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ABSTRACT

The heterogeneous liquid-phase catalytic hydrogenation of
alkenes over bart1a11y hydrogenated P-3 nickel and P-3 cobalt
borides has been investigated. These catalysts of proposed formulae
(NizB)z.H3rand (6028)5.H3 are more active than the previously
studied P-1 and P-2 type nickel borides and high-activity Raney nickel.
P-3 nickel is highly active for hydrogenation of terminal and
internal olefins and causes isomerisation of l-octene to 2-octene.
Contrary to this, a]though P-3 coba1t readi1y reduces términa]
olefins, it only slowly hydrogenates internal olefins and does not
cause isomerisation of l-octene under the reaction conditions studied.
Hydrogenations over P-3 nickel‘and P-3 cobalt appear to follow
a Rideal-Eley type mechanism where one reactant (i.e. alkene) is
strongly adsorbed initially to form a substrate-cata]ySt intermediate
followed by reaction with a second non-adsorbed reactant (i.e. molecular
gaseous hydrogen). <A second mechanism has been suggested for the
isomerisatibn of l-octene over P-3 nickel and this possibly involves
an allylic intermediate.
P-3 nickel, P-3 cobalt, and Raney nicke] are_high]y resistant
to poisoning by hydrogen sulphide. For example, P-3 nicke1_is
initially éctive towards hydrogenation of 1-hexadecene in the presence
of even,éOO mg/1 hydrogen sulphide in the gas phase. The catalyst's
resistance is critically dependent, however, on the pressure of

hydrogen. These catalysts appear to be more sensitive towards



sulphur poisoning in the form of n-butanethiol, although the
resistance is still extraordinary. Thus, the catalytic activities
of P-3 nickel, P-3 cobalt, and Raney nickel towards hydrogenation
of l-hexadecene only drop to zero in the presence of 52, 96, and
27 mg/1 sulphur respectively under the reaction conditions studied,

which are fully discussed in this thesis.



ACKNOWLEDGEMENTS

I wish to express my deep appreciation to my supervisors
Dr. A.N. Hughes, Dr. I.M. Hoodless, and Dr. D.G. Holah for their
enthusiasm and direction throughout the preparation of this thesis.
Their friendliness and understanding have made this study a very
enjoyable experience.

‘1 also gratefully acknowledge the Ventron Corporation of
Beverly, Mass. for their interest and suggestions during this project,
and their generous donation of chemicals.

In addition, I would like to thank the technical staff of the
Faculty of Science of Lakehead University'for their assistance.

Finally, I wish to thank the National Research Cdunci] of

Canada and Lakehead University for providing financial support.



CHAPTER 1.

—

CHAPTER 2.

DO N PN NN (3] N NN

1.
1

N o A ow

* L]
WO NOOO oot ;m (&, a CTOT P WN -

N =

WM

Bww w N L

N e

TABLE OF CONTENTS

INTRODUCTION

Introduction to Heterogeneous Catalysis
Preparation and Activities of Nickel and
Cobalt Borides for Use as Liquid-Phase
Heterogeneous Catalysts

Structural Studies of Nickel and Cobalt
Borides

Gas-Phase Hydrogenations Using Nickel and
Cobalt Borides A

Kinetics of Liquid-Phase Heterogeneous
Hydrogenations

Catalyst Poisoning

Aim of the Present Work

EXPERIMENTAL

Reagents

Instrumental Techniques

Surface Areas

Hydrogenation Apparatus

Catalyst Preparation

Catalyst Preparation and Use for Hydrogen-
ation Rate Measurements

Preparation and Use of Catalysts for
Surface Area Measurements

Catalyst Preparation for Thermogravimetric
Analysis

"Unused" P-3 Ni

"Used" P-3 Ni

‘Catalyst Preparation and Use for Gas-Liquid

Chromatographic Studies

Preparation of n-Butanethiol Standard
n-Butanethiol Added With Solvent
n-Butanethiol Added With Substrate

Typical Hydrogenation Reaction in the
Presence of Hydrogen Sulphide

Typical Run

Variation to Typical Run

Variation to Typical Run

Calculation of the Rate of Hydrogen Uptake

Page



CHAPTER 3.

Page
RESULTS
Introduction 57

Investigation of Hydrogen Uptake During the
Liquid-Phase Hydrogenation of Substrates Qver

P-3 Nickel and P-3 Cobalt 58
Liquid-Phase Hydrogenation of Representative ‘
Substrates Over P-3 Ni and P-3 Co 58
Kinetics of the Liquid-Phase Hydrogenation

of l-Hexadecene Over P-3 Ni and P-3 Co 60

Dependence of the Initial Rate of Hydrogen

Uptake in the Liquid-Phase Hydrogenation of

Olefins Over Nickel Borides on the Method

of Catalyst Preparation 62
Effect of Reaction Medium on the Initial Rate

of Hydrogen Uptake in the Liquid-Phase Hydrogen-

ation of 1-Hexadecene Over P-3A Ni 72
Investigation of the Poisoning of the Liquid-

Phase Hydrogenation of Olefins Over P-3 Ni,

P-3 Co, and Raney Nickel by Sulphur ' 75
Introduction 75
Effect of the Presence of Hydrogen Su1ph1de

on the Initial Rate of Hydrogen Uptake During
Liquid-Phase Hydrogenation of 1l-Hexadecene

Over P-3 Ni, P-3 Co, and Raney Nickel in

Ethanol , 76
Effect of the Presence of n-Butanethiol on

the Initial Rate of Hydrogen Uptake During the
Liquid-Phase Hydrogenation of Olefins Over

