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ABSTRACT

ALKENE HYDROGENATION CN REDUCED NICKEL A-ZEOLITE CATALYSTS 

by

STEPHEN GEORGE WILLIAMS'

The individual and competitive hydrogenation reactions of 
ethene propene and isobutene over various nickel metal loaded 4A 
zeolites have been investigated.

The reaction kinetics were found to be similar to those found 
by other workers for alkene hydrogenation over pure nickel metal. 
Reactions were first order in hydrogen and zero order in alkene at 
lower temperatures. However the order with respect to alkene 
increased towards unity as temperature increased and led to a 
decrease in apparent activation energy with increasing 
temperature. Activation energies generally became negative at 
tempei^tures greater than 170*̂ C.

The catalytic reactions often exhibited pronounced induction 
periods. The catalytic activity during this induction period and 
the length of the period varied with the catalyst and reaction 
temperature used.

An explanation of some aspects of the results found in this 
work is proposed in terms of the presence of two different sets of 
catalytically active sites. One set of sites, residing in the 
zeolite pores, are more reactive towards the smaller alkene 
molecules and do not exhibit an induction effect. The other 
sites, which are responsible for the observed induction effect, 
are equally active towards all alkenes and are located either on 
the surface of the zeolite crystallites or on other amorphous 
material present in the zeolite samples used. The reaction sites 
are not always associated with the presence of nickel atoms as the 
parent zeolite, which contained no nickel, was also reasonably 
active for the hydrogenation reaction.

4A zeolite has been reported as being a good shape selective 
catalyst if the active centres are located within the pore 
structure. However, the results obtained from competitive 
hydrogenation in this work indicate that no selectivity for ethene 
hydrogenation in the presence of propene or isobutene can be 
obtained at temperatures fcielow about 130°C as the larger alkenes 
block the zeolite pores.
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Chapter One

CATALYSTS AND CATALYSIS

1.1 Introduction

The word catalysis was first used by Berzelius in the l830's 

to describe the effect that certain substances have on rates of 

chemical reaction. For example the enhancing effect of iron on the 

rate of decomposition of ammonia. A precise definition of a catalyst 

would be 'a substance which alters the rate at which a chemical 

system reaches equilibrium without itself appearing in the 

stoichiometric equation'. It does this by altering the mechanism 

of a reaction and thus affecting its kinetic parameters. An example 

of this is the oxidation of sulphur dioxide to form sulphur trioxide;-

2SO2 *̂2 ^ 2S0^

which is a slow process. In the presence of nitric oxide two 

reactions occur: -

2N0 + °2 " 2N0

N02_ + SO2 - NO SO,

both of which are fast reactions. Thus NO acts as a catalyst for the 
(

formation of SO^.

There are three main categories of catalysis. These are:-

a) HOMOGENEOUS;- where the catalyst, reactant and products

are all in the same phase.

b) HETEROGENEOUS;- in which the reaction occurs at an

interface between phases. Catalysts are 

usually solid with the reactants being 

either liquid or gas.

c) ENZYME;- which is midway between homogeneous and



heterogeneous catalysis. Although enzyme 

reactions occur in solution (homogeneous) 

the enzymes are so large (lO to 100 nm.) 

that the reaction can he considered to 

occur at their surface (microheterogeneous).

1.2 Adsorption

Before catalysis of gas reactions by solids can be understood the 

gas/solid interaction must be considered. When a gas or vapour is 

brought into contact with a clean solid surface some of it will become 

attached in the form of an adsorbed layer. A single atom or molecule in 

the bulk of a solid is surrounded on all sides by other atoms and is 

connected to them via ionic or covalent bonding or by intermolecular 

forces. However, at the surface one side of the atom remains unbonded. 

Thus the forces acting upon it are fewer and there is a net resultant 

force acting in the direction of the bulk. This is reduced in the 

presence of gaseous molecules by the interaction between the surface 

atoms and the gas. The process is termed adsorption.

In thermodynamic terms the unsaturated nature of the surface 

is manifest as free energy (G). Adsorption causes a decrease in free 

energy (a g ), and since adsorbed molecules lose a certain degree of 

freedom there is generally a decrease in entropy. Since:

AG=AH-T/iS

the heat adsorption (a h ) is generally negative and the process exothermic. 

Endothermic adsorption is not unknown however and can occur when molecules 

are broken up during adsorption and an increase in entropy occur.
There are two basic types of adsorption;-

l) PHYSICAL ADSORPTION: - where no chemical bonds are formed and



adsorbed molecules are held at the 

surface by van der Waals forces.

2) CHEMICAL ADSORPTION:- (chemisorption) where chemical bonds are

formed between adsorbed molecules and the 

surface.

Chemical adsorption can be either 'associative' or 'dissociative'.

In associative adsorption the bonds to the surface are formed via 

the breaking of a TTbond between adjacent atoms of a molecule, thus 

leaving the molecule Intact. Whereas in dissociative adsorption a 

6 bond is broken causing the molecule to be split.

H H
\ /
C=C + 2 *

/ \
H H

H H
I i

H-C-G-H
I I * ^

H H H H
\ / il
C=G + 4 * ^ C=C + 2H

/ \ H
H H *

Associative Chemisorption. Dissociative Chemisorption,

where * represents a surface adorption site.

In all cases chemical adsorption occurs through a physically 

adsorbed precursor. The potential energy diagrams in Figure 1.1 show 

how the bond to the surface is formed as the interatomic distance is 

decreased, (a) and (b) represent exothermic adsorptions whilst (c) 

represents endothermic chemisorption. In the case of (a) chemisorption 

is not activated and will occur readily at all temperatures. In (b) 

and (c) however, chemisorption requires a certain amount of energy 

to surmount the energy barrier (E), and so below the temperature where 

the majority of adsorbate molecules possess energy equal to or greater 

than E only physical adsorption will occur. Two other points to note 

are that the heat of physical adsorption (AH^) is always small and 

negative (exothermic), and endothermic chemisorption must always be 

activated.,
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In physical adsorption the forces which bond the adsorbate 

and the adsorbent are the same as those associated with liquification. 

Thus physical adsorption can result in multiple layers of adsorbate.

In chemisorption however, since bonds are formed between the 

surface and the adsorbate, only monolayer adsorption can occur.

This fact is the basis for the mathematical model for chemisorption 

of gaseous species proposed by Langmuir which he used to obtain the 

adsorption isotherm equation (l):-

e =
bP

1+bP

where;-

0 = fraction of available surface covered by adsorbed gas at a 

given temperature.

b = constant related to the heat of adsorption, (adsorption 

equilibrium constant)

p = pressure of gas in equilibrium with the surface at coverage © 

This model for a single associatively adsorbed species uses several 

simplifying assumptions. These are;-

1) The adsorbate is immobile.

2) Each site accommodates only one molecule.

3) The heat of adsorption is the same on all sites.

4) The heat of adsorption is unaffected by adsorbed species 

on adjacent sites.

5) No dissociation occurs.

The model can be extended to predict dissociative and multispecies 

adsorption isotherms.



1.3 Heterogeneous Catalysis

For a Mmolecular reaction there are two possible mechanisms 

for heterogeneous catalysis. These are:

1) LANGMUIR-HINSHELWOOD:- the two reactants are chemisorbed on

adjacent sites before reaction.

2) ELEY-RIDEAL:- one of the reactants is chemisorbed on

the surface and the second reactant is 

brought close enough for reaction by 

physical adsorption.

No reaction is known where catalysis occurs by physical adsorp­

tion of two species. The energy changes occurring during physical 

adsorption are too small to significantly alter the mechanism or 

energetics of reaction. The type of surface site available for adsorp­

tion will affect the suitability of a catalyst for a given reaction. 

Therefore, it is possible to classify heterogeneous catalysts according 

to their ability to provide specific types of adsorption site. One 

such classification is that of electrical and thermal conductivity.

This is■illustrated in Table 1.1 from which it can be seen that metals 

are most useful as hydrogenation and dehydrogenation catalysts.

1.1̂  Supported Metal Catalysts

Most industrial metal catalysts contain components other than the 

metal. These multicomponent catalysts can be divided into three groups:-

(a) PROMOTED METAL CATALYSTS:- which contain small quantities of

additives that enhance the cataljrtic 

activity of the metal

(b) SUPPORTED METAL CATALYSTS:-where the metal is supported on an

inert carrier which is not involved 

in the catalytic reaction.



TABLE 1.1.

A Classification of Heterogeneous Catalysts According to their Principal Functions (P), 

Less important functions are placed in parenthesis.

CLASS METALS METAL OXIDES AND SULPHIDES SALTS & ACIDS

CONDUCTIVITY
TYPE

Conductors Semiconductors Insulators

FUNCTIONS hydrogenation

dehydrogenatio^

hydrogenolysis

(oxidation)

(reduction)

oxidation

reduction
cyclizatlon
dehydrogenation

dehydration

Isomerization

(hydrogenation) (hydrogenation)

polymerization

isomerization

cracking 
alkylation 
hydrogen transfer



(c) BIFUNGTIONAL CATALYSTS: - where the metal is supported on a

catalytically active carrier, and the 

combined metal and carrier functions 

affect the overall activity.

The main function of the support in supported metal catalysts 

is to create high dispersion of the metal. This gives a high 

specific surface area (surface area per gram of metal), thus 

achieving maximum specific activity (activity per gram of metal).

Also, if the metal crystallites are sufficiently sejarated to prevent 

sintering an increased catalyst stability can be obtained due to 

retention of surface area and lowered susceptibility to poisons.

It is often hard to distinguish between supported and 

bifunctional catalysts. For example silica gel which is commonly 

used as catalyst support has a certain amount of intrinsic catalytic 

activity due to defects in its structure (3). Thus catalysis by metal 

on silica gel could occur by the same method as on the pure metal or 

by a bifunctional mechanism.

1. 5 Catalyst Selectivity

Many catalysts only affect specific reactions and have little 

or no effect on those with similar or related kinetics. They can 

either be:-

(a) REACTANT SELECTIVE; - where they will only affect the rates of

reaction of specific reactants without 

altering others of similar type, 

e.g. The enzyme Urease will catalyse the 

hydrolysis of urea ((NH2)2G0), yet has no 

detectable effect on the rate of hydrolysis 

of substituted ureas such as methyl urea 

((NH2)(CH^NH)C0).



("b) PRODUCT SELECTIVE; - where in a reaction that has multiple reaction

pathways to produce alternative products the 

catalyst preferentially allows a specific 

route.

e.g.

C2H^0H
C^H^ + H^O

CH^CHO +

They do this hy various mechanisms such as preferential adsorption of 

specific reactants, breaking of particular bonds, and breaking those 

bonds in a homolytic or heterolytic fashion.

1.6 Share Selective Catalysts

Some supports can create or alter a catalyst's selectivity 

purely due to steric restrictions inherent in their structure.. Such 

supports are said to be shape selective. Porous supports can do this 

by one of four methods, all of which are due to the catalyst jarticles 

being held within intracrystalline cavities and pores. These are (^);-

a) REACTANT SELECTIVITY;-

Only molecules small enough to enter through the pores of the 

crystal can react with the catalyst sites.

b) PRODUCT SELECTIVITY

Only products small enough to diffuse out through the crystal 

structure will appear in the gas phase. This reaction type can 

slowly deactivate a catalyst as bulky product molecules block up 

the crystal pores.

c) RESTRICTED TRANSITION STATE SEIECTIVITY;-

Only products with transition states small enough to fit inside 

■ the cavities within the support can be formed.



d) WINDOW EFFECT

Molecules whose length match that of the crystal cavities have 

reduced reactivity due to restricted diffusion (5).

Types a), h) and d) are all dependent on the diffusivity of 

either reactants or products, and in general a porous support will 

he shape selective if the diffusivity of the primary reactant/product 

is at least one or two orders of magnitude greater than its competitors (4)

REFERENCES

1) I.LANGMUIR, J. Amer.Chem.Soc. , 4-0,1361,(1918)
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Chapter Two 

ZEOLITES.

2.1 Introduction

Zeolites are hydrated crystalline aluminosilicates with well 

defined pore structures. Their frameworks are composed of three 

dimensionally linked SiÔ  ̂and AlO^^ tetrahedra and have a net negative 

charge due to the isomorphic replacement of Si by Al. This charge is 

compensated by Group 1 or Group 2 cations held within the intra­

crystalline cavaties and co-ordinated to the framework and/or 

adsorbed molecules. Zeolites can be represented by the general 

f ormula:-

1+ ((AlO’)^ CSiOp)^)cH^O
/

2^b^ 2

where M is the compensating cation and n is its valency. In all 

cases 'a' is less than or equal to 'b' since it was shown by 

Loewenstein (l) that two aluminium atoms cannot share an oxygen atom 

and remain tetrahedrally co-ordinated.

2.2. Structures

There are many different structural types of zeolite most of 

which have been reviewed by Breck (2). Meier (3) showed that all 

zeolites can be constructed from at least one of eight framework 

groupings or secondary building units (SBU's) shown in Figure 2.1 - 

the primary units being the SiÔ  ̂and AlÔ  ̂tetrahedra. From these 

SBU's the polyhedra which comprise the unit cell of a given structure 

can be constructed. Some of these are shown in Figure 2.2 For 

example d6r units are used to form the structure shown in Figure 2.3, 

six of which make up the unit cell of zeolite 13X.

There are 3^ known mineral zeolites and about 100 synthetic

11



S4R S6R

TcOio

S8R D4R D6R

TjoOio 4-4-1

F I G U R E  2 .  1

SECONDARY BUILDING UNITS (SBU) in zeolitQ structures according to Meier<2): vertices and corners represent Silicon or Aluminium atoms, lines represent oxygen.

D8R D6R

F I G U R E  2 . 2

Some POLYHEDRA found in zeolite frameworks.
<x. cage - composed of S4R, S6R or S8R SBU's.oage - also known as a sodai ite unit since it is of the cubic felspathoids such as sodai ite, of S4R or S6R SBU^s.□8R - composed of S4R or S8R SBU's.06R - hexagonal prism and is infact an SBU.Í cage - composed of S4R SBU's.£ cage - composed of S6R SBU's.

the basic unit It is composed

12



F I G U R E  2 .  3

LINDE 13X ZEOLITE

Nogg C A l O g ) g g 106* 2B4H20

Composed of S4R, S6R, S8R or D6R SBU's made up into ^ cage or DSR polyhedra

F I G U R E  2 .  4

LINDE 4A ZEOLITE

Na^gCAlOg) j^gCSiOg) ̂ g.-DZHgO

Composed of S4R, S6R, S8R or D4R SBU's made into cage or ^ cage polyhedra.

13



zeolites. However, many show partial or total structural collapse, 

due to irreversihle structural changes, upon dehydration. Therefore, 

since most applications require the zeolite to be in the dehydrated 

state, very few are of commercial value.

2.3 Uses of zeolites

Zeolites have popr primary uses. These are as:-

(a) MOLECULAR SIEVES: -

If a porous adsorbant is contacted with two adsorbates, only one of 

which is smaller than its pore diameter, then the smaller molecule 

will be selectively adsorbed, thus separating the mixture. Zeolites 

are very effective in this area as they have precisely defined 

structures of molecular dimensions, and are very strong adsorbents 

when dehydrated.

(b) DRYING AGENTS: -

Since interstitial water is a major component of most zeolites, they 

have a very high affinity for water when in the dehydrated state, and 

are therefore often used to dry moist gases.

(c) ION EXCHANGERS: -

The interstitial cations within zeolites are exchangeable. Thus 

zeolites can be used as cation exchangers to alter the cation content 

of solutions. This ability is also useful when zeolites are used as 

catalysts, since catalytically interesting cations can be introduced 

by exchange.

(d) CATALYSTS: -•

When dehydrated, zeolites have two types of potentially catalytically 

active site. These are;-

l) Interstitial cations - as mentioned above specific cations can be 

introduced by selective exchange. These may then be used as 

catalysts either in their ionic state or after reduction to their

14



uncharged state. This latter process results in what are 

known as metal loaded zeolites.

2) Acid sites - Bronsted acidity can occur due to hydroxyl groups: 

i) terminating the crystal structure or at lattice defects, 

ii) formed hy hydrogen addition across Si-O-Al "bonds. This can 

be caused by either cation deficiency, or reduction of the 

interstitial metal ions. i.e.

(D m- @ m-

0 0 0 0 0
^ S i C  " Ä l ^  "si C  ^Äi:^

0 0^ "o 0 0
A

where lif = metal ion 
a n d @ =  hydrogen source such
as or

M M

0 OH 0 OH 0
^ S i ^  ^Ai:^ ^ S i t ^ ^ A i : ^

0^ "^o" ^0"^ '"o'" 0

Lewis acid sites are found on structural s'vV‘>c o (n that is 

not tetrahedrally co-ordinated (i.e. one which has an 

unpaired electron in its outer shell). For example, Lewis 

acid sites are oC

"̂ roi\̂ re_iL shown above, or at lattice defects in

the crystal structure.
X  ̂  V

-H.O c> / O
'"i-.C? ''' ^ D

X ’
iXv

V , o

2.4 Shape Selective Zeolites

The possibility of using zeolites as shape selective catalysts 

was first demonstrated by Weisz and Frilette (4). Since then many 

illustrations of that potential have been shown. For example, the

15



\ ?>t>oVo~A K<sj\<e..

selective hydrogenation of from a mixture with isobutene on

NiNaA(5)> a-nd the hydrogenation of n-butene in a mixture with isobutene 
over PtNaA(6).

This selectivity, due to active site retention within the 

zeolite cavities, is not absolute since a certain number of sites 

will be on the external surface. These are only a small percentage 

of the total active area. For example, Venuto and Landis (7) 

calculated that the external sites of rare earth, ammonium and 

hydrogen faujasites constitute only 0.5% to l.jji of the total B.E.T. 

surface. However, internal sites are often less accessible than 

external and so their effective activity can be reduced. In the 

case of metal loaded zeolites, reduction of the cations results in 

the loss of their electrostatic bonding, thus lowering their site 

stability and allowing metal migration and agglomeration. This can 

cause a reduction in the internal specific surface of the metal and 

an increase in external metal as it migrates to the surface. There­

fore, when reduction is utilised to activate a catalyst a compromise 

between activity and selectivity must be found.

2.5 Linde ^A Teolite

The objective of this work was to study the characteristics 

and catalytic properties of nickel loaded ^A zeolite. Potentially 

this could create a good shape selective catalyst due to the 

catalytic properties of the nickel and the small diameter of the 

zeolite pores. The main problems with this system are the low 

thermal stability of the zeolite (8), and a strong tendency for 

nickel crystals to migrate to the zeolite exterior (9,10).

The structure and properties of Linde 4A zeolite were first 

reported by Breck et.al.(8). It has the formula

16



Its cell is made up of D^R secondary building units formed into 

eight sodalite units of ^ cages joined through their square faces 

to form a central oc cage (as defined in Chapter 2.2). The 

structure is shown in Figure 2.k. The |3) cages have an internal 

void diameter of O .65 nm. accessible through their 0.22 nm. 

hexagonal faces. The large void of the oc cage has an internal 

diameter of l.l4 nm. and is accessible through the six eight 

membered rings of oxygen atoms which have a free aperture diameter 

of 0.^2 nm.

In the hydrated zeolite eight of the sodium ions are located 

near the centre of the six sided rings inside the oc; cage. Another 

three are located in three of the eight sided rings (11,12) whilst the 

twelfth one is thought by Yanagida et.al.(l3), to be fully hydrated 

in the centre of the oc cage. The water molecules themselves are 

located as follows

1) Four in each j3 cage forming distorted tetrahedra.

2) One related to each sodium ion in the eight sided rings.

3) Twenty forming a pentagonal dodecahedron at the centre of the 

oc cage. This is shown in Figure 2.5 (l'̂ )-

Complete dehydration of this zeolite is not possible without destroying 

the crystal structure. However, 99% dehydration can be achieved (9) 

and when this occurs the sodium ions are repositioned as follows.

Eleven show only minor changes in position, marked NAl and M 2  in 

Figure 2.6, whilst the previously hydrated ion from the centre of the 

oc cage takes up position M 3 near a four sided face of the unit 

cell (13).

2.6 Nickel Exchanged 4-A Zeolite

Replacement of up to of the interstitial sodium ions by

17



F I G U R E  2. 6

LINDE 4A ZEOLITE unit cell.
Al, Si and 0 atoms are represented by ® , lines represent bonds.

The possible cation positions in the dehydrated stucture are marked ass -
NAl - Eight Na ions are located at these threefold axis positions near the centre of the six oxygen windows.
NA2 - Three Na ions aredistributed over the 12 fold equipoint near the centre of the eight oxygen windows.

18



nickel have been reported by Penchev et.al.(9), although Amaro et.al. 

(15) reported their maximum obtainable degree of exchange to be k2%. 
This represents a placement of 3*3 and 2.5 nickel ions per unit cell 

respectively. Amaro et.al. also reported the nickel ion locations 

as follows. The first ion held the position within the water 

dodecahedron, the second took up a position within a ¡3 cage, and 

the third disrupted the first position within the dodecahedron.

