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SUMMARY

A series of silica-supported nickel catalysts has been
prepared under standard conditions by impregnation of a
range of silica supports with nickel(II) nitrate solutions.
The catalysts, in their unreduced and reduced states, and
the supports have been characterised using temperature
programmed reduction (T.P.R.), neutron diffraction, small
angle neutron scattering (S.A.N.S.), 29g; magic angle
spinning nuclear magnetic resonance (MAS NMR) spectroscopy,
carbon monoxide chemisorption and transmission electron
microscopy (T.E.M.).

Using these characterisation techniques it was
established that, in unreduced calcined catalysts, two
distinct forms of nickel oxide can exist on the surface of
the support; the ratio of the two forms being dependent on
the fundamental structure of the silica. One form, which
predominated in calcined catalysts prepared from supports
containing a small proportion of strained three-fold
siloxane rings in their structures, reduced at low
temperature and had a negligible interaction with the
silica: a three-fold siloxane ring is a ring structure
consisting of three [Si-0-] units. The other form, which
was the predominant nickel oxide species in calcined
catalysts prepared from supports whose structures contained
a large proportion of three-fold siloxane rings, reduced at
high temperature and interacted with the silica. The
nickel particles formed upon reduction of the more reducible
oxide species were large and sintered readily having no

anchorage to the support. In contrast, reduction of the
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less reducible oxide species led to nickel particles which
were small, thermally stable and anchored to the support.

In consequence, reduced catalysts prepared from silicas with
large proportions of three-fold siloxane rings in their
structures possessed good and thermaliy stable nickel
dispersions.

The observation that the relative amounts of the two
forms of nickel oxide were related to the proportion of
three-fold siloxane rings in the silica structure has
allowed a model for the interaction between nickel oxide and
silica in calcined catalysts to be developed. This model
can account for observations in the literature which
previous models have found difficult to explain.

Ethene hydrogenation was used as a test reaction to
ensure that the reduced catalysts were behaving in a
comparable manner to similar catalysts reported in the
literature. It was found, in agreement with other workers,
that the reaction was surface insensitive and that
deactivation occurred during a series of hydrogenation
reactions performed using the catalysts. This deactivation
was probably due to the formation and build-up of
carbonaceous residues on the metal surfaces of the
catalysts. The use of ethene hydrogenation as a test
reaction, combined with the T.P.R. characterisation results,
demonstrated that the catalysts in their reduced and
unreduced states behaved similarly to previously reported
analogous studies. Since the catalysts were not anomalous,
at least with respect to ethene hydrogenation and their

T.P.R. characteristics, the conclusions reached in this



dissertation can be extended to silica-supported nickel

catalysts prepared by impregnation in general.
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CHAPTER ONE

INTRODUCTION

1.1 General Introduction

Nickel catalysts, whether supported or unsupported, are
employed in a wide variety of industrial manufacturing
processes. For example, nickel on silica and unsupported
Raney nickel catalysts are used extensively in fat hardening
(1) . In this economically important process, animal and
vegetable oils, which are rich in polyunsaturated
triacylglyceride species, are partially hydrogenated by
catalytic means. This partial hydrogenation leads to oils
that are more resistant to oxidation and therefore have a
longer shelf life. The processed oils also tend to have a
more appropriate physical form, i.e. solid, compared to the
natural materials and this allows for easier handling and
for more applications (1).

Catalysts containing nickel as the active component are
also used in the steam reforming of hydrocarbons (1). In
this process, methane (from natural gas) is reacted with
steam, in the presence of a catalyst, to form synthesis gas.
Synthesis gas is a mixture of hydrogen, carbon monoxide and
carbon dioxide and can be used as a fuel (town gas), a
feedstock gas to produce organic materials such as methanol
or treated to yield hydrogen. Methanol is produced on a
massive scale by passing synthesis gas over a copper/zinc
oxide/alumina catalyst.

In addition, Raney nickel (sometimes referred to as
skeletal nickel) finds application in numerous synthetic

preparations in organic chemistry (2, 3).



1.2 Preparation of Silica-Supported Nickel Catalysts

One of the most common and industrially important
methods of catalyst preparation is impregnation (1, 4, 5).
In this technique a solution of a nickel salt, typically
nickel (II) nitrate, is added to a silica. These components
are thoroughly mixed and dried to give the uncalcined form
of the catalyst, i.e. essentially the silica-supported
nickel salt.

Another common method of catalyst preparation is the
precipitation technique. In this technique, an insoluble
nickel salt is precipitated onto a silica support. This is
normally achieved by the slow addition of a solution of
sodium hydroxide or sodium carbonate to a suspension of
silica in an aqueous nickel (II) nitrate solution to deposit
nickel(II) hydroxide or basic nickel carbonate respectively
onto the silica (5 - 7). A variant of this procedure is
deposition-precipitation, whereby nickel(II) hydroxide is
precipitated by adding urea to a suspension of silica in an
aqueous nickel (II) nitrate solution. Progressive
precipitation of nickel(II) hydroxide occurs when this
mixture is heated to ca. 363 K by the gradual release of
hydroxide ions into solution from hydrolysis of the urea (5,
6, 8 - 13).

The unreduced catalysts produced by these methods can
be directly reduced (activated) by thermal treatment in
hydrogen to give supported nickel. More commonly, however,
an uncalcined catalyst is first heated (calcined) in a flow
of nitrogen or air to give the calcined form of the
catalyst, i.e. essentially silica-supported nickel (II)

oxide. The calcined catalyst is then reduced. In this



study all the catalysts were prepared by an impregnation

method and were usually precalcined before reduction.

1.3 Dispersion, Average Metal Particle Size and Metal

Surface Area of Supported Metal Catalysts

1.3.1 Definition of Dispersion

One of the prime considerations in the manufacture and
reduction of supported metal catalysts, especially those
containing precious metals, is to obtain a high degree of
metal dispersion (surface-to-volume ratio of the active
component) in the reduced catalyst which is stable under
reaction conditions (8, 13 - 19). The active component in
supported metal catalysts is usually the metal, although in
reforming ¢atalysts the support is also catalytically
active; reforming catalysts are therefore termed
bifunctional catalysts (1, 14, 20). The dispersion (D) of
the metal is defined as the ratio of surface metal atoms
(Ng) to the total number of metal atoms (Ntot) and is

defined mathematically by the expression (14, 21, 22);
D = Ns/Ntot (1.1) .

This expression gives the number of surface metal atoms
expressed as a fraction of the total number of metal atoms
(D is also often quoted as a percentage value). Naturally,
the value of D calculated using equation 1.1 is an average
quantity but it retains its meaning for catalysts composed
of particles of different sizes and shapes, i.e.
polydispersed catalysts (21, 22). Further, for macroscopic
particles and for very small particles the values of D are

ca. zero and one, respectively. The value of D for a
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supported metal catalyst is inversely proportional to the
average metal particle size (21), hence the larger the value

of D the smaller the average particle size.

1.3.2 Relationship Between Nickel Dispersion and Particle

Size

For supported metal catalysts, where the active
component is usually present as discrete metal particles, a
relationship exists between D and the average size of these
particles, If V is the total volume and S the total
surface area of metal, then equation 1.1 may be rewritten as
(21) ;

(1.2),

v/

|
g
[
1%
<t

where f is the fraction of the metal surface effectively
exposed to reactants during a chemical reaction, A is the
atomic weight of the metal atoms, p is the density of the
metal, & is the average cross-sectional area occupied by a
metal atom at the surface and N is the Avogadro constant.

If the supported metal particles are now assumed to be
spheres of equal diameter (dg) and given that V = 4/3ﬂr3 and
S = 4mx? (where r is the radius of the spheres, i.e. dg =

s
2r) then;

s 4qr2

= a
;; 4/31r3 (1.3)<.

alo

Substituting equation 1.3 into 1.2 leads to the expression;

6£A
dgpeN

O
[

(1.4).

a. Equally valid for cubic particles with edges of length dg.



Rearranging equation 1.4 gives;

- 6fA (1.5) .

ds T cwmmsm—

Dpe&N

Assuming that £ = 1, i.e. that all the surface is
effectively exposed to the reactants during a chemical
reaction, and given that for nickel; A = 58.71 g, p = 8.90 x
10721 g nm™3 and & = 0.065 nm? atom™ ! (16, 21, 23 - 29),

then;

d, (om) = L:0L _ 101 (1.6)

D D (%)

Equation 1.6 is identical to that used by Smith,
Thrower and Vannice (23) in their evaluation of dS for

nickel on silica and nickel on alumina catalysts.

1.3.3 Relationship Between Dispersion, Average Nickel

Particle Size and Nickel Surface Area

Nickel surface area (Syi) 1is another useful parameter

2

and is usually expressed as m“ nickel per gram of nickel.