P-3 Ni, P-3 Co, and Raney Nickel in Ethanol 83
Effect of the Presence of n-Butanethiol on the

Initial Rate of Hydrogen Uptake During Liquid-

Phase Hydrogenation of Olefins Over P-3 Ni,

P-3 Co, and Raney Nickel in the Kinetic Range

Where the Rate of Hydrogen Uptake is Proportional

to Hydrogen Pressure, Catalyst Concentration, and
Substrate Concentration 93
Effect of the Presence of Sulphur Poisons on

the Initial Rate of Hydrogen Uptake During Liquid-
Phase Hydrogenat1on of 1-Hexadecene Over P-3A Ni

and Raney Nickel in n-Heptane 97
Effect of the Presence of Oxygen on the Initial

Rate of Hydrogen Uptake During the Liquid-Phase
Hydrogenation of l-Hexadecene Over P-3A Ni 100



Page

3.4 Other Methods of Investigation of the Liquid-
Phase Hydrogenation of Olefins Over P—3~ﬁ
and P-3 Co . 100
3.4.1 Surface Areas 1QQ
3.4.2 Study of the Liquid-Phase Hydrogenatlon of
1-Octene Qver P-3 Ni and P-3 Co in Ethanol
. Using Gas-Liquid Chromatography 104
3.4.3 Thermogravimetric Analysis 115
3.5 Conclusion 116

CHAPTER 4.  DISCUSSION

4.1 Introduction 119
4.2 Summary of the Hydrogenation Study 119
4.2.1. Kinetics of Hydrogenat1on of Alkenes hy

P-3 Ni and P-3 119
4.2.2 Comparison of the Rate of Hydrogen Uptake

During Hydrogenation of Substrates Over the

Several Metal Borides Studied 124
4.2.3 Surface Areas 130
4.3 Summary of Poisoning Study 131
4.4 Summary of Quantitative Hydrogenat1on Studies 137
4.5 Conclusions 142
4.6 Added Note 143
4.7 Suggestions for Future Work 144

CHAPTER 5. APPENDIX
5.1 Introduction 147

References ; 162



[

WP —

RS

w W ww w
=~ O O 0 (0]

LIST OF FIGURES

ol Solvent Effect on the Rate of H%drogenatlon of
Acetone Over Raney Nickel at 10~C

2 Hydrogenation of Various Ketones Over P-2 Nickel
Boride in Cyclohexane at 30°C

1 Schematic of Thermobalance Assembly

2 BET Apparatus

3 BET Plot for P-3A Ni

4 Apparatus for Catalytic Studies

1 Effect of Initial Hydrogen Pressure on the Initial
Rate of Hydrogen Uptake During the Hydrogenatlon
of 1l-Hexadecene Qver P-3 Ni

.2 Effect of Initial Substrate Concentration on the
Initial Rate of Hydrogen Uptake During the Hydrogen-
ation of 1l-Hexadecene Qver P-3 Ni

.3 Effect of Initial Amount of Catalyst on the Initial

Rate of Hydrogen Uptake During Hydrogenation of
1-Hexadecene QOver P-3 Ni

.4 Effect of Initial Hydrogen Pressure on the Initial

Rate of Hydrogen Uptake During Hydrogenation of
1- Hexadecene Over P-3 Co

(cont.)
Effect of Initial Substrate Concentration on the
Initial Rate of Hydrogen Uptake During the Hydrogen-
ation of 1-Hexadecene QOver P-3 Co

.6 Effect of Initial Amount of Catalyst on the Initial

Rate of Hydrogen Uptake During Hydrogenation of
1-Hexadecene Over P-3 Co

7 Effect of Hydrogen Pressure on the Degree of Catalyst

Poisoning by Hydrogen Sulphide During the Hydrogen-
ation of 1-Hexadecene QOver P-3 Ni
Effect of the Presence of n-Butanethiol During the
( Hy?rogenation of Olefins Over P-3 Ni and Raney Nickel
cont.)
Effect of the Presence of n-Butanethiol During the
Hydrogenation of Olefins Over P- 3 Co
(cont.)

.10 Effect of the Presence of n-Butanethiol During the

Hydrogenation of l-Hexadecene Over P-3 Ni and Raney

Nickel in Ethanol Under Conditions Where the Initial
Rate of Hydrogen Uptake Over P-3 Ni is Dependent on

Initial Hydrogen Pressure and Substrate and Catalyst
Concentration

Page

64

65

66
67

68

69

84

89
90

91
92

94



wWwwWwwww w

.10 (cont.) ,
.11 Effect of the Presence of n-Butanethiol During the

Hydrogenation of 1-Hexadecene Over P-3 Co in Ethanol
Under Conditions Where the Initial Rate of Hydrogen
Uptake Over P-3 Ni is Dependent on Initial Hydrogen
Pressure and Substrate and Catalyst Concentration

.12 Effect of the Presence of Oxygen During the Hydrogen-

ation of l-Hexadecene Qver P-3 Ni

.12 (cont.) _ _
.13 Standard Qualitative Gas-Liquid Chromatograph
.14 Standard Quantitative Gas-Liquid Chromatograph
.15 Thermogravimetric Analysis Studies

.15 (cont.) '

Page
95.