Upon dehydration the crystals became black and had a metallic lustre, 

indicating metallic nickel. This was considered to be due to 

disjroportionation of the Ni(2+) to give Ni(o) and Ni(3+ or +̂).

The latter being formed by the disproportionation of water to give 

and Ni20(^) ,Ni20(^) or .

2.7 Nickel Loaded 4A Zeolite
■ H iiiB k « ■■■■II I i ■■ ii i in imli n il ^

Reduction of the interstitial nickel ions in a 4a zeolite 

results in some of the nickel migrating out of the cavities and on to 

the external surface (16). Here it forms large metal crystallites of 

up ta 30nm in diameter (l6,17)- It has been found that concurrent 

dehydration of the zeolite and reduction of the nickel ions by 

hydrogen increases the amount of migration and agglomeration of the 

nickel (18). Therefore, separate dehydration and reduction pro­

cedures are recommended. However, Steinbach and Minchev (I9) showed 

that pre-drying increased the difficulty of reduction of the nickel. 

This is probably due to migration of the nickel to sites wherein 

reduction is more difficult. They also showed that nickel migration 

was minimised by reduction of the nickel in liquid ammonia. However, 

with this technique hydrogen purging was required to remove the 

ammonia from the pore structure and this tended to cause the nickel 

to migrate unless the temperature was very carefully controlled.
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To measure the catalytic activity and shape selectivity of the 

nickel zeolite system a test reaction which is catalysed hy nickel 

and will operate on a series of homologues of various shapes and 

sizes had to be found. As stated in Chapter 1.3» metals are most 

efficient as hydrogenation, dehydrogenation and hydrogenolysis 

catalysts. Therefore, it was decided to use alkene hydrogenation 

for the test.

Adsorption data for the low hydrocarbons is given in Table 2.1

along with the critical dimension for each molecule. The critical

dimension is defined as the diameter of the circumscribed circle

of the cross section of minimum area. This should give an indication

whether the molecule can penetrate the 0.42 nm. pore openings of the

zeolite. This diameter is only a qualitative measure because«
molecules can penetrate pores which are smaller than their critical 

dimension due both to structural vibrations in the adsorbate and 

the adsorbent and to structural defects in the.adsorbent. The 

data indicates that both ethene and propene should adsorb throughout 

the zeolite structure whilst the butenes should not. This is in
' t

agreement with the work of Ushakova, et.al.(5) who showed that 

NilfeA could selectively hydrogenate divinyl in the presence of 

isobutene.

2.8 Test Reaction
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TABLE 2.1
Adsorption Capacity of 4a Zeolite (8)

ADSORBATE Critical
Dimension

Temp.
(G)

Pressure
(mm/Hg)

AMOUNT
gram/gram

ADSORBED
mole/mole

WATER 0.315nm room 24 0.289 27.4

100 24 0.193

ETHANE 0.42 nra room 700 0.074 4.2

ETHENE 0.425nm room 700 0.084 5.1

PROPANE 0.489nm room 600 0.017 0.7

PROPENE 0.50 nm room 700 0.116 4 . 7

n-BUTANE 0.489nm room 700 0.002 0.06

ISOBUTANE 0•558nm room 400 0.006 0.2

BUT-l-ENE 0.51 nm room 400 0.029 0.9
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Gha-pter Three

KINETICS AND MECHANISMS OF CHEMICAL REACTIONS

3.1 Introduction

The simplest approach to the investigation of a chemical 

reaction is the study of initial and final states. This yields 

information on the nature and yield of the products, and the 

thermodynamics of the reaction. However, chemical reactions do not 

occur instantaneously, but at a finite rate. Chemical thermo­

dynamics yield no information about this aspect. The study of 

reaction rates, their relationship to reaction mechanisms and 

dependence on variables such as temperature, pressure, presence of 

catalyst, and the physical state of the reactants and products, is 

the province of chemical kinetics.

Kinetic studies generally involve measuring rates of chemical 

reactions in an attempt to discover the mechanisms by which reactant 

to product conversions occur.

The reaction rate for a reaction of the type;-

aA + bB cC

can be represented by the equation;-

RATE = ~ concentration

where k,k',x,y, and z are experimentally obtained constants, 

k \S W a o u ì Pv. ■ G_or\S5Via./\V V.S

dependent only on the temperature. They represent the rate of 

reaction at unit concentration, x, y and z represent the variation 

of rate as a function of reactant and product concentrations and 

are known as the partial reaction orders with respect to A, B and C. 

The overall forward reaction is said to be of the order x+y + 'Z..
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For an elementary reaction of the type:-

A + B » C

where no reverse reaction or intermediate stages occur, it can he 

seen that for reaction to occur a molecule of A must collide with a 

molecule of B. Thus, since the probability of collision will be 

proportional to the reactant concentrations it can be shown that the 

isothermal rate equation would be:-

RATE=Ic[X][b3 - second order reaction, first order

with respect to each reactant.

However, most reactions are not elementary but occur in stages. 

For these reactions the overall order of reaction can be fractional or 

even negative since it will depend on the nature of the steps involved. 

In a stepwise reaction the rate may sometimes be controlled by a rate 

determining step which could be, for example, decomposition or 

polarisation of one or both reactants to form intermediates, the 

further reaction of which leads to the observed products. In the 

specific case of heterogeneous catalysis, one of the intermediate 

stages is the adsorption of one or both reactants. Here at least 

one of the reactants reacts only when adsorbed and the reaction rate 

will depend on the degree of adsorption; the dependence of degree of 

adsorption on gas phase concentration is \inecvr as can be seen 

from the discussion of the Ia.ngmuir Isotherm discussed in Chapter 1.2. 

Experimentally reaction rate is normally measured with respect to 

a single reactant. \Ç dUe- fckVe, ej^o..V\oA -Wv«,.

dt

which can, when x = 1 be Integrated to give the first order rate 

equation:-

3.2 Rate and Order of Reaction
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ln[A J-ln{Ä} = kt A =A at t=0 
0

whilst if x=0 then:

= k
dt

which becomes the zero order rate equation:-

CAoI - 0  - fet

3.3 Temperature Dependence of k.

The dependence of k on temperature was first represented by 

the empirical Arrhenius equation which was based on experimental 

results:-

k = A exp(-E/ilT)

where R and T are the gas constant and the temperature (in Kelvin) 

respectively, and A is a constant known as the pre-exponential or 

frequency factor. E is the activation energy of the reaction and is 

defined as the energy barrier which must be surmounted by a molecule 

before it can react. Catalysts lower this barrier and thus increase 

the probability of reaction. This is shown in Figure 3-1-

This equation has since been shown to have some theoretical 

justification, through the.collision theory, and more recently through 

the more general transition state theory. The collision theory states 

that for a bimolecular reaction:-

RATE = steric factor x collision frequency x fraction of 

reactants with required activation energy
1.

where the collision frequency (Z), although proportional to T^, 

is approximately constant over small temperature ranges. Whilst 

the fraction of reactants with the required energy is represented 

by the Boltzmann factor: exp(-E/feT). The steric factor (p) has an 

experimentally determined value and is based on the idea that
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molecular co-ordination will affect the reaction probability.

However, it is'j!̂ act included to correct the theory to fit the results 

obtained.

i.e. RATE = pZ exp(-E/RT)

The transition state theory considers the reaction in terms of an 

activated complex existing at the peak of the energy barrier shown in 

Figure 3-1- The rate of reaction will be the number of complex 

molecules which pass over the energy barrier and form products per 

unit time. This depends on the concentration of the complex and the 

average frequency with which it moves over the energy barrier.

Thus: - A + B AB* ^ product

By considering the complex AB to be- in equilibrium with the 

reactants, an equilibrium constant K can be defined;-

CAB't)
K =

w  m

Therefore;- RATE = k [a 1{b 3 = f[^'^x(frequency of passage over the
energy barrier (f))

o®o k = K f

The frequency of passage over the energy barrier is equal to 

the frequency with which a complex molecule flies apart. This can be 

considered as one of the degrees of vibrational freedom for the complex 

and can be expressed in terms of its vibrational partition function. 

This gives;

k =
KkT

h

where k = Boltzmann's constant 
and h = Planck's constant

From thermodynamics it is known that;

AG*= -RT ln(K)

and; A g“= A H “- T A S *
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Theref ore;

k = kT exp(^s7R) exp( -¿H^RT)

where AG* AH* and AS°are the free energy, the enthalpy and the 

entropy of activation respectively.

3.4- Controlling Factors in Heterogeneous Reactions

In static reaction systems where reactants are isolated in a 

sealed system the rate of reaction is o^VeA controlled by the rate 

determining step of the chemical reaction that is the step which 

exhibits the greatest resistance to change. In heterogeneous reaction, 

however, this is not always the case. Consider the mechanics of the 

entire process which produces the product in the gas phase.

1) Bulk diffusion of the reactants through the gas phase to the 

reaction surface.

2) Physical adsorption onto the reaction surface.

3) Possible diffusion along the sirrface or, if present, into 

micropores.

Chemisorption onto reaction sites.

5) Chemical reaction (consisting of one or more steps).

6) Desorption from the reaction sites.

7) Possible surface diffusion.

8) Desorption from the reaction surface.

9) Bulk diffusion of the products through the gas phase.

Any of these could potentially control the reaction rate and 

for meaningful results to be obtained control by steps l) or 9) must 

be avoided since “thej are independent of the catalyst used. Also for 

a study of the reaction kinetics to yield information about the mechanism 

of reaction, 5) must control the rate.

28



3.5 Kinetics of Alkene Hydrogenation over Nickel

Most research into alkene hydrogenation over nickel has been 

carried out using ethene. However, the mechanism and kinetics have 

been shown to be applicable to the higher alkenes (l, 2, 3)*

The kinetics of this reaction exhibits some interesting 

features. These are:-

i) At a temperature between 90°G and 170°G, depending on the 

experimental system used, the measured activation energy 

inverts and becomes negative.

ii) The reaction is first order with respect to hydrogen both 

above and below the temperature of the activation energy- 

inversion.

iii) The reaction order with respect to alkene changes from

fractional, or zero, at low temperatures to first above the 

imz-ersion.

The most commonly accepted explanation of these facts is that 

they are due to alkene desorption (4), although Jenkins and Rideal 

explained it in.terms of hydrogen desorption (5). However, all 

workers obtain the same theoretical and experimental rate equation. 

That is;
b P P

Rate = k X ^ ^ (l)
1 + b P a a

where k = rate constant

P^ = alkene pressure 

P^ = hydrogen pressure 

and b = adsorption coefficient for alkene
S i

This is related to the Langmuir Adsorption Isotherm discussed 

in Ghapter 1.2 as follows. In heterogeneous catalysis where a 

chemisorbed species is a reaction intermediate, the reaction rate
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will le dependent on the surface concentration of that species rather 

than directly on its gas phase pressure. Alkene hydrogenation over 

nickel is generally considered to occur via an Eley-Rideal Mechanism 

between chemisorbed ethene and physically adsorbed or gas phase 

hydrogen, or via a Langmuir-Hinshelwood Mechanism between chemisorbed 

ethene and chemisorbed hydrogen. An Eley-Rideal Mechanism between gas 

phase ethene and chemisorbed hydrogen has also been proposed (5), hut 

it is not generally considered since it cannot satisfactorily explain 

multiple exchange in the initial products of the ethene-deuterium 

reaction (6). Therefore, ignoring the latter case two possible rate 

equations can be formulated.

i) CHEMISORBED ETHENE AND GASEOUS HYDROGEN

Rate = k 0 P, a h (2)
11, CHEMISORBED ETHENE AND CHEMISORBED HYDROGEN

Rate = k 6 9,a h (3)

where 9 and 9, are the fraction of available surface sites that are a h
covered by ethene and hydrogen respectively.

If it is then assumed that ethene and hydrogen are both adsorbed 
-VWe. Sc>,/̂<e_
on^single sites then the Langmuir isotherm discussed in Chapter 1.2

gives;

0

b P a a

1+b P +b, P, a a h h

and 0K
huPw h h

1+b P + b, P, a a h h

where b^ = adsorption coefficient
adsorption rate constant 

desorption rate constant

Substituting these values of © into equations (2) and (3) then gives:

Rate = k
b P P, a a h

1+b P + b^P^ a a h h
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Rate = k
2 C Ò

Note that the adsorption of hydrogen is taken into account in 

equation (^) even though the hydrogen which participates in the hydro­

genation reaction is in the gas phase. This is because chemisorbed 

hydrogen, even if inactive, will still affect the amount of ethene 

chemisorption.

Assuming that b P +l»b,P, , and for equation (5) that b P <1,
3.  3 .  i l  i l  3 . 3 ,

then the above equations can be simplified to:

Rate = k '̂ â̂ â h
1+b P a a

and Rate k \^h^a^h
l+2b P a a

which are both the same form as equation (l). Now k and b have 

temperature dependencies such that:
(l^)

k = A exp ( RT) where = activation energy of the reaction

and b = b^exp ( - AH ) and AH = 
RT A of adsorption

From this it can be seen that the value of k will increase with
erv̂ Wis.V̂ M

temperature. Hovever, the 'iDf adsorption of alkenes and hydrogen

are negative (?) and therefore b will decrease with temperature. If

above inversion b P <^1 then a a
Rate k b b, P P, for the Langmuir-Hinshelwood Mechanism a h a h

and Rate = k b P P, a a h for the Eley-Rideal Mechanism 

Substituting in the temperature dependencies into these then gives;

C ^ )  ...

and Rate = A exp b exp( RT) oa

RT

'’■ r t "

Rate = A exp b^^ exp b^^ exp P P ,
( ■pjip ) a h

a h

Therefore, the apparent activation energy above inversion is;
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®APP ®REAL 

®APP " ®REAL

A similar treatment assuming b P >j> 1 for below the inversion temperature3/ 3/
gives apparent activation energies of:-

^APP ^REAL
and E'APP ^EAL

Therefore since all adsorption processes are exothermic the A H  factors 

win be negative and the high temperature activation energy will be less 

than the low temperature one. A complete proof of these and other kinetic 

equations used in heterogeneous catalysis has been discussed by Satterfield 

(8) .

Although widely used these equations must always be treated with 

caution as they do not allow for site loss due to coverage by inactive 

material such as acetylenic residues, or for multiple site adsorptions.

3.6 Mechanism of Alkene Hydrogenation over Nickel Catalysts

When increments of ethene are admitted to a clean nickel film, 

the first gas phase molecule found is ethane ('̂ ). This is shown in 

Figure 3.2 and is interpreted as follows; Ethene first chemisorbs 

dissociatively;-

GH2GH2 “ “ ■(ads) -^^hads)

where (ads) indicates an adsorbed species.

As the surface coverage increases the dissociatively adsorbed hydrogen 

begins to react with either gaseous ethane

or adsorbed ethene

GH^GH^

®«(ads) -^^^ads) GH^GH^
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This is known as^"self hydrogenation" reaction. The ethane produced and 

any ethane introduced to suchanethene covered surface is not measurahly 

adsorbed. (9).

These results were supported by the work of Eischens and Pliskin 

(10) who showed, by infra red'analysis of the G-H bond vibrations, that 

ethene adsorbed dissociatively onto nickel supported on non-porous 

silica at 35°C. Their work also revealed that the carbon-carbon bonds 

were saturated rather than unsaturated. Therefore, the adsorbed species 

is;-

GH- GH 
/\ /S 
m ^

rather than GH= GH
I I*

Selwood (9) concluded that this was not the case for ethene adsorbed 

onto co-precipitated^silica at room temperature. He measured the change 

in magnetization of nickel with adsorption of measured amounts of ethene 

and concluded that it was mostly of an associative nature.

GH2=GH2 GH,-GH,
1 I

This was based on the assumption that nickel-carbon bonds affect 

nickel magnetization in the same way as nickel hydrogen bonds. At 100°G 

he found that dissociative adsorption predominates. He hypothesized that 

the variation between his and Eischens and Pliskin's results was due to 

the types of adsorption sites available. Some sites more readily form, 

bonds with carbon than with hydrogen and vice verso,. The relative amount 

of each allows associative or dissociative adsorption to various degrees.

Most recent discussion of the hydrogenation of ethene and other 

alkenes have discussed the part^,nt alkene as being 'Tf bonded to the 

nickel (ll, 12, I3 , l4);-
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CH^f GH^

and in the higher alkenes the loss of a single hydrogen may produce a 

TT - allyl-adsorhed species

R.GH - GH - GHE^

— 1 -----

This argument does not refute the existence of the ¿ "bonded 

alkene^ Í>ut is an argument that such species are of less significance 

during hydrogenation.

The nature of the hydrogen is also uncertain. The reactive species 

may he molecular hydrogen from the gas phase or weakly adsorbed at the 

surface, or atomic hydrogen formed by the dissociative chemisorption of 

hydrogen molecules (15)-

The hydrogenation is generally considered to proceed via the 

formation of an ethyl radical species first proposed by Horiuti and 

Polanyi (l6):-

- i d  =»3013

*

Hydrogen is known to add to alkene in a stepwise fashion for two 

reasons.

i) isomerization and double bond migration occur during the 

hydrogenation of the higher alkenes.

ii) when deuterium is used instead of hydrogen the dideuterated 

alkene is rarely the sole product. (6)

The first point indicates that intermediate species formed during reaction 

are reversible.

e.g. GH2=GH-GH2GH^(ads) ^GH.,-GH^-GH.,GH^ ^  GH^GH^GH^CH, 

Í2=GH-GH2GH^(^..., .....

^  I 2 2 2 3 3 2 2 3

GH =CH-GH„GH„(ads) ^  GH„-CH-GH_GH_ ^  GH„GH„GH.,GH,
I
*

35



GH2=GH-GH2GH^(ads) ^G H ^-G H -G H ^G H ^ ^GH^-GH=GHGH^

Whilst the latter can only he explained if a stepwise mechanism is 

considered:-

+D
(ads) ^

-V̂
GHp-GHpD ^  GHp-GHD ^  C ^ ^ _ - ^2 2  I 2 I *—  II

+H -H

GH^GHD(ads)
+D

-D

GHoD-GHD etc.

Thus with the release of free hydrogen into the system, and deutération 

of the alkene all levels of alkane deuteration can then he obtained.

The ambiguity in the initial jart of the above mechanism is 

probably due to the number of different catalysts used by the various 

researchers. That is, nickel film, nickel powder, nickel wire, supported 

nickel, etc. It is likely that more than one of the detailed approaches 

can occur and a different one predominates on different catalysts.

Also in the case of supported metal catalysts there is evidence that 

the support can participate in the reaction (!?)•
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Chapter Four

CATALYST PREPARATION AND CHARACTERIZATION 

^.1 Introduction

A sample of 4a zeolite, reference number F.N.SDO956O was obtained 

from I.C.I. Agricultural Division and stored over ̂calcium nitrate 

solution to ensure complete hydration. Four catalyst samples of differ­

ing nickel cation content were prepared by ion exchange of NaA zeolite 

with nickel nitrate (Analar)/deionised water solution. The degree of 

exchange was determined by EDTA titration of the Ni(2+) in the filtrate 

and washings. X-ray diffraction, differential thermal analysis, 

thermogravimetric analysis, and electron microscopy were used to 

investigate the structural properties of the samples. Whilst semi- 

quantitative trace element analyses were performed by atomic emission 

spectroscopy, colorimetry, and energy dispersive X-ray fluorescence.

4.2 Ion Exchange

Introduction of nickel ions into the zeolite was performed by 

direct exchange using the following procedure in an attempt to obtain 

0.']%, I.Ofo lOfo and lOC^ replacement of the interstitial sodium ions.

1) 15g of NaA was slurried with deionised water (100ml)

2) Standardised Ni(N0^)2 solution was added and the total volume 

made up to approximately 30O1Î1I with deionised water.

3) The slurry was evacuated by water pump to expel aix.

4) Since acid conditions can cause the destruction of the zeolite 

lattice (1) and alkali conditions aid the formation of nickel 

hydroxide, an attempt was made to maintain the slurry at 

approximately pH 7 by addition of dilute hydrochloric acid.

This is shown in Table 4.1.

5) The slurry was stirred magnetically for one hour g.\ C ooi

'■a-sA,YJ4"<a_sA.-o ■«i-C 'X'?. .
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6) The zeolite was filtered and washed on a sintered glass 

crucihle (porosity No. 3) with deionised water.

For sample d only:-

7) Steps l) to 6) were repeated.

8) Steps l) to 4) were repeated and the slurry stirred continually 

for l6 hours before the product was filtered and washed a final 

time.

TABLE 4.1

pH DURING EXCHANGE FROCEDURE: 

pH of initial NaA slurry was 10.6-10.8

SAMPLE pH on initial 

addition of Ni(N0^)2

pH on addition of 

HCl

pH after 1 
hour

a 10.79 6.68 —

b 10.20 6.50 6.98

c 7.^1 no addition 7.92

d 6.36 no addition 6.48

For comparative purposes a 'blank' was also prepared by following steps 

1 to 6 using deionised water instead of nickel nitrate.