Syi values are most commonly used to normalise reaction

rates between catalysts of differing metal surface areas,

2

i.e. by expressing the rate per m“ of nickel. Expressions

relating Sy; to both D and. dg; can be derived by first

considering the expression (21);

Syi = Ng& (1.7,

where Ny is the number of surface nickel atoms expressed per

gram of nickel and ¢ is the average cross-sectional area of

a surface nickel atom expressed in mZ. Ng is therefore

related to Sy; by;
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N [atom (g Ni)~1] = sy; [m? (g Ni)~1] x 1018 [nm?2/m?]

S
x 1/0.065 [atom/nm?] (1.8) .
l1.€e.;
- 1
N, [atom (g Ni) 1] = 1.54 x 1019 s; (1.9).

Since D is defined as (equation 1.1);

D (%) = N, [atom (g Ni)'l]

1 x 100,

insertion of equation 1.9 into this expression gives;

' 19 _
D () = 2:34* 1077 % SNi »x 100 = 0.15 x Sy (1.10) .

1.03 x 1044

Substituting expression 1.10 into equation 1.6 therefore

gives;

a, = 101 _ 674 (1.11) .

Expression 1.11 is identical to that used by Montes, de

Bosscheyde, Hodnett, Delannay, Grange and Delmon (9).

1.4 Experimental Methods for Determining Dispersion, Nickel

Surface Area and Average Particle Size

1.4.1 Chemisorption Measurement

Selective chemisorption of a gas is very commonly
utilised as a technique to determine the D, dg and Sy;
parameters for a reduced catalyst. The technique depends
on the fact that suitably chosen gases selectively chemisorb
on the metal surface and not on the support surface of a

supported metal catalyst. Typical gases used in
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chemisorption experiments include carbon monoxide, hydrogen
and oxygen.

Two main experimental approaches have been developed to
determine the amount of adsorbate gas chemisorbed by a
catalyst (21):

a. Pulse Flow Method. This is a relatively recent method
of chemisorption measurement. In this technique, a flow of
hydrogen or helium (30) is maintained over a sample of
reduced catalyst which is kept at a constant specified
temperature. Pulses consisting of a known quantity of
adsorbate gas are then introduced into the gas stream and
allowed to pass through the catalyst bed. The amount of
gas adsorbed per pulse can then be determined by use of a
suitable detection device, typically a calibrated thermal
conductivity detector (T.C.D.). The gas pulsing is
continued until no more gas is adsorbed. If the cumulative
amount of gas adsorbed is then plotted against the total
amount of gas pulsed through the catalyst bed, the amount of
gas chemisorbed by the catalyst corresponds to the plateau
region of the graph. This graph is referred to as an
adsorption isotherm.

b. Volumetric Method. In this method, aliquots of gas are
admitted separately to an evacuated vacuum apparatus of
known volume containing a sample of reduced catalyst, which
is maintained at a constant specified temperature. After
each admission of gas, adsorption is allowed to occur over a
suitable time as to allow equilibrium to be achieved. The
amount of gas remaining in the vacuum system after each
addition can then be calculated from the residual pressure

and hence the amount of gas adsorbed by the catalyst
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determined. The pressure in the reaction vessel is raised
by admitting further aliquots of the adsorbing gas. As the
surface of the catalyst becomes saturated, increasing the
pressure in the reaction vessel has little effect on the
amount of material adsorbed. Extrapolation to zero
pressure from the plateau region of a total amount of gas
adsorbed versus pressure graph leads to a value for the
unimolecular coverage of the adsorbate on the metal surface.

Studies have shown that, for nickel and other metal
catalysts, both the pulse flow and volumetric methods lead
to comparable results when examining separate samples of the
same catalyst reduced under identical conditions (21, 30 -
32).

Both of the methods described above give the amount of
adsorbate gas taken up by a particular catalyst. If the
adsorption stoichiometry of the adsorbate with the surface
atoms of the supported metal is known or assumed, then a
value for the number of surface metal atoms (Ns) can be
calculated. From this, a value for D can be obtained by
use of equation 1.1 if the metal content of the catalyst is
known. The value of D obtained can then be used to
calculate dg and Sy; values for that catalyst by applying
equations 1.6 and 1.11, respectively.

In this work, a pulse flow technique was employed to
determine the amount of gas chemisorbed by the reduced
catalysts. The adsorbate gas chosen for the chemisorption
measurements was carbon monoxide. The complexity of carbon
monoxide adsorption on supported nickel catalysts has led to
a preponderance of papers in the literature and discussion

of these warrants a separate subsection (see below).
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1.4.1(a) The Adsorption of Carbon Monoxide on Supported

Nickel Catalysts

The chemisorption of carbon monoxide on dispersed
nickel metal is associative at room temperature (21, 33 -
38) . At higher temperatures (> 400 K), as wéll as the
adsorbed carbon monoxide species, some disproportionation of
the carbon monoxide into a surface carbon species and carbon
dioxide occurs (34 - 36, 39);

2 COqg ———— > Cyqg + COz(9),
with complete reaction occurring at temperatures in excess
of 573 K (34, 36, 38). The disproportionation reaction
leads to the formation of nickel carbide platelets on the
nickel surface as observed by electron microscopy (40).

The interaction of adsorbates with metal surfaces has

been extensively studied by infrared spectroscopy (41, 42).
The adsorption of carbon monoxide on nickel gives rise to
strong and readily measured absorption bands in the infrared
region of the electromagnetic spectrum (42). Hence many
studies have utilised infrared spectroscopy to characterise
the nature of the bonding between carbon monoxide molecules
and nickel surfaces. If the nature of the bonding can be
determined, this may lead to a correct estimation for the
bonding stoichiometry between the adsorbate molecules and
surface metal atoms in chemisorption experiments (43).
Once this stoichiometry is determined, an accurate value for
the dispersion of metal in a supported catalyst can be
calculated and hence correct values for dg and Sy; (31, 43).

In practice, the application of infrared spectroscopy

for the determination of the nature of carbon monoxide
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bonding with supported nickel catalysts has aroused
controversy with regard to the interpretation of spectra.

The earliest infrared work performed on silica-
supported nickel was reported in the 1950's by Eischens,
Pliskin and Francis (44, 45). By comparison of the
observed absorption bands at 2075 and 2041 cm~1 (44, 45)
with the bands due to the C-0O stretching frequencies of
terminal?® carbonyl ligands in iron carbonyl compounds, e.g.
Fe, (CO) g, Eischens et al. assigned these bands to linearly—
bound carbon monoxide. Similarly, the bands observed at
1912 and 1850 cm™l were assigned to carbon monoxide bound in
a bridging fashion between two nickel atoms.

Eischens et al. found that the position and number of
absorption bands varied with surface coverage and they
attributed this to surface heterogeneity. It was therefore
suggested that a convenient division between thé c-0
stretching frequencies for linear- and bridge-bonded carbon
monoxide molecules could be distinguished at 2000 cm™ 1,
Absorption bands occurring below this division were
attributed to bridge-bonded carbon monoxide, whereas
absorption bands above this were attributed to linearly-
bonded carbon monoxide. This interpretation of the
absorption bands found support from O'Neill and Yates (15)
and Yates and Garland (46) among others.

Subsequently, in the 1960's, this hypothesis was
criticised by Blyholder (47) on the basis of results
obtained from Huckel molecular orbital calculations. He

argued that if the surface heterogeneity was taken into

a. The term terminal carbonyl refers to the situation where one

carbonyl ligand is linearly-bonded to one metal atom.
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account, then all the experimental data could be equally
well explained by assuming that all the carbon monoxide
molecules were adsorbed in the linear form.

Blyholder argued, on qualitative grounds, that carbon
monoxide molecules are more strongly adsorbed on more
exposed nickel atoms, e.g. atoms at the edges and corners of
particles; these atoms are less coordinated by other nickel
atoms. On adsorbing on an exposed nickel atom, therefore,
the stretching frequency of the C-0O bond may be shifted to
the 1800 - 1900 cm 1! region, i.e. the region according to
Eischens et al. where the stretching frequency of bridge-
bonded carbon monoxide occurs. Blyholder claimed this
shift to lower frequency may be due to the increased back-
bonding from the more electron rich exposed metal atom to
the empty 2+ antibonding orbital of the adsorbed carbon
monoxide molecule. This increased back-bonding weakens the
C-0 bond and lowers the C-0O stretching frequency of the
adsorbed carbon monoxide molecule to below 2000 cm™l.

On the other hand, nickel atoms which are coordinated
to a greater number of other nickel atoms donate less
electron density to the 2 antibonding orbital of an
adsorbed carbon monoxide molecule. This means that the C-0
stretching frequency remains high at greater than 2000 em™1,
Using this as a hypothesis, therefore, Blyholder estimated
that linearly-adsorbed carbon monoxide could give rise to
absorption bands in the region ca. 2100 - 1800 cm~ 1.

In addition, Blyholder (47) also cited examples from
the literature (48, 49) of substituted metal-carbonyl
compounds possessing linearly-bound carbonyl groups and

having absorption bands of below 2000 cm™! in their infrared
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spectra. In the discussion of his paper, however,
Blyholder did not rule out the existence of bridging carbon
monoxide species.