96

101
102
109
110
117
118



et g
L]

. . . . . (]
(Ve [o0] N oy (2 BN & 3] £ W N [l o N

W W W W W W W WwWWw W W WwWw W WwWN
e & & & = *» & e L I . T

w W ww w

o ™ = N Y
[&;] L~ w N e o

[y
~N o

e
o

LIST OF TABLES

Times of Hydrogenations Over Nickel Boride
Times of Hydrogenations of Unsaturated and Satur-
ated Aldehydes Over Nickel Boride

. Volumes of Gas Storage Bulbs and System

Hydrogenation of Representative Substrates Qver
Partially Hydrogenated P-3 Nickel Boride
Hydrogenation of Representative 0lefins QOver
Partially Hydrogenated P-3 Cobalt Boride
Preparation of Several Nickel Borides
Hydrogenation of l-Hexadecene Over Several
Heterogeneous Nickel Catalysts

Hydrogenation of 1-Hexadecene Qver P-3A Ni in
Several Solvent Systems

Hydrogenation of 1-Hexadecene Over P-3 Ni in
Ethanol in the Presence of Hydrogen Sulphide

(cont.)

Hydrogenation of l-Hexadecene Over Raney Nickel in
Ethanol in the Presence of Hydrogen Sulphide
Hydrogenation of l-Hexadecene Over P-3 Co in
Ethanol in the Presence of Hydrogen Sulphide
Hydrogenation of 1-Octene Over P-3 Ni in Ethanol
in the Presence of n-Butanethiol

Hydrogenation of l-Hexadecene Over P-3 Ni in
Ethanol in the Presence of n-Butanethiol
Hydrogenation of l-Hexadecene Over Raney Nickel in
Ethanol in the Presence of n-Butanethiol
Hydrogenation of 1l-Hexadecene Over P-3 Co in
Ethanol in the Presence of n-Butanethiol
Hydrogenation of 1l-Hexadecene Over P-3A Ni in
n-Heptane Compared with Hydrogenation in Ethanol
Hydrogenation of l-Hexadecene Over Raney Nickel in
n-Heptane Compared with Hydrogenation in Ethanol

Oxygen Resistance of P-3A Ni in the Hydrogenation
- of 1-Hexadecene

BET Surface Areas of Several Nickel Catalysts
Hydrogen Uptake Dependence on Catalyst and/or
Substrate Concentration

Uptake of Hydrogen by the P-3 Ni and Raney Nickel
Systems in the Absence of Substrate

Stirring 0.5 M 1-Octene Over 0.02 M P-3 Ni in
Ethanol under Nitrogen for Ten Minutes and Seven-
teen Hours using an Initial Gas Volume of 328 mil
and an Initial Nitrogen Pressure of 77 cm

Page:

10
54

59

61
70

73
74

78
79

80
81
85
86
87
88
98
99

103
105

106
108

111



W Ow W w W

I3 TR ~ T - R - S - )

.20

.21
.22
.23
.24
.25

R w n

Stirring 0.5 M cis-trans 2-Octene Over Q.02 M

P-3 Ni in Ethanol under Nitrogen for Ten Minutes
and S$Venteen Hours using an Initial Gas Volume of
328 m A

Hydrogenation of 0.5 M 1-Octene Over 0.02 M P-3 Ni
in Ethanol using an Initial Gas Volume of 328 ml
Hydrogenation of 0.5 M 1-Octene Over 0.02 M P-3 Ni
in Ethanol using an Initial Gas Volume of 1132 ml
Hydrogenation of 1.0 M 1-Octene Over 0.02 M P-3 Ni
in Ethanol using an Initial Gas Volume of 1132 ml
Hydrogenation of 0.5 M 1-Octene Over 0.02 M P-3 Co
in Ethanol using an Initial Gas Volume of 328 ml-
Hydrogenation of 0.5 M 1-Octene Over 0.02 M P-3 Ni
or P-3:Co in Ethanol using an Initial Gas Volume

of 328 ml, and in the Presence of 25 mg/1 Sulphur
in the Form of n-Butanethiol

Hydrogenation of 1l-Hexadecene Over Several
Heterogeneous Nickel Catalysts

Hydrogenation of Representative Substrates Over
Partially Hydrogenated P-3 Nickel Boride
Hydrogenation of Representative Qlefins Over
Partially Hydrogenated P-3 Cobalt Boride

y/o Ratios for Poisoning of P-3 Ni, P-3 Co, and
Raney Nickel by n-Butanethiol o
Effect of Initial Hydrogen Pressure on the Initial
Rate of Hydrogen Uptake During the Hydrogenation

of l-Hexadecene Over P-3 Ni :

Effect of Initial Substrate Concentration on the
Initial Rate of Hydrogen Uptake During the Hydrogen-
ation of 1-Hexadecene Over P-3 Ni _
Effect of Initial Amount of Catalyst on the Initial
Rate of Hydrogen Uptake During Hydrogenation of
1-HPexadecene Over P-3 Ni 4

Effect of Initial Hydrogen Pressure on the Initial
Rate of Hydrogen Uptake During the Hydrogenation of
1-Hexadecene Over P-3 Co

Effect of Initial Substrate Concentration on the
Initial Rate of Hydrogen Uptake During the Hydrogen-
ation of 1l-Hexadecene Over P-3 Co

Effect of Initial Amount of Catalyst on the Initial
Rate of Hydrogen Uptake During Hydrogenation of
1-Hexadecene Over P-3 Co

Effect of Hydrogen Pressure on the Degree of Catalyst
Poisoning by Hydrogen Sulphide During the Hydrogen-
ation of 1-Hexadecene Over P-3 Ni '

