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ABSTRACT

The catalytic decomposition of 2-propanol has
been investigated by a micropulse reactor technique in the
temperature range from 461 to 547 K on nickel oxide and
alumina doped nickel oxide. Nickel oxide is active for
the dehydrogenation of 2-propanol, yielding acetone, but
the introduction of A13+ions leads to the development
of some dehydration activity; nickel aluminate is purely
a dehydrating catalyst. X-ray diffraction data indicate
the formation of the nickel aluminate at the higher
dopant concentrations. The variations in catalyst activity
and selectivity as a function of catalyst compositions
have been roughly.divided into three regions: ¥egion I,
in which there is a significant change in activity and
selectivity with very small concentrations of A13+ions;
region II, in which the activity and selectivity remains
virtually constant with changes in composifion;*fégiohfllf:
in which there is a marked increase in activity and dehydra-
tion selectivity with'increasing concentrations of A13+ions.
The behavior in region I is believed to be associated with
electronic changes in nickel oxide brought about by the

3

substitutional incorporation of Al +ion, while the behaviour
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in region III is ascribed to increasing amounts of

nickel aluminate in the_sufface zones of the samples.

Self-poisoning in the dehydrogenation reaction
has been observed and an equation accounting for the self-
poisoning kinetics has been proposed. It is suggested
that in the dehydrogenation reaction each alcohol
molecule uses one active site on the catalyst, while
self-poisoning causes elimination of three sites per
deactivating event. Strong chemisorption of acetone on
the surfabe is considered to be responsible for the self-
poisoning]‘ of the dehydfég-.enat‘ion reaction. The conclusions
are supported by conductivity studies of the'catalysts

under reaction conditions.

A characteristic feature of the dehydration
reaction is the deviation from linearity in the Arrhenius
Plots at higher reaction temperatures. Isotope effect
measurements show that this>is not due to a diffusion-
controlled reaction. The deviation is believed to be
associated with the decomposition of hydroxyl groups on
the catalyst surface and investigations of the thermal
dehydroxylation of mixed nickel-aluminium hydroxides

support this proposal.



vii

Mechanisms for both the dehydrogenation and
the dehydration reaction have been proposed. The dehydra-
tion reaction is poisoned by both weak and strong basic
additives at lower temperatures but only by strong bases
at higher temperatures. An E-2-type mechanism is proposed
for the lower temperature reaction and with increasing
temperature there is a trend towards an E-l-type mechanism.
The dehydrogenation reaction is poisoned by additives
containing lone pairs of electrons, indicating electron

acceptor sites on the catalyst surface are the active sites.



1. INTRODUCTION

1.1 General

The decomposition of 2-propanol has been widely
used as a model reaction for studying theories of
catalyst selection particularly for metal oxide catalysts.
The predominant modes of decomposition are dehydrogenation
to give acetone and dehydration to give di-isopropyl:

ether or, more frequently, propene.

e
(CH@QCHOH
<0
CHSCHCHQ

Despite the many investigations of 2-propanol decomposi-

tion on oxides there is still considerable controversy



over the mechanism and the detailed involvement of the
catalyst in the reaction. The present thesis reports on
a further study of 2-propanol on nickel(II) oxide and

nickel oxide-alumina catalysts.

1.2 Theories of Catalyst Selectivity

In many of the earlier theories of catalyst
selectivity, attempts were made to determine a correlation
between the properties of the so0lid catalyst and the nature
of the reaction to be catalysed. The geometric factor
in catalysis was emphasized by Balandin (1) in his
"multiplet theory of catalysis'". The theory considers
both an energy correspondence and a structural correspon-
dence between the reacting molecules and the lattice
dimensions of the catalyst. On the assumption that alcohol
adsorption involves two-point attachment to the surface,
the theory predicts that an increase in the crystal lattice
distance would increase the dehydration activity of a
catalyst while a decrease in lattice distance would enhance

dehydrogenation activity (2).