More recent publications have indicated by the combined
use of infrared spectroscopy and saturation magnetisation
techniques that the original interpretation of the infrared
data by Eischens et al. was correct (33, 36, 50). Primet,
Dalmon and Martin (33) calculated the average bond order (n)
of adsorbed carbon monoxide molecules with surface nickel
atoms in a series of five reduced silica-supported nickel
catalysts by determining the decrease of saturation
magnetisation per adsorbed molecule. They calculated that
n = ca. 1.85 for all the catalysts (cf. n = 1 for linearly-
adsorbed carbon monoxide and n = 2 for bridge-bonded carbon
monoxide) . Interestingly, the value of n did not vary
with:

i. temperatures between 293 - 373 K;
ii. average nickel particle sizes between 2.5 - 12 nm;
iii. degree of surface coverage.

On the basis of the above results it can be seen that
carbon monoxide was not adsorbed exclusively in a linear
manner. This implies that the original hypothesis of
Eischens et al. is correct, i.e. that both linear and
bridged forms of adsorbed carbon monoxide occur on supported
nickel catalysts, with the bridged form being predominant.

In addition to the magnetic measurements described
above, Primet et al. (33, 36) performed infrared
spectroscopy on the same catalysts during carbon monoxide
adsorption experiments. They reported that two sets of

absorption bands were present: one set in the region 2070 -
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2040 cm"1 (they denoted these A bands) and a band at 1935
cm™1 (B band) . The A bands were assigned to the C-O
stretching frequency of linearly-bound carbon monoxide and
the B band was the corresponding stretching frequency of 2
fold-bridge bonded carbon monoxide. Other multicentred
bound carbon monoxide molecules (Ni3CO and Ni4CO) were
observed to give rise to a small shoulder on the B band at
ca. 1800 cm™ 1. The ratio, r, of the integrated optical

densities for bands A and B was also calculated;
r = Ap/(Ap + Ag)

where A, and Ap are the integrated optical densities of
bands A and B, respectively. The ratio was ca. 0.3 for
fully reduced catalysts and indicated, together with the
magnetically determined value of n, that the linear species
was present in smaller amounts relative to the bridged
species. This view was also shared by Rochester and
Terrell in their analyses of infrared spectra recorded
during carbon monoxide adsorption on moderately dispersed
reduced nickel on silica catalysts (51).

Further, it was also noted by Primet et al. (33) that
as the degree of reduction of the catalyst decreased the
linear species became more abundant, i.e. r was observed to
increase and n decrease. The authors suggested that the
presence of unreduced surface residues led to a decrease in
the probability of two adjacent nickel atoms being on the
surface and hence to a decrease in the number of bridged
species. Similar effects have been observed by infrared
spectroscopy when carbon monoxide was adsorbed on partially

carbided nickel on silica catalysts (36) and also nickel on
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alumina catalysts that had been partially poisoned by
mercury vapour (46) or carbon disulphide vapour (52).

The above hypothesis is further strengthened by work
performed by several researchers on supported nickel-copper
alloys (50, 53). In these studies it was found that as the
copper content of the alloy increased the band attributed to
bridge-bonded carbon monoxide decreased in intensity
relative to the band assigned to linearly-bonded carbon
monoxide. A similar argument to that presented above for
catalysts with unreduced residues on the surface could be
invoked to explain this phenomenon, i.e. that the copper was
acting as a diluent for the nickel atoms (50, 53, 54). The
sites for bridge-bonded carbon monoxide, therefore, became
fewer at higher concentrations of copper. Magnetic
measurements also confirmed that n decreases with increasing
copper content in such alloys (50).

In light of the increasing evidence for the existence
of bridge-bonded carbonyl species, Blyholder (55) performed
further calculations and concluded that multi-bridged carbon
monoxide species give rise to the strongest carbon monoxide
bonding and the lower C-0O stretching frequencies (ca. 1935
cm_l). In contrast, linearly-bonded carbon monoxide
species give rise to a band ca. 2075 cm™ 1,

Also in retrospect, the model metal-carbonyl compounds
chosen by Blyholder (48, 49) to illustrate that terminal
carbonyls can display C-O stretching frequencies similar to
those assigned by Eischens et al. to bridged species were
found to be anomalous (41). The lower C-O stretching
frequencies observed for these compounds could have arisen

due to the influence of the other ligands in the compounds,
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e.g. amines and phosphines. These groups could donate
electron density to the metal atoms which in turn would
strengthen the back-bonding from the metal d-orbitals to the
empty carbonyl 2+ antibonding orbitals. This increase in
electron donation would weaken the C-O0 bond and lower its
stretching frequency. This is similar to what occurs when
carbon monoxide is adsorbed on nickel doped with potassium,
where the potassium donates electrons to the nickel which
strengthens the Ni-CO bond (56, 57). Similar adsorbed
electron-donating species were not present on the nickel
catalysts in the carbon monoxide adsorption studies
described above, where infrared spectroscopy and magnetic
saturation techniques established that both linear- and
bridge-bonded carbon monoxide species are present on fully
reduced, unpoisoned nickel catalysts.

For a general discussion of the infrared data, it
should be noted that the positions and numbers of the
absorption bands determined originally by Eischens et al.
can be influenced by:

i. The degree of reduction of the catalyst (33, 41);

ii. The surface coverage of adsorbate (15, 33, 41, 45, 52,
58);

iii. The crystallite size (33, 41, 46, 59 - 61);

iv. Adsorption on nickel atoms in differing environments,
e.g. different crystal planes (41, 47, 55, 59, 62) or atoms
in contact with the support (33, 41);

v. The method of catalyst preparation, e.g. impregnation,.
ion-exchange, etc. (59);

vi. The type of support (15, 33, 41, 42, 60, 63);

vii. The temperature (36).
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In addition to the above factors, the date of the
literature report also influences the determination of the
intensities and positions of the absorption bands. The
older literature details work performed using classical
infrared spectrometers where the region of interest (2200 -
1600 cm™!) coincides partly with the Si-O absorption band of
the support (33). Hence accurate evaluation of the
positions and intensities of absorption bands due to
adsorbed carbon monoxide was difficult. Modern
spectrometers can subtract out the absorption bands due to
the catalyst itself leaving the spectrum of adsorbed carbon
monoxide. This improves the accuracy of the determination
of the intensities and positions of adsorption bands due to
adsorbed carbon monoxide.

Due to the factors listed above, it is necessary to
summarise the infrared data by a generalised scheme such as
that proposed by Sheppard and Nguyen (41). In this scheme,
bands occurring within the region 2025 - 2090 cm™l are
assigned to the stretching frequency of the C-0 bond in
linearly-adsorbed carbon monoxide, bands occurring between
1910 - 1975 cm™ ! are assigned to the bridge-bonded carbon
monoxide C-0 stretching frequency and absorption bands in
the region 1750 ~ 1890 cm~1 assigned to the stretching
frequency of the C-0 bond in carbon monoxide adsorbed on
more than two nickel atoms [multicentred adsorption] (33,
41, 50, 58).

A further complicating factor in the adsorption of
carbon monoxide on nickel can be the formation of
subcarbonyl species, i.e. Ni(CO)z, Ni(CO)3, and aiso the

formation of the stable nickel tetracarbonyl (Ni(CO)4).
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According to the model presented by Van Hardeveld and Hartog
(61), where they approximated the shape of a supported
nickel particle to a cubo-octahedron, subcarbonyl species
may form on nickel atoms with a coordination number of seven
nickel atoms (denoted C; where the subscript is the
coordination number) or less due to appropriate steric
considerations. Such atoms exist at the vertices (C4) and
the edges (C;) of a cubo-octahedral particle.

Although the cubo-octahedron was suggested by the
authors to be one of the most stable particle shapes, in
reality nickel crystallites only tend to approximate to
cubo-octahedra (16, 41, 61). Despite this, some
researchers have observed these subcarbonyl species and also
gas phase nickel tetracarbonyl by infrared spectroscopy; the
C-0 stretching frequencies occur for these species at ca.
2055 - 2065 cm™! (46, 51, 59, 61 - 65). In agreement with
the model presented by Van Hardeveld and Hartog, the
subcarbonyl species appear to become more prevalent in
highly dispersed catalysts, where the proportion of nickel
atoms in edge and corner sites relative to nickel atoms with
higher coordination numbers is large (46, 51, 59, 63).

The formation of nickel tetracarbonyl has also been
observed during the measurement of adsorption isotherms on
reduced nickel on silica and nickel on alumina catalysts at
room temperature using the volumetric method (23, 25, 46,
63, 66, 67). In this method, the catalyst is exposed to
relatively high pressures of carbon monoxide (Pcop = 50 - 250
Torr) and long catalyst-adsorbate contact times, typically
several hours. This problem is minimised by using the

pulse flow chemisorption technique as the time of contact
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between the carbon monoxide gas and the catalyst bed is very
short.