4-. 3 Titrimetric Analysis

The degree of exchange was measured as the amount of nickel 

lost from solution, assuming all losses were due to exchange into, 

and not deposition on, the zeolite. The validity of this assumption 

will be discussed later.

Measurements of nickel in solution were performed by titration 

with ethylenediaminetetra-acetic acid (EDTA) which forms a complex 

with all metal ions in a 1:1 ratio. The strength of the complex is
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dependent on the specific ion and acidity of the solution, and can 

therefore he used in ion mixtures as long as the conditions are 

correctly chosen.

The EUTA was standardised hy titration against a standard 

9.656x10- molar solution of MgSO^^THgO. 25ml aliquots of the magnesium 

sulphate solution, buffered at pH 10, were used. Eriochrome Black T, 

which changes colour from red when complexed with Mg(2+) to blue when 

free, was used as indicator. The average concordant titre for the 

ETTA was 24.9ml. From this the ETTA concentration was calculated as;-A

(EDTA) = 9.656x10-̂ X  = 9.679x10-̂ moles/dm^
24.94

Aliquots of the original nickel nitrate solutions were titrated against 

the EDTA to obtain the initial nickel concentrations. Then the combined 

filtrates and washing for the exchanges were each made up, with deionised 

water, to one litre in volumetric flasks and also titrated. This was 

done by firstly neutralising aliquots of the nickel solutions by 

addition of 2M NaOH and then buffering these at pHlO by the addition 

of 6ml of HH^/NH^j_C1. These were titrated with the EDTA using murexide, 

which changes from orange when complexed with nickel to violet when 

free, as indicator. The moles of nickel in each litre of solution 

were then calculated as;-

moles EDTA vol.EDTA total vol.soin, 
(moles nickel) = ____ _ ^ ^ _______________

litre 1000 vol.soin.for titre

From this the amount of nickel exchanged into the zeolite was obtained, 

(moles nickel exchanged)=(moles nickel in exchange soln.)

- (moles nickel in filtrate and washings) 

This then gave the number of nickel ions per unit cell of the zeolite.
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which is equivalent to the number of moles of nickel per mole of 

zeolite, as:-

(no.nickel ions/unit cell) = (moles nickel)/(moles zeolite)

= (moles nickel)/(l5/XZ)
-3

= (moles nickel)/(6.8^6x10 )

where XZ = relative molar mass of the zeolite 

= 191^.8 + 22.99(12-2x) + 58.7IX 

where x = no. of nickel ions/unit cell of the zeolite.

Also, since one nickel ion replaces two sodium ions (if charge 

balance is to be maintained);-

2xl00x(no.nickel ions/unit cell)
percentage sodium exchanged

12

The results obtained from these analyses are shown in Table ^.2 

along with the% exchange attempted.

Zeolite Crystallinity

To verify the crystallinity of the original zeolite and to 

ensure the structure retention of the exchanged samples a number of 

structural tests were employed.

1) X-RAY DIFFRACTION;-

X-ray diffraction patterns for the parent and the exchanged 

zeolites were obtained from the Department of Physics, RGIT, 

as chart recorder peaks. These are shown in Figure ^̂-.l. The 

pattern of the parent zeolite is the same as that obtained by 

Broussard and Shoemaker (l). As the degree of exchange increases 

the only significant changes are in the peaks at approximately 

10, 12, 16, 17 and degrees and these changes are minor in 

the 0.1% and 1.0%. This would indicate that the parent-zeolite 

was structurally sound and no significant loss of crystallinity



TABLE 4.2

TITRIMETRIG ANALYSIS OF Ni(NO^)g EXCHANGE SOLUTIONS

SAMPLE

EXCHANGE SOLUTION
Mole Nî ''*

Molarity Volume Available

Moles Ni^”̂ No. Ni^”̂ +
Exchanged per unit 

cell of 
zeolite

% Na 
Exchanged

% Na“̂
Exchange
attempted

-p-rv)

a 9.85x10^ 4.11 4.050 4.0 5.915 0.0986 0.1

xlO^ xlO^ xlO^

b 0.0999 4.11 4.105 4.105 5.997 0.9995 1.0
-4xlO -4XlO -2XlO

c 0.0999 50 4.995 4.368 0.638 10.63 10

xlO^ xlO^

d 1.00 450 0.450 0.024 3.506 58.4 100
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occurred with exchange of small amounts of nickel. However, 

higher exchange levels may have caused some degree of structural 

damage.

2) THERMAL ANALYSIS:

A good indication of crystallinity in zeolites is the water 

content since the crystal structure holds defined amounts of 

water. Thermogravimetric analysis (TGA) was therefore used on 

these samples to measure the weight loss on heating. NiNaA 

zeolites are stable to above 600C (2) and any weight loss below 

this temperature should be due to dehydration. Samples of 

approximately 0.3g were heated, in air, at a rate of lOC/min. 

up to a maximum of 700C. A calibration run with the TGA 

apparatus empty revealed that a buoyancy effect, due to air 

density variation with temperature, gave an apparent weight gain 

of 3nig which had to be allowed for during result analysis. The 

percentage of water in the zeolite was calculated as;-

to Vc>s.Ĉ  

(original sample wt.)

Differential thermal analysis (DTA) was performed on the samples 

to measure the temperatures of structirral change as these have 

been shown to decrease with percentage nickel exchange (2). The 

endotherms for water desorption between lOOC and 300C were not 

recorded as this section was uneven and irreproducible. The 

reason for this probably being due to a dependence of the 

intercrystalline diffusion and desorption of the water on packing 

and sample size. Samples of unmeasured size (the reaction 

crucible was simply filled) were heated from room temperature 

to about lOOOC at IOC/min.—

(^wt.water) = 100 x



The results from both sets of thermal analysis are shown in 

Table 4.3 along with those obtained by Penchev et.al.(2) for similar 

samples of NiNaA, and the DTA plots are shown in Figure 4.2

TABLE 4.3

SAMPLE % EXCHANGE T.G.A. (%wt.loss) D.T.A.(initial Temperature 
of destruction ( C)

0 ^  J ^ i r s V

a 0.1% 21.0 814

b 1.0% 21.0 8o4

c 10.6% 21.3

d 58.-4^ 25.6 720

from / 0.0% 22.4 840

reference \ 23.C^ 24.0 780

(2 ) 1 34. 25.0 750

1? \55-0% 26.3 64o

As can be seen the weight losses during^ T.G.A. are slightly lower 

in this work than for Penchev et.al. This may be due to experimental 

error, or it may be an indication of the presence of a small amount of 

amorphous material. However, the general increase in the water content 

and decrease in the initial temperature of destruction is the same in 

both cases. Also the Increase in the distance between the two high 

temperature exotherms with increase in nickel content shown in Figure

4.2 was also found by Penchev et.al. All indications from these 

results are therefore that the zeolite retained its structure when 

the nickel was exchanged into it.

3) ELECiRON MICROSCOPY

To ascertain if there were any major bulk effects due to exchange
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FIGURE 4 .2

Differential  Thermograms.



and use of the zeolite a number of scanning electron micrographs 

were obtained from the School of Physics, RGIT. A selection of 

the most informative photographs are shown in Figure 4.3, 4.4 

and 4.5. They revealed that there was no significant change in 

the physical appearance of the samples with degree of exchange 

or reduction of the interstitial nickel. In all cases, however, 

there was a great heterogeneity in particle size which could 

well affect the reproducibility of the catalytic function.

Also as is most clearly shown in Figure 4.5, some of the material 

present is not 4A zeolite. This material forms a small though 

potentially significant fraction of the total bulk. It is most 

probably either amorphous aluminosilicate or some other zeolite 

structure.

4.5 Semiquantitative Trace Element Anaysis

Because of the low concentrations of nickel used in these 

zeolites even traces of other metals could have a significant effect 

on their catalytic function. Therefore, a number of semiquantitative 

trace element analyses were performed.

1) SPARK EMISSION SPECTROSCOPY & COLORIMETRIC ANALYSIS

Spark Emission spectra for the unexchanged, the 0.2^ and the 

l.C^ exchanged samples were obtained at the MacAulay Institute 

for Soil Research, Aberdeen. The level of metal impurities 

in the samples was then calculated by comparison of these 

results with calibration data.

The level of iron in the structures could not be quantitatively 

measured due to lack of calibration information, but the spectra 

showed significant amounts present in all the samples. Since 

iron impurities could affect the catalyiiic properties of the 

samples colorimetric analyses were performed to obtain an
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estimate of the concentration. The technique used for this was 

adapted from that of Wilson (3)* lOmg. of the zeolite were dissolved 

overnight in nitric acid. The ferrous ions were then regenerated, 

as FeO, hy the addition of berylium sulphate and the ferric ions 

converted to ferrous by the addition of ascorbic acid. The pH was 

buffered at 5*5 using ammonium acetate and the solution made up to 

100ml. with distilled water. This gave a red solution. The 525 urn. 

wavelength intensity was then measured and compared to that of a 

standard U.S. rock of known iron content.

The results of both these sets of analyses are shown in Table 5.^

As can be seen the levels of metal impurities in these samples 

are quite significant in comparison to the nickel content, this being 

particularly true for the zirconium and the iron content. These 

impurities could be present as either interstitial ions, impurities in 

the structure, or oxide impurities separate from the zeolite. However, 

there is no significant change in the level of impurity with percentage 

nickel content. Therefore, any catalytic effects should be of the 

same magnitude on all samples, although potentially more significant 

on the lower exchanged samples.

2) ENERGY DISPERSIVE X-RAY FLUORESCENCE

An energy dispersive X-ray fluorescence system (EDS) was also used 

for element analysis. .This was carried out in the Radiochemistry 

section of the School of Chemistry, RGIT. The results are shown 

in Figures ^.6, ¿1.? and ^.8. As can be seen the levels of metal 

impurity are similar in the three samples tested. However, there 

appears to be a significant quantity of iodine present in the 

parent zeolite which has been exchanged out of the other samples.

The parent sample used had been treated as a 'blank' in the exchange 

process with the NiCNO^)^ replaced by NaCl. Therefore, the iodine
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t a b l e kA

Semiquantitive Trace Element Analysis By S m r k  Emission 
Spectroscopy and Colorimetry

IKPURITY Unexchangec^^ ppm) O.i^ytppm) l.C^/tppm)

Silver 1 3 3
Barium 10 30 30

Beryllium 3 10 10
Bismuth 30 30 30

Chromium 3 3 3
Cobalt 3 3 3
Copper 3 k 10
Gallium 1 1 1
Lanthanum 10 30 30

Manganese 3 8 10
Molybdenum 1 3 3
Niokel 10 150 2000

Lead 3 3 3
Strontium 3 30 30

Tin 10 10 10

Vanadium 3 3 3
Yttrium 3 10 10

Zirconium 6o 200 200

IRON (from 
colorimetry) 432 ^77 3̂2
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had not been simply washed off the crystals.
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Chapter Five

APPARATUS FOR CATALYTIC STUDIES

5.1 Introduction

The kinetics of alkene hydrogenation over ^A zeolite catalysts 

were studied using an experimental system consisting essentially of 

three parts:-

a) A high vacuum gas handling system for preparation of gas mixtures 

of measured composition and pressure.

b) A reaction vessel with a heating system for isothermal or 

temperature programmed operation.

c) A sampling system to monitor the reaction vessel contents, consisting 

originally of a capillary leak to a mass spectrometer, but later 

converted to a discrete sampling system for a gas chromatograph.

5.2 Gas Handling System

Figure 5*1 is a diagrammatic representation of the gas handling 

system used in this work. It was constructed using pyrex glass, and all 

joints were lubricated with either Apiezon 'L' or *T* vacuum grease. A 

vacuum of 10° Torr(lO^ N/m'̂ ) was maintained by two ME7TR0VAC 022A oil 

diffusion pumps backed by a single EDWARDS ED50 rotary pump. The two 

diffusion pumps were used so that the gas handling and the reaction 

vessel sides of the system could be evacuated separately. However, since 

the two sides were connected via the rotary pump, care had to be taken 

not to pump contaminant materials across the backing lines during 

catalyst evacuation. The vacuum was monitored using the Pirani type 

vacuum gauge, the accuracy of which was periodically checked against a 

McLeod gauge. To prevent back diffusion of oil from the diffusion pumps 

into the system, liquid nitrogen traps (C) were inserted on their high 

vacuum sides. Protection against failure of the coolant water supply to
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CALIBRATED VOLUMES.
WX'=Gas handling system up to tap marked * = 107 cm.'
X = Gas handling system to right of tapmarked * C excluding manometer) = 20 cm.'

Mixing vessel = 295 cm.^
Reaction vessel = 200 cm«^

FIGURE 5. 1

GAS HANDLING SYSTEM AND REACTION VESSEL.
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the diffusion pumps and to the reaction vessel colIa,r (W) was obtained 

by connecting it through the mass spectrometer protection system des­

cribed in section 5.6. Failure of the electricity supply and the 

subsequent shutting off of the rotary pump can result in pump oil 

being sucked back along the pumping line. To prevent contamination of 

the system by such a failure a reservoir (X) of adequate volume was 

inserted to contain any oil so drawn back.

Hydrogen and n-butene were stored in the non-removable flasks (S). 

These were filled by disconnecting the pressure transducer (T) at 

point J and replacing it with a gas feed line. All other gases were 

supplied in sealed flasks which were connected into the system at 

points E. Reaction mixtures were made up in the mixing vessel (Y). Gas 

pressirre being measured by either the mercury manometer (M) or the pressure 

transducer (T).

5.3 Gases

Hydrogen of stated purity 99-99  ̂was supplied by B.O.C. Any 

residual water was removed from this by Insertion of a liquid nitrogen 

trap into the feed line used to fill the storage flasks. N-butane

was supplied by BDH Chemicals Ltd. whilst ethene, ethane, propene,
t

propane, isobutene and isobutane were all obtained from the National 

Physical Laboratory. All the hydrocarbons had stated purities of 

99*9%» No attempt was made to further purify them before use. '

5.'̂ Reaction Vessel

The reaction vessel consisted of a removable pyrex cylinder, of 

185 cm. volume, connected to the system via a B14/23 ground glass joint. 

This was sealed with Apiezon 'T' grease and protected from heat by a 

water jacket around the socket. The vessel was evacuated through line 2 

of the vacuum system and all gases were added by expansion from the 

mixing vessel (y ). The temp)erature was controlled by a close fitting
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coil furnace connected to a EUROTHERM temperature controller with its 

controlling thermocouple set on the external surface of the heating coil. 

Reaction temperature was measured hy a chromel-alumel thermocouple 

situated at the hase of the vessel. This was connected to an L.E.D. 

digital voltmeter which gave a reading of approximately 0.0^ mV/°C.

There was a significant vertical temperature gradient across the 

reaction vessel mainly due to the fact that:-

a) The top of the vessel was both water -cooled and out'.side the 

temperature controlling furnace.

b) Neither the degree of heating along the furnace wall nor its thermal 

interface with the reactor were homogeneous.

This gradient was meas-ured by placing a thermocouple at various points 

in the furnace. The results are shown in Table 5‘1*

TABLE 5.1

Temperature Gradient of Reaction Vessel (inside furnace).

N.B. Top of vessel is always at room temperature

TEMPERATURE
gontroller/ ( k ) base/(k )

FURNACE POSITION
middle/( k ) to p/(k )

373 383 397 372

-̂23 ^33 ^53 . 1̂6

^73 479 507 ¿+75

As can be seen the temperature gradient through the reactor is 

large. However, since this effect is consistent, it should not affect 

the comparative kinetic results. Also, since all reaction occurs on 

the catalyst, the temperature of greatest kinetic significance is 

that of the catalyst. Therefore, the more general kinetic results 

will be valid, within experimental limits, because the catalyst is
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at the hase of the reactor close to the measuring thermocouple.

This temperature gradient was to some extent useful because it 

aided mixing of the gas phase. This was especially true since the 

reaction was occurring at the base of the reactor, whilst samples 

were taken from point L at the top of the reactor.

5.5 Volume Calibration

The volumes of various sections of the gas handling system 

were measured by expansion of air into them from a bulb of known
Q

volume. The volume of the calibration bulb was found to be 5^0 cm-̂  

by measurement of its water capacity. Thus, by measuring the change 

in pressure as the air was released from the bulb into the evacuated 

sections of the system their volumes could be calculated from Boyles 

law;-

h  h  - "2

The volumes thus calibrated are shown on Figure 5-1*

5.6 Analysis of Reaction Mixture

Originally progress of reaction was monitored using an AEI

MSIO mass spectrometer. However, due to low stability and frequent

malfunction of the instrument it was decided to replace this with a

gas chromatograph. The gas chromatograph analysis had a slower

sampling rate than the mass spectrometer, but gave more reliable
«

results. Details of the two analysis systems are presented below.

5-7 I%ss Spectrometer

Continuous sampling to the mass spectrometer was effected by 

a capillary leak, attached into the system as shown in Figure 5-1- 

Two types of leak were used, both of which are tapered to maintain a 

pressure of approximately 5^10^ Torr in the mass spectrometer during
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analysis (in the absence of sample the mass spectrometer pressure was 

normally 10^ Torr). The first leak was a stainless steel capillary 

tubing flattened at one end to allow the correct flow rate. This was 

cemented with 'Araldite' into a BIO/I9 ground glass cone. The other 

was a drawn pyrex leak glass blown into a similar cone. The change 

was made when the original steel leak was blocked. The advantage of 

the glass leak was that although it was more fragile the flow rate 

was readily adjusted by chipping small fragments of its tip.

A block diagram of the MSIO mass spectrometer is shown in 

Figure 5-2. The vacuum was maintained by a METROVAG 033 GLRl 

mechanical rotary pump. Back diffusion from this system into the 

spectrometer tube was prevented by a 2.5 litre liquid nitrogen trap.

To prevent overheating of the diffusion pump in the event of failure 

of the coolant water supply, a water pressure sensitive relay was 

installed on the inlet side of the mass spectrometer water supply.

This cut the electricity supply to all the diffusion pumps (including 

those of the gas handling system) if the water pressure dropped 

below a set minimum value. A second device was attached to the water 

outlet to cut off the water supply if the coolant system sprung a leak. 

This consisted of a reservoir into which the water from the system 

flowed. An adjustable tap in the base of the reservoir was set to 

maintain a constant water level so that inlet and outlet flow were 

identical. Under these conditions a ballcock valve was held open to 

maintain water flow. However, if the flow from the cooling system 

slowed or stopped the level in the reservoir fell and the supply was 

cut. The overall layout of this system is shown in-Figure 5-3- The 

diffusion pump was protected from exposiire to high pressure, and 

subsequent oxidation of the pump oil, by the insertion of a solenoid 

valve between it and the rotary pump. This valve closed automatically
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if the rotary pump power supply was cut off.

The high vacuum section of the spectrometer could he haked to 

about using band heaters and a radiation shield. This reduced

background interference in the spectra by desorbing residual molecules 

collected on the internal surfaces of the system.

Gas for analysis enters the spectrometer tube via the sample 

inlet shown in Figure 5-2. It is first ionised in the source cage 'G' 

by bombardment by an electron beam produced by the hot wire filament 'F'. 

The resulting positive ions are then accelerated, by a voltage applied 

between the cage and the exit slit 'SI', into a uniform magnetic field 

created by a large permanent magnet surrounding the analyser tube.

The ions then describe a circular orbit in this field such that:

r'̂ = M 2V R = radius of orbit
M = mess ) „ .

e e , < of ion = charge )
V - accelerating voltage
H = magnetic field of

strength

Thus the ion beam is separated into beams of specific mass to charge 

ratios (m/e). By varying the voltage (V) the orbits can then be varied 

to bring different individual beams to focus on the collector plate 

'!'. This registers the ion impacts on its surface as a current flow. 

The size of the current being proportional to the number of ions hitting 

the plate. The resolution and sensitivity of the mass spectrometer are 

controlled mainly by the size of the slits 'SI', 'S2', and 'S3', 

called respectively the resolving, defining and collector slits.

5.8 Gas Chromatograph

Initially a single gas chromatograph was used to measure the 

hydrocarbon concentrations in the reaction vessel. However, a column 

suitable for fast repetitive analysis of G^ to Ĝ  ̂hydrocarbons was not 

readily and economically available. Therefore, to allow complete
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hydrocarbon analysis a twin system was devised. The units of this could 

be used individually during single alkene runs, or alternately during 

competitive reactions. One chromatograph was used to separate ethene 

and ethane, whilst the other separated the higher hydrocarbons. A 

discrete sampling system was used with an injection system designed to 

feed the sample to one or other of the chromatographs without inter­

rupting the carrier gas flow to either. Figure 5-^ shows a diagram 

of the switching system along with the operating procedure. The

maximum sampling rate for this system was one sample every 2.5 minutes^ 
jLoe. "lo r e - - ^ L e  l oo^ .
Both g o 's consisted of a packed column held in an oven, the temperature

of which was controlled by an F&M mode 2^0 power proportioning

temperature programmer operating isothermally. The carrier gas was

nitrogen split from a single source by a stream splitter at point S

(Figure Detection was performed by flame ionisation detectors

at the outlets of each column. The signals from these were amplified

by a pair of E.I.L. Model 5^A Vibron Flame Detector amplifiers, and

recorded on a servoscribe 25 twin pen chart recorder.
o.