A second theory, usually referred to as the

electronic factor, considers electron transfer between



the reactant molecule and the solid catalyst. With
semiconductors, catalyst selectivity would be related to
the type of conductivity and the position of the

Fermi energy level (3-6). Hauffe (3), on the assumption
that the rate-limiting step in the dehydrogenation of
alcohols is the migration of positive holes, predicted
that dehydrogenation would be favoured by P-type semi-
conductors while dehydration would be the preferred
reaction on n~type semiconductors. Wolkestein, considering
different modes of adsorption of the alcohol came to the
opposite conclusion (6). It may be noted that zinc oxide,
an n~-type semiconductor, and nickel oxide, a p-type
semiconductor, are both highly selective catalysts for

the dehydrogenation of alcohols (2).

Another approach, proposed by Roginskii (7,8),
classified the majority of catalytic reactions into two
types - oxidation-reduction (electronic) and acid-base
(ionic). Dehydrogenation reactions fall into the electronic
category and should be catalysed by solids posessing
free or easily excited electrons, e.g. metals and semi-
conductors. The mechanism of dehydrogenation reaction is
interpreted as involving the transfer of electromns from the

catalyst to the reacting substance or vice versa (2).



Dehydration reactions come under the ionic category and
should be affected by the nature of surface acidic or

basic sites. The transfer of protons or the production

of a heteropolar donor-acceptor pair would be a preliminary

step in the reaction (2).

From data, available prior to 1969, of 2-
propanol decomposition on oxides, Krylov (2) examined the
above theories by correlation analysis. Although there
was considerable dispersion in the data points, he found
that the catalytic activity for dehydrogenation was a
function of the catalysts lattice parameter, type of
conductivity, work function and width of the forbidden
energy gap. For dehydration there existed a dependence
of catalytic activity upon the electronegativity difference
between the oxide ion and cation. The correlation analysis
is not conclusive and, in particular, the high dehydrogena-
tion selectivity of alkaline earth oxides (9) for 2-
propanol decomposition is unexpected in terms of their
conduction characteristics. An alternative correlation
between surface oxygen mobility and dehydrogenation activity

has been proposed (9,10).

In recent years the development of sophisticated



techniques, such as Auger electron spectroscopy (AES),
electron spectroscopy for chemical analysis (ESCA), and
low-energy electron diffraction (LEED), has permitted more
detailed study of the catalyst surfaces and modern
theories of catalyst selectivity tend to consider the
individual atomic sites rather than the collective solid-
state properties of the catalyst. In particular, more
emphasis is placed on the co-ordination umsaturation of
the surface sites. Typical of these approaches are the
applications of crystal and ligand field theory to adsorp-
tion behaviour of transition metal oxides (11,12) and

the relationship of the coordination unsaturation of
surface Cr+3 ions to the catalytic activity of chromium
oxide (13). As such the theories tend to be specific

to a particular catalyst type rather than the more

general concepts discussed earlier.

One interesting aspect of the surface site
approach is the change in the purpose of deliberately
doping metal oxide catalysts. Previously the intention
of the doping was to bring about changes in the Fermi
energy level of the catalyst and to attempt to correlate

this with activity changes (14). The more recent studies



are concerned with the behaviour of isolated dopant ions
at low-levels of doping and cooperative behaviour between
dopant ions at higher levels of doping (15,16). This
type of oxide solid solution study has been reviewed by
Vickerman (17), where variation of activity of solid
solutions with increasing transition metal ion concentra-
tion is discussed. The general activity pattern for

most of the catalyst systems indicate high activity at
high dopant dilution, a fall in activity with increasing
transition metal ion to a minimum in the 10 - 15 percent
concentration region, then an increase in activity again

at higher dopant levels.