The final concern when using carbon monoxide
chemisorption as a catalyst characterisation technique is
exemplified by the recently reported adsorbate-induced
morphology changes in very highly dispersed reduced
palladium on silica and palladium on alumina catalysts (43).
In this study it was found that the sizes of small particles
of supported palladium metal were affected by the action of
chemisorbing carbon monoxide. Adsorption-induced
restructuring (also known as facetting) occurs when an
adsorbate strongly bonds to a surface, i.e. has a high heat
of adsorption, and the surface atoms undergo rearrangement
(68) . This process has been observed by low energy
electron diffraction (LEED) on well defined nickel single
crystal surfaces [e.g. Ni(100)] whereby the surface
rearranges to maximise the number of nickel atoms
interacting with the carbon atom of an adsorbed carbon
monoxide molecule (69). It is, therefore, possible that
such interactions will occur during the chemisorption of
carbon monoxide on reduced supported nickel catalysts as the
heat of adsorption of carbon monoxide on nickel is
moderately high at 298 K [ca. 144 kJ mole™! (70)]. The
effects of this restructuring, should it occur, would be
more pronounced on very well dispersed crystallites (43).
Care, therefore, must be taken to minimise or assess such
effects on highly dispersed catalysts, e.g. by using
relatively low temperatures in adsorption experiments or by

comparing data derived from chemisorption experiments with
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corresponding data derived from another technique such as
electron microscopy.

During chemisorption experiments, in addition to the
metal, the support may irreversibly chemisorb the adsorbate
gas. For silica, however, this is usually not a major
concern as the uptake of carbon monoxide has been found to
be very small or zero at room temperature (23, 71, 72).

To summarise, the adsorption of carbon monoxide on
silica-supported nickel leads to a variety of adsorption
stoichiometries. From infrared data and magnetic
measurements, the predominant adsorbed form of carbon
monoxide appears to be a molecule bridging two nickel atoms;
recent publications still support this view (73). However,
for well dispersed catalysts, nickel tetracarbonyl and
subcarbonyl formation as well as crystallite reconstruction
may reduce the accuracy of chemisorption measurements.

In order to avoid estimating the stoichiometry of the
adsorbate-surface metal bond, some researchers have assumed
that at saturation coverage the adsorbate molecules are
close packed. Hence the surface area can be calculated
from the sum of the cross-sectional areas of the adsorbed
carbon monoxide molecules (30, 74). Each chemisorbed
carbon monoxide molecule is assumed to occupy a cross-
sectional area of ca. 0.13 nm? (30, 75, 76). If this
procedure is adopted it leads to a Syi value which is
approximately the same as that determined by the assumption
that one carbon monoxide molecule bonds to two nickel atoms.
If this assumption of bonding stoichiometry is valid, an
adsorbed carbon monoxide molecule is equivaleht to an area

of 0.13 nm?. LEED studies (41, 77) conducted on well
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defined nickel single crystal planes have indicated that the
adsorbed overlayer of carbon monoxide on the nickel is
compressed beyond close packed at high surface coverages to
form an out-of-register layer. In this structure the
adsorbed carbon monoxide molecules are no longer equidistant
from the metal surface. This compression presumably
reflects the fact that a proportion of the carbon monoxide
molecules are adsorbed linearly on one nickel atom and

therefore steric crowding occurs.

1.4.2 Transmission Electron Microscopic Analysis

The technique of electron microscopy most commonly
employed for the characterisation of supported metal
catalysts is transmission electron microscopy (T.E.M.).

This technique can image structures in a working range of
ca. 1 - 100 nm (78) and is found to give accurate and
reliable particle size distribution data for reduced nickel
on silica catalysts (13). Microscopic techniques with
greater resolution than T.E.M. do exist, e.g. scanning
tunnelling electron miéroscopy (S.T.E.M.), whereby extremely
small particles of the order of atomic dimensions can be
imaged (79). As yet, however, these techniques have seldom
been used for supported catalyst characterisation due to the
expense and difficulties in their application (78, 80).

Numerous studies utilising T.E.M. for the
characterisation of reduced supported nickel catalysts
appear in the literature (9 - 11, 13, 23, 29, 61, 66, 81 -
85) . The number of studies using T.E.M. as a
characterisation method reflects the fact that it is a very

useful technique, particularly for reduced nickel on silica
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catalysts, with the often excellent contrast between the
silica and nickel particles facilitating particle size
measurement (13, 21). Conversely, T.E.M. characterisation
of nickel particles on titania, or especially alumina
supports, is more difficult as the metal particles do not
display as sharp a contrast with the support (13, 23, 29).

In the case of reduced nickel on silica catalysts it is
possible to image particles with diameters of ca. 1 nm (1,
13, 21, 23, 86). T.E.M. is also the most direct way of
determining the particle size distribution of a catalyst (1,
21) . The measurement of a significant number of nickel
particle diameters in a catalyst sample (often several
hundred) can lead to a meaningful particle size distribution
(1, 21).

T.E.M. also has advantages over other techniques for
the determination of particle size, such as magnetic
susceptibility, chemisorption and X-ray diffraction
(X.R.D.). In addition to yielding information on the
average particle size, T.E.M. gives a distribution of
particle sizes and information on the particle shape (13,
21, 69, 87). Data on the particle shape for supported
catalysts is only accessible by electron microscopy
techniques (13). Furthermore, information can be obtained
on the catalyst texture and the extent, if any, of the
nickel interaction with the support (13).

The measurement of the diameters of supported particles
imaged by T.E.M. depends on three fundamental assumptions

stated by Flynn, Wanke and Turner (86):
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i. The size of a metal particle is equal to the size of its
image recorded on the micrograph (corrected for
magnification);
ii. The detection of a particle of a given size implies that
all particles of that size and all larger particles are
being detected;
iii. The image contrast of the metal particles is
distinguishable from contrast arising from the support
material.

Flynn et al. also showed that caution should be applied
to the interpretation of T.E.M. particle size data,
especially for particles with diameters of less than ca. 2.5
nm in the case of reduced platinum on alumina catalysts.

For reduced nickel on silica catalysts this value is less
than 2 nm (21). The error in the measurement of supported
particle diameters of this size or smaller increases as the
particle size decreases because of deviation from perfect
focus (defocus). Defocus arises in T.E.M. analyses of
supported catalysts because of the relative thicknesses of
the samples (typically greater than 30 nm). This leads to
particles having a range of different elevations in the
direction of the electron beam and therefore, in general,
particles have different focus conditions. This could lead
to identical particles in separate micrographs appearing to
have different sizes.

Flynn et al. suggested that the lowest meaningful
division of particle diameters into classes is 1 nm.
Particle size distribution data are, therefore, usually
presented in the form of a histogram with particle sizes

divided into a minimum of 1 nm sized classes with the lowest
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class incorporating 0.1 - 1 nm diameter particles and the
second incorporating particles of diameters 1.1 - 2 nm, etc.
(23) . From these particle size distribution histograms it
is possible to calculate the surface weighted average

diameter as defined below (9, 13, 21, 22, 24, 31);

E (ni 'di3)

dg = m (1.12),

where n; is the number of particles whose sizes lie between

th cj1ass and whose size is

the class boundaries of the i
represented by the class mark dj.

The value of dg obtained by use of equation 1.12 is
identical to the average size obtained by chemisorption
measurement using equation 1.6 (21). Hence, from a
particle size distribution provided by electron microscopy,
a value for dg can be obtained and similarly for D and Sy
by using equations 1.6 and 1.11, respectively.

A further advantage of T.E.M. is that it is sometimes
possible to image silica-supported nickel oxide particles
(9, 85, 88, 89) thereby allowing unreduced calcined
catalysts to be characterised. A difficulty presented in
such studies is the relative lack of contrast between the
support and the nickel oxide particles (as opposed to nickel
metal particles) and so only comparatively large nickel
oxide particles can be seen (89).

Although T.E.M. particle size analysis is very
accurate, it does suffer from some disadvantages. Firstly,
the technique is usually unable to differentiate between
catalytically inactive and catalytically active nickel (21).

Catalytically inactive nickel may be nickel that is

chemically combined with the support or where a catalytic
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poison is adsorbed on the nickel surface. For this reason,
the Syj, D and dg parameters derived from chemisorption
experiments are probably more applicable when considering
catalytic reactions (16, 21). Secondly, T.E.M. also
suffers from the disadvantage that very small crystallites
cannot be imaged and therefore the dg values obtained from
T.E.M. may be slightly larger than those obtained for the
same catalysts by using chemisorption techniques (23).
T.E.M. is also an expensive and time-consuming technique to
employ, with many hundreds of particle diameter measurements
per sample required to ensure the accuracy of the resulting

particle size distribution data (13).

1.4.3 Other Methods

Chemisorption and T.E.M. techniques for the
determination of the dispersion, average metal particle size
and metal surface area are amongst the most useful and
commonly used techniques. Other techniques exist, however,
whereby these parameters can be determined. Included in
these techniques are X.R.D., X-ray photoelectron

spectroscopy and magnetic susceptibility measurements (21).

