alumina is a physical promoter. The addition of K,O
to the same catalyst increases the intrinsic activity of the iron crystallites and therefore
acts as a chemical promoter. The promoter can be added during catalyst preparation or

during reaction.
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Negative promoters or inhibitors: Inhibitors act opposite to promoters. When added in

small amounts, these can reduce catalyst activity, selectivity or stability. Inhibitor is

particularly useful for reducing the activity of a catalyst for undesirable side reactions. In

oxidation of ethylene, ethylene dichloride is added to inhibit CO, formation thus acting as

an inhibitor.

Industrial catalysts

Industrial catalysts can be broadly grouped into three categories:

1.

Bulk catalysts : When the entire catalyst consists of the catalytically active
substance ,then the solid catalyst is called a bulk catalyst. Examples include silica-
alumina catalysts for catalytic cracking; iron- molybdate for oxidation of methanol
to formaldehyde; iron doped with alumina and potassium oxide for the synthesis of
ammonia.

Supported catalysts: In supported catalysts, the catalytically active materials are
dispersed over the high surface area support material. For example,
hydrodesulphurization is carried out over molybdenum oxide supported on
alumina.

Mixed agglomerates : These catalysts are agglomerated mixture of active substance

and support. These type of catalysts are used less frequently.
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Precipitation or gel formation from starting materials

\ 4

Decantation/ filtration

Washing

A 4

Drying

\4

Crushing & grinding

Calcination

\ 4
Impregnation

A\ 4

Final Activation

Fig. 1. Basic unit operations in solid catalyst preparation
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Preparation of solid catalyst

The catalyst preparation methods can broadly categorized as follows :

1.

Bulk preparation process:
Bulk catalysts and supports are prepared by this method. Bulk preparation is
mainly done by the following methods :

a. Precipitation process

b. Sol gel process
Impregnation process:
Supports are first prepared by bulk preparation methods and then impregnated with
the catalytically active material. The active materials can be deposited on the
supports by various methods. Most of the methods involve aqueous solutions and
liquid solid interface. In some cases, deposition is done from the gas phase and

involves gas- solid interface.

Physical mixing :

Mixed agglomerated catalysts are prepared by this method. These catalysts are
prepared by physically mixing the active substances with a powdered support or
precursors of support in ball mill. The final mixture is then agglomerated and

activated.

Basic unit operations involved in preparation of solid catalyst is shown in Fig 1. Each

step is discussed in detail in the following sections.
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	Solved examples :
	1. Calculate the metal dispersion and active metal area for 0.5 wt % Platinum on Alumina catalysts by CO pulse chemisorption. The areas of the pulses are given in the table. Additional given data are :
	Thermo analytical techniques
	Temperature programmed reduction is used to determine the reducibility of the catalysts. In this method, reducible catalysts are exposed to flow of reducing gas mixture typically H2 in Ar. The sample is initially pretreated in an oxidative atmosphere ...
	NiO is reduced in one step to metallic nickel according to the  following equation :
	(A) TPR of NiO/C catalysts is shown in Fig. 3.  NiO is reduced in one step. Presence of single peak suggests NiO is present in one form.
	Temperature programmed oxidation (TPO)
	Temperature programmed oxidation is used for investigation of the redox behavior of catalysts particularly when applied in cyclic TPR-TPO experiments. The equipment and experimental procedure are the same as for the TPR study. The only difference is t...
	Temperature programmed desorption (TPD)
	Application
	TPD studies gives :
	 Type and amount of different forms of adsorbed species which correspond to the presence of various peaks
	 Study of acidic and basic sites on the surface
	 Study of gas adsorbed on surface
	 Study of organic compounds adsorbed on surface
	Fig. 5 shows a typical NH3-TPD spectrum observed for different samples. Curve A only has one peak suggesting existence of one type of acidic sites on the sample to which ammonia is attached, while curve B has two peaks and suggests two types of acidic...

	Thermogravimetric Analysis (TGA)
	TGA characterization is used to determine the thermal stability, content of moisture and volatile material, if any, or decomposition of inorganic and organic material in the catalysts. This method can also be used to study reaction kinetics with react...