GGl contained PORAPAK^and was maintained at a temperatirre of 

50G. This separated ethene and ethane well, and also was initially 

used to separate propene and propane although this was unsatisfactory 

due to very long retention.times. GG2 contained n-OCTANE on PORASIL G 

at temperatures of 23G and 30G. 30G was used when isobutene and isobutane

only were being separated, whilst 23G was used if propene/propane and/or 

n-butene/n-butane were also required.

5»9 Effect of Discrete Sampling on Kinetic Analysis

The continuous sampling from the reaction vessel to the mass 

spectrometer maintained a pressure of less than 10-̂  Torr in the 

spectrometer and therefore used only a very small amount of the 

reactant gases. Thus no major effect on reaction kinetics due to
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INJECTION SYSTEM.WHEN ALL THREE 
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pressure changes would occur. The discrete sampling for the gas 

chromatograph, however, required significant amounts of reactant gas. 

Therefore, care had to he taken not to allow any large drop in reactor 

pressure with sampling since this could affect the rate of reaction.

Consider alkene hydrogenation. From the discussion in Section 

3 .6, it oan he seen tlnat the reaction is between first and second order. 

Pressure changes would affect the kinetics of a second order reaction 

more than those of a first. Therefore, for the most pressure sensitive

case :-

R. - k (C^H^) . (HP , where i = value for initial sample 

where f = value for last sample= k (C2% )   ̂ (Hg) ^

If the rate of reaction is not to drop hy more than IC^ due to pressure 

changes then, assuming consumption of gas due to reaction is negllgihle.

the ratio of R^ and R̂ , must he such that:

R._x = 0.9
R.1

if z is then defined as the fraction of the original gas remaining 

after the last sample, it can he seen that: -

= ( c p p ,  z (Hp. z . ( a p P p H p .

R
R̂
f = (H^)

Icpp-TSPi
1 z 0.9

_2z = 0.9

z = 0.9̂ '̂9

Now the fractional pressure drop in the gas phase will he 1 

Theref ore:

1 - z = 0.051

- z.
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Therefore, the maximum pressure drop to allow a maximum rate variation 

of IC^, is ^

In this work sample volume B as shown on Figure was used. This
3has a capacity of 0.2 cm-̂ . Whilst the reaction vessel has a capacity

3of 200 cm . Therefore, from Boyles law:-

P = P 1 2 200
200.2

Thus the fractional pressure drop/sample = y = 1 - 200/200.2

0.000999

and the % drop/sample = 0.0999^

Since the pressure after one sample = P-, x (l-y)

where P^ = original pressure

it can he seen that:

Pressure after n samples ^ (l~y)
n

therefore;

N =
ln(P /Pn/n)
In(l-y)

thus the maximum permissible No. of samples for a lOfo rate 

drop, n(max)

= ln(0.95)
ln(1-0.000999)

= 51'3 = 51 samples

68



By measurement of the change in peak height with no. of samples in a 

non-reactive mixture of alkene and hydrogen (i.e. no catalyst present) 

the experimental value of y was found to he 0.17j^/sample. This is 

higher than the calculated value hut still gives a safe n(max) of 30.
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Chapter Six

EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

6.1 Introduction

In this work a standardised experimental procedure was used 

so as to minimise variation from parameters other than those under 

study. All catalysts were pretreated in an identical manner and the 

gas mixtures were made up identically unless otherwise stated.

6.2 Pretreatment of Catalysts

Catalysts were stored over a saturated solution of calcium 

nitrate to ensure complete hydration. For reaction work, O.lg 

(hydrated weight) samples were weighed in a weighing scoop on a 

three figure SARTORIUS top pan balance. The weights obtained were 

accurate to within .003g. Samples were transferred to the reaction 

vessel which was then connected to the gas handling system described 

in Chapter 5-2. Slow evacuation at room temperature was performed 

over a period of about 15 minutes. Care had to be taken over this 

evacuation because a rapid pressure drop resulted in 'jumping' of 

the catalyst due to desorption of gases from the zeolite. The furnace 

was then placed around the vessel, the temperature raised to 350(+5)°C 

over a period of approximately 30 minutes, and evacuation continued 

for 15 to l6 hours to dehydrate the catalyst.

The reaction system was isolated and the furnace control reset 

to the temperature chosen for catalyst reduction. This being either 

200, 250, 300 or ¿t-OOC, The system was then left to equilibrate.

100 mmHg pressure of hydrogen was measured into the mixing vessel 

and released into the reaction vessel. The reactor was isolated and 

reduction allowed to proceed for one hour. The system was then 

re-evacuated for three minutes.
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To set the system at the initial reaction temperature the 

furnace was removed from the reaction vessel, cooled to helow the 

desired temperature, replaced and allowed to reheat to the set 

temperature. This procedure was used, rather than simply allowing 

the furnace to cool, since it was found to he much faster.

6.3 Gas Mixtures

In the following section all the gas handling volumes are 

designated as in Figure 5-l of Chapter Five.

All gas mixtures were first mixed in the mixing vessel (y ) 

before release into the reaction vessel (A). Normally an approximate 

20:1 ratio of hydrogen to alkene was used. This was measured as 

follows;-

1) ^1 mmHg of alkene were measured into WX'.

2) This was expanded into X+Y, resulting in a pressure of lOmmHg.

3) Y was isolated and the rest of the system evacuated with the 

liquid nitrogen removed from the cold traps. The removal of 

the nitrogen was found to he necessary because the alkenes 

partially condensed in the traps and tended to desorb slowly 

and diffuse back into the system.

666 mmHg of hydrogen was measured into ¥X'X.

5) This was expanded into Y as quickly as possible, to prevent

backflow of alkene from Y. This resulted in an overall pressure 

in Y of 20^ mmHg. ’10 mmHg of alkene and 19^ mmHg of hydrogen. 

The mixture thus obtained could then be expanded into the reaction 

vessel (a ) when'desired.

6.^ Moles of Gas in Reaction Vessel

The number of moles of reactants in the reaction vessel was 

calculated using the ideal gas equation
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and Boyles's Law;-

PV = nRT

constant temperature

If Y and A were at the same temperature then since the volume of
1 3Y=295 cm-̂  and the volume of A=200 cm"̂  then:-

'A
295 Py 
295+200

where P^ = pressure in A when 

gas from Y released 

into evacuated vessel

P^ = initial pressure in Y.

and the number of moles of gas in A=n = ^a '̂ A
RT

which gives

No. moles hydrogen in A during reduction 

No. moles alkene in A during reaction = 6.33^10

No. moles hydrogen in A during reaction = 1.23x10

= 6.33x10^

But the reaction vessel is always hotter than the mixing vessel 

during reduction and frequently so during reaction. Therefore, the 

above calculations are not entirely correct. It can be argued that 

when they are released into the reaction vessel the gases are at the 

same temperature as Y and do not have time to absorb the heat of the 

reaction vessel before it is sealed. If this were true then the above 

calculations would be correct. However, to ensure that the error 

induced by this simplification is not too large a simple check was 

carried out. Assuming a reaction vessel temperature of 200°G; well above 

the maximum reaction temperature used in this work; then for the value 

of P^ obtained from the previous calculation, there would be 3>99xl5‘̂ 

moles of alkene present in A. Thus, although it is an outside limit, 

this possible inaccuracy must be kept in mind when quantitative analysis 

of alkene concentrations are performed.
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6.5 Kinetics and Order

Alkene hydrogenation over nickel catalysts exhiMts an inversion 

of the apparent activation energy hetween 90°G and 170°G. The cause of 

this effect is discussed in Chapter 3-5 and 3*6, but for the kinetic 

analysis the important point to note is the reaction order. Although 

the reaction is always first order with respect to hydrogen, it gradually 

changes from zero or fractional order below inversion to first order 

above inversion with respect to alkene.

In this work a similar effect was found at around 170°G.

However, most experimental work was performed at temperatures below 

that of inversion. Therefore, rate^were generally calculated assuming 

zero order with respect to alkene and first order with respect to 

hydrogen:-

RATE = dt
where = alkene concentration 

t = time
M -  hydrogen concentration 
k^ = first order rate constant

For a catalysed reaction the rate will also depend on the number of active 

sites available for reaction, which in turn will depend on the amount of 

catalyst present. Thus;-

-d^GD
dt k^'g^nQ where g = amount of catalyst

In all experiments [H-^^was kept very much greater than LCD and was 

therefore effectively constant

-d{c2 = k g where k^ = apjH,rent zero
dt order rate 

constant.

(it should be noted here that the rate is still dependent on Ch D  and 

will vary if changes in the amount of hydrogen input to the system are 

made.) —
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This integrates to give:-

[_Cj~-k^gt where ^ initial concentration

Multiplying hy 100 and dividing hy [cj] gives

=~k^'gt + 100 ^o' " 100k^[H^/(t;]
^ 0-̂

100G/G^ is the percentage of the original alkene left after time t.

Therefore, a graph of (% initial alkene concentration remaining) vs. 

time was used to obtain a straight line of slope = -k^'g. Such that:-

k -slope
0 = % /min./gram.

which represents the percentage of the original amount of reactant 

which is reacted each minute in the presence of one gram of catalyst. 

This is not the true rate constant since it is dependent on the initial 

concentrations of both reactants. However, since relative rather than 

absolute rate values were needed in this work the above constant was 

used. For the majority of experiments wheres

][h /]= 1.23x10^ = 0.4l£' Âo\ts. Kv

and [_g3 = 6.33x10-̂ y  J-oo-x. lo’^ = ^  \ 4

the constant was used unaltered. However, for compatibility, values of 

k^' obtained using other"reactant concentrations had to be multiplied 

by;-

X Ch j

Since the rate below inversion for hydrogenation over nickel is only 

approximated to zero order and in fact will be between zero and one 

(see Ghapter 3-5) a number of results were treated using first order 

kinetics to determine what the effect of the approximation would bei-

RATE- - m

dt
= k.g DdCcJ

where k^ = second order rate
constant.
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assuming M t o  be constant

dt
where ' k^' =

This gives:-

In 0 3  = -k^'gt + InOcJ

adding In(l00/(t3i)^o both sides gives:- 

in(ioofc3/t:^= -k^'gt + In(lOO)

Thus a graph of ln(% of original alkene concentration) vs. time was 

used to obtain a straight line of slope -k^'g, such that:- 

-slope
h '  - /min./gram.

This can be represented as a percentage 

-lOOslope
V  - g

//min./gram.

which represents the percentage of the amount of alkene present at time t 

which will react in one minute.

Like k^', k^' is dependent on JHx] s-l’̂^owgh not on alkene.

6.6. Kinetic Treatment During Extensive Adsorption of Alkene

The kinetic treatment described in the last section depends on the 

gas phase concentration (reactant + product) remaining approximately 

constant. In some instances it was found that adsorption of the alkene 

was so great, whilst that of the alkane remained low, that the overall
i\r o

gas phase ̂ concentration was increased by four or five times as the 

reaction proceeded. When this occurred a second analysis technique, 

compatible with the normal one was used. Consider the zero order rate 

equation outlined in Chapter 6.5s- 

lOOC
-k 'gt + 100 0 ®
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assuming M t o  "be constant

-drci
= k^'gLc] where ■ k^’ = Dh]k2

This gives

ln[G) = -k^'gt + ln[C^

adding ln(lOO/(h^^to both sides gives 

ln(l00^3/[i^= + In(lOO)

Thus a graph of ln(% of original alkene concentration) vs. time was 

used to obtain a straight line of slope -k^'g, such that;-

ki' =
-slope

/min./gram.

This can be represented as a percentage 

-lOOslope
^l’ %/min. /gram.

which represents the percentage of the amount of alkene present at time t 

which will react in one minute.

Like k^', k^' is dependent on although not on alkene.

6.6. Kinetic Treatment During Extensive Adsorption of Alkene

The kinetic treatment described in the last section depends on the

gas phase concentration (reactant + product) remaining approximately

constant. In some instances it was found that adsorption of the alkene

was so great, whilst that of the alkane remained low, that the overall 
(\r o ce.rV>o<\.

gas phase ̂ concentration was increased by four or five times as the 

reaction proceeded. When this occurred a second analysis technique, 

compatible with the normal one was used. Consider the zero order rate 

equation outlined in Chapter 6.3%- 
lOOG
7-n~ = -k 'gt + 100
[cl °U 0-*
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Assuming no side reactions occur

LoJ = C O  ~P where p = alkane concentration

Substitution gives ;-

CcJ
'k ' gt + 100

and thus k ' can be obtained. Note that this value is only compatible o
with the one obtained via the other method provided that no side reactions 

occur. And therefore it was only used provided that no side reactions 

were detected.

6.7 Induction Period

In many reactions carried out in this work a distinct induction 

period was found to be present at the beginning of the reaction. This 

was quantified by defining the induction period, I, to be the time axis 

value of the intercept of the slopes of the %alkene vs. time plot during 

and after induction. This is shown in Figure 6.1. The overall rate 

under these conditions was defined, as before, as the percentage of the 

initial alkene concentration reacted/second. But the slope was taken as 

the slope after the induction was over.
Ì

6.8 Isothermal and Temperature Programming Techniques

To obtain the rate constants outlined in Section 6.5, %alkene vs. 

time results were required. Two experimental techniques were utilized in 

this work. These were:-

1) ISOTHERMAL REACTION

Where reactants were introduced to the catalyst at a preset 

temperature, and the temperature maintained throughout the reaction.

2) TEMPERATURE PROGRAMMED REAGTION;-

Where reactants were introduced to the catalyst at a preset 

temperature but when adsorption and reaction rate had reached a
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steady state the temperature was increased at a steady rate.

During hoth these methods the alkene concentration was measured 

as 100(alkene in the gas phase)/(alkene + alkane in the gas phase).

This can only be used to obtain the rate constants if there is no 

significant carbon loss by adsorption or side reactions such as cracking, 

polymerization, or surface carbide formation. A check that this did not 

occur was kept by;-

a) Checking the gas phase for the presence of higher and lower 

hydrocarbons.

b) Plotting graphs of raw alkene data vs. raw alkane data (the raw 

data being M.S. or G.G. peak heights in arbitrary units, see 

Section 7-8) and checking them for linearity. The slope should 

also give the relative sensitivities for the alkane and the 

alkene (see next section).

Isothermal rate constants were obtained by treatment of results 

as outlined in Section 6.5, whilst results from Temperature Programming 

were treated as follows. The plot of %alkene vs. time is curved due to 

the change in the rate constant with temperature. The rate constant for 

a given temperature was therefore obtained by taking the tangent of the 

curve at the time when the reactor was at the specified temperature. An 

example of this is shown in Figure 6.2. For first order results a plot 

of ln(%alkene) vs. time was used.

The advantage of temperature programming is that the rate constants 

for a reaction over a complete temperature range, and therefore the 

Arrhenius plot can be obtained from a single experiment. This is 

faster than a series of isothermal runs and also the activation energy 

IS less likely to contain errors due to catalyst irreproducibllity. 

However, caution must be exercised when using this technique because 

for valid results the programming rate must be low enough for all the
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FIGURE 6. 2
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surface conditions on the catalyst, such as adsorption, to he at 

equilihrium.

6.9 Calculation of "̂̂ Alkene from Paw Ihta

^Alkene values were calculated from the raw data obtained from 

the mass spectroscopic and gas chromatographic analyses described in 

Chapter 5-7 and 5-8 as follows;

1) MASS SPECTROMETRY:

With no side reactions mass spectroscopic data gave percentage 

alkene via the equation:-

100(alkene peak height-fragmentation)
^ALKENE = ----------------------------------------- --- --------

(alkene pk.ht.-fragmentation)+(P5 x alkane pk.ht.)

where RS is a sensitivity factor used to compensate for the difference 

in ionisation efficiencies of the alkane and alkene. The FRAGMENT­

ATION subtraction comes about because during ionisation of 

molecules, fragmentation occurs creating characteristic 'fragment­

ation patterns' for various molecules. Alkanes are only two mass 

units heavier than their respective alkenes and so major alkane 

fragmentation peaks often lie on the alkene parent m/e value 

and therefore must be subtracted from that peak.

Both these factors are obtained from calibrations by measuring 

the peak heights and^fragmentation patterns of measured amounts 

of alkane and alkene such that;-

alkene peak height alkane concentration
RS = X

alkane peak height alkene concentration

and

FRAGMENTATION =
fragment peak

C^Vv c

parent peak ^
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2)

The magnitude of these corrections was minimised hy reducing the 

energy of the ionising electron beam. However, as this is 

decreased, ionisation efficiency is reduced and both the 

sensitivity and reproducibility fall. It was found that the 

minimum ion beam energy that allowed reasonable sensitivity was 

a nominal lOeV for ethene/ethane and for propene/propane.

This gave approximate values for fragmentation of alkane on 

alkene of 2.5 and 0.. 1 respectively. The exact values had to 

be recalibrated frequently due to instability of the system 

causing variations in the electron beam energy.

GAS CHROMATOGRAPHY:

For gas chromatography results the equation for ^Ikene is 

basically the same as for mass spectrometry except that there are 

no fragmentation corrections and peak area should be used:-

alkene peak area
%ALKENE =

alkene peak area + (RS x  alkane peak area) 

here the sensitivity factor is used to compensate for differences 

in the detector sensitivity to the different species. However, 

as will be shown in section 6.11, peak area can be replaced by 

the more easily measured peak height provided that a sensitivity 

factor which allows, not only for detector sensitivity, but also 

peak width, is used. This factor is obtained by the same technique 

as mass spectrometry, such that for a measured amount of alkane 

and alkene:-

alkene peak height alkane concentration 
RS =  -- ------- -- — • X  -- ----- ------- ------

alkane peak height alkene concentration

6.10 Computer Programs.

Since calculations of %alkene are repetitive and time consuming.
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BASIC computer programmes were developed to process the raw data. A 

flow diagram showing the general nature of these programs is shown in 

Figure 6.3- Five separate programs were developjed from this outline. 

These were;-

a) Calculation of %alkene and ln(%alkene) values from raw data 

from isothermal mass spectroscopy results, 

h) As a) for gas chromatography results.

c) Calculation of %alkene, ln(%alkene), rate constants k^', >

and Ink^' from raw data from temperature programme

mass spectroscopy results.

d) As c) for gas chromatography results.

e) As c) for two alkenes in a competitive reaction. This was 

required for M.S. results, hut not for G.C., because the M.S. 

fragmentation patterns for the higher hydrocarbon have to be 

subtracted from the lower hydrocarbon results, whereas in G.C. 

the two sets of results are independent.

Since all these programs are very similar only (e), which is 

the most complex is shown on page All the components for the other

programs are present in this one program since they are essentially 

subsets of this.

6.11 Adsorption

In parts of this work the extent of alkene adsorption was measured. 

The procedure in non-reactive systems was as follows. Adsorption was 

treated as a first order equilibrium reaction;-

ALKENE(gas phase) # ALKENE(adsorbed)

Thus d(C-C )

dt
= -k(G-C^)

u>V\ere C = concentration of
alkene in gas phase.

and G = equilibrium concentrat­
ion of alkene in gas 
phase.
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■ICURE 6. 3
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ï o
20
3 0
4 0
5 0 
60 
70 
80 
90
10 0 
11 0 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290
30 0
31 0
32 0
33 0
34 0
35 0 
360

LN(ALKENE) 
USING MASS

FRINT’TROG.FOR CALC 
PR INT "HYDROGENATION 
PR I NT
PRINT “TYPE EXP.NO , ,
INPUT A,B$,C$;S$
PRINT'TRG.OF HIGHER ALKANt 
PRINT"HIGHER ALKEM£(2),LOWER 
INPUT D1,D2,D3,E1,E2,F,R1 ,R2 
PRINT'TYPE NO.POINTS"
INPUT G 
DIM T(30)
DIM K(30)
DIM L(30)
DIM N(30)
DIM M(30)
DIM H(30)
DIM J(30)
DIM P(30)
DIM Q(30)
PRINT "TYPE TIME DALLIES"
MAT INPUT T'G'
LET T1=NUM 
IF T1=G GOTO 405 
MAT INPUT H'G'
LET T2=NUM 
FOR 1=1 TO T2 
LET T(T1+I)=H<I>
NEXT I
IF T14-T2=G GOTO 405 
MAT INPUT J'G'
LET T3=NUM
FOR 1=1 TO T3
LET T(T1+T2+I)=J(I)
NEXT I
IF T1+T2+T3=G GOTO 405 
MAT INPUT P'G'

DALUES FOR A TWO 
SPEC.RAW DATA."