1.5 The Influence of the Support on the Reducibility of

the Supported Metal Precursor and the Properties of

the Supported Metal

1.5.1 The Influence of the Support on the Reducibility of

the Supported Metal Precursor

Most supported nickel catalysts are derived from a
nickel salt, typically nickel(II) nitrate or nickel (II)

hydroxide, which has been deposited onto the support
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material. To eliminate the possibility of the formation of
undesirable compounds during reduction [e.g. nitric oxide,
nitrogen dioxide or possibly ammonia from supported
nickel (II) nitrate (28)], uncalcined catalysts are commonly
calcined in a flow of air or nitrogen before reduction.
This procedure leaves essentially nickel oxide deposited on
the support (90). Reduction is then performed on the
calcined catalyst. The emphasis of this section will
therefore primarily concern the reduction of silica-
supported nickel oxide.

It is well known that unsupported nickel oxide is much
easier to reduce than supported nickel oxide (18, 90 - 98).
For example, Roman and Delmon (18) found that 4 grams of
unsupported nickel oxide was completely reduced in 40
minutes under a flow of hydrogen at a temperature of 538 K.
In contrast, under identical conditions, only 7 % of the
supported nickel oxide in 4 grams of an impregnated and
calcined 18.9 % w/w nickel on silica catalyst was reduced.

Roman and Delmon concluded that the inhibiting effect
of the support on the rate of nickel oxide reduction could
not be ascribed wholly to diffusion limitations imposed on
the transport of hydrogen gas; reduction was found to be
immensely speeded by the addition of a small amount of a
foreign metal as a promoter, e.g. copper or platinum.

These promoters were added in small amounts, less than 1 %
w/w, without significantly changing the texture of the
catalyst.

Roman and Delmon also found that the reduction of
supported nickel oxide apparently never goes to completion

even at the highest temperature used in their study (679 K)
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and despite the presence of promoters. They speculated
that a fraction of the silica-supported nickel oxide was
"unreducible" because it was either almost completely
encapsulated by the support or possibly bound up with the
support as poorly crystallised nickel hydrosilicate.
Evidence from X.R.D. indicated that the supported
crystallites were nickel oxide, with no evidence for bulk
chemical compound formation between the nickel oxide and the
silica.

It is generally agreed that the rate-determining step
in the reduction process is the formation of metallic nuclei
on the metal oxide crystallites [nucleation] (9, 18, 90, 95,
99) . Nucleation occurs when reduction has removed a
sufficient number of oxygen ions from a metal oxide
crystallite to cause the metal oxide lattice to rearrange
and eliminate these anion vacancies and hence form metal
nuclei.

Roman and Delmon (18) devised two explanations to
account for the inhibitory effect of the support on the rate
of nickel oxide reduction. Firstly, that the reduction
process only nucleates on sufficiently large crystallites
with thick nickel oxide domains. Secondly, that nucleation
occurs only on particular sites, e.g. special crystal
defects, regardless of nickel oxide crystallite size.

Hence for highly dispersed nickel oxide, reduction may be
hindered because the nickel oxide domains may be very thin
or there may be a lack of nucleus forming sites on some
isolated crystallites. Furthermore, when nucleation occurs
on a particular supported nickel oxide crystallite, complete

reduction of all the supported nickel oxide is hindered by
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the lack of crystallite continuity over the surface of the
support. This is not the situation in unsupported nickel
oxide where the crystallites are much larger and are in
contact with each other.

In summary, these proposed mechanisms imply that the
rate of reduction of supported nickel oxide is limited by
the smallness of the nickel oxide crystallites and also by
the discontinuity of the dispersed crystallites on the
support surface. In addition, a small fraction of the
supported nickel oxide was, for some reason, found to be
"unreducible" under the conditions of reduction used in the
study by Roman and Delmon.

Temperature'programmed reduction (T.P.R.) is a recently
developed technique which is ideal for determining the
reducibility of an unreduced catalyst and also the type (or
types) of supported metal precursor species present.

T.P.R. is a very sensitive and powerful technique, and yet
simple and inexpensive, for monitoring the reduction
processes occurring in an unreduced catalyst during thermal
treatment under hydrogen (90, 97). T.P.R. does not depend
on any specific property of the unreduced catalyst other
than that it contains a species which is reducible by
hydrogen. T.P.R., especially when used in conjunction with
other techniques such as X.R.D., can provide strong evidence
for the presence of, for example, metal precursor-support
compounds in unreduced calcined catalysts.

T.P.R. in its commonest form consists of an apparatus
capable of allowing a mixture of hydrogen in an inert
carrier gas, typically 5 % v/v hydrogen in argon, to flow

through a bed of unreduced catalyst. The catalyst is then
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heated at a constant rate (B) under this gas flow and the
uptake of hydrogen monitored by the change in the thermal
conductivity of the gas during catalyst reduction. This
provides a characteristic reduction "profile" or
"fingerprint" and is a sensitive method for detecting the
reduction of surface species within unreduced catalysts.

The first T.P.R. study on silica-supported nickel oxide
was performed by Robertson, McNicol, de Baas, Kloet and
Jenkins (91). In this study, T.P.R. clearly showed that
the nickel oxide phase present in a calcined 0.25 % w/w
nickel on silica catalyst reduced, under the conditions of
the T.P.R. experiment, at a much higher temperature than
unsupported nickel oxide; the maximum hydrogen uptake, Tp. .,
occurred for these materials at ca. 683 and 597 K,
respectively. A shoulder, which was not present in the
reduction profile of unsupported nickel oxide, was also
observed on the high temperature side of the reduction peak
for the supported nickel oxide.

A further study performed by Unmuth, Schwartz and Butt
(100) on a calcined 4.6 % w/w nickel on silica catalyst
revealed a T.P.R. profile consisting of three reduction
peaks, denoted by the authors as®, B8 and ¥ in order of
ascending temperature. The & peak was ascribed by Unmuth
et al. to the reduction of nickel oxide occurring
simultaneously with an endothermic phase transformation from
a rhombohedral nickel oxide structure to a cubic sodium
chloride-type structure. X.R.D. revealed that the higher
temperature B peak was due to the reduction of nickel oxide.
The ¥ peak, which appeared as a shoulder on the high

temperature side of the B peak, was ascribed to the
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reduction of either very small nickel oxide particles or a
nickel oxide-support compound, e.g. nickel hydrosilicate.
X.R.D. data was inconclusive regarding the origin of the ']
peak as the diffraction peaks were broad. Complete
reduction was achieveq under T.P.R. conditions for most of
the catalyst samples. The conditions of the T.P.R.
experiments were B = 10 - 23 K min._l, with a final
reduction temperature of 758 K.

Mile, Stirling, Zammitt, Lovell and Webb (101) also
conducted a T.P.R. study on calcined nickel on silica
catalysts. The T.P.R. profiles for their calcined
catalysts indicated that three distinct types of reducible
species were present. The lowest temperature peak, Tp. ., =
523 K, was assigned to the reduction of nickel (III), a
species which is often present in nickel(II) oxide (88, 99,
102). The peak observed at T ., = 673 K was assigned to
the reduction of large aggregates of nickel oxide which had
little interaction with the support. The authors assigned
the peak observed at T ., = 773 K to either the reduction of
surface nickel hydrosilicate or very small nickel oxide
particles. Again, X.R.D. provided no evidence for the
presence of a well defined nickel hydrosilicate compound,
although the authors could not rule out the possibility of
this compound being present in very small quantities.

The method of catalyst preparation also has an effect
on the reducibility of the supported metal precursor. The
studies by Robertson, Unmuth and Mile and their respective
co-workers were performed using calcined catalysts prepared
by impregnation. For unreduced catalysts prepared by the

precipitation or deposition-precipitation methods it is
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often found that a relatively large proportion of the
supported nickel is chemically combined with the support as
nickel hydrosilicate (5, 6, 8 - 10, 72, 85, 95, 103, 104).
This compound has a layer structure derived from the brucite
Ni (OH) , structure with an one-sided partial replacement of
hydroxide groups by interlinked SiO4 tetrahedra of the
gsilica framework (6, 9, 12, 103, 104). This compound is
known as nickel antigorite and has the stoichiometry

Nij (OH) 3(Sij05)OH (10, 103, 104). Nickel antigorite is
thought to be present as an interfacial layer between the
silica and the precipitated nickel (II) hydroxide (6).

Coenen (6) prepared an uncalcined 24.6 % w/w nickel on
silica catalyst by the deposition-precipitation method.
After calcination, T.P.R. revealed that the majority of the
nickel was present as a compound which was very difficult to

reduce, with Tp.. occurring at ca. 853 K. Comparison of

X
this T.P.R. profile with one obtained under identical
conditions for pure nickel antigorite indicated that the
majority of the nickel in the unreduced catalyst was in the
form of the hydrosilicate compound. Only a very small
proportion of the supported nickel was found to be easily
reducible.