The trend towards consideratin of surface co-
ordinate unsaturation is reminiscent of an earlier concept
of "active sites" proposed by Taylor (18), i.e. not all
of the surface sites are equally active. Thus, in
describing the surface of the catalyst it is important to
consider the purity of-the sample, the method of prepara-
tion and pretreatment of the catalyst. With oxide catalysts
it has frequently been observed that their catalytic
activity and selectivity can be affected by the preparation

temperature (19). While this, in part, may be the result



of physical changes, e.g. changes in surface area and

pore structure, there is a good deal of evidence to
indicate chemical factors as well (20,21). Many oxide
catalysts are prepared by dehydroxylation of the metal
hydroxides and it has been shown that the complete removal
of hydroxyl from the surface can only be achieved at

high teﬁperatures (22,23). Infra red studies indicate
that surface hydroxyls are present on the oxide catalysts
under the usual reaction conditions and these may act as

catalytic reaction sites (24).

1.3 Deactivation of Catalyst

In dealing with catalyst selectivity, the need
to establish the detailed chemical nature of the catalyst
surface has been indicated in section 1.2. However,
frequently during the course of reaction, the activity of
the catalyst diminishes. The cause of catalyst deactivation

may be grouped loosely into:

a) reduction of active area by sinteting
or migration;

b) fouling;

c) poisoning.



Sintering is essentially an irreversible physical
process leading to a reduction of effective catalytic area.
It may consist of growth of metal crystallites on a support
or of a decrease in area of a non-supported catalyst (25).
Fouling is generally used to describe a physical blockage
such as the deposit of dust or fine powder or carbonaceous
deposits. In the latter case the activity can usually
be restored by removal of the coke by burning (25). De-
activation of catalysts by sintering and fouling are
essentially physical changes. However, deactivation by
poisoning (26) is associated with the chemical nature of

the catalyst surface and will be discussed in detail.

Poisoning may be brought about by the reacting
system itself (self-poisoning) or by some additives or
impurities. In self-poisoning, chemical transformations
of the reactants or products lead to stable surface

species that can not be desorbed or displaced by the reactant.

A number of studies of catalyst self-deactivation
have been concerned with catalyst coking during hydrocarbon
cracking reactions. Several mechanisms have been proposed

to explain the kinetics of the deactivation process. The

general rate equation applicable to poisoning by reactions



parallel or consecutive to the main reaction, has the form

r =1 VY 1.1

where r and r, are the rates of the poisoned and unpoisoned
reactions and ¢y is the deactivation term. Froment and
Bischoff (27) have postulated a relationship between VY

and the coke (or poison) content of the catalyst and this
type of approach has been used by several other workers
(28,29). An alternative approach, used by Wojciechowski (30)
and Khang and Levenspiel (31), is to relate ¥ to the reaction
time. Numerous modifications of the above treatments have
been made; Hegedus and Peterson (32) have extended the
parallel and series mechanism to include both occuring
simultaneously but at different rates, while Levenspiel

(33) and Wolf and Petersen (26) have analyzed self-poisoning
reactions in the same way as normal catalytic mechanisms

to obtain reaction orders for poisoning. The kinetics

of catalyst deactivation have been recently summarised by

Corella et al (34) and by Froment (35).

The effect of added poisons may be reversible
or irreversible, depending on the nature arnd strength of

interaction between the poison and the active sites. Selective
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poisoning has been explained by Kemball (36) as the
phenomena in which a poison tcauses a catalyst to improve
its selectivity. Pines and Hagg (37) and later BeTank

et al (38) used selective poisons to suppress the second-
ary isomerization of olefins in the dehydration of alcohols
on alumina. When poisoning is carried out with the aim

to improve the catalyst selectivity toward a desired
product, then the only requirement is that the active sites
responsible for the undesired reaction path be among the
adsorption sites for the poisoning additive. If, however,
the aim of the polsoning experiment is the analysis of

the number of active éites, then it 1is necessary that the
poison specifically and solely interacts with the active

sites. This is referred to as specific poisdning (39).

The phenomena of catalyst deactivation can lead
to problems in the elucidation ofrreaction mechanisms by
kinetic studies. This aspect is considered in the next

section.