Page

111
112
113
113

114

114
125
127
128
136

148
149
150
151
152
153

154



Page

5.8 Effect of the Presence of n-Butanethiol During

the Hydrogenation of l-Hexadecene Over P-3 Ni

and Raney Nickel in Ethanol Under Conditions Where

the Initial Rate of Hydrogen Uptake Over P-3 Ni

is Dependent on Initial Hydrogen Pressure and _
. Substrate and Catalyst Concentration 155
5.9 - Effect of Presence of n-Butanethiol During the '

Hydrogenation of 1l-Hexadecene Over P-3 Co in

Ethanol Under Conditions Where the Initial Rate

of Hydrogen Uptake Over P-3 Ni is Dependent on

Initial Hydrogen Pressure and Substrate and Catalyst

Concentration 156
5.10 BET Surface Area Data for Raney Nickel 157
5.11 BET Surface Area Data for P-3A Nickel 158
5.12 BET Surface Area Data for P-1 Nickel 159
5.13 BET Surface Area Data for P-1 Nickel 160

5.14 BET Surface Area Data for P-2 Nickel 161



CHAPTER 1

INTRODUCTION



1.1 Introduction to Heterogeneous Catalysis

Catalytic reactions involve a series of steps in which the
"catalyst" enters as a reactant in the first step, and appears as
a product in the last step (1). The "catalyst" may be an enzyme,
a complex in a liquid solution, a gaseous molecule, or a grouping
of atoms at the surface of a solid called an "active site". Systems.
involving the latter type of structure are called heterogéneous-
catalysts. - The "active centre" is the site or group of sites that
takes part in the reaction. With this type of catalysis, the solid
catalyst can be readily separated from the fluid reaction medium
(be it géseous or 1iquid).

The "activity" of a catalyst is quantitatively repreSented by
the rate ofia pafticu]ar reaction (1). The "se1ectivity" of a
catalyst is défined as a ratio of rates; that of a desired reaciion
over the sum of rates of other undesirable reactions (1).

Finely divided metals, supported or unsupported, have been
used as catalysts for many industrial heterogeneous reactions, and
have generally been considered the most active and useful type of
heterogeneous cata]yst available. However, during the last twenty-
five years, a considerable amount of study has been made of catalytic
systems produced by reduction of certain metal salts in aqueous or
alcoholic so]utions with sodium borohydride under moderate conditions.
The resu]tingr"metal boride", in bartitu]ar those of nickel and
cobalt, have received a great deal of attention. The following
presents a summary of work that has been reported concerning this

field, and will thus introduce the present study.



1.2 Preparation and Activities of Nickel and Cobalt Borides for

Use as Liquid-Phase Heterogeneous Catalysts

During World War Two, H. Schlesinger and H.C. Brown (2) found
that the reduction of certain transition metal salts (e.g. those of
Ni, Co, Mn, Cu, Fe, Pt, Ru, and Rh) with.NaBH4, (in air and in
aqueous solution), give finely divided precipitates of metal
borides. These so-called metal borides (MZB) are easily prepared
under mild conditions (room temperature, atmospheric pressures),

and are active catalysts for the hydrolysis of sodium borohydride.

NaBH

+ 2H0 — > NaBO, + 4H,

4 “metal boride

It has been reported further (3,4) that the reaction of NaBH47with
Ni(Ii) and Co(II) salts is as follows:

2NaBH4 + NiC]z (CoC]z) +'4.5H20 _— 0.5N128 (CozB) + 1.5H3BO3
+ 6.25H2 + 2NaCl

Following this first study, numerous reports of the preparation
of these so-called (see later discussion) nickel and cobalt borides
have been made. It is of the utmost importance to note the conditions
used for the catalyst preparation as variations in this procedure
Tead to great differences not only in the chemical properties of the
metal borides so produced, -but also in their catalytic activities

in various reactions.

{1}

12}



In 1952, Paul, Buisson and Joseph (5) discussed the prepara-
tion of nickel and cobalt borides from thé M(II) salts in aqueous
so]ution‘ih air by reduction with sodium or potassium bérohydride.
The vo]uminoﬁs, black precipitates formed from nickel salts are

“non—magnetiéi-hon—pyrophOric, and less soluble in HC1 and potassium
triiodfde than Raney njcke]. The B-Ni (Co) content only accounts
for 93% of the product, (7-8% B, 84-85% Ni(Co)), and the remainder
was thought to be due either to water, or to products formed by
partial oxidation of the boride. The ratioiB?nﬁbrOEmféyhickel (cobalt)
is fairly constant, and these workers proposed the formula for these
so—ca11éd'meta1 borides as Ni,B (CbZB).

In,additibn, "promoted" metal borides can be prepared by
reduéing-the;nickel or cobalt salt in the presence of another metal
salt. AThe=added-meta1 sa1tv(chfomiUmféﬁTpﬁéié;-sodium‘mdlybdate,
sodium tungstate, ammonium vanadate, or manganese chloride) is
reduced to its corresponding metallic State by the metal boride
or some intermediate sincé it is known that NaBH, itself does not
normally cause such‘a reaction. The catalyst so produced contains
approximately 2% of free promoter metal (5). It was believed
that since the metal borides have a finely dfvided form, and since
the amount of boron is small compared with‘nicke1.or coba]t, the
meté] borides may be active in reactionslin which metallic nickel
(i.e. Raney nickel) is conmonly used.