As described earlier, some investigators have assigned
the high temperature peaks in T.P.R. profiles of calcined
catalysts prepared by impregnation'to the reduction of
nickel antigorite. There is, however, no conclusive proof
for the presence of bulk nickel antigorite from techniques
such as X.R.D., X-ray photoelectron spectroscopy and

electron spin resonance (9, 11, 17, 18, 85, 88, 89, %96, 97,

99, 101).
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1.5.2 The Influence of a Reducible Support on the

Properties of Supported Metal

After reduction, the support can, in certain
circumstances, interact with a metal so strongly that the
ability of the metal to chemisorb gases such as carbon
monoxide and hydrogen at room temperature is impaired or
even completely suppressed. A reduced catalyst in which
this behaviour is observed is termed to be in a strong metal
support interaction (S.M.S.I.) state.

S.M.S.I. behaviour was first observed by Tauster and
co-workers for the group VIII noble metals (ruthenium,
rhodium, palladium, osmium, iridium and platinum) supported
on titania [TiO;] (105), and also for iridium supported on
Ta,0s, Nb,Og and V,03 (106). They discovered that
catalysts prepared from these components and reduced in
hydrogen at high temperatures (typically 773 K) behaved
unconventionally with respect to chemisorption of gases.

It was found that the catalysts adsorbed relatively little
carbon monoxide or hydrogen at room temperature, whereas
catalysts reduced at lower temperatures (ca. 473 K), with
comparable average particle éizes, adsorbed much more.
When group VIII noble metals were supported on silica or
alumina, the chemisorption properties were not affected
significantly, even by reduction temperatures up to 973 K
(106) .

The behaviour of a catalyst in a S.M.S.I. state can be
illustrated by the following example. Tauster et al. (105)
studied the effect of the reduction conditions on the
chemisorption capacity of a 2 % w/w palladium on titania

catalyst. After reduction at 448 K, the catalyst exhibited
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H/M and CO/M ratios of 0.93 and 0.53, respectively, where M
is the total number of palladium atoms in the sample. This
indicated that the palladium was highly dispersed on the
surface of the support. On reducing the same catalyst at
773 K, the uptakes of both the hydrogen and carbon monoxide
were almost negligible (H/M = 0.05 and CO/M = 0.02). This
indicated that the average particle diameter was greater
than 15 nm according to the hydrogen uptake figure (assuming
one adsorbed hydrogen atom per surface palladium atom). In
fact, X.R.D. line broadening studies gave a diffraction
pattern that was indistinguishable from that obtained from
the titania support alone. This indicated that the average
particle diameter was less than 5 nm as no peaks due to
palladium metal were observed in the diffraction pattern.
In addition, T.E.M. did not show the presence of any metal
particles greater than ca. 1 nm in diameter. The decrease
in chemisorption capacity, therefore, was not due to any
loss of metal surface area by particle sintering suffered by
the catalyst during high temperature reduction.

Intriguingly, it was discovered in the same study that
the capacity of the reduced 2 % palladium on titania
catalyst in the S.M.S.I. state for hydrogen chemisorption
was almost completely restored by thermal treatment under
oxygen at 673 K followed by a low temperature re-reduction
under hydrogen at 448 K. On hydrogen adsorption, the H/M
ratio for the re-reduced catalyst was found to be 0.89 (cf.
0.93 for the catalyst initially reduced at 448 K). If the
catalyst was then treated in hydrogen at 773 K, the hydrogen
chemisorption was again almost completely suppressed (H/M =

0.03). Furthermore, if the catalyst in the S.M.S.I. state
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was simply treated with a low temperature reduction without
any oxidation treatment, it was still found to be in the
S.M.S.I. state.

Tauster et al. (105) considered that the possibility of
metal particle encapsulation by the support was unlikely
because the argon BET surface area of the sample was not
significantly affected by high temperature reduction.
Moreover, the restoration of the normal chemisorption
capacity by oxidation followed by low temperature reduction
argued against encapsulation. Poisoning of the metal by
impurities in the supports was also considered unlikely as
Tauster et al. found that the degree of suppression of
chemisorption did not correlate with either the sulphur or
chlorine contents of the two titania supports used in the
study. The effect of the initial titania surface area was
also ruled out: a 2 % palladium catalyst prepared using
thermally treated titania support (argon BET surface area
about half that of the untreated support) showed similar
chemisorption suppression after reduction at 773 K as a 2 %
palladium catalyst prepared from the‘untreated support.

Since the pioneering work of Tauster et al. on
supported group VIII noble metals, subsequent studies have
shown that similar chemisorption suppression behaviour
occurs, albeit to a less pronounced degree, when any other
group VIII metal is supported on titania and reduced at high
temperature (107). Nickel displays S.M.S.I. behaviour when
supported on titania and several studies have shown that on
reducing the metal catalyst at high temperature both the
suppression of hydrogen (13, 23, 25, 60, 108 - 111) and of

carbon monoxide chemisorption occur (23, 25, 60, 108, 111).
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The degree of chemisorption suppression is less than that
observed for the more noble group VIII metals, e.g. iridium,
platinum, rhodium and palladium (107). The extent of
hydrogen and carbon monoxide chemisorption suppression also
increases with the severity of reduction conditions for all
group VIII metals supported on titania (107, 109, 110, 112 -
114). This has been clearly observed for nickel on titania
catalysts (107). Oxidation at 623 K of nickel on titania
catalysts in the S.M.S.I. state followed by re-reduction in
hydrogen at 473 K restores the chemisorption capacities of
the catalysts (110).

Further studies on the S.M.S.I. state formed by group
VIII metals supported on materials other than titania have
also been conducted, for example nickel on Nb205 (115 -
117), ruthenium on V203 (118) and rhodium on Nb,0g (119,
120) catalysts. The degree of chemisorption suppression is
often more severe in these examples than for the same metal
supported on titania. For instance, the reduction of a 10
% w/w nickel on Nb,Og catalyst at 573 K decreased the H/Mg
ratio to 0.16, where Mg is the number of surface metal atoms
estimated from X.R.D. data (115). Reduction of the same
catalyst at 773 K lowered this ratio to 0.02. Analogous
results obtained using a 10 % w/w nickel on titania catalyst
reduced at 573 and 773 K gave H/Mg ratios of 0.80 and 0.15,
respectively (115).

In the case of reduced nickel on titania catalysts, the
formation of nickel tetracarbonyl during carbon monoxide
chemisorption is also found to be suppressed relative to
reduced nickel supported on silica or alumina (25, 108).

This phenomenon also occurs for reduced nickel on Nb,Og
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catalysts, although in this case, at high carbon monoxide
pressures, gaseous nickel tetracarbonyl was identified by
infrared spectroscopy, even though no adsorbed carbon
monoxide was detected (63).

Tauster and Fung (106) quantified the reducibility of
all the supports used in their study by reducing the pure
supports statically under hydrogen at 1000 K. The
reducibility of each support was then expressed as the ratio
of water and hydrogen partial pressures at equilibrium. In
a further study, Tauster and co-workers (121) showed that
the amount of hydrogen chemisorption on reduced supported
iridium metal decreased as the reducibility of the support
increased. The ascending order of reducibility for the
supports used in this study was Sc;03 < Y503 << HfO, < ZrO,
<< Tay0g < TiOyp < Nb,Og. This pattern of greater
suppression of chemisorption for catalysts prepared from
supports more easily reduced was maintained over reduction
temperatures ranging from 473 K to 973 K.

The reduction of the titania support itself during the
high temperature reduction of titania-supported metals has
been observed in several studies (122 - 128). Baker,
Prestridge and Garten (128) showed by electron diffraction
that, if platinum supported on a thin film of titania was
reduced in hydrogen at temperatures greater than 825 K, then
the support was converted to Ti,s04. If pure titania was
treated in a similar manner, only the rutile form of titania
was detected: anatase to rutile phase transformation for
pure titania occurs at ca. 973 K (129). Indeed, the

reduction of the titania is occasionally evident visually as



36
titanium(III) ions impart a light blue colour to the support
(126, 127).

T.P.R. studies have also shown that the reduction of
the support is initiated at lower temperatures and occurs to
a far greater extent for platinum on titania catalysts than
for pure titania (122, 123, 125). The reduction of titania
to Tiy 07 has also been observed upon reduction, at
temperatures greater than 1080 K, of nickel supported on a
thin film of titania (130, 131). For high surface area
supports it is found that only a relatively small fraction
of the titania support is reduced (125).

Another feature of a‘catalyst in a S.M.S.I. state
is the formation on reduction of thin raft-like metal
particles which are generally hexagonal in shape.

Particles of this morphology have been observed by electron
microscopy for platinum supported on a thin film of titania
(132), platinum on titania catalysts (125), nickel on
titania catalysts (13, 23, 131, 133) and iron on titania
catalysts (134, 135). This particle morphology is not
universal, however, for all reduced catalysts that display
strong suppression of chemisorption, e.g. palladium on
titania (136), rhodium on titania and iridium on titania
catalysts (137).