1.4 Investigations of Reaction Mechanisms by Kinetic
Method

Kinetic data are usually used to develop rate

equations which can be applied in the formulation of a
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reaction mechanism and in the determination of optimum
conditions for reaction. The major methods used in the
study of the reaction kinetics are the 'static' method;

the 'flow' method and the 'pulse' method.

The 'static' reactor system is one in which the
reactants are introduced into a constant volume reactor
at the start of an experiment and then the system 1is

closed (40,41). The rate is followed by changes in con-

centration or pressure. The most:important condition is

that the reaction must proceed isothermally.

The 'flow' method operates essentially under
steady-state conditiomns,. In this system a mixture of
reactants, often diluted by a carrier gas, 1s passed
continuously, at a known rate of flow, through a reaction
vessel containing the catalyst (42). The reaction products
and unreacted starting materials are continuously re-
moved from the system for analysis. Reaction rates and
activities are frequently determined after the establish-
ment of a steady-state condition. This condition is usually
achieved by passing the reactant gas or gases ©over the

catalyst for a period of time, sometimes at temperatures
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higher than those to be used in reaction study. Reaching

a steady-state activity, however, creates one of the
inherent problems of this method, namely an adequate
description of the chemical and physical nature of the
catalyst after conditioning. The surface may be very
different to the original situation. For instance,
Balandin et al (43,44) have shown that during alcohol
decompositions on transition metal oxides, the conditioning
period caused reduction and in some cases carbonization

of many catalysts.

A modification of the conventional flow method
is the pulse reaction technique., It is this method which
is used in the present work and so will be discussed in
.rather more detail. The pulse technique is one in which
small amounts of reactants are injected into a carrier gas
stream before the gas enters a reactor packed with a small
amount of catalyst. In contrast to the 'flow' method

the catalyst is not continuously exposed to the reactants.

The basic operating principles of the pulse
reactor technique have been distcussed by Galeski and

Hightower (45) and by Kokes et al (46). The method has
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been mainly used as a quantitative tool in comparing

series of catalysts or in determining product distributions.
In applying the pulse technique to investigations of
reaction kinetics, the results can be significantly different
from those obtained by the continuous flow method. The

two methods give similar results for first-order kinetics
(47-49) but caution is required in comparing the results

for non-first order reactions (50). Hattori and Murakami
(51-54) and Merill and coworkers (55,56) have examined the
effects of pulse shape, pulse width and adsorption
strengths of both reactants and products on the observed
kinetics obtained by the pulse technique, The general
conclusion is that as the pulse width increases the
kinetics approach those observed in a continuous flow re-
actor. One advantage of the pulse technique 1s that it
permits investigations of changes in selectivity in the

catalyst prestabilization stages.

1.5 Mechanisms of 2-Propanol Decomposition . on
Oxide Catalysts

a) Dehydrogenation

The :observed kinetics of the dehydrogenation re-

action indicate that the rate limiting step is either the
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surface reaction of the adsorbed alcohol (9) or the
desorption of the product, acetone (57,58). Measurements

of the kinetic isotope effect on a number of oxide catalysts
(59,60) would appear to rule out desorption of acetone as
the rate determining step although acetone is known to

inhibit the dehydrogenation reaction (61).

Essentially two general types of mechanisms have
been proposed for the reaction of the adsorbed alcohol.
One mechanism involves hydrogen atom transfer to the oxide
ions of the catalyst as proposed by Krylov (57) and also
by Pepe and Stone (62) but it should be noted that de-
sorption of acetone has been assumed to be the rate-

limiting process in Krylov's mechanism.