ALKENE

DATE, AND ALKENE USED (HIGHER

(HIGHER AI... K E i'J E: , I... 0 W E R A L K A N E 
ALKANE(1),R,S .(HIGHER K

6 ALKENE" 
LOWER)"



coCn

37 0 
380  
390  
400  
405  
410  
420  
430  
440  
450  
460  
470  
480  
490  
500  

510  

5 1 5  
520  
530  
540  
550  
560  
570  
580  
590  
600  
61 0 
620  
6 2 5  
630  
640  
650  
660  
670  
680

L E T  T4=NUM
POR I==l TO T4
L E T  T ( T 1 + T 2  + T3+I)^==^P(I)
NEXT I
P R I N T
INPUT X
IF  X=1 GOTO 200  
P R I N T " T Y P E  TE M P E R A T U R E  
MAT IN PUT  K ' G '
L E T  K1=NUM 
I F  K1=G GOTO 625

UALUEB

MAT
L E T
FOR
L E T

IN PU T  H ' G '  

K2=NUM 
1=1 TO K2  
K ( K 1 + I ) = H ( I )  

NEXT I
IF  K l - fK2=G  GOTO 625  
MAT INPUT J ' G '
L E T  K3=NUM 
FOR 1=1 TO K3  
L E T  K ( K 1 + K 2 + I ) = J ( I )  
NEXT I
I F  K1+K2+K3=G GOTO 
MAT IN PUT  P ' G '
L E T  K4=NUM 
FOR 1=1 TO T4  
L E T  1<(K1+K2+K3+I ) 
NEXT I 
P R I N T  
INPUT Y
I F  Y=1 GOTO 430  
P R I N T " T Y P E  HIGHER  
MAT INPUT L ' G '
L E T  L1=NUM 

I F  L1=G GOTO 8 5 5

P C I )

A L K E N E  V A L U E S '



00
ON

690 MAT INPUT H ' G '
70 0 L E T L2=NUM
710 FOR 1=1 TO L2
720 L E T L ( L 1 + I ) = H ( I )
730 NEXT I
740 IF  L 1+L2=G GOTO 855
750 MAT INPUT J ' G '
760 LE T L3=NUM
770 FOR 1=1 TO L 3
780 L E T ( L 1 + L 2 + I ) = J ( I )
790 NEXT I
800 I F  L ( L 1 + L 2 + L 3 ) = G GOTO 8 5 5
81 0 MAT I N PUT  P ' G '
82 0 LE T L4=NUM

830 FOR 1=1 TO L4

840 L E T L ( L 1 + L 2 + L 3 + I ) = P ( I)
850 NEXT I
8 5 5 PRIN T'
860 INPU T U
870 I F  V =1 GOTO 650
880 P R I NT  " PR I NT  HIGHER ALKANE VALUE'-S
890 MAT INPUT N ' G '
900 L E T N1=NUM
91 0 IF  N 1=G GOTO 1 085
920 MAT I N PUT  H ' G '
930 L E T N2=NUM
940 FOR 1=1 TO N2
950 L E T N ( N 1 + I ) = H ( I )
960 NEXT I
970 IF  N1+N2=G GOTO 1 085
980 MAT INPUT  J ' G '
990 L E T N3=NUM

1000 FOR 1=1 TO N3
1010 L E T N ( N 1 + N 2 + I ) = J ( I )
1020 NEXT I



00

1 030  

1 Ü4Ü 
1 050 
1060  
1070  
1 080 
1085  
1 090  
1100 
1110 
1120 
1130  
1140  
1150  
1160  
1170  
1180  
1190  
1200 
1210 
1220 
1230  
1240  
1250  
1260  
1270  
1280  
1290  
1300  
131 0 
1 315  
1320  
1330  
1340  
1350

IF  N1+N2+N3=G GOTO 1085  
MAT INPUT  P ' G '
L E T  N4=NUM 
L E T  M2=^NUM 
FOR 1=1 TO M2 
NEXT I 
P R I NT  
INPUT  W
I F  W=1 GOTO 880
P R I N T " T Y P E  LOUER A L K E N E  V A L U E S  . " 
MAT INPUT  M ' G '
L E T  M1=NUM 
I F  M l f G  GOTO 1315  
MAT I NP U T  H ' G '
L E T  M2=NUM 
FOR 1=1 TO M2 
L E T  M ( M 1 + I ) = H ( I )
NEXT I
I F  M1+M2=G GOTO 1315  
MAT INPUT J ' G '
L E T  M3=NUM 
FOR 1=1 TO M3 
L E T  M ( M 1 + M 2 + I ) = J ( I )  
n e :x t  I
IF  M1+M2+M3=G GOTO 1315  
MAT I N PUT  P ' G '
L E T  M4=NUM
FOR 1=1 TO M4

L E T  M ( M1 + M2 + M 3+ I) = P ( I )
NEXT I 
P R I N T  
INPUT Z
I F  Z=1 GOTO 1110
P R I N T " T Y P E  LOUER A L K AN E  V A L U E S . "  
MAT INPUT  Q ' G '





136Ü L E T  Q1=NUM
1370 I F  Q1^=G GOTO 1500
1380 MAT INPUT  H ' G "

1390 L E T  Q2=NUM 
1400 FOR 1=1 TO Q2 
1410 L E T  Q ( Q 1 + I ) = H < I )
1420 NEXT I
1430 IF  a i + Q 2 = G  GOTO 1500  
1440 MAT INPUT J ' G '
1445  L E T  Q3=NUM
1 447  FOR 1=1 TO Q3
1 450 L E T  Q ( Q 1 + Q 2 - H ) = J ( I )
1 455  NEXT I
14 57  IF  Q1+Q2 + Q3==G GOTO 1500  
1460 MAT I N PUT  P ' G '
1 465  L E T  Q4=NUM
1470 FOR 1=1 TO Q4
1 475  L E T  Q ( Q 1 + Q 2 + Q 3 + I ) = P ( I )
1480 NEXT I
1500 P R I N T
1510 INPUT  V
1520 I F  0=1 GOTO 1340
1530 FOR 1=1 TO G
1540 L E T  L ( I ) = L ( I ) - D l x N ( I >
1550 L E T  Q ( I ) = Q ( I ) - - D 2 x N ( I ) - E 2 x L (  I ) 
1560 L E T  M( I ) = M(  I )-D3x-N( I ) ~ E 2 X L ( I  )- 
1570 L E T  N ( I ) = R l x N ( ' l )

1580 L E T  Q(I)=R2XQ(I)
1590 LET  J ( I ) = 1 0 0 x L ( I ) / ( L < I ) + N ( X ) ) 

1600 L E T  P ( I ) = 1 0 0 x M ( I ) / ( M a > + Q ( I )  ) 
1610 L E T  H ( I ) = L O G < J ( D )
1620  L E T  Q ( I ) = L O G ( P < I ) )
1630 NEXT I
1640 P R I N T " E X P . N O . D A T E .
1650 P R I NT  ■ '= = = = = = = = = ::= = ==



•x Q( I )

A L K E N E S . "



GO\o

1660 P R I N T  V " S $
1670 P R I NT
1680 P R I N T " T I M E .  %" "
1690 FOR 1=1 TO G
1700 P R I N T  T ( I ) , J ( I ) , P ( I ) , H ( I ) , Q ( I )
1710 NEXT I
1720 FOR 1=1 TO G-1
1730  L E T  K ( I  ) = ( K ( I ) + K ( I  + l ) >/2
1740 L E T  H( I)  = (H( I ) - H (  H I )  ) / ( T (  I + l  )-
1750 L E T  Q ( I ) = ( Q ( I ) - Q ( I + l ) ) / ( T ( I + D -
1760 L E T  T ( I ) = ( T ( I ) + T ( I + 1 ) ) /2
1770 L E T  M ( I ) = L O G ( H ( I ))
1780  L E T  J ( I ) = L O G ( Q ( I ) )
1790  L E T  N ( I ) = 1 / K ( I )
1800  NEXT I 
1810 P R I N T  
1820 P R I N T  
1830  P R I N T
1840 P R I N T " T I M E .  T EMP.
1850 P R I N T "
1860 FOR 1=1 TO G~1
1870 P R I N T  T ( I ) , K ( I ) , N ( I ) , M ( I ) , J ( I )
18 75  NEXT I
1880  P R I N T
1890 P R I N T  C $ / '  R A T E . "
1900 FOR 1=1 TO G-1  
1910 P R I N T  H ( I ) , Q < I )
1920 NEXT I 
2 0 0 0  END

S$" RATE."
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This integrates to give;-

In(C-Gg) = -kt + constant 

When t=0 then G=G
0

ln(G -G ) = constant  ̂ o e'

Therefore;

ln(G-G ) = -kt + ln(G -G ) ̂ e  ̂ 0 e

Now peak heights of M.S. and G.G. spectra are related to concentration 

such that;-

G = X H u>here x = constant
H = Peak height

Therefore :-

ln('H-H ) = -kt + ln(H -H )

In a system where only adsorption occurred the amount of adsorption was 

then calculated as follows. The equilihrium peak height was obtained hy 

extrapolation of the alkene peak height vs. time plot to the steady 

state. Then since initially the peak heights increased due to 

temperature equilibration effects, a graph of In(H-H^) vs. time was 

used to obtain the initial peak height by extrapolation to t=0. An 

example of these procedures is shown in Figure 6.4.

The amount of adsorption was then calculated as;

MOLES ALKENE ADSORBED = M - (M H /H )0  ̂ o ê  0-̂ vokere M = No. moles
injected into 
reaction vessel

Now the No.moles of zeolite = RMMz

where g = weight of zeolite (hydrated) and RMMz = relative molar
mass of the 
- zeolite

Theref ore ; -

MOLES ALKENE ADSORBED
= Z =

RMMz (M -(M H /H )  ̂ 0  ̂ o e' ô
MOLE OF ZEOLITE
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and since the basic unit of A type zeolite contain a single oC cage;- 

Z = No.alkene molecules/oc. cage.

This method was also applied to low hydrogenation activity systems.

In these cases zero alkane adsorption was assumed and the total gas 

phase hydrocarbon used to calculate the amount of adsorption.

i.e. amount alkene not adsorbed = amount of alkene in the gas phase 

+ amount of alkene converted into alkane (all in gas phase.)

This could only be used during initial stages of the reaction since a 

large change in the total amount of alkene would alter the amount 

adsorbed.

6.12 Errors and Reproducibility

With any experimental technique errors arise due to limits on the 

accuracy of parameter measurements and result processing. Also in 

heterogeneous catalysis results are often not very reproducible due to 

the fact that slight variations in pretreatment conditions for a 

catalyst can have major effects on the condition of its surface. 

Therefore, the margins for error and reproducibility of any result must 

be determined before comparisons of analyses can be considered valid.

a) TEMPERATURE MEASUREMENT ' i

The measurement of the reaction temperature at the base of the 

reaction vessel was limited by the calibration graph (shown as 

Figure 6.5) used to convert thermocouple voltage readings into 

temperatiare values. This was accurate to within 2°G. The 

greatest variation in results due to temperature will have been 

due to the temperature gradient across the reactor as discussed 

in Chapter

b) PRESSURE MEASUREMENT

The error in the measurement of the gas pressure in the ^ s
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“Centigrade.  

FIGURE 6. 5

FIGURE 6. 6
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handling system was dependent on two factors.

(i) the accuracy of the pressure transducer, was quoted by the 

manufacturers as 1^. This figure embodies deviations due 

to nonlinearity and hysteresis, and is in any case inherent 

in the second factor below.

(ii) accuracy of the calibration graph (shown as Figure 6.6)

for converting voltage readings into pressure values. This 

graph was obtained from calibration of the transducer with a 

mercury manometer. The accuracy achieved was o.5nimHg.

c) SENSITIVITY FACTORS

As discussed in Chapter 6.9 the alkene and alkane peaks were 

adjusted for equipment sensitivity by multiplication of the 

alkane peak heights by a sensitivity factor obtained from 

calibration. From the variation of the sensitivity factor 

between calibrations performed on different occasions, it can 

be safely assumed that they were accurate to within IC^.

d) KINETIC ANALYSIS

There were several sources of error in the kinetic analysis 

performed, in this work, the effects of which would appear in 

the %alkene vs. time plot and/or the Arrhenius plot.

(i) %alkene vs. time; - The plot of %alkene vs. time is used

in this work to obtain two pieces of kinetic data. The rate 

constant, k, obtained from the slope of the plot, and the 

induction period I, defined as the time intercept of the 

induction period slope and the overall rate slope. Any 

error in this will be due to error in plotting the points 

and the accuracy of the slope through those points.

The points may be inaccurate due to the use of incorrect 

alkane/alkene relative sensitivity factors, and, in the case

9̂1-



of G.G. results, the approximation made by the use of peak 

height rather than peak area (see Section 6.9). To ascertain 

the magnitude of the effect of these two factors the graphs 

shown in Figure 6.7 were plotted. Figure 6.7(a) shows the 

effect of using various sensitivity factors, whilst 6.7(b) 

shows the variation in a set of G.G. peaks from a single 

experiment analysed first by peak height and then by peak 

area measurement.

The curvatirre of this plot was affected both by the temperature 

of reaction and by the susceptibility of a given catalyst 

sample to deactivation. This meant that the accuracy with 

which the slope and the intercept could be measured varied 

from experiment to experiment. Therefore, errors in these 

values were calculated individually for different results. 

Figure 6.8 shows the method of calculating the error using 

a high temperature plot as an example of the most extreme 

errors normally found. As can be seen the maximum error 

expected is about -20%.

ii) Ink vs. 1/T: - The activation energies obtained from the 

Afrhenius plots of Ink vs. 1/T contain errors in the high 

temperature region because the high temperature results 

were treated as zero order, although they were 

first order, so that they would be compatible with the low 

temperature results,

To ascertain the effect of using the incorrect order of 

reaction a set of results were treated as zero order and then 

as first order. The result is shown in Figure 6.9. As can 

be seen the difference is less than the error in the rate 

values due to non-linearity of the %alkene vs. time slope.
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FIGURE 6. 8
Error in rate values obtained from Isothermal 
Rate Plots.
Ethene Hydrogenation over □. l%NiNaA reduced 
at 250C.
Reaction Temperature = 439K.
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FIGURE 6. 9
Arrhenius Plot for Ethene Hydrogenation 
over 0.l%NiNaA reduced at 250C.
Effect of assuming different reaction 
orders with respect to the alkene.

FIGURE 6. 10
Error in Arrhenius Plots.
Isobutene Hydrogenation over 1.0%NiNaA 
reduced at 300C.
The drop in the activatin energy above 
400K is a kinetic rather than an 
experimental error effect.



The quality of the Arrhenius plots obtained in this work 

varied considerably but Figure 6.10 shows an example of a 

fairly typical result. The error in this can be seen to be 

- l6̂  and generally, unless otherwise stated, this is the 

level of accuracy assumed for quoted activation energies,

e) REPRODUCIBILITY

The errors so far quoted are for single experiments, the other 

major factor is the reproducibility of such experiments on 

repetition with a fresh sample of catalyst. Figure 6.11 shows 

the results of repeated experiments for ethene hydrogenation over 

fresh 0.1%NiNaA samples reduced at 250G. It can be calculated 

from this that the rate constants are reproducible to -5C9̂ and 

the activation energy to -2^ .

It can be seen from the above that the error margins in the 

experimental and analysis techniques are less than the variation due to 

result irreproducibility. Therefore, only the reproducibility factors 

were- generally considered.
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Chapter Seven

CATALYTIC ACTIVITY OF NICKEL LOADED ZEOLITES

7.1 Introduction

Most of the work in this thesis involved the measurement of 

the hydrogenation rate of ethene, propene and isobutene over the 

unexchanged, the 0.1% and the 1.0^ exchanged NiNaA zeolites. The 

IC^ and 58^ samples were not used since they exhibited too great 

an activity to be easily measured with the equipment available.

7.2 Validity of the Temperature Programming Technique

The initial kinetic measurements were of the catalytic effect 

of 0.1% exchanged NiNaA on ethene hydrogenation. The temperature 

programming technique described in Chapter 6.8 was used to obtain complete 

Arrhenius plots from a single run. A typical example of this is shown 

in Figure 7.1. As can be seen the initial increase in temperature 

results in a drop in the apparent rate. Analysis of the raw results 

revealed that this was due to desorption of ethene causing an increase 

in the ethene/ethane gas phase ratio and thus invalidating the 

percentage alkene values used to calculate the rate constant.

To discover the temperature range over which this effect was of 

great enough magnitude to cause major errors in the apparent rate 

values, a series of temperature programmed desorption experiments were 

performed. A zeolite sample was exposed in turn to ethane, ethene, 

and a mixture of ethene and hydrogen. In each case the system was 

allowed to equilibrate and then the temperature was linearly increased 

at a rate of 2°C/min. For comparison purposes a 'blank' run contain­

ing ethene+hydrogen but no zeolite was also performed. In these 

systems no reactions were detected and changes in peak height measure­

ments were assumed to be due to either normal temperature effects or
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desorption. The pressure-temperature curve for the gas concentration 

(assuming no adsorption) was then calculated using the Ideal gas 

equation, and the experimental results normalised to this assuming 

negligible adsorption at 4-70-^80K. This comparison is valid even 

though the initial concentration is not accurately known because any
f -Vs icrbr

error in the Ideal slope (nE/v)^will affect the normalised slopes in 

a similar manner. It can be seen from the results, shown in Figure 

7 .2, that the most extreme desorption occurred with ethene, as was 

expected since zeolites have a high affinity for polar or polarisable 

adsorbates. Above 38OK desorption appears to be almost complete and 

therefore temperature programme rate results should be valid above this 

point. Further support for this conclusion can be seen from Figure 6.11 

which clearly shows that the differences between isothermal and 

temperature programmed results are no greater than the variations due 

to experiment reproducibility. Therefore, the results for ethene 

hydrogenation over 0.1% NiNaA obtained from temperature programme 

measurements are valid above 38OK.

When work with propene was initiated the zeolite appeared inactive 

with respect to propene hydrogenation at low temperatures. With the 

0.1%, NiNaA no reaction occurred until approximately 370K under a 

programme rate of 2C/min. whilst the 1.0  ̂NiNaA showed no activity 

even when programmed up to 4-98K. It was found that the latter became 

active if a reaction programmed from 298K to above 400K was left to 

stand for a period of time. To investigate this, a number of iso­

thermal rate measurements were performed on this catalyst above 400K.

These showed that after a significant induction period, during which
Jl«)recV<sic)\e

time no^reactlon occurred, the catalyst became active. This induction 

period increased with decrease in reaction temperature, therefore 

further low temperature reactions were performed to discover whether
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the apparent inactivity was due to extensive induction. With the 1.0%

NiNaA this was found to he the case, with induction periods of over 

30 hours duration being recorded.

It was decided to measure the extent of adsorption of propene 

at low temperatures to see if it was great enough' to affect temperature 

programme results in a similar way to the ethene desorption. This was 

done using the method described in Chapter 6.11. The results are shown 

in Figure 7-3- along with some comparative results for ethene. As can 

be seen propene is more extensively adsorbed than ethene. This is not 

in agreement with the data given in Table 2.1 of Chapter 2.8 for alkene 

adsorption over 4a zeolite at room temperature and under a pressure of 

700 mmHg. It is possible that this disagreement is due to the lower 

pressure of alkene (6 mmHg) used in this work since it is not unusual 

for the adsorption isotherms of different adsorbents to cross over one 

another as the pressure increases. However, another possibility is 

that some of the adsorption is occurring on sites other than the ^A 

zeolite. Such sites must be present on the parent zeolite since there 

appears to be no significant change in extent of adsorption with increase 

in nickel content.

Because of this extensive adsorption, and also because of the 

induction effects, it -could be seen that the temperature programme 

results on the l.C%NlNaA were meaningless. Also, since the extent of 

adsorption was as great on the 0.1%NiNaA some doubt was cast on the 

validity of the temperature programme results over this catalyst.

Therefore two methods of checking these results were applied.. These were 

isothermal rate measurements and a slower temperature programme. The 

results are shown in Figures 7-^ and 7-5 along with the 2°c/min. programmes. 

Figure 7-'̂  shows that the isothermal and temperature programme results 

Mere, comparable in magnitude although there is a significant difference
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in the activation energies. However, this may he due to

deactivation of the catalyst during repeated use when obtaining

isothermal data (this will he discussed fully in section 7-̂ )-

Figure 7>5 shows that decreasing the programming rate increased the

apparent activation energy. The induction effect found on the

l.C^ NiNaA was also found on the lower exchanged zeolite. But,

whilst the l.C^ sample showed a little or no reaction during

induction, the 0.1% was quite active. An example of this is shown

in Figure 7-6. As can he seen the activity during induction was of

the same order of magnitude as the later activity. This explains

the results for the 0.1% NiNaA discussed earlier. The 2°C/min.

temperature programme measured the rate during induction and since

this was of the same order of magnitude as the later rate, the

Arrhenius plot was correct within the reproducibility limits of
%

the experiment. However, the slower programme rate allowed the 

induction period to he passed, causing a sudden increase in rate 

to occur and resulting in an increased, and false, activation energy 

being obtained.