Four types of models, which may not be mutually
exclusive, have been proposed to account for S.M.S.I.
behaviour:

a. Morphological Models: As described previously, metal
particles can adopt raft-like morphologies when a catalyst
is in a S.M.S.I. state. It has been suggested that

structural changes in the metal particles result in the
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predominance of a particular crystallite face on the surface
of the particles. This changes the catalytic and
adsorption properties of the high-temperature-reduced
catalyst relative to the low-temperature-reduced catalyst
(138, 139).

The discovery that some catalysts which exhibit
S.M.S.I. behaviour do not have raft-like particles indicates
that this model is inéorrect. However, for catalysts in
the S.M.S.I. state where raft-like particles are present,
the particle morphology may indeed affect the catalytic and
sorption behaviour.

b. Interfacial Metal-Support Compound Formation: This model
was first proposed by Tauster and co-workers (105, 106) in
their original work on catalysts in the S.M.S.I. state. It
is based on the observation that in substituted hexagonal
barium titanates [general formula; BaM,,3Ti, ;03 4, where M is
a metal cation and X 2 0; examples include M = cobalt(II),
platinum(IV), iridium(IV) and titanium(III)] there is
hetero-atomic bonding between the titanium(IV) and M
cations. The authors suggested that at the interface
between the titania support and reduced platinum particles
in platinum on titania catalysts overlap may be possible
between the d-orbitals of the titanium(IV) cations and the
d-orbitals of the platinum atoms. The authors speculated
that in such a bond electron density would be transferred
from the platinum atoms to the titanium(IV) cations, thereby
drastically modifying the sorption properties of the metal.

This model was subsequently modified by Horsley (140).
He took into account that for catalysts in the S.M.S.I.

state, the support is observed to be partially reduced
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during the high temperature reduction. For titania this
could lead to the possibility of bonding via d-orbital
overlap between a titanium(III) cation and a supported
platinum atom. Also, by considering a partially reduced
support it meant that the platinum atom could occupy an
anion vacancy and this permitted a close approach of the
atom to the titanium(III) cation. As a basis for his model
of the Ti-Pt bond, Horsley chose the (PtTiOS)7' cluster.
For this cluster, he calculated that the titanium(III)
cation would donate electron density to the platinum atom.
This would increase the metal d-orbital occupancy.
According to Schwab (141), this would suppress hydrogen and
carbon monoxide chemisorption as both adsorbate molecules
donate electron density to the metal upon adsorption (and in
the case of hydrogen, subsequent dissociation).
c. Alloy Formation: The possibility of alloy formation
occurring in catalysts during high temperature reduction was
also considered as an alternative hypothesis to interfacial
metal-support compound formation (105, 106). Tauster et
al. (105) considered the thermodynamic feasibility of the
following reaction occurring in platinum on titania
catalysts reduced at 773 K;
TiOp + 2Hp + 3Pt ——> TiPt3 + 2H,0

According to the authors, the formation of TiPt3 will be
thermodynamically favoured at 773 K, provided that the
P (H,0) /P (H,) ratio is less than 2.5 x 10'3, where P (H,0) and
P(Hz) are the partial pressures of water and hydrogen,
respectively.

Experimental observation showed that the maximum amount

of water in the outlet gas stream during reduction of
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platinum on titania catalysts at 773 K under a flow of
hydrogen gave a P (H,0) /P (Hy) ratio of ca. 1.2 x 1074 (105) .
Under these conditions, therefore, the formation of a
titanium-platinum alloy was thermodynamically possible.

Similar explanations have been advanced for other types
of catalyst in the S.M.S.I. state, e.g. by Tatarchuk and
Dumesic for iron on titania catalysts reduced at 875 K
(142) .

d. Decoration Model: This model has been considered by a
number of researchers (131, 143 - 146). In this model it
is proposed that titania and other easily reduced support
materials are partially reduced by spillover hydrogen to
give suboxide species in the vicinity of supported metal
particles. In the case of titania, these suboxides can be
represented by the general formula TiOy, with X < 2. These
suboxide species are believed to migrate over the surface of
the metal and so decorate the surface with partially reduced
support residues. These residues are believed to modify
the sorption and catalytic properties of the metal.

The advantage of this model over the interfacial metal-
support compound model is that it can account for the
experimental data which shows that a reduced catalyst with
large metal particles (> 10 nm) can still be in a S.M.S.I.
state (109, 112, 146). The interfacial compound hypothesis
would be expected to have only localised effects along the
support-metal interface and therefore only well dispersed
metals would be affected. The two models, however, are not
incompatible as the spreading of the suboxide species over

the particle surface may be triggered by the favourable
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energetics of compound formation between this species and
the surface metal atoms.

Baker, Chludzinski and Dumesic (147) have suggested on
the basis of electron microscopy evidence that, at least in
the case of a nickel/titania system, thermal oxidation of a
deposited overlayer of TiOy on the surface of the nickel
particles reforms crystallites of titania. The formation
of these crystallites re-exposes the majority of the nickel
surface to the gas phase. Therefore, the decoration

process may be at least partially reversible.

1.5.3 The Influence of a Non-reducible Support on the

Properties of Supported Metal

Metal-support interactions involving group VIII metals
supported on oxides that are not easily reduced, so called
"non-reducible" supports, have been reported. To bring
about these interactions requires more severe conditions
than those necessary for systems involving more reducible
supports and, generally, the interactions have less
pronounced effects on the properties of the reduced
catalyst. For example, suppression of hydrogen
chemisorption for platinum on alumina catalysts reduced at
773 K or above has been observed (148 - 153). As with
high-temperature-reduced noble group VIII metals supported
on titania, it was found that thermal treatment of these
catalysts in oxygen followed by low temperature re-reduction
restored the hydrogen chemisorption capacities (148 - 153).
Again the poisoning of the metal by impurities in the
alumina supports was ruled out as a cause of the suppression

of chemisorption (153).
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In comparison to catalysts like platinum on titania,
where hydrogen chemisorption is almost completely suppressed
(105), platinum on alumina catalysts still exhibit
considerable hydrogen chemisorption after high temperature
reduction. For instance, reduction of a 5.0 % w/w platinum
on alumina catalyst at 573 K gave a H/M ratio of 0.95 (153).
If the catalyst was reduced at 773 K, this ratio decreased
to 0.31 while the metal crystallite size remained constant.
Oxidation and re-reduction was found to restore this ratio
to the original value of 0.95. Similar results were
obtained by Dautzenburg and Wolters using a 0.8 % w/w
platinum on alumina catalyst (149).

The explanation for this behaviour most commonly'
advanced is that during reduction spillover of atomic
hydrogen from the metal onto the support occurs. This

spillover hydrogen reduces the support (149 - 151, 153, 154)

with the possible result of platinum-aluminium alloy

formation. This explanation is supported by evidence that
alumina reduction does occur during the reduction of
platinum on alumina catalysts (151, 153). Oxidation of
these catalysts is thought to form platinum(II) oxide and
alumina phases from the alloy phase. Re-reduction at low
temperatures therefore generates platinum crystallites
supported on alumina with no re-formation of the alloy.

The suppression of hydrogen chemisorption has also been
observed for silica-supported catalysts after high
temperature reduction. This type of behaviour has been
reported to occur with platinum on silica (155) and nickel
on silica catalysts (156) after reduction at 1120 K or

above. Electron microscopy data (155) and magnetic



42
susceptibility measurements (156) ruled out the possibility
that extensive particle sintering led to the suppression of
hydrogen chemisorption. Following thermal oxidation and
low temperature re-reduction treatments, the high-
temperature-reduced catalysts had almost identical
chemisorption capacities to those reduced using the low
temperature reduction procedure alone.

Two possible explanations have been proposed for this
behaviour. Powell and Whittington (157) found that on
annealing a platinum film depoeited on silica, distinct
platinum particles were formed. As the temperature was
increased, these particles grew in size due to sintering.
When these model catalysts were annealed at temperatures of
1200 K and 1375 K, scanning electron microscopy revealed
that the platinum particles became partially immersed in the
silica support. Powell and Whittington suggested that this
process may occur to a limited extent at lower temperatures
for reduced platinum on silica catalysts. However, in view
of the reversible nature of the metal-support interaction
for the silica-supported catalysts discussed above this
explanation seems unlikely.

A second and more plausible explanation has been
advanced by Praliaud and Martin (156). These workers found
that the magnetic susceptibility data obtained for a 20 %
w/w nickel on silica catalyst after reduction at 1180 K
indicated that the formation of a nickel-silicon alloy had
occurred. This explanation is analogous to that described
previously for platinum on alumina catalysts. Again, the
alloy formation was thought to be reversible on oxidation

and low temperature re-reduction as with the
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platinum/alumina system. The suggestion of nickel-silicon
alloy formation has found support from other researchers
(95, 158). In addition, further indication of nickel-
silicon alloy formation for nickel on silica catalysts
reduced at high temperatures is provided by the observation
of Dubois and Nuzzo (159). They observed that hydrogen
dissociation did not occur and molecular carbon monoxide was
only weakly chemisorbed on the (111) face of nickel silicide
(Nisiy) . The presence, therefore, of a nickel-silicon
alloy may inhibit hydrogen and carbon monoxide

chemisorption.