The other mechanisms all involve the transfer
of the hydroxyl proton from the alcohol to a basic oxide
site with the subsequent elimination of a hydride ion from
the a-carbon atom. In this mechanism, the rupture of the
Ca—H bond is considered to be a rate limiting step and this
is supported by the kinetic isotope effect measurements.
The mechanism proposed by Szabdo and coworkers (20) is
shown below as an illustration of the hydride ion transfer

process.
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H_C CH H,C CHg3
3 \c/ 3 3 \o/
(g) > \
HO/// \\\H T* 9{// H
_-02... M2+ 02_—- -—02-—- - I\;IQ: - - - 02.: -
..... 1.2
H.C CH
3 / 3
\C
H 8 T—
| A _ -
-—02Z - - M& . - 0% - -MT -

Similar mechanisms have been suggested by Nondek et al
(59), Kibby and Hall (63) and also by Eucken (64,65) and
Wicke (66) although the latter involves a cyclic transition
state without formation of alkoxide. Becently Tamaru et al
(67) have proposed a mechanism along the same lines but

involving displacement of the product acetone by another
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molecule of alcohol.

CHg oG o
\ 3> 3
/ (9) > \C/
/// ///‘
H O H+
.02 ..zn%. 021 __02___%121 _ éz_—_

... 13

HSC\ /CHs H,C /c Ha CHg
ﬁ (9) + & //9\\
e CHOH
© 0 M (Ej‘)?_ (9) Hcl Yo
-._02: ZN—QOee o 2+ 2-
~--0 2o zn2t_0Z .

b) Dehydration

The dehydration reaction is commonly believed
to proceed via a cyclic transition state but still some
disagreement exists as to the surface sites used in the

process. Kinetic isotope effect measurements indicate
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that water desorption cannot be rate limiting (60,68-70)

and that an E2 type mechanism is probably involved in the
production of propene. However, with increase either

in the reaction temperature or in the acidity~-6f the catalyst
there is a gradual transition from E2 to an E1 (Carbonium

ion) mechanism (68).

Krylov (71), Pines and Haag (72) and Jain and
Pillai (73) favour adsorption of the alcohol through the
oxygen of the alcoholic hydroxyl group on Lewié acid

sites on the catalyst, for example:

o+
CHa—?H—CH? ) CH3—-CH——-CH3 HZP:'.-.CH—CH_Q,
9) — - —_— :
OH OH o+ N e 1.4
N\ 97
| &
—O—Al—O—AI— — 0 —Al—0—AI—

| l ! [
— O —Al—O0—A}—
r I
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Other mechanisms involving a covalently bonded
adsorption complex in the form of surface alkoxide bonded
to Lewis - acid sites have been propos?d by Senderens (74),
Ipatieff (75) and later by Smirnova et al (76). In these
mechanisms it is suggested that olefin is“formed by dis-

sociation of+rthe surface alkoxide compound.

Knozinger and coworkers (24,68-70,77-78), who
have extensively investigated the dehydration of alcohols
on alumina catalysts, argue against both the involvement
of Lewis acid sites and the formation of a surface alkoxide
in the reaction. The results of catalyst poisoning
studies using pyridine (79) and tetracyanoethylene (80)
would appear to exclude Lewis acid sites as active centres
and to indicate the participation of basic sites in the
dehydration process. The general reaction mechanism pro-
posed by Knoziner et al (81l) and by Deo et al (82) is
one in which the alcohol molecule ineracts with a surface

hydroxide and an ¢éxide ion, viz.

H
H3C —C H—OH(9) HaC —CH—O0""
| _— ; s
CHg CHy %
H H H
 O—Al } 1
—Al— 0 —Al— O — —AlmQ—Al—b—a i e 15
- |

I I

H3C—CH=C H2(9)+H50(9)
H

|
| |
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The extent to which the mechanism proposed for reaction
on alumina is applicable to other metal oxide catalysts,
particularly those with different structures and electronic

properties, is still not clear.

1.6 The Aim of the Present Work

The decomposition of 2-propanol has been chosen
as the reaction for investigation of the catalyst selectivity
of nickel oxide and a series of nickel oxide-alumina
preparations. Previous studies (53,83) have shown nickel
oxide to be a dehydrogenation catalyst while nickel oxide-
alumina solid solutions are knwon to form nickel aluminate
(84-86) which, on the basis of ether investigations (87),
would be expected to be a dehydrating catalyst. One
objective of the present work was to study the changes in
catalyst selectivity with increasing concentrations of nickel
aluminate and to examine possible enhancements in catalyst
activity due to solidfphase interfacial effects'(synergetic

effects) (88).