	Examples
	Fig. 8. Typical TGA profile for (A) aluminum hydroxide  (B) activated carbon
	A
	Differential Thermal Analysis (DTA)
	DTA consists of heating a sample and reference material at the same rate and monitoring the temperature difference between the sample and reference. In this method, the sample is heated along with a reference standard under identical thermal condition...
	Generation of absorption spectrum
	Consider two possible vibrational energy state of a molecule, E1 and E2. Transition can take place between the levels E1 and E2 provided the appropriate amount of energy                            can be either absorbed or emitted by the system. If a ...
	Types of vibrations in a molecule:

	Analysis by infrared techniques
	1. Skeletal vibrations :  In these vibrations all atoms undergo approximately the same displacement.
	Vibration of the carbon chain in organic molecules, which falls in 1400-1700 cm-1 range, is an example.

	2. Group vibrations: In  some vibration modes, displacement of a small group of atoms may be much more vigorous than those of the remainder. These are called group vibrations. Group vibration frequencies are almost independent of the structure of the molec^
	Vibrations of light atoms in terminal groups, such as –CH3,-OH, -C≡N, >C=O, are of high frequencies, while vibrations of heavy atoms such as -C-Cl, -C-Br, metal-metal etc. are of low frequencies. These vibrations fall in this category. Table 1 shows t...
	Overall IR spectrum can be broadly divided in five regions :
	– X-H stretch regions ( 4000-2500 cm-1) e.g – CH, NH, OH vibrations
	– Triple bond regions 2500-2000 cm-1 ; e.g C≡C (2100-2200) C≡N (2240-2280)
	– Double bond region 2000-1500 cm-1 ; e.g C=O (1680-1750) C=C (1620-1680)
	– fingerprint regions 1500-500 cm-1 ; Single bonds C-N, C-O,C-S, C-Cl etc.
	– Metal adsorbate region 450-200 cm-1 e.g M-X ;  X= C,O,N


	Working principle and instrumentation
	Application
	In heterogeneous catalysis, IR spectroscopy is used to :
	– Study the molecular structure of catalysts
	– Identify adsorbed species or adsorbed reaction intermediates and their structures on catalysts
	– Provide information on the nature of acid – basic sites present on catalysts surface during preparation and reaction

	Examples
	1. Identification of bonds :
	Fig. 4.  IR spectrum of alumina
	Raman spectroscopy
	Relative intensities of Stokes & anti-Stokes scattering
	Relative intensities of these two processes depend on the population of the various states of the molecule. At room temperature, majority of molecules are expected to be initially in the ground energy state and excited vibrational state will be small....
	Fig. 1. Different transitions observed in Raman process
	Raman Activity
	To be Raman active, a vibration mode must cause polarizability changes in a molecule.  Mathematically, Raman activity requires that the first derivative of polarizability (α) with respect to vibration at the equilibrium position is not zero.
	The ‘q’ is the displacement of the atoms form equilibrium position. Polarization of molecules varies with directions in a three-dimensional space. For example, in a linear molecule such as CO2, the electron cloud has the shape of an elongated ellipsoi...
	Generally, if the ellipsoid changes its size, shape and orientation with vibration, that vibration is Raman active. For example, in case of H2O molecule, all normal mode vibrations, as shown in Fig.1a , are Raman active because the ellipsoid changes s...
	Table 1. Comparison of Infrared absorption and Raman scattering
	Selection rule
	Intense Raman scattering occurs from vibrations which cause a change in the polarizability of the electron cloud around the molecule. Usually, symmetric vibrations cause the largest changes in polarizability and give the greatest scattering.  In contr...
	  Rule of thumb: symmetric=Raman active, asymmetric=IR active
	Working principle and instrumentation
	Sample is mounted in the sample chamber and laser light is focused on it with the help of a lens. The scattered light is collected using another lens and is focused at the entrance slit of the monochromator. The width of the monochromator slit is set ...