When the work with ethene was extended to unexchanged and
I

the l.C% NiNaA it was found that they also exhibited an induction 

effect and that the non-occurrence of induction for ethene over 

the 0.1% NiNaA was the anomaly over these catalysts.

Due to the problems ca.oseck by the use of temperature programming 

all experiments with the butenes were performed isothermally.

7-3 Induction Periods

The induction periods found in this work were a significant 

reaction effect with the induction length (l) often being longer than 

the total post induction reaction■time. Therefore, this effect was 

carefully investigated.
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The induction period was found to be directly dependent on the 

reaction temperature. This implied that it could be an activated 

process for formation of a reaction intermediate. If this was the 

case it would be expected to obey the Arrhenius equation. The rate 

would be proportional to the inverse of the length of induction such 

that :-

RATE = ± = A exp )
I

1 TTherefore, plots of ln(j ) vs. ^  were made. Figure 7-7 shows some 

of the results for propene and isobutene. The results gave values of 

activation energies of between 55 a-nd 70fcJ/mole for propene and 70 

and lOOkJ/mole for isobutene. No trends relating to the catalyst used 

were noted.

To ascertain the effect of the temperature of reduction ayid the 

percentage exchange of the catalyst, on the value of I, a series of 

tests were performed using isobutene. Isobutene was chosen for the 

tests because it shows a more distinct induction than ethene and it is 

not as extensively'adsorbed as propene. From the results shown in 

Figure 7-8, it can be seen that I is minimised by reduction at 25OG 

and is longest on the O.I^ NiNaA.

A comparison was then made of the length of induction at 38OK 

for ethene, propene, and isobutene over the different catalysts. The 

results recorded in Table 7-1 reveal no significant difference between 

the alkenes on any particular catalyst except for the O.I^ NiNaA 

which shows the isobutene to have a much greater induction period than 

propene.

The irreproducibility of the catalyst was the greatest problem 

with the analysis of these results. Therefore, the variation of 

induction period with alkene was qualitatively investigated by using 

single catalyst samples to hydrogenate the alkenes consecutively.
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TABLE 7.1

MM

^EXCHANGE REDUCTION (C) 
TEMPERATURE

ETHENE

INDUCTION LENGTH (mins), 
(at 383K.)

PR OP ÈTTE ISOBUTENE

unexchanged 200 non apparent — —

unexchanged 250 9 +5 — 9 ±5

unexchanged 300 13 ±7 9 +5 12 +6

unexchanged U-00 3£l-C — ,20-t ic.

0.1% 200 non apparent — —

0.1% 250 non apparent 2^0 +122 2060 +1050

0.1% 300 non apiH,rent 105 +5^ 3360 +1710

0 .1% ¿fOO 5ti — non(-̂ )

1.0% 200 30 ns' 30 +16 13 ±7
1.0% 250 ' 10 1 s" — 10 t r

1.0% 300 12+6 10±f 15 +8

(#) induction occurred on repeated use,



The problem with this technique is that, as will be discussed in 

section reuse of the catalyst causes deactivation and lengthening

of the induction periods. Thus, care had to be taken in inter­

pretation of the results obtained. Figure 7-9 shows a typical 

example. Generally the results supported the earlier conclusion 

for the 0.1^ catalyst and extended to the l.C^ NiNaA to give the 

dependence of I on alkene as:

l(ETÜENE) < l(PROPENE) <  I(ISOBUTENE)

The results for the unexchanged zeolite were inconclusive since 

its large deactivation with reuse resulted in a continual increase 

in I irrespective of which alkene was introduced.

Although the length of induction period and the rate of 

reaction varied inversely on any given catalyst, there was no 

apparent general correlation between induction and catalyst activity.

7 .^ Reuse of the Catalyst

Repeated use of a catalyst resulted in a decrease in its overall 

activity. Therefore, a series of experiments were performed with 

ethene to investigate the magnitude of this deactivation and its 

dependence on reduction temperature, reaction temperature, and 

percentage exchange. The results of these tests are shown in Figure

7.10 and 7>11 as parameter vs. percentage drop in activity, which is 

defined as;~

( (activity of catalyst on second use) )
^DROP = 100 ( 1 - ______________________________________ )

( (activity of catalyst on first use) )

It can be seen that although the amount of deactivation was directly 

dependent on the reaction temperature and inversely dependent upon

percentage exchange the errors are too large to allow any definite

conclusions to be drawn as^regards reduction temperature^. The errors

ll̂ f
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in the 0.1% and the unexchanged samples were large because the 

deactivation was so great in these samples that a significant 

decline in the rate during the initial reaction occurred causing 

the %alkene vs. time plot to curve. This sometimes resulted in 

catalysts showing apparent first order behavioiar at temperatures 

which had previously given zero order kinetics. For example, the 

ethene hydrogenation rate at 38OK for the unexchanged zeolite 

reduced at 200G dropped by 53% during the first reaction.

Catalyst deactivation can be caused by impurities in the 

reactant m.ixture. However, such impurities would only be present 

in very low concentrations and could only poison a specific number 

of catalytic sites. Thus they would cause a greater percentage 

deactivation the smaller the catalyst sample. Therefore, to ensure 

that impurities were not the cause of deactivation in this case, a 

0.2gram and a 0.5gram sample of 0.1% NiNaA were reacted under 

identical conditions to a previous O.lgram sample experiment. The 

results in Figure y.lO show that the deactivation is independent of 

catalyst weight.' However, to reduce the risk of external poisons the 

mercury manometer which had originally been used to measure reactant 

mixtures, was replaced by a pressure transducer to ensure that there 

was no mercTxry vapour in the system (see Chapter 5*3)*

Further tests were then performed to see if the deactivation 

would eventixally destroy all the catalytic activity of a sample. 

Figure 7.12 shows that the activity declines exponentially with 

reuse and eventually reaches a steady state wherein it still retains 

a degree of activity. Figure 7*13 compares the Arrhenius plots of 

a normal catalyst to one which was stabilised by prolonged exposure 

to reactants. As can be seen the activity of the stabilised catalyst 

is approximately one quarter of the full activity. It was also found
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EXPERIMENT NO.
FIGURE 7, 12

Decrease in Rate with Catalyst Reuse. 
(Ethene Hydrogenation at 438K over 
0. l%NiNaA reduced at 2500.)

c
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FIGURE 7. 13
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Arrhenius Plots for Ethene Hydrogenation 
over,
reduced at 3000,

fresh, and o d,eacti voted 0. l^NiNaA
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that overnight evacuation, or exposure to hydrogen Resulted in 

substantial, though not total, reactivation of the nickel exchanged 

catalysts. This was not found for the unexchanged zeolite.

A number of tests were then conducted with propene and 

isobutene to disco-'̂ er how the deactivation varied with the alkene 

used. As with ethene the reaction rate decrease with repeated use 

on the l.Ofo NiNaA was' found to be less than 2C^, and therefore, 

within the limits of experimental error, insignificant. On 0.1^ 

samples reduced at 25OG the oA^erall propene deactivation at ^32K 

was between and IJ/o, whilst that for isobutene at ^35K was less 

than IC^. Thus, it initially appeared that the degree of deactivation 

decreased with increased carbon number. However, it was noticed that 

on the 0.1% catalyst the isobutene vs. time plots showed a distinct 

curve during the induction period. An example of this is shown in 

Figure y.l̂ . In this case the activity dropped by nearly 92% between 

region 'A' and region 'B*. On reuse the activity during induction was 

found to be similar to the activity in region 'B'. This indicates 

that the sites active during induction were severely deactivated by 

isobutene. To see if this effect occurred with propene, to a lesser 

extent since it was not readily visible, the percentage drop in 

activity during induction for repeated use of the catalyst which had 

shown the ^  to 13% overall drop in activity was calculated. This 

was found to be between 36% and 3̂ %- Therefore, it would appear that 

deactivation of the 0.1% catalyst occurs on the sites which do not 

exhibit induction, and the degree of deactivation is greater for 

isobutene than for propene. This would explain why the l.C% catalyst, 

which is not active during the induction period, is not susceptible 

to deactivation.

The anomaly in this interpretation is that the ethene on the
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0.1^ NiNaA does not exhibit an induction period, but is prone to 

deactivate. It is possible that the non-appearance of an induction 

period in this case could be due to the activity during induction 

being so great that it masks its own existence. If this were the case 

then deactivation of the sites of initial activity should produce 

induction. It was shown above that these sites are most prone to 

deactivation by isobutene. Therefore, an 0.1^ NiNaA sample was 

reduced at 30OG and reacted with isobutene at 4-25K before exposure 

to ethene. This reduced the overall activity of the catalyst with 

respect to ethene hydrogenation and a distinct induction appeared.

Even in this deactivated state the activity during induction was over 

of the overall rate. Thus it would appear that under normal 

conditions the activity for ethene on the 0.1% NiNaA is almost 

entirely due to reaction on sites which do not exhibit induction.

Peuse of a sample also resulted in an increase in the length of 

induction. No proportional correlation between degree of deactivation 

and increase in induction period was found for the results obtained, 

but for a given catalyst the greater the deactivation the greater the 

increase in Î  whilst a partially reactivad catalyst had an induction 

period length in between that of the fully active catalyst and the 

deactivated one.

7.5 Anomalous Pesults

During this work some anomalous results were discarded. However, 

two sets of results which do not fit with the others must be noted.

The first was that three consecutive isobutene hydrogenation 

experiments performed on different samples of 0.1^ NiNaA reduced at 

30OG showed little or no induction effect when reacted at teOK 

(< 20mins with overall reaction time of over 1200mins). And when one
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of these catalysts was then treated with ethene no induction period 

appeared (see previous section), the level of activity of the catalyst 

"being as for other results after induction.

The second anomalous result also occurred with isobutene over 

0.1% NiNaA reduced at 300G. On this occasion no induction was seen and 

the initial acti'-ity was much higher than normal. After about 2%fo 
reaction the activity then fell dramatically and levelled off at a 

lower value than normal. This is shown in Figure 7■15’

7.6 Pressure Dependence

The dependence of both reaction^and induction length on the 

partial pressures of the reactants was investigated by exposure of 

single catalyst samples to various reactant pressures. Repeated 

reaction over single samples, rather than a series of experiments 'on 

fresh samples, was used so as to avoid reproducibility variations.

This meant that, as before, care had to be taken to allow for 

variations due to catalyst deactivation. It was noted in Chapter 6.5 

that the rate constants generally quoted in this work were not true 

rate constants, but were related to the true values by the equation:-

k(true) = k(calculated) (alkene concentration)/hydrogen concentration) 

Generally this did not matter since the ̂reactant concentrations used 

were the same. However, in this section where the pressure dependence 

was being measured the true rate constants had to be used.

Results obtained for propene hydrogenation at <̂07K over 

l.C^ NiNaA reduced at 200G are shown, in Table 7-2, whilst those for 

isobutene over l.C^ NiNaA reduced at 200G and 250G are given in 

Tables 7.3 and 7-^.

No systema,tic variations in either rate constant or induction period 

length with hydrogen pressure can be seen from these results. This
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Effect of Reactant Pressure on R̂ate and Induction Leng;th 

(propene reacted at ^0?K over l.Ofo NiNaA reduced 200C)

TABLE 7.2

Experiment
No.

No.Moles 
PROPENE
(10^)

No.Moles 
HYDROGEN

(io5

k(%/min/gram)
(measured)

k
(true)

Induction 
(mins.)

1 6.33 12.^1 58 0.0296 7.5

2 6.33 12.19 70 0.0363 5.8

3 31.65 12.^1 26.5 0.0676 12.6

3.165 12.51 89 0.0225 4.3

5 18.99 12.51 ¿fl 0.0622 10.2

6 6.33 12.51 76 0.0385 4.5

7 6.33 6.57'4- 4-5.2 0.04-35 5.5

8 6.33 9.013 56.9 0.0400 5.5

9 6.33 2.651 16.5 0.0394 4.5

10 6.33 10.50 60.1 0.0362 5.0

12 1̂-
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Effect of Isobutene Pressure on Pate and Induction Length 

(reaction at over l.C^ NiNaA reduced at 200C)

TABLE 7 .3

Experiment
No.

No. Moles 
ISOBUTENE

(10 5)

No. Moles 
HYDROGEN

(io5

k(%/min/gram)
(measured)

k(/min/gram) 
(true)

(10 3)

Induction
(mins)

8 6.33 12.3 12.79 6.582 10.5

9 6.96 12.2 12.^0 9.927 7.0

10 3.165 12.5- 21.63 5.521 5.0

11 18.99 I2A 7.773 11.90 17.0

sample had already been used a number of times before these particular tests were performed. 

Sample was left overnight between experiments 8 & 9-



TABLE 7 .̂

(reaction at 392K over 1.0% NiNaA reduced at 2000)

Experiment No. Moles No. Moles k(%/min/gram) k(/min/gram Induction
No. ISOBUTENE

( 10^ )

HYDROGEN (measured) (true)

(10^)

(mins)

1 6.33 12.2^f 53.67 2.776 2 5 . 5

H
6 3.165 12.11 72.^ 1.892 14.0

ON 7 18.99 12.36 31.17 4.789 26.5

8 6.33 12.30 59.0 3.036 15.0

9 6.33 2.52 13.6 3.416 19.0

sample had already Been used a number of times before these particular tests were performed.



indicates that the reaction is, as had been assumed, first, or close to 

first order with respect to hydrogen, and the induction period is 

independent of hydrogen pressure.

However, increasing the alkene pressure causes an increase in 

both the rate constant and the length of induction. The increase in 

rate is caused by the fact that it was measured assuming zero order 

dependence of reaction on alkene when the true order was expected to 

be fractional. Therefore the rate constant obtained is actually a 

rate value which allows for hydrogen pressure.
XRATE = constant (alkene)

thus In(RATE) = xln(alkene) + constant

Therefore a plot of In(RATE) vs. In(alkene) should have slope x.

This treatment was applied to the above data and the results

obtained are shown in Figures 7-16, 7.1?, and 7«l8- As can be seen
%

the order obtained in each case was approximately 0.5*

Since the induction period was also, found to vary with alkene

concentration a similar treatment was performed on the induction data:-

assuming I oC (alkene)^ where (alkene) = alkene
concentration

then I = y(alkene)^ ,

Thus a plot of ln(l) vs. In(alkene) should give a slope x. The results 

shown in Figures 7.19, 7.20, and 7-21 gave values of x of approximately

0.5.

Therefore it appears that the length of the induction period has 

the same dependence on alkene pressure as the rate but is independent 

of the hydrogen pressure.

7-7 Pre-exposure to Reactants and Products

To investigate the effect of pre-exposure of the catalysts to 

reactants a number of tests were performed using isobutene over
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1.0^ NiNaA reduced at 250G. This system was chosen since the l.C^ 

sample is not as prone to deactivation as the lower exchanged samples 

and the isobutene has a convenient induction length and reaction rate.

It was found that exposure of the catalyst to alkene alone 

tended to deactivate the catalyst to a greater extent than normal 

and which, as would be expected from the results of section 

caused an increase in induction period length. Therefore, careful 

analysis was required to see if a change in induction length due to 

pre-exposure, as well as deactivation, occurred. Since the 

induction length generally increased as the reaction rate decreased 

a plot of ln(l/l) vs. ln(k) was made for repeated use of samples 

including pre-exposure treatments. From this it was hoped that any 

genuine pre-exposure effects would produce a deviation from the 

overall curve obtained. The result is shown in Figure 7*22. It 

can be seen from this that pre-exposure to reactant produced no 

apparent alteration in the induction period length outside of the 

increase caused by the catalyst deactivation. Although a deviation 

was found for isobutane pre-exposure this was almost certainly due 

to error in the quantity of hydrocarbon injected into the reaction 

vessel. This occurred because of the difficulty in accurately 

mixing small amounts of isobutane and isobutene. From the size 

of the G.G. peaks obtained it was calculated that the concentration 

of hydrocarbon in this case was about greater than normal. The 

actual length of the induction was identical to the previous test 

on that sample which is what would be expected if no pre-exposure 

effect occurred, since alkanes do not tend to deactivate ca-talysts.

Therefore, as far as could be ascertained from these results 

the induction period found on these catalysts was not altered by 

pre-exposure to reactants or products.
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7.8 n-Butene Isomerization

A number of experiments were performed with n-butene to study the 

effect of induction on isomerization. Since the initial stages of 

isomerization, exchange and hydrogenation are^the same whilst the 

later stages differ (see Chapter 3.6) the appearance, or non- 

appearance of induction during isomerization would indicate the 

stage of the reaction at which the cause of the induction occurred.

It would have been interesting to have obtained results for exchange, 

to extend this comparison, but the G.G. used in the later stages of 

this work was unsuitable for isotope analysis.

It was found that isomerization exhibited an induction period 

identical to that for the hydrogenation reaction. Although during 

P'"e-exposure of the catalyst to n-butene, isomerization occurred, at 

a lower level than that obtained after the addition of hydrogen.

This is shown in Figure 7 .23.

It is also worth noting here, that no significant \so'c»->V«Ĵ e' 

occurred during the butene reactions.

7.9 Effect of Opening Mixing Volume

! A possible cause of the induction effect was that the catalyst 

was reacting preferentially with some impurity injected into the 

system along with the reactants. This seemed unlikely because the 

induction period length was reproducible over a given catalyst, and 

therefore any contaminants must have been present in the original 

reactant containers. Also the length of induction depended on the 

alkene used which implied that the impurity must be different for 

each alkene.

However, an attempt was made to test for impurity by releasing 

more reactants into the reaction vessel during a reaction without 

evacuating the original mixture. If an impurity was causing the
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induction, the introduction of the second hatch of reactants might 

produce a second induction, whilst if a mechanistic effect such as 

surface complex was the cause the reaction would proceed unhindered. 

It was not possible to inject further reactants into the reaction 

'̂■essel without major changes to the system. Therefore, more reactant 

was introduced to the catalyst simply by reopening the tap to the 

mixing vessel from which the origin.al reactants had been released.

It was expected that this would upset the rate values obtained, since 

the reaction ""olume was larger, the mixing vessel was at room 

temperature, and there was a constriction at the tap between the 

mixing and reaction vessels. However, the appearance or non- 

appearance of a second induction period should have been noticeable. 

The results obtained were rather unusual as can be seen from the 

two raw peak graphs for isobutene hydrogenation shown in Figure 7*24. 

Whenever the tap to the mixing vessel was opened the reaction 

appeared to stop and on closing the tap the reaction immediately 

started up again. It is unlikely that the reaction actually stopped 

during the period of the tap being open since the catalyst was 

maintained at a constant temperature throughout the experiment and 

this was the area where reaction occurred. It is more probable that 

the rate of diffusion of alkene from the reaction vessel to the 

mixing vessel was slow and the rate of production of alkane was 

similar to the rate of disappearance into the mixing vessel. Thus 

the results were not as clear as had been hoped. However, because 

of the fact that, no matter how long the tap to the mixing vessel 

was left open, the reaction started as soon as it closed it seems 

unlikely that any impurities were transferred into the reactor.

7.10 Activity

It was found in this work that the Arrhenius plots which were

1.35
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oTotained were not linear. This was assumed, to he due to an effect 

similar to that, discussed in Chapter 3.6, found on other nickel 

catalysts. Therefore, the activation energies were always related to 

a temperature range, and rate values at specified temperatures were 

used rather than pre-exponential factors, the values of which varied 

depending on the temperature range investigated. The Arrhenius plots 

for ethene, propene and isobutene over the nickel zeolites are shown in 

Figures ?.25, ?.26 and 7-27* Whilst the rates of hydrogenation at lOOC 

over all the catalysts are shown in Table 7-5* To evaluate the 

effect of changing the nickel content of the zeolite, the reaction 

rate was also calculated as the number of alkene molecules reacted 

per second per nickel atom present. This was done by multiplying 

the obtained rate constants by^number of alkene molecules present 

and dividing them by the number of nickel atoms in a gram of catalyst.