A second objective in this study was to investi-

gate the significance of surface dehydroxylation in the
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catalyst activity of the oxide. Recent work in this
laboratory (89) has indicated that surface hydroxides

require high temperatures, well in excess of normal catalytic
temperatures, for their decomposition. In the dehydration
reaction it is likely that surface hydroxides are formed

and these could well influence the mechanism of the reaction

and the activity of the catalyst.
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2. EXPERIMENTAL

2.1 Preparation of Samples

The catalysts used were nickel(II) oxide and a

series of alumina-doped nickel(II) oxide.

Hydroxides of nickel and nickel-aluminium mixtures
were prepared by precipitation with ammonia (ACS Reagent
Grade) from solutions of nitrate salts (Nickel(II) nitrate,
Baker Analyzed' Reagent; Aluminium nitrate, B.D.H.
Laboratory Chemical Group) at a pH of 8.5. The compositions
of the mixtures of nickel and aluminium nitrate solutions
were adjusted so that a series of hydrous oxides were
obtained which on decomposition gave mixed oxides contain-
ing 0.10, 0.50, 2.56, 5.26, 14.29, 25.0 and 50 mol percent

of aluminium oxide in nickel(II) oxide.

The hydroxides were washed free of nitrate with
distilled water and dried in air at 373 K. The hydroxides
were then thermally decomposed at 873 K in a muffle furnace
for twenty-four hours. The samples were pelletised and
then sintered at 1073 K for twenty-four hours after which
the pellets were finely powdered to give particles of
diameter less than 0.063 mm which were used as the catalyst

samples.
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2.2 Characterisation of Samples

The catalyst samples were characterised by surface
area measurement, x-ray powder diffraction and thermo-

gravimetric analysis.

2.2.1 Surface Area Measurements

The surface area determinations involve the measure-
ment of the amount of gas necessary to form a monomolecular
layer on a solid surface. From the number of molecules
adsorbed and the area occupied by each molecule, the surface
area of the so0lid can be determined. The following general

BET equation was used (90).

P 1 (C=1)P

V(PO—P) VmC VmCP0

1042“1

where V is the volume of gas adsorbed per gram of material
at a measured pressure P, Vm is the monolayer volune, PO
is the saturation pressure of the adsorbate gas at liquid
nitrogen temperature (93 K) and C isaconstant which

depends upon the heats of adsorption and liquifaction of

the gas.
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A plot of P/V(PO-P) against P/P0 gives a straight
line of slope (C—l)/VmC and intercept 1/VmC valid for

relative pressures, P/Po’ between 0.05 and 0.35 (91).

In this present measurement krypton was used as
the adsorbate and a diagram of the apparatus is shown in
Figure ~2.1. The general procedure was as follows.
Approximately 20 mg of the sample in the case of NiO
and 10 mg in the cases of the doped samples was accurately
weighed into the sample holder which was then positioned

. -4
on the apparatus and evacuated to a pressure of 10

torr (1.33x10"3

Pa) overnight at 373" K. Krypton was
admitted to volume Va (Figure 2.1?)f"and the pressure

in this space was measured on the McLeod guage. The gas
was then expanded into the sample container which was
immersed in liquid nitrogen. After equilibrium was
established, (usually thirty minutes) the pressure was
again measured and the volume of krypton adsorbed was

calculated in the usual way (92) +utilizing the computer

programme 'KRBET'.