The unpromoted nickel boride prepared from nickel ch]ocjde or

nickel sulphate has an activity inferior to that of Raney nickel for



the hydrogenafion of safrole, and benzonitrile. However, if nickel
acetate is used for the preparation, the catalyst is more active than
Raney nickel. Promoted nickel and cobalt borides are found tb be
more active than the unpromoted ones. The promoter action is
believed to be associated with an increase in the catalyst surface
éreaf(s),“ o

A11 unpromoted nickel borides (5) prepared in this manner have
inferior activities to Raney nickel for the hydrogenation of furfural.

However, if the nickel boride is prepared in s}ight1y acid
medium (pH-1éss than 5), its activity is increased and it also shows
greater resistance to fatigue (i.e. catalytic poisoning) than Raney
nickel. In all cases, the correspondihg cobalt boride is somewhat
less active than the nickel boride.

These nickel borides are more hcfivé for the hyd%ogénation
of ethylenic groups than for carbonyl functions'(7$}“’Un1ike the
Pd/HC1 system, the nickel boride prepared by this method is active
for the reduction of B-carbony]-groups (7). The nickel boride pre-
pared by‘PauT;s method (5) is also active for the reduction of
cycloalkenes (8).

It is also interesting to note that the ana1ogous cobalt boride,
prepared fn aqueous solution and in air, catalyzes the reduction
by sodium borohydride of nitrate ion to ammonia (g), and can also
reduce this substrate, itse]f, in the absence of én excess of sodium
borohydride (10). This cobalt boride was further found to be-active
for the decomposition of hydraziné to ammonia, and of hydrogen per-

oxide at 25-65° C (9).



-5 .

Even more active metal boride catalysts can be readily pre-
pared (11) by reductions of aqueous nickel(II) salts under nitrogen
using\a two-fold molar excess of sodium boréhydride at room temper-
ature and at one atmosphere pressure. The resulting black, granular
precipitate is“non-magneticf'non-pyrophoric,‘and»decomposes sTowly
in HC1 (12). Once again, the amounts of Ni and B only account for
91% of the product and the approxfmate formula Ni,B and name P-1 Ni
were assigned.

P-1 Ni is considerably more active than commercial Raney nickel
towards hydrogenation of less active olefins and has much less
tendency towards isomerisation of the olefin during hydrogenation (11).
The presence of sodium borate, sodium acetate, or sodium hydroxide
during‘cataTygfwdéﬁeration has 1ittle effect upon tﬁe activity of
the'caialyst for the hydrOgenation of l1-octene (12). Generally,
P-1 Ni pfepared from nicke] chloride or nickel sulphate is slightly
less acti?e than that prepared from nickel aéetate. P-1 Ni pre-
pared from nickel nitrate is too fine to wash by decantation.

The relative times for half hydrogenation of several olefins
over P-1 Ni and Raney nickel were found to be in the ratio (12):
safrole (1.0:1.0), l-octene (1.0:1.3), cyclopentene (1.3:2.0),
cyclohexene (2.5:3.5), and cyclooctene (2.0:5.5). Substitution of
methyl groups for hydrogen atoms alpha to the double bond of ter-
minal olefins produces little change fn the rate of hydrogenation
over P-1 Ni. Replacing vinyl hydrogen atoms with more a]ky}ygroups
causes a great decrease in reaction rate. However, even highly

hindered tetra-substituted olefins are reduced over P-1 Ni at



25° C and atmospheric pressure. Cyclic olefins are reduced in

the order C§>Cg>C6, and phenyl-substituted olefins are hydrogenated

at 1eastras readily as the a11phatip ones. There is no evidence

for reduction of the aromatic ring over P-1 Ni under normal conditions
(12), but_horbornene, which has double bond §train, is readily re-
duCed; In contrast to-this,:P—l type cobalt (prepared under hydrogen)
hydrogenates phenol, aniline, benzene, to]uené, and chlorobenzene
to their corresponding Cyc1ohexanes (I3). P-1 Ni selectively reduces
unconjugated dienes (12). Thus, redﬁéfidh of Z2-methyl-1,5-hexadiene
givéé‘Zfﬁéthyi-l-hexéne (93%) and reductidn of.4-v1ny1cychhexene
gives 4-ethy1-cyc1éhexene7(98%).

P-i Ni and P-1 Co borides, unpromoted or promoted with 2%

Pt, Pd, Eu, or Cr reduce selectively soybean'oil to mono- and di-
unsaturated gj§_esters, producing little Stearate, and only sma]]
émounts~(9-10%) of the trans isomer at atmospheric pressure (14).

P-1 type nickel borides have also been reported (15) as causing
partial dechlorination of DDTH(an organochlorine pesticide) in
methanol in the presence of an excess qf sodium bdrohydride.

Yet anothef method- (16) of preparation of nickel boridevis the -
reduction of nickel salts in ethanolic solution under hydrogen with
equimolar amounts of sodium borohydride. The black, colloidal
product is, like P-1 Ni,“non-magnetig and non-pyrophoric (12, 17).
This so-called P-2 Ni was described (17). as being an amorphous
mikture with a.Ni:B‘ratio of 2.0 to 2.5:1.0. The catalyst can

equaliy well be prepared under a nitrogen or argon atmosphere (17),
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although contact with air during reduction of the nickel salt
causes a large decrease in catalytic activity. If P-2 Ni is pre-
pared in the presence of high surface area carbon or silica (23%
metal loading by weight), no significant change in the catalyst's
activity i$ apparent. This indicates (17)‘that P-2 Ni has an
extremely high state of dispersion. The activity of P;Z Ni is
(16) highly sensitive fb the structure of the olefin, and is also
remarkably free from isomerisation tendencies (i.e. even less than
with P-1 Ni). P-2 Ni is very active for reduction of terminal
alkenes, but substitution in the alpha position greatly interferes
with hydrogenation_— presumably by hindrance of substrate adsorp-
tion. Thus; the ré]ative rates of hydrogenation over P-2 Ni (17)
are l-octene (1.0), 3-methyl-1l-butene (0.23), and 3,3-dimethyl-
1-butene (0.07).