RATE (alkene molecule/second/nickel atom)

= Nickel turnover rate (NTR)
. / \ (no. alkene molecules) '= RATE (%/min/gram)x^— — — ----------------100 ->< to

, G X 6.02x10̂ ^= k X 0 _________ ,x 10
lOOxto a( 6.02x10^3)

where m = relative molar mass of nickel

■(No.nickel atoms/ 
gram)

n = amount of nickel in the sample as parts per million.
23& 6.02x10 = Avogadros No. (No. of molecules in a mole)

7.11 Competitive Reactions

Up to this point the selectivity of the catalysts with respect 

to different alkenes had only been considered by measurement of the 

individual rates. No account being taken of the effect of mixing the 

alkenes. Mixtures were, therefore, introduced to catalysts to
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TABLE 7•5

Activity of Zeolites as Hydrogenation Catalysts cxSr \6T) 

(Values for and n were taken from Chapter Five)

CATALYST REDUCTION RATE (%/min/gram) RATE (molecules/sec/atom)
TEMPERATURE ethene propene i-hutene ethene propene i-hutene

UNEXGH- 200G 1.7 — — 0.105 — —

ANGED 25OG 6,9 — 1.1 0.te7 — 0.068
I t 3OOG 20 7 3 1.239 O A 33 0.186
f t ■̂00C 26 — 3.7 1.610 — 0.229

0.1% 200G 5 0.036 — 0.021 1.4-8x10^ —
0.1% 25OG 10 0.9̂ 0.57 0.0^1 3 .88x10^ 2.35x10^
0.1% 3OOG 6.9 0.25 0.055 0.028 1 .03x10^ 2.27x10

0.1% 4ooc 9.1 — 1.0 0.037 — ¿t. 13x10^
1.0% 200G 30 18 12 9.29x10^ 5.57x10^ 3 .72x10^
1.0% 25OG 31^ — 132 0.097 — 0.04l
1.0% 3OOG 300 270 7^ 0.093 O.OQ̂ - 0.023

1.0% 4ooc 550 — 170 0.170 — 0.053



investigate the effect of competition on activity and selectivity.

The mixtures were made up of equal quantities of two alkenes, the 

individual amounts "being the same as for the non-competitive work. 

Therefore, the total amount of alkene was doubled. The amount of 

hydrogen added was the same as before.

Because of catalyst irreproducibility most competitive reactions 

were carried out on used catalysts for which the activity with respect 

to one of the alkenes had already been measured. Generally it was 

found that the higher alkene in any mixture had the same activity 

in the mixture as it had alone, along with an induction period of 

similar length. Whilst the activity of the lower alkene was 

reduced, and its induction period length was increased. Also in 

the case of ethene over 0.1^ NiNaA, where no induction period was 

apparent during individual reaction, one was often induced during 

competitive reaction either with propene or isobutene. Thus the 

selectivity during competitive reaction was even less than was 

predicted from individual reactions. However, because of induction 

effects the higher alkene often did not show full activity until 

most of the lower alkene had been reacted. An example of this, 

for ethene/isobutene on 0,1% NiNaA, is shown in Figure 7-28.

Therefore, analysis of the competitive reaction using a static 

reaction system was limited.

7.12 Hydrogenation Activity of Nickel on Alumina

To ensure that the kinetic effects found in this work were not 

artifacts of the reaction vessel, a small number of experiments were 

performed on nickel supported on alumina O.lg samples of 0 . ^  (by 

weight) nickel on alumina were pretreated in a similar manner to the 

zeolite by dehydration at 350G for l6 hrs. followed by reduction in

1^2
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hydrogen at 25OC. Their hydrogenation activity with respect to 

ethene and isohutene was then measured.

Neither ethene nor isohutene showed the distinct induction 

period found over the zeolites, although the isobutene rate of plots 

were slightly curved. This can he seen from Figure 7 •’̂9’ This 

curvature, however, was not due to the same effect as the induction 

because it did not have a distinct temperature dependence. Like the 

zeolites the catalytic activity fell on reuse hut in this case the 

activity could not easily he restored. Also during ethene hydrogenation 

significant amounts of normal butenes and butane were found. The 

general kinetic characteristics including turnover number and 

percentage deactivation as shown in Table 7-6, along with the 

turnover numbers calculated from the data of Koh and Hughes(l).

In this case the turnover number, (NTR) or the number of alkene 

molecules reacted per nickel atom per second is calculated as;-

NTR = (k(%/min/gram) x Go^O x wt% nickel/lOO (molecules/atom/second)

REFERENCES

1) H. KOH, R. HUGHES, J. Cat,, 33,7, (197^)

( H-4-
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TABLE 7-6

Hydrogenation Activity of O.^Ni on Alumina

o\

ALKENE REACTION
TEMPERATURE

k
(%/min/gram)

NTR
(mol/atom/s)

DEACTIVATION

(%)

ETHENE 383K 98 1.6e-2 39
I I 35OK 16 ( ) 2.5e-3 —

ISOBUTENE 393K 11.8 1.8e-3
I I 383K 18.6 2.9e-3 —

I I 359K 0.51 ( ) 7-9e-5

338K 3.57 ( ) 5-5e-^ _

ETHENE (1)’̂ 383K — A-.7e-2 —

o A  'O  .



;]hapter Eight 

DISCUSSION

8.1 Introduction

The original objective of this work was to produce a nickel 

catalyst using Linde zeolite as a chemically inert support. It was 

hoped that this would create a shape selective catalyst due to the 

molecular sieve action of the zeolite. However, the alkene hydrogenation 

reaction chosen to determine the catalyst selectivity has shown some 

interesting characteristics not normally found over nickel. Therefore, 

the work has concentrated more on the reaction kinetics rather than 

the physical characterization of the catalyst and the effect of 

varying pretreatment conditions. Interpretation of the results thus 

obtained has proven difficult because all the kinetic effects appear 

to be interdependent.

8.2 Physical Characteristics

The results of the physical characterization of the nickel 

zeolites used in this work are given in Chapter Four. These showed 

that the bulk of the support was Linde ^A zeolite. However, there 

were a number of trace metal impurities in them, the most significant 

of these being iron. Also the parent zeolite appeared to have a 

quantity of iodine on, or in, it which was removed by the nickel 

exchange process. Perhaps most significantly, electron microscopy 

revealed the presence of a quantity of small particles which were not 

^A zeolite. Therefore, even though these impurities are present in 

equal quantities in all the samples, the possibility of their catalytic 

effect must be born in mind throughout the following discussion.

8.8 Induction Period

One of the most interesting aspects of the alkene hydrogenation

1^7



reaction over these catalysts was a significant induction period at 

the start of the reaction. In some instances this induction period 

lasted for a longer period of time than was required for completion 

of the ôsV-v/sA.oc_Vvoi\ • .The most significant features of this

effect were:-

i) During the induction period the unexchanged and the O.I^ 

exchanged catalysts showed a e, activity which could

he readily seen as distinct from the post induction activity.

This was not found on the 1.0^ catalyst which showed no 

significant activity during induction, 

ii) The induction period was shortest on the unexchanged catalyst 

and longest on the 0.1^ samples. Therefore, it did not show 

any obvious trend with respect to degree of exchange". However, 

for a given degree of exchange it was found that the induction 

period was generally longer the lower the overall activity,

iii) The length of the induction period was inversely dependent 

on temperature.

iv) The onset of post induction reaction was quite sudden; not 

gradual as might he expected if the catalyst was being 

activated by exposure to reactants, i.e. a gradual build up

of active catalyst sites might be expected.
V t>si i\̂ i

Activity

Pure zeolite is normally used as a drying agent and not as a 

catalyst. Forster and Seelemann found it to be catalytically inactive 

for n-butene isomerization (l), and had previously found no infra red 

spectral evidence of carboniogenic activity even though the molecule 

was capable of penetrating the zeolite structure (2). Ushakova et. al.



(3) found that nickel containing k-A zeolite was not active as an alkene 

hydrogenating catalyst unless the nickel had heen reduced at high 

temperatures. Therefore, it was surprising to find that the unexchanged 

zeolite catalysed alkene hydrogenation at temperatures helow lOOC in 

this work.

A possible source of catalytic activity in zeolites is Bronsted 

acidity. Forster and Seelemann (2) found no detectable Bronsted acid 

hydroxyl groups in NaA. Although Szymanski et. al. (4-) detected 

surface hydroxyls which they proposed as being due to cation deficiencies 

in the system. However, acid hydroxyl groups are generally found to 

be good isomerization and cracking catalysts (5, 6, 7)> and no such 

side reactions were noted in this work.

The only other obvious sites for catalytic reaction in zeolites are 

those where significant electrostatic fields exist. These are genera,ted 

between the negative charges on the structural aluminium and the positive 

charges on the interstitial sodium cations. However, large monovalent 

cations such as sodium do not generate strong electrQstatic fields (8), 

although A zeolite has stronger fields than X or Y zeolite (9)- Also, 

since such fields would be present in all ^A zeolite samples, carboneogenic
t

catalysis would have been expected in the other work discussed above.

Thus it would appear that the hydrogenation reactions on the 

parent zeolite is due to impurities in the material. Such impurities 

must be either trace elements, or the non 4-A zeolite material that was 

revealed by the electron micrographs discussed in Chapter

The only substance found on the unexchanged sample and not on 

the others was iodine. It is unlikely that this would catalyse the 

reaction, although the reduced 0.1% NiNaA was slightly less active 

than the unexchanged sample and the iodine was the only observed 

impurity loss.
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As mentioned above, and as shown in Table 7.5» the overall 

alkene hydrogenation activity of the reduced 0.1% NiNaA was slightly 

less than that of the unexchanged sample. This indicates that some 

of the original active centres have been either removed from the 

zeolite, or rendered inactive in some way. However, as will be 

discussed more fully in section 8.7 , the type of activity exhibited 

by the 0.1% sample is very different from that exhibited by the 

unexchanged sample: particularly with respect to the induction period. 

Therefore, it seems likely that the centres of activity have been 

changed. Most probably some, if not all, of the activity will be due 

to the exchanged nickel. However, the catalytic sites are activated 

by reduction at 2500 with no significant Increase in activity on 

reduction at 4-000. This is surprising since most workers (9, 10, ll) 

report that significant reduction of the nickel in 4a zeolite does not 

occur below a temperature between 2500 and 3000. A minimum reduction 

temperature of 3500 has also been quoted (3), and in all cases both 

the degree of reduction and the nickel surface area- increased rapidly 

up to 450-5000. This difference may be due to the fact that all these 

workers used zeolites containing much higher levels of nickel than 0.1% 

sodium exchange which contains only 0.006 nickel atoms per unit cell 

of the zeolite.

The 1.0% NiNaA is considerably more active than the other two 

samples. This must be due to the increased nickel content. However, 

as reported in Ohapter 7.2, the 0.1% NiNaA was active during its 

induction period whilst there was no observable activity on the 1 .0% 

catalyst over this period. Therefore, the sites which cause the 

induction period reaction must be completely removed, blocked or 

altered on the 1.0% NiNaA. Also unlike the 0.1% sample the activity 

of the catalyst does increase on changing the reduction temperature
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from 25OG to '̂ OOG, although the increase is not as great as found 

hy other workers.

8.5 Activation Energies and Reaction Order

Although the reaction on the unexchanged zeolite must be due to 

some active centres other than nickel, the reaction over the 0.1%

NiNaA and the l.C% NiNaA was kinetically similar to that found over 

pure nickel. For ease of analysis the reaction was generally treated 

as zero order with respect to alkene in this work. However, as was 

shown in Ghapter 7.6 the order was actually O .5 at lOOG. And, 

although it was not actually measured it seems likely, from the 

fact that the % alkene vs. time plots became increasingly curved 

with increase in temperatirre, that the order increased with temperature. 

Also the apparent activation energy decreased with increase in temper­

ature, and, generally became negative at temperatures above about I70G.

Both these facts are consistent with the results found for other 

nickel catalysts. These effects were discussed in depth in Ghapter 3*5 

and 3-6 but are basically due to a decrease in coverage of the nickel 

surface with increase in temperature (12). They are consistent with 

a rate equation such that;-

Rate = k ''̂ â â h
1 + b P a a

Therefore, a comparison was made of the activation energies for 

alkene hydrogenation found over the nickel zeolites used in this work 

with those reported for other nickel catalysts. The results recorded 

in Table 8.1 also show the temperature range over which they were 

measured since the apparent activation energy is temperature dependent. 

It is very difficult to draw any definite conclusions from these 

results due to the large errors involved. However, the work on the
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TABLE 8.1

over various Nickel Catalysts

TEMPERATURE ACTIVATION
CATALYST ALKENE RANGE ENERGY

(K)-^ (kj/mole)

0.1%NiNaA (red.200G) ETHENE 295-^20 20-5
t l PROPENE 375-^35 50-12

O.l^NlNaA (red.250C) ETHENE 295-400 25Í6
I I PROPENE 365-425 60-15
t l ISOBUTENE 410-435 50-12

0.]^NiNaA (red.300C) ETHENE 295-420 40-10
I I PROPENE 380-435 77-20
I f ISOBUTENE 400-430 80-20

l.C^NiNaA (red.200G) PROPENE 325-390 60-15
I f ISOBUTENE 385-415 37-9

l.O^SNiNaA (red.250C) ETHENE 315-385 50-12
I I ISOBUTENE 320-385 30-8

l.O^NiNaA (red.300c) PROPENE 295-360 60-15
I f ISOBUTENE 330-385 65-20

Ni on Silica- ) EIRENE 370-410 50
Alumina (13) ETHENE 410-455 25

Ni on Silica (l^) ETHENE 195-273 35
Ni on Alumina (15) ETHENE 303-353 49

Ni Wire (16) ETHENE 294-357 15
Ni Wire (i6) PROPENE 294-357 11
Ni Wire (l?) ETHENE 333-383 34

Ni Wire (l?) PROPENE 333-383 25
Ni Wire (17) ISOBUTENE 333-383 14
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nickel wire showed a decrease in activation energy from ethene, 

through propene, to isobutene, whilst no such trend is apparent on 

the zeolite catalysts. Also the ethene shows a slight tendency to 

display an increase in activation energy with reduction temperatmre 

and nickel content. This may be indicative of the change in active 

sites discussed in the last section.

A pseudo kinetic treatment of the pressure and temperature 

dependence of the length of the induction p>eriod was also attempted 

in Chapter 7-6 and 7-3 respectively. This showed that the inverse 

of the induction period was dependent on pressure such that:-

Y = constant (Alkene)^ where I = length of induction period

At lOOC X was found to be approximately 0.5 which is the same as the 

reaction order with respect to alkene at this temperature. Although 

the induction period was independent of hydrogen presstrre whilst the 

reaction had a first order dependence on hydrogen.

Also the temperature dependence of the induction period was 

such that:-

1 _ (-Ej)
I “ * “ P

where was between 55 and 70 kj/mole for propene and 70 and 100 

kJ/mole for isobutene.

This may indicate that the induction period mechanism is linked 

in some way to the rate controlling factor in the overall reaction 

mechanism.
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8.6 Catalyst Deactivation

It was shown in Chapter 7-'̂  that some of the catalysts used 

in the work were prone to deactivation with use. Both the unexchanged 

and the 0.1%NiNaA showed significant loss of activity with reuse, 

whilst the l.C^NiNaA seemed virtually immune. Close examination of 

the 0.1% samples revealed that the deactivation was greatest on the 

sites which exhibited no induction period. This fact gives an 

explanation for the 1 .0% sampled immunity; it is inactive during this 

period. However, the unexchanged zeolite^which was the one most prone 

to deactivate, appeared to he much less site specific.

It was also found that upto 3%  of the lost activity of a 

reused sample of 0.1%NiNaA could he recovered if it was allowed to 

stand overnight at lOOC, in either hydrogen or a vacuum. However, 

such treatment did not reactivate used samples of the unexchanged 

zeolite.

One cause of catalyst deactivation is the presence of impurities 

in the reactant gases. However, in this work, where specific amounts 

of reactants were released into the reaction vessel the level of impirrity 

would he the same in all experiments. Thus the impurity would deactivate 

a specific number of catalyst sites no matter what quantity of catalyst 

was present. Therefore, the greater the amount of catalyst the less 

effect the deactivation would have on the overall rate^ whilst it 

was shown, in Chapter that the percentage deactivation was the

same no matter what weight of catalyst was used.

Another possible cause of the loss of activity could he 

agglomeration, or migration to inaccessible positions, of the active 

“centres. However, there is no reason to believe that this would occur
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during the hydrogenation reaction if it had not occurred during the 

reduction in hydrogen which was carried out at much higher temperatures. 

Also it seems unlikely that such a process would he reversed hy 

leaving the catalyst overnight.

A common cause of catalyst deactivation on nickel catalysts is 

the formation of coke on the metal surface (l6, 18). This is formed 

from the dissociative adsorption of alkene as acetylenic residues which 

are then further dehydrogenated to form a layer of carbon on the 

catalytic sites. Coke deposition is also found on zeolites (19)> 

although more commonly polymeric species that are not so severely 

dehydrogenated are produced and only at temperatures much higher than 

those used in this work do they form coke. Such polymerization occurs 

both on nickel zeolites (20), and on acid zeolites (21, 22). However, 

both polymerization and coking are inhibited to some extent by the 

presence of hydrogen (lO, l8). Also removal of coke requires treatment 

in hydrogen at temperatures above about 180C (l8), and removal of 

of polymeric species from NiX was found to require heating in vacuum 

at 37OG (20). Therefore, since the nickel zeolites used in this work 

could be partially regenerated by leaving overnight at lOOG, either in 

hydrogen or in vacuum, it could not be the sole cause of the 

deactivation on the O.l^NiNaA. However, it could be partly responsible, 

and may have been the main cause on the unexchanged zeolite which was 

not so easy to regenerate. Goke or polymer formation can also cause 

a significant decrease in the gas phase hydrocarbon concentration as 

the surface complex is form.ed (23). In this work no such loss was 

detected above temperatures of about 390C. Below this some loss was 

found for ethene and propene. However, this loss was the same over 

all the zeolites, whether or not deactivation occurred, and was therefore
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assumed to Tse due to adsorption. This could he taken as evidence 

that coke formation was not the cause of the catalyst deactivation. 

However, the argument is not very strong since it would not require 

very much coke, or polymer, to deactivate a significant number of 

the small number of active sites present on these catalysts.

A deactivation effect similar to the coke/polymerization effect 

is zeolite pore blockage by alkene or alkene oligomer. Although 

caused by a similar effect as polymerization such deactivation is 

more readily removed if the blocking species can slowly diffuse out 

of the zeolite. Such pore blockage does not necessarily require 

oligomerization since the reactants themselves can sometimes block 

the zeolite structure. For example, Ghutoransky and Kranich (I9) 

showed that, without oligomerization, n-bute.ne inhibited its own 

hydrogenation reaction on nickel A zeolite at temperatures below 

about 385K.

A very small amount of oligomer (mainly butene during ethene 

reactions) was occasionally noted in the gas phase. Also, as was 

mentioned earlier, the greatest deactivation occurred on sites 

active during the induction period. It will be shown in the next 

section that these sites are the most shape selective in alkene 

hydrogenation and thus appear to be contained in the zeolite structure, 

Therefore, pore blockage by alkene, or alkene oligomer, appears to be 

the most likely cause of the deactivation of the O.l^NiNaA. This 

would explain why the catalyst reactivates when it is left to stand, 

since the blockage would be cleared as the species diffused into the 

gas phase or were hydrogenated or cracked by the zeolite. This 

conclusion is supported by the results, which will be discussed in 

Section 8.8, for competitive reactions where selective reactions are
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blocked by the presence of a second alkene. It is also supported 

by the fact shown in Chapter 7*'̂ » that pre-exposure to isobutene 

created an induction period in the hydrogenation of ethene over 

O.i^NiNaA.

The general conclusion must therefore be that the active 

centres on the nickel zeolite which exhibit an induction period are 

not prone to deactivation. Whilst the centres active during 

induction are prone to deactivate•mainly by pore blockage, although 

some coking may also occur. The deactivation on the unexchanged 

zeolite is however, due to a stronger coking effect since it 

occurs on both induction and post induction reaction sites, and is 

not readily removed.

8.7 Relative Rates

Weisz et. al.(2^) showed that selective hydrogenation of propene 

can be performed in the presence of isobutene on platinum loaded 

5A zeolite at 3^3G. In such a competitive reaction no detectable 

conversion of isobutene was noted whilst upto 70% of available propene 

was hydrogenated. In reaction of the individual alkenes at 25C the 

propene hydrogenation rate was over 26 times faster than that of 

isobutene. The rate ratio was probably much greater than this since 

the propene rate was measured after that of the isobutene but on the 

same catalyst, and significant catalyst aging (deactivation) occurred 

with use; for example at 3^30 the propene reaction rate droppjed by

over 6o/o in 200 minutes. It was concluded from this that the 

catalytically active sites were^located within the 'zeolite pores and 

the selectivity was due to the molecular sieve effect of the O.kZ nm 

pore openings in the crystal structure. Ushakova et. al. (3) showed 

that, if care was taken in the exchange of nickel into NaA, reduction
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in hydrogen produced a catalyst which was much more active for the 

hydrogenation of but-l,3“d.iene than for isobutene. For example 

Z%  sodium exchanged NiNaA completely hydrogenated the linear molecule 

at 8O-9OG without affecting the isobutene. This selectivity was 

found to increase with degree of exchange upto 5C^ exchange, after 

which it fell off rapidly. The loss of selectivity at high exchange 

levels was attributed to deposition of nickel hydroxide on the zeolite 

surface when concentrated exchange solutions were used. The 

selectivity was also found to fall slightly with increase in 

temperature. This was probably due to activated diffusion of the 

isobutene into the zeolite with the intensification of rotational 

and vibrational motions leading to changes of short duration in the 

configuration of both the molecules and the zeolite structure. However, 

this effect was not great enough to remove reactant selectivity below 

temperatures of about 200G. For example complete conversion of 

but-1,3-diene was achieved at I7OG with only 2C^ conversion of 

isobutene. Steinbach and Minchev (ll) experienced great difficulty 

in retaining the nickel loading within GaA zeolite and found that, 

no matter how mild the reduction conditions were, some migration of 

the nickel to the exterior of the zeolite occurred. They found 

however, that if the external sites were deactivated, by treatment 

with 2,3 dimethyIbutene, or removed by carbon monoxide which formed 

Ni(G0)̂j_ when contacted with the nickel, upto 6o% of the catalyst 
activity for n-hexene hydrogenation remained. Therefore, a significant 

amount of nickel was retained within the zeolite.