2.2.2 X-ray diffraction

The catalyst samples were analyzed by an x-ray
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powder diffraction technique. The finely ground powders
were sealed in capillary tubes and diffraction patterns
obtained using a Philipps x-ray Generator, operating at
40 kV and 20 mA, using a nickel-filtered, copper K,
radiation source, equipped with a 114.83 mm Debye-Scherrer
camera. The diffracted x-rays were recorded on strips of
photographic film to give the familiar powder photographs
of lines of varying intensities. By measurement of the
lines, since the radius of the camera and the wave length
(A) of the x-rays are known, the interplanaf spacings
(dX) were determined and the samples identified by

comparison with standards in the usual fashion (93)..

2.2.3 Thermo-gravimetric analysis

Thermobalance

A Stanton-Redcroft thermobalance, model HT-SF, was
used in thermal analysis experiments. The balance had an
automatic weight-loading assembly to extend the weight
range in steps of 20 mg to a 200 mg maximum. A vertical
sample support column was connected to the back pan of the
balance as shown in the schematic diagram, Figure 2.2.

A servo-driven capacity-follower device was used to transmit

beam movement to the recording mechanism, while the beam
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was controlled by a conventional air damping arrangement.
Sample temperatures were monitored on a Leeds and
Northrup recorder with a platinum/platinum-rhodium (13%)
thermocouple positioned within the sample support, Figure
2.2, A correction was applied for the thermocouple
cold junction at~room temperature. The recorder was
calibrated using a Honeywell portable potentiometer

over the range 0 to 10 mv. The accuracy of the sample
temperature measuring arrangement was therefore limited
by the accuracy in reading the recorder chart which

amounted to *1°C over the temperature region of interest.

Samples were heated by a 37.5 mm bore platinum/
rhodium wound furnace which was mounted vertically and
could be raised or lowered around the sample support. A
silica sheath allowed a flowing gas, in this case nitrogen,
to surround the sample continuously. The furnace temperature
was controlled by a platinum/platinum—-rhodium (13%) thermo-
couple located between the furnace wall and silica sheath.
The furnace could be operated isothermally at a pre-
selected temperature with a proportional controller, or in
a dynamic mode in which case the furnace temperature
was increased linearly at a rate of 7°C min—l. Nitrogen

was passed through a dtying column, 35 mm diameter by 0.40 m
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in length consisting of self-indicating silica gel and

calcium sulphate, before entering the furnace.

Dynamic thermogravimetric technique

A small capacity platinum curicible, 10 mm
diameter by 5 mm in height, was used to hold approximately
30 mg samples. The procedure employed was to balance
the specimen on the sample support in the furnace at
room temperature in a flowing nitrogen atmosphere (230
gmBmin—l (NTP)) to achieve a straight base line, and to
flush the furnace assembly. The thermobalance was then
programmed to reach 873 K. Buoyancy corrections were

determined using dead-burned alumina.

2.3 Catalysis Experiment

2.3.1 Pulse method

The catalytic decomposition of 2-propanol was in-
vestigated by a micropulse reactor technique on NiO and
A1203/NiO samples. The pulse method utilizes a fixed bed
reactor with a continuously flowing carrier gas stream.

A block diagram of the apparatus is shown in Figure 2.3.
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High purity (99.99%) helium was used as the carrier
gas. The gas was initially passed through a molecular
seive drying column, which also acted as a pressure
stabilizer, and trace amounts of oxygen were removed by
oxisorb (Meser Greiesheim). Flow rates were maintained
using 'Matheson Rotameters' filled with 'Matheson Millimite'
fine-control needle valves. The flow rates were measured
with a soap bubble burette. Pulses of alcohol (0.2-5 nm3)
were injected with a Hamilton micro syringe into a pre-
heated helium carrier gas stream and passed over the
catalyst. The catalyst bed temperatures were monitored
by a chromel/alumel thermocouple. The reaction products
and unreacted alcohol emerging from the reactor were
collected in a trap, cooled with liquid nitrogen, before

being admitted to a gas chromatograph for analysis.

2.3.2 Catalyst vessel

The catalyst vessel was a 10 mm diameter pyrex-—glass
tube containing the catalyst sample mounted on a sintered
glass disc sealed across the tube. Catalyst samples in the
range 0.05-0.32 g were used. Blank run experiments, in
which 2-propanol was passed through the reactor, indicated

no reaction occurred in the absence of a catalyst for the
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temperature range under investigation, i.e. below 573 K.