1.6 The Preparation, Uses and Structures of Silicas

Silicas find widespread applications in industry, with
the main types of silica, their methods of preparation and
some of their uses noted below (160):

i. Naturally occurring silicas, e.g. diatomaceous earth,
kieselguhr (both of which are amorphous silicas) and o-
quartz (crystalline silica). Diatomaceous earth and
kieselguhr are mined and are principally used in filtration
plants. The & -quartz used by industry (particularly the
electronics industry) is mainly synthetically produced due
to purity considerations;

ii. Silica gels. These are amorphous forms of silica with
very porous structures. They are produced by acidification
of aqueous solutions of soluble silicates, usually sodium
silicate. This acidification leads to the formation of
supersgsaturated solutions of silicic acid (Si(OH)4) which
then undergo condensation polymerisation to form gelatinous

precipitates of silica. These precipitates are then washed
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free of electrolytes and dehydrated by roasting or spray
drying. The properties of these silicas depend critically
on the conditions of preparation, with typical samples
having BET surface areas in the range 200 - 500 ng'l and
bulk densities in the range 0.6 - 0.8 g cm™3. Silica gels
find application as desiccants, catalyst supports,
insulators, chromatographic supports and in the food
industry as well as many other applications;

iii. Fumed (pyrogenic) silicas. These silicas are produced
by the high temperature hydrolysis of silicon tetrachloride
in an oxygen-hydrogen flame. Fumed silicas have very small
particle sizes, with typical BET surface areas in the region
150 - 400 ng'l, and very low bulk densities, typically 0.03
- 0.06 g cm™3, Such silicas are mainly used as thixotropic
thickening agents in expoxy and polyester resins and
plastics, and as reinforcing fillers in silicon rubbers;
iv. Vitreous (glassy) silicas. These silicas are glasses
produced by fusing quartz at high temperatures (ca. 2000 K).
They find application in specialist glassware which needs to
be chemically resistant and have high thermal shock
resistance.

Silica is an extremely complex material and its study
has led to the publication of many books and articles (160,
161). A species can be defined as silica if it is found to
approximate to SiO, in analysis. Silica is essentially
constructed from S5iO, tetrahedra with corner oxygens shared
between two silicon atoms. The structure of non-
crystalline silica at distances beyond that defined by the

local coordination tetrahedra has not yet been adequately

described and it has been concluded that the structure is
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best described as a chemically ordered continuous random
network (161).

Different silicas may vary in crystallinity,
solubility, surface silanol (Si~OH) concentration, surface
area, porosity, pore volume, pore size, particle size,
purity and hydrophobicity dependent on their method of
preparation and variables thereof (160).

Further information on the preparation, and the
physical and chemical properties of silicas, with particular
reference to the silicas used in this study, is given in

Appendices A and B.
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CHAPTER TWO

THE OBJECT OF THE PRESENT WORK

2.1 Organisation of the Project

The work reported in this dissertation forms part of a
collaborative study, funded by the ICI Strategic Research
Fund, involving three university research groups:- Dr. L.
Gladden (Department of Chemical Engineering, University of
Cambridge), Prof. J. R. Jones (Department of Chemistry,
University of Surrey) and Prof. G. Webb (Department of
Chemistry, University of Glasgow).

These three research groups, in conjunction with Dr. S.
D. Jackson (Catalysis Centre, ICI Research and Technology,
Billingham) and Dr. R. W. Griffiths (General Chemicals
Group, ICI Research and Technology, Runcorn), have been
involved in an extensive study of the preparation,
characterisation and properties of silicas and silica-
supported metal catalysts, with a view to gaining a better
understanding of the effects of the support structure on the

nature of the supported metal and catalytic actiwvity.

2.2 Aims and Objectives

Silicas and silica-supported metal catalysts have been
largely neglected in terms of their structural
characterisation and the effects of structure on catalytic
behaviour. This is a direct consequence of the incredible
complexity of silicas and of the inability to prepare well
characterised silicas reproducibly.

Recent technological developments have led to the

preparation of a new generation of silicas with well defined
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and well characterised properties. These advances offer an
opportunity to develop a better understanding of the
fundamental structural properties of silica-supported metal
catalysts and of the effects of structure on catalytic
behaviour.

By varying, in a controlled manner, structural
variables of silicas (e.g. surface area, pore size, pore
volume, pore size distribution and distribution of strained
siloxane rings) it was anticipated to be able to identify
and clarify the role of the support in determining the
nature and the catalytic activity of supported materials.
This should ultimately provide a means of predicting
catalyst behaviour on the basis of structural data. An
ability to make such predictiéns will allow desirable
activities and selectivities to be engineered into a
catalyst at the preparation stage. To meet these
objectives, the three university research groups have been
involved in an integrated research programme, each
concentrating in the areas of their expertise.

The work detailed in this dissertation covers aspects
of several catalyst characterisation techniques including
temperature programmed reduction (T.P.R.), carbon monoxide
chemisorption and transmission electron microscopy. It was
anticipated that, by extensive characterisation of a range
of nickel on silica catalysts in their unreduced and reduced
states, correlations would be observed between the
characterisation results and the physical and chemical
properties of the supports from which the catalysts were
prepared by impregnation. Hence a detailed picture was

expected to emerge of the influence of the support on the
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nature of the supported nickel metal precursors in the
unreduced catalysts and, consequently, the nickel particles
in the reduced catalysts.

By use of a simple test reaction, ethene hydrogenation,
and by the T.P.R. characteristics of the unreduced
catalysts, it was hoped to be able to demonstrate that the
silica-supported nickel catalysts used in this study were
not anomalous in their behaviour relative to analogous
studies of similar catalysts reported in the literature.
This being the case, conclusions reached in this study will
be quite general for nickel on silica catalysts prepared by
impregnation.

Thus, through detailed consideration of the data
presented in this thesis, together with data obtained from
the other research centres and from the literature, a
fundamental understanding was expected to be gained of how
the support affects the nature and catalytic activity of

silica-supported nickel.
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CHAPTER THREE

APPARATUS AND EXPERIMENTAL PROCEDURE

3.1 Preparation of the Catalysts

Four silicas with different physical and chemical
properties were chosen to be the support materials from
which the catalysts used in this study were subsequently
prepared. These supports were ICI silica (produced by ICI,
Winnington), CS1030E silica (PQ Corporation), CS2040 silica
(PQ Corporation) and Cab-0-Sil silica (M-5 grade, Cabot
Corporation); data on these support materials can be found
in Appendices A and B. Catalysts were prepared containing
either a nominal 1 % w/w or 10 % w/w nickel loading using
the ICI, CS1030E and Cab-0-Sil silica supports. Two
catalysts, both containing ca. 1 % w/w nickel, were prepared
using the CS2040 silica. As described later in this
section, these latter catalysts were prepared by aqueous and
non-aqueous preparative methods, respectively.

The 1 % w/w and 10 % w/w nickel catalysts based on the
ICI, Cab-0-Sil and CS1030E supports were prepared by aqueous
impregnation of the silicas with an acidic (pH ca. 1)
standardised solution of nickel(II) nitrate supplied by ICI,
Clitheroe. This solution was analysed by atomic absorption
spectrophotometry and found to contain 23.6 £ 0.6 % w/v
nickel. The impregnation procedure was performed by adding
the appropriate volume of the stock solution, usually 25.00
or 250.00 ml to give 1 % or 10 % nickel loadings,
respectively, to the silicas (usually 500 grams). To
ensure thorough mixing, de-ionised water was initially added

to the silicas to form aqueous slurries prior to the
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aforementioned additions of the stock solution. The volume
of de-ionised water added varied from 700 ml for the ICI
support to 3.5 1 for the Cab-0-Sil support.

As previously stated, two 1 % w/w nickel catalysts were
prepared by different methods using the CS52040 silica.

This silica is known to undergo pore diameter contraction on
drying after exposure to aqueous media (see Appendices A and
B, Section 4.1.1 and ref. 161). Two batches of this
support were impregnated using an aqueous and a non-aqueous
method, respectively. In the aqueous method, the CS2040
silica (200 grams) was impregnated by a solution consisting
of 10 grams of "AnalaR" nickel (II) nitrate (BDH Ltd.) in 800
ml of de-ionised water to give a metal loading of ca. 1 %
w/w nickel. In the non-aqueous impregnation procedure, the
method of preparation was identical to that described above,
except that 850 ml of acetone (M & B Pronalys*ar) was used
in place of de-ionised water as the solvent for the 10 grams
nickel (IXI) nitrate