If the active centres of the A type zeolite used in this work are 

located mainly within its structure the relative hydrogenation rates 

of the ethene, propene, and isobutene should reflect the ease of access 

of reactants to the reaction sites. A commrison was therefore made of
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the ratios of the individual rates used in this work and those found 

hy other workers for various catalysts. The results are shown in Table 

8.2. As can he seen, the gene3:a,l preference of the nickel zeolites 

for the smaller alkene is slightly greater than for the unsupported 

nickel, Go^O^^ and NiO, hut not as great as found hy Weisz et. al. for 

the Platinum A zeolite. It is concluded from this that a substantial 

fraction of the total catalytic activity is due to active sites located 

on the external surface of the zeolite or on impurities present in 

the samples.

The exception to this is the 0.1%NiNaA which does show a signi­

ficant preference for the ethene hydrogenation reaction. However, this 

catalyst did not generally exhibit an induction period for the ethene 

reaction, whilst long ones were recorded for propene and isobutene.

It was shown in Chapter 7-^ that this was due to the catalyst being 

extremely active during the induction period. The sites active during 

this time were most susceptible to deactivation by the higher alkenes 

and an induction period for the ethene reaction was revealed if the 

catalyst was first treated with isobutene. This was taken as an 

indication that the measured reaction rate for ethene on this catalyst 

was due almost entirely to catalyst sites active during the induction. 

Tf it is assumed that this is true then the overall rate for ethene on 

the O.li^NiNaA should be compared with the activity during induction 

for the other two alkenes. Table 8.3 shows the relative rates when 

measured in this way. As can be seen the catalysts preference for 

ethene is even greater than was shown in Table 8.2. This indicates 

that the catalytic sites that are active during the induction period 

on the O.l^NiNaA may be held within the zeolite structure.

This supposition is supported by the fact that the l.C^NiNaA,
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TABLE 8.2

OnO

Ratios of Catalyst Activity for Alkene Hydrop;enation
(reacted at 373K, except'^ 298K)

CATALYST ethene/propene ethene/isobutene propene/isobutene

NaA (red. 250°C) - '6.3 -

NaA (red. 300°C) 2.9 6.7 2.3
NaA (red. ¿f00°C) - , 7.0 -

0.1%NiNaA (red. 200°C) 1^0 -

O.l^NiNaA (red. 250°C) 10 17 1.6
O.l^NiNaA (red. 300°C) 27 -120 k.5
0.1%NiNaA (red. 400°C) - 9.0 -

1.0%NiNaA (red. 200°C) 1.7 2.5 1.5
1.0%NiNaA (red. 250°C) - 2 A
l.Ci^NiNaA (red. 300°C) 1.1 k.O 3-7
1.0%NiNaA (red. ^00°C) - 3.2 —

Nickel wire (l?) 1.7 5-9 3.5
Nickel wire (l6) 3.0 - _

PtCaA (̂ ■̂) - - 26
Go^O^^ (25)”̂ ' 0.98 - —

N i ' o  (26f 1.11 2.1 1.9



Ratios of 0.1%NiNaA Activity for Alkene Hydrogenation 
During Inductions - assuming overall rate for ethene 

is rate during induction (reacted at 373K)_______

TA B LE 8 . 3 .

CATALYST ethene/propene e the ne/is ohute ne propene/isohutene

O.l^NiNaA (red. 250°C) 

0.1%NiNaA (red. 300°C)

110
88

350

230

3.2

2.6
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which shows no significant preference for the ethene hydrogenation, 

shows no significant hydrogenation activity during its induction 

period.

Since the preference for the ethene hydrogenation reaction is 

greater on the 0.1%NiNaA than on the parent zeolite it seems probable 

that the selective reaction occurs on nickel in the zeolite interior. 

However, in the case of the l.O^NiNaA where there is no reactant 

preference there is no indication that nickel has entered the zeolite 

micropores. This would imply that the nickel has simply adsorbed onto 

the zeolite exterior or precipitated out alone. lone et.al. (27) have 

shown that unless special precautions are taken some nickel hydroxide 

adsorbs onto the zeolite surface during exchange. Whilst Tangier et.al. 

(28) showed that Ni(N0 ) adsorbs onto the surface during exchange andJ
cannot be removed by washing. Why the exchange process was less 

successful on the I.09S NiNaA than on the 0.1% NiNaA is unknown. The 

most probable cause of poor exchange would be a high pH exchange 

solution. But the pH measurements of the exchange solutions used, 

which are shown in Table ^.1 of Chapter indicate that the pH was 

very similar for both the 0.1% and the l.C% exchanges.. Another 

alternative would be that the nickel in the interior of the l.C%NiNaA 

was inaooessible to any of the alkenes. Hickel nitrate, or nickel 

hydroxide on the zeolite surface, would be decomposed during 

caloination to form nickel oxide, and it has been shown (27) that 

the formation of NiO on the zeolite surfaoe inhibits acoess to its 

interior. However, it seems unlikely that complete blockage of the 

pores could occur with the low exohange levels used in this work.

The rate of reaotion during the induction period on fresh 

samples of unexohanged zeolite could not be measured because the
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induction period was so short. However, on catalyst reuse longer 

induction periods were obtained. Since the rates then obtained were 

on deactivated catalysts, precise measurement was meaningless. But a 

rough estimate of the relative rates for ethene, propene, and isobutene 

was obtained by carrying out the individual hydrogenation reactions 

consecutively on a single catalyst sample. During induction the rate 

ratios were between two and six for ethene/propene, and upto twenty- 

five for ethene/isobutene. Although twenty-five seems a significant 

ethene preference it is an upper limit as regards experimental error, 

and is also much poorer than was found on the 0.2% catalyst. Therefore, 

it is concluded that the selectivity during induction on the unexchanged 

catalyst is poor. Thus the majority of active sites both during and 

after induction are on the catalyst exterior.

/

8.8 Selectivity

The relative rates of hydrogenation for the alkenes discussed in 

the previous section were for the individual reactions. It was shown 

in Chapter 7 - H  that the competitive reaction of a mixture of alkenes 

affected both the post induction rates and the length of the induction 

periods. The post induction selectivity appeared to be less during 

competitive reaction than that indicated by the relative rates of the 

individual reactions. During competitive reaction the lower alkene 

hydrogenation rate was lower than that for Individual reaction, whilst 

the higher alkene rate remained approximately the same. This general 

result was however, complicated by the presence of induction periods of 

differing time intervals for the two reactants. The higher alkene had 

the longer induction period, and in many cases, by the end of this 

induction period the lower alkene had virtually all reacted. Therefore, 

meaningful analysis of these results was difficult and in many cases it 

was not possible to observe both post induction rates simultaneously.
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Initially an attempt was made to use the analysis technique developed, 

by Wauquier and Jüngers (29) for competitive hydrogenation reactions, 

which was recently used to study the competitive hydrogenation of 

alkenes over nickel oxide (26). The kinetic equations, which have been 

discussed in Chapter 3>6, and were shown to be applicable to the nickel 

zeolites in Section 8 .6, can be modified for the case of competitive 

reaction as follows:-

dP.
dt̂ ’'1 K̂ Pp K̂P2

K P PdP 2 2 H
and R A TE 2= k2 i r V V T O ,

dt 1 1 d d

where the subscripts 1 and 2 denote the lower and higher alkene 

respectively. These equations can be combined to give;

dP,
dP.

2 ^2^2^2
kiKiPi

l n p 2 ) = 2 2
kiKp

ln^% <
r i i ;

where P . is the initial pressure of x.XI ^
P PThus a plot of In 2 vs. In _1 should give a straight line of
2i ^li

slope ^2^2
kpKi

Such a plot did produce a straight line, an example of which is given in 

Figure 8.1. However, it was found that the higher alkene was reacted 

by less than ^  before linearity was lost due to tailing off of the 

lower alkene reaction. Therefore, it was felt that the analysis could 

not be considered as particularly meaningful.

K different approach to estimate reaction behaviour was therefore 

tried. The differential rates for the two reactions were measured by
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In <%ISOBUTENE)
FIGURE 8. 1

Competitive Reaction of Ethene and 
Isobutene over 1.0%NiNaA reduced 
at 250C.
Reaction Temperature = 382K.

■̂2̂ 2 =SIope
k-̂ Ki

= 10
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taking the tangents of the percentage alkene vs. time plots at various
Ictime intervals. These were then plotted as _1 vs. time. A typical

example of the technique and the result are shown in Figure 8.2. As 

can he seen, the selectivity gradually increases as the lower alkene 

begins to react, reaches a maximum, and then quickly falls away as the 

higher alkene begins to react and the lower alkene is depleted. The 

apparent changes in selectivity are thus due to differing lengths of 

induction periods and reaction times. In cases such as this it is 

impossible to compare steady state relative rates using a static 

reaction system. If more meaningful results are to be acquired a flow 

system, where the reactant concentrations can remain approximately 

constant, would be required.

It was shown in the last section that the cause of the activity 

on the O.l^NiNaA appears to be catalyst sites on the interior of the 

zeolite, and only when these are deactivated are external sites, 

which exhibit an induction period, of significance. It would seem 

likely therefore, that the appearance of an induction period for 

ethene on this catalyst during competitive reaction is due to blockage 

of the zeolite pores by the higher alkenes. This is supported by the 

work of Ghutoransky and Kranich (I9) who showed that at low temperatures 

(below 100°C) n-butene inhibited its own hydrogenation reaction by 

blockage of the pores of NiA, NiX, and Ni mordenite zeolites.

These conclusions conflict with the results of Ushakova et. al. (3) 

who achieved the selective hydrogenation of but-l,3 ,-diene in the 

presence of isobutene over NiNaA zeolite at temperatui-es as low as 

8o°C. However, it is possible that the relative adsorption strengths 

of the alkenes they used were similar and a more equal amount of each 

was attracted to the pore openings.
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8.9 Mechanism

There are five main points to take into account in consideration 

of the reaction mechanism on the zeolite catalysts used in this work,

i) The active centres on the unexchanged and the nickel zeolites

seem to he different. However, since they hehave in a kinetically 

similar manner it is likely that the mechanisms are similar,

ii) It was shown in Chapter 7-8 that the double bond migration

reaction for 1-butene was affected in a similar manner to the 

hydrogenation reaction. That is, it exhibits an induction 

period of the same length. Therefore, the controlling step 

must be at, or before, the formation of the surface intermediate 

common to both reactions (30)*

iii) Pre-exposure of the catalyst to hydrogen or alkene does not

affect the induction period. Therefore^ whatever mechanism or ' 

effect causes the induction period must require the presence 

of both reactants.

iv) Deactivation, by alkene, of the sites active during induction 

lengthens the induction period. Therefore, those sites are 

capable of aiding in the u c K'o S K  .

Although, since there are no such sites on the 

l.C^ catalyst, they are not essential.

The primary factor in the mechanism must be the induction period. 

Induction effects are not uncommon in zeolite catalytic systems. There 

are several causes all of which are related to sorption or site 

activation.

Riekert (23) found that an induction period occurred before the 

polymerization of ethene over NiY zeolites. He attributed this to the 

initial diffusion into the zeolite interior, during which time no
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reaction occurred. This is unlikely to he the cause of the effect in 

this work because the amount of adsorption for a given alkene is the 

same on all samples whilst the length of the Induction period is 

dependent on the overall activity. Also the activation energy for 

diffusion is usually low, whilst it was shown in Chapter 7-3 that the 

induction periods had activation energies of between 55 and 100 kJ/mole. 

And such a diffusional effect would be expected to be reduced, or 

removed, by pre-exposure to one or other of the reactants, and it was 

shown in Chapter 7-7 that this was not found.

Another potential cause of induction is product desorption 

limitation. This was shown to be the most probable cause of the 

induction period found during benzene alkylation over Y zeolite (3l)- 

The delay being caused by the desorption of the product from the zeolite 

pore mouths. Weisz et. al. (24) proposed a type of selectivity in 

zeolites where two product species could be formed in competition, but 

one could not escape from the structure.

B where a = reactant 
a B = product unable to escape

2 b from the zeolite.
b = product which can enter 

the gas phase.

The two products (B and b) would form initially. However, B would 

only be formed either^ until its concentration was high enough to 

interfere with the reaction (i.e. by catalyst site blockage), in which 

case the reaction to form b would be poisoned, or until an internal 

steady state concentration of B was established. In this latter case, 

if reaction path 1 was kinetically more favourable than path 2 an 

induction period mightbe produced. However, in this work the 

induction period was often longer than the total post induction
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reaction time. Therefore, the rate of reaction to form B would need

to he very fast. This would mean that a great deal, if not all, the

reactant would he converted inVo B during the induction which would

have resulted in the disappearance of virtually all the gas phase

reactant. ' No such effect was found.
fetuAV

An induction period can also^if the catalyst sites require

activation. Dimitrov and Leach (32) found that n-hutene isomerization

over Copper X zeolite exhibited an induction which was explained hy
2+ +the reduction of Gu to Gu. However, this induction period was 

irreversibly removed hy either pre-exposure to hydrogen or reuse of 

the catalyst. lone et.al. (27) postulated that, even after pre­

treatment with hydrogen, some of the nickel in Nil zeolite was reduced 

in the presence of the reactants, and was reoxidised on their removal:

i ® • _ Q_Q _
2+ *̂ 6̂ 12 0 ^  ̂Nî  2 + Ni + 2

where Z = zeolite structure.

Thus the process discussed hy Dimitrov and Leach could apply in this 

work if the reduction process were reversible.

However, all of the above arguments would he expected to give 

a gradml build up of reaction^ Aot a sharp increase as was found in this 

work. They also require all the catalytic sites to he incorporated 

into the zeolite structure^ whilst the evidence indicates that this 

was not the case for the catalysts used in this work.

Another reason often given for the appearance of an induction 

period before the appearance of products, is the formation of a 

strongly adsorbed species, such as a coke, which then acts either 

as a reaction intermediate or a catalytic site. Lang«.r (5) found 

that 1-butene cracking over NaNH^^Y zeolite exhibited an induction
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period which he proposed to he due to the formation of a cyclic

species ;

i. e.

BUTENE — > INITIATOR- 

DIMER

ALKANES

CYCLIC - > POLYCYCLIC■
V]RAGKING ̂  
PRODUCTS

'COKE

However, he found that the length of the induction period 

increased with the temperature of reaction, which he explained as 

being due to more extensive adsorption at lower temperatures; causing 

a more rapid catalyst deactivation and a more extensive coke huild 

up. Whilst in this work the induction period was found to he 

inversely dependent on temperature.

The induction period found during Fischer-Tropsch synthesis 

has similarly been explained as being due to either

i) a surface complex which is slowly formed on the iron, and 

the products are then formed from this (33)• 

ii) carbiding and synthesis are competitive reactions and the 

carbiding predominates until a given degree of carbide 

surface is formed (3^)>

iii) the active centres for synthesis are present on the carbide 

surface and not on the iron. Therefore, synthesis does not 

occur until the carbide layer is formed (35» 36).

The latter approach is similar to the suggestion of other 

workers that n-butene isomerization over silica alumina (3?)> and 

dehydroxylated Y zeolite (38), proceeds via proton donation from 

a polymeric complex.

However, all such carbiding stages would be expected to cause 

a reduction in the length of the induction period with catalyst
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reuse. Whilst with the nickel zeolites used in this work the reverse 

was found to be the case.

Habgood (39) showed that competitive adsorption of nitrogen 

and methane over 4a zeolite proceeded via initial adsorption of 

nitrogen followed by its displacement by methane. If such a displace­

ment effect occurred with hydrogen and alkene then, if a species 

which had to be chemisorbed before reaction could occur had to 

first displace the other reactant, a delay in the start of the 

reaction might occur. However, such an induction effect would be 

removed by preadsorption of one of the reactants.

Karge and Ladebeck (2l) found that an induction period occurred 

before ethene conversion to light hydrocarbons and polymers over 

beryllium mordenite. They suggested that this was due to the slowness 

of the conversion of -ft bonded ethene to a carbonium ion over Bronsted 

acid sites

- Si - 0
H

CH2=GH2

- Si - 0 
H

GHpf GH.

- Si - 0
+
GH^-GH^

They said that the ethene was partially physically adsorbed, 

partially bound as a Ti complex, and partially converted to carbonium 

ions which then react. Reaction was between carbonium ions and could 

therefore only proceed after a build up of carbonium ions had occurred. 

Therefore, since the slow step was 'TÎ complex transformation an 

induction period occurred. They showed that this conversion was 

the slow step by infra red analysis of the adsorbed species, and 

supported the argument by showing the length of the induction period 

was shorter on more acidic mordenite catalysts. Their conclusion 

is supported by the work of Penchev et. al. (lO) wno showed that 

the induction period which they found for toluene disproportionation
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over NiCa Y zeolite was also directly proportional to acidity, although 

they attempted no explanation of the cause. However, in a static 

reaction system an induction period of this type must he short 

with respect to the overall reaction time since it is controlled hy 

the same step, and thereby the same rate constant, as the overall 

reaction.

The hydrogen spillover effect suggested hy Sinfelt and Lucchesi 

(^) for ethene hydrogenation over could also cause some

kind of induction effect. They suggested that hydrogen was activated 

on the platinum surface and then proceeded via surface migration 

towards ethene that was chemisorbed at AlgO^ sites. It has been 

suggested that this is not of major significance on Pt/ÄlgO^ (4-1,^2), 

but the occu:^rence of the mechanism itself is not refuted. If this 

type of spillover effect occurred on the zeolite in this work, and if 

it were a slow step, then it could cause an induction period. However, 

for the change from induction period to post induction reaction to 

be as sharp as it is, an activated hydrogen 'pool' would have to be 

built up before migration. Otherwise the rate increase would have 

been gradual.

Tanaka and Okuhara (^3) found an induction period before alkene 

isomerisation over single MoS^ crystals which was very similar to the 

one found in this work. That is, the change from induction to full 

reaction was sudden, there were sites active during the induction 

period, and the effect was not reduced by pre-exposure to either of 

the two reactcx,(vVs (butene and hydrogen). The explanation they proposed 

was tentative but was based on restricted rotation of adsorbed alkyl 

groups preventing reaction until reconstruction of the adsorption site 

had occurred. They did not specify how the reconstruction occurred
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except to say that it required the presence of hoth hydrogen and 

butene and was completely reversed on evacuation. Such a reaction 

scheme could be applied to this work although the active sites would 

have to be something more complex than nickel metal or Bronsted 

hydroxyl groups.

Another mechanism which could explain the induction effect is 

that the reaction takes place on a single adsorption site:-

CH„=GH^ + H ^  + H
k k j I  ̂ J  3 j \

^ * *

If this were the case then the initially adsorbed hydrogen 

would need to be supplied by a proton donator. Such a donator has 

been shown to exist for n-butane isomerization over silica gel (6) 

by the process:-

\ BUTENE GH„/  3
A1 —  A1 - GH

'GH-GH 
+ 3

GH„/  3 +
Al-GH + H

^  ^GH=GH2

This mechanism could show an induction effect if the above 

supply of the initial proton was slow, since the hydrogenation of 

the alkene would regenerate the proton and there would therefore be 

no need of a continual supply. However, it does not explain why the 

end of the induction period is sudden rather than gradual unless the 

protons which are formed initially are 'mopped up' by another process 

and only when this process reaches equilibrium are the protons 

available for reaction with alkene.

However, both the above mechanism are extremely speculative 

and for more definite conclusions to be reached much more work is 

required. It would be particularly useful if deuterium tracer work 

was used to identify the source of the initial hydrogen supply.
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8.10 General Conclusions

The investigation of the selectivity of nickel A-A zeolite 

for light alkene hydrogenation was thwarted hoth by impurities in
pbSs'iVVe

the original catalyst and^poor exchange technique. In any further 

work more care must be taken in testing the original zeolite and 

also in performing the cation exchange process. However, the 

indications are that even with retention of the active sites within 

the zeolite structure, good selectivity would not be obtained for 

long with these reactants. The catalyst is rapidly deactivated by 

blockage of the structure both by reactant and product molecules.

The catalysts, as prepared, showed extremely interesting 

kinetic phenomena which however proved very difficult to explain 

satisfactorily.
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