Direct. substitution of the double bond produces even more
drastic results (17). For example, relative rates of hydrogenation
are l-octene (1.0), cis 2-pentene (0.03), 24methy1-1-pentene (0.004),
trans 2-pentene (0.003), 2-methyl-2-pentene (less than 0.001), and
2,3-dimethy1-2-butene (0). Most medium sized ring alkenes are
reduced by P-2 Ni although;, benzene and , surprisingly, cyclohexene
are .inert,

P-2 Ni is also (16,17) very selective for the partial hydrogen-
ation of dialkylacetylenes to cis olefins. Thus, under moderate

conditions, substituted alkynes are reduced over P-2 Ni to the

.
pe

y

corresponding alkenes with a cis:trans ratio of 30:1 (18). However,



in the presence of ethylenediamine, this same reaction over P-2 Ni
leads to the production of nearly pure cis olefin (200:1).

As was found with P-1 Ni, P-2 Ni readily hydrogen?tes nor-
bornene,.and also this strained double bond is selectively reduced
in preference to other exocyclic doub]e.bonds (19).

P-2 Ni prepared under hydrogen, was also reported (20,21) as
being active for the reduction of unsaturated compounds which contain
oxygen or nitrogen,atrpressures of 30 psi of hydrogen. Similarly,
P-2 Ni has been shown (22) to be selective first for reduction of
the C-C double bond of o,8 unsaturated aldehydes to produce saturated
aldehydes, followed by»§1gﬁ_reduction of the carbonyl function to |
yield saturated alcohols. P-2 Ni, unlike several metal catalysts,
is not poiéoned by amines; The results of the above studies are
shown in tables 1.1 (20,21) and 1.2 (22).

A P-2 type cobalt boride, 1n‘the presence of an excess of
sodium bordhydride and at 20—-400C, reduces nitriles, amides, and
nitro —-cohpoﬁnds to amines (23,24), although sodium borohydride
alone does not reduce these functional groups. This reaction occurs
{n non-hydroxylic solvents (23). The similar nickel boride system
was found (25) to reduce selectively the o]éfinic grouping in un-
saturated esters. -In other studies concerning the reduction of
nitroéen-contaihing functional groups, a P-2 type cobalt boride
prepared from cobalt bromide was found (26,27,28) to reduce nitros-
amines, aromatic nitroso compounds, azoxybenzenes, and hydcgzo-
benzenes to azoxybenzenes, azobenzenes, anilines, or diphe;ylamihe .

Azobenzene itself is not reduced.
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TABLE 1:1

Times of Hydrogenations Over Nickel Boride

Reactant Time?
Diallyl ether 20‘minb”
Allyl alcohol 30 min
2-Butene-1,4-diol (cis) 1 hr
Cinnamyl alcohol (trans) 3 hr
2-Cyclopentene-1,4-diol 30 min
1-Pheny1-2-propenol 8 min
Cinnamaldehyde (Erggg)'v 24 hr®
5—Hexene-2-one 12 min
Mesityl‘oxide 6.75 hr
Allyl acetate 16 min
Ethyl cinnamate 2 hr
Cinnamic acid (grgg§)v d
Maleic acid 1 hr
Allylamine 10 min
Diallylamine 25 m1’nb
Acrylamide 8 min
Methacrylamide 15 min
3-Butenenitrile 30 min
2-Butenenitrile 30 min®
Cinnamonitrile }6 hr®

4Time required for the uptake of 1 equiv. of hydrogen, 100 mmole »
of substrate, 5 mmole of catalyst, 50 ml of solvent. Tims required
for the uptake of 2 equiv. of hydrogen. CHalf reaction. 9No Ho
uptake after 37 hr. <20 mmole of catalyst.
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TABLE 1.2

Times of Hydrogenations of Unsaturated and Saturated
a

"Aldehydes Over Nickel Boride

Reactant Product mmole Ni T1'meb
Acrolein | Propionaldehyde 5 30 min
Crotona]dehyde Butyka]dehyde 5 8 hr
Crotonaldehyde Butyraldehyde 20 45 min
Cinhamaldehydé Hydrocinnamaldehyde 20 1 hr
Tiglaldehyde 2-Methylbutyraidehyde 20 1rhr
Propionaldehyde “1-Propanol 50 15 hr
Butyraldehyde 1-Butano1 50 21 hr
Hydrocinnamaldehyde  3-Phenyl-1-propanol 20 4 hr
2-Methylbutyraldehyde 2-Methyl-1-butanol 20 7.5 hr
Benzaldehyde Benzyl alcohol 10 48 hr
Furfural Furfuryl alcohol 5 12 hr.

3100 mmole reactant, 30 psi 1g1t1ta1 Ho pressure, amb1ent temper-
ture, in 50 ml 95% ethanol. “Time for uptake of 100 mmole Hp.
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Studies (29) of the mechanism of hydrogenation of hex-1-yne
over borohydride reduced catalysts have shown two possible path-

‘ways.

(1) 'hex-l—yne-———<<i:

(2) hex-1l-yne —> hex-1-ene—s> n-hexane

n-hexane

hex-1l-ene

Both P-l’ahd P-2 Ni' boride appear to follow the first mechanism,
with direct formatibn qf n-alkane from the alkyne.