2.3.3 Product trapping

A trapping time of twelve minutes was employed in
the experiments. Maximum recovery of products and alcohol
was observed with the minimum time of twelve minute
trapping for a 40 mfamin-l gas flow rate. A typical plot
for the recovery versus trapping time is shown in
Figure 2.4, Furthermore, the collection time was
adjusted in inverse proportion to the flow rate, thereby
ensuring that conversion was determined on the basis of the

same volume of gas having passed through the trap.

2.3.4 Analysis

The gas stream containing reaction products was analyzed
using a dual column '"Hewlett Packard Research chromatograph
Model 5750' with flame ionization and thermal conductivity
detectors. Quantitative analyses of 2-propanol and products
were carried out using a 1.83 m column of 107 carbowax 20 M

(80-100 mesh).

Prior to each injection of alcohol, the column oven
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was maintained at 323 K. When the sample was flushed

on to the column from the trap, the oven temperature was
increased by linear-temperature programming at 6°C min—l
to a maximum of 413 K. The column oven was then recycled
to 323 K. With the chromatograph programmed in this manner
the gas stream could be sampled every thirty minutes. A
helium flow of 40cm3 min—l was passed through the column.
The thermal conductivity detector was maintained at 473 K.
with a current of 245 mA passing through the detector
filaments. The detector amplifiers were adjusted where

necessary to enable the peaks of the individual components

to remain on the recorder scale.

The retention times of the reaction components were
measured and identified by comparison with the standards.
Peak areas of the individual components were uséd in quanti-
tative estimations and these areas were determined from
the printouts by a potentiometric recorder with integrator
(Type, Fisher Recordall series 5000). Detectors were
calibrated by injecting known amounts of the components into
the column and measuring peak areas. Typical results are

shown in Table 2. 1.
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Table 2.1

Calibration of Detectors

Substance mol Area of Peak
(Arbitrary units)

2-Propanol 2.61x10_‘5 3960

Acetone 2.70x107° 3960

Propene 4.093x10_6 520

2.3.5 Catalyst conditioning  and reactivation

Prior to any 2-propanol pulses the catalyst sambies
were conditioned in the reactor by heating at 623 K for one
hour in the helium carrier gas stream. Since, as will be
reported later, deactivation of catalyst samples was
observed with the successive pulses of alcohol, the samples
of nickel oxide could be reactivated by heating in the
reactor at 623 K for one hour while the doped samples

could be reactivated by heating at 623 K for two hours.

2.3.6 1Isotope effect measurements

The general procedure to study the isotope effect
was that at a particular reaction temperature, the catalyst

would be subjected to approximately fifteen pulses of
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alcohol; typically pulses 1-3 would be 2-propanol,
pulses 4-6, a deuterio-alcohol, pulses 7-9, 2-propanol

and so on. The reactants were spectranalyzed 2-propanol

(Fisher Scientific Company) and the deuterio alcohols

(Merk, Sharp and Dohme); 2-pr0panol-d6 ((cp CHOH) had an

3)2
isotopic purity of 99 atom %7 D while for 2-propanol—2d1
((CH3)ZCDOH) it was 98 atom %Z D. The purity of 2-propanol-0D

((CH3)2CHOD) was 98 atom % D.

2.3.7 Poisoning experiment

A number of studies was made of the effect of added
poison on the activity and selectivity of the catalysts.
In these experiments, the catalysts at the reaction tempera-
ture were subjected to pulses of potential poisons (water,
air, acetic acid, phenol, acetone, benzene, aniline and
n-butyl amine) and the added poisons were allowed to pass
over the catalysts, prior to the injection of the alcohols

approximately thirty minutes after the pretreatment pulse.

2.4 Conductivity Measurements

Electrical conductivity of the catalyst samples was

measured in a flow system and also under vacu