Turning to supported cafa]ysts, two studies (30,31) have been
made of nickel and cobalt borides of the P-1 or P-2 types supported
on silica or a]um}na although few details were given. In addition,
Barnett (32) has shown that nické].or cobalt borides (promoted
or unpromoted) supported on charcoal are active for the hydrogen-
ation of'é]iphatic nitriles in solution at 70°C and two atmospheres
of hydrogen pressure. Also, supported Ni and Co borides have been
prepared (33) by trappfng metal salts in a polymer (crosslinked
2—hydroxyethy1‘methacry]éte)'followed by reduction with ethanolic
sodium borohydride. These too are catalytically active in alkene
hydrogenations.

In addition to the hydrogenations already discussed, P-1 and
P-2 Ni and Co borides are also active for dehydrogenations (6),
hydrocracking (30,31), hydrodealkylation, and polymerisation (34-38).

In'other Cata1ytic applications, nicke1 boride prepared from

nicke]‘su]phate in aqueous solution (39) is more resistant to
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sinteking at 22000 in vacuo than is finely divided nickel prepared
from nickel formate. The nickel boride is, therefore, useful for
fuel cell anodes since'1arge surface areas can be maintained even
at high temperatures (40-45).

In non-catalytic applications, nickel borides have been repo}ted
(46-50) to be useful deéu]phurizing reagents, being more selective
than Raney nickel, although yields are generally lower. This was
thought by the present author to indicate that nickel boride may be
lTess sensitive to su]phur-compounds (i.e. sulphur poisoning) in
hydrogenation reactions than is Raney nickel and fhis point will
be diSCUSSed.further in later sections of this thesis.

In this connection, nickel borides have been used for de-
sulphurization of thio]s,'di$u1phides, sulphides, sulphoxides, (47)
and mercaptoles (46), but are inactive towards sulphones (47).

Some heterqcyciic thiols have been desulphurized by P-1 Ni in
agueous -solution at 20000 (49). Reductive desu1phurizétion-of S-
containing peptides by nickel borides (50), and of ethylenedithio-
acetals and hemithioacetals (48) have also been reported. No direct

studies of sulphur poisoning of the nickel or cobalt boride cata]ytic

hydrogenation systems have been reported.

Tﬁe above summary covers the studies made of the catalytic
activities of P-1 and P—Zrtype nickel and cobalt borides and
similar less active borides prepared earlier. However, still

another method for their preparation has been reported receptly (51).
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Hawthorne et al. (51) prepared nickel and cobalt borides by
reduction of metal(II) halides with a three-fold molar excess of
sodium borohydride in ethanolic solution under nitrogen.‘ When these
boriges are hegted under reduced pressure, hydrogen is lost between
100° and SOOOC. Therefore, on the basis of the amount of hydrogen
lost and other data, the formulae proposed for these partially
hydrogenated metal borides are (NigB)y.Hy and’(CozB)"s'.H3 and this
author has designated them as P-3 borides in keeping with the
practise of others. It was also noticed that some trapped sodium
chloride is present. When dry, the metal bdrides‘are ferromagnetic,
pyrophpric, amokph0us by X-ray diffraction.anaJysis, very soluble
in dilute mineral acid#, almost insoluble in alkali, and have
BET surface areas of 5.3 to 57.8 mz/g. It was suggested that the
hydrogen is held in some clathrate-type lattice of the metal boride,
and that it is responsible for at least a part of the catalytic
activity of the metal borides. These observations pose interesting
que;tions about the structures and actual compositions of the
various so-called borides and this aspect of the subject under

review is discussed in the next section.
1.3 Structural Studies of Nickel and Cobalt Borides

"No structural studies of the catalytically active nickel or
cobalt borides were reported before 1964. It is difficult to
determine the chemical composition of the nickel (cobalt) boride

as extensive washing with water leads to formation of hydroxides
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with subsequent "loss" of boron, and insufficient washing leaves
behind sodium salts (51). )
Studies by Hofer (52) of the nickel boride precipitate, after
washing with water, showed that the chemical analysis fitted the
formula Ni, gB. X-ray diffraction studies show that at room temp-
erature, the material is amorphous, at 8000 some nickel metal appears,
while at 250 C the presence of both NizB and Ni (metal) was observed.
No compound of formula Ni,B could be detected. The Ni3B, which
is stable up to 7500C, is characteristic of the Rundquist and Fruchart
Structure (or'cementite‘phase) which-is prepared by fusion of the
elements at 9000C. Other workers (53, 54, 55) obtained similar X-ray
resd]ts; Radiocrysta]]ographic studies (56, 57) of the P-1
type:nicke1 catalyst also fai1ed to reveal the presence of any‘combound
of formula Ni,B. i
Thonnart's studies (58) of P-1 Ni at 450 ¢ show that at this
temperature, a new phase having an orthorhombic cell appeared. .Thé
boron was\thought to be distributed randomly, and would thus per-
turb the structural organisation of the nickel. Further X-ray
studies (59) of P-1 type Ni and Co borides show that the products
are amorphous at room temperature, and that the composition of the
cata]ytica]]yractive species does not correspond to any exact
stoichiometric’formu1a._ At 300—50000 in vacuo, X-ray diffraction
patterns (59) Show the presence of Ni3B, and sometimes a mixture
of Ni (metal) or Ni,B. The electron diffraction patterns (59) of
the freshly prepared P-1 Ni and P-1 Co at room temperature are

almost identical. The lattice constants are such that the Ni or
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Co atoms could not touch each other, and therefore vacancies large
enough to accomodate boron and hydrogen atoms or boron-hydrogen |
pairs or chains could occur. Electron diffraction studies of the
heated samples show the formation of the cementite phase. If the
cobalt boride is heated, there is a substantial rise iﬁ magnetization
at 400°C iﬁdicating the presence of a new magnétic phase (Co3B).

The nickel boride is ferromagnetic. The products formed upon heating
the metal borides have greatly diminished catalytic activity.

In contrast to the above reports, several studies (10,60) have
indjcaied'that nickel and cobalt borides, when heated in argon to
4000C, show the presence of nickel metal and NisB. AdditionaT]y,

P-1 and P-2 Ni were shown to contain adsorbed hydrogen and water

(10,61).
1.4 Gas-Phase Hydrogenations‘Using Nickel and Cobalt Borides

ATthough this review and study are.concerned primarily with
1iquid phase catalytic reactions, it is important to note that
several studies have been made on the use of nickel and cobalt
boridés as catalysts in gas-phase alkene hydrogenations.

The first report of this type of reaction using unsupported
catalysts was made by Hawthorne et al. (51) in 1974 in which it was
also noted that partially hydrogenatéd P—B'type nickel and cobalt
borides are active gas-phase catalysts for methanation of c§rbon
monoxide. Further work in this area has since been reported (62).

Thus, metal boride, supported on glass wool, hydrogenates cis
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2-butene at one atmosphere pressure of hydrogen. Using
1. 22 mole % of the alkene, at 62 C, 50% hydrogenation occurs and at
90 C, quantitative reaction occurs with no 1somer1sat1on to Egggg
2-butene or l-butene. In contrast, below 200 C, Raney nickel
- causes significant isomerisation during this reaction. At higher
temperatures, above BOOOC, hydrogenolysis occurs to yield methane.
With temperaturés greater than 4OOOC, the catalyst's activity is
lost. |
Récent]y (63) the preparation of the stoichiometrically re-
producible (COZB)loRhHG and (NizB)loRhHls by addition_of 5 molar %
Rhc13.3Héo, to a 1M solution of Co{II) chloride or Ni(II) chloride
in gthanol, followed by addition of a four-fold molar excess of NaBH4
under nitrogen, was reported. These rhodium-promoted catalysts
are more stable at high temperatures, and no loss in activity up
to SOOOC was observedi
Unsuppdrted P-B’type Ni and Co borides (62), silica supported nickel
and cobalt borides(64), and rhodium-promoted P-3'Ni and P-37Co (63)
are better methanation catalysts than Raney nickel. With a Hy:CO
ratio of 2:1_dt 240-34090 and at atmospheric pressure, methane is
produced. Nickel and ;oba]t boride sdpported on silica gel or
alumina are active for the methanation of CO2 at 3600C (65).
Finally, another gas-phase catalytic study (66) found that

vacuum dried nickel boride is about as active as finely divided

nickel for the gas-phase decomposition of formic acid.
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1.5 Kinetics of Liquid-Phase Heterogeneous Hydrogenations

To lay the groundwork for this author's own studies, it is
necessary to consider other aspects of so]utiontphase heterogeneous
catalysis. One such aspect is kinetic studies of hydrogenation
reactions.

Yao and Emmett (67) proposed the following equation to explain
liquid-phase éata]ytic hydrogenation using metal catalysts.

-dC = abC {3}
t

dt 1 + bC

where—-gg_is the rate of decrease of substrate concentration, a

is a mob?]ization term concerning movement of hydrogen in the system,
b is a combination of the true reaction rate constant (k) and modified
weight of catalyst used (W), and C is the substrate concentration.
Thus, if bC>1 (i.e. high substrate concentration), then

-dC = a {4}
dt
and the rate of reaction is dependent only upon the hydrogen concen-
tration. If bC&1, then
-dC = abC {5}
dt
and the rate of reaction is dependent on hydrogen, substrate, and
catalyst concentration. The amount of catalyst consistent with the
validity of equation {5} depends on the activity of the catalyst
towards the substrate. As the amount of catalyst decreases, a

range is generally found in which the hydrogen adsorbed in the
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earlier part of the reaction is proportional to the amount of
catalyst while above this range, either equation {4} holds or a
situétion,of mixed kineticsvmay exist. When the concentration

of substrate is high, hydrogen adsorption is Tinear with timg.f
Therefore, one can assume that the catalyst surface, which has

a sha]] area relative to tﬁe other reactants, is completely occupied
by,sﬁbstfate; It can be further assumed that adsorption of hydrogen

and substrate is non-competitive. The initial rate of reaction is

given by:
-dC = akW/ aC ) {6}
dt (;Cs ¥ BCy..

where o and g8 are the adsorption coefficients of the substrate and
the redUced’substrate (j;g;_product) respectively. It is assumed
that the rate of reaction is indepéndent of hydrogen pressure above
some particular threshold.

Studies by Maxted and Stone (68) on the hydrogenation of
crotonic ééid in a seriés of solvents showed Tittle change in rate.
HoWever, Yao and Emmett (67) found a great difference in rate of
reduction of nitro-compounds dependent upon the amount of water in
the solvent. The so]veht cod1d modify the a factor - i.e. hydrogen
movement. It could also affect the adsorption coefficient of substrate
(or poison),-butrthere has not been a sufficient study of a variety
of solvents or of substrates to draw up such a correlation.

Later, Kishida and Teranishi (68,69) reported kinetic giudies
of the liquid-phase hydrogenation of ketones using Raney nickel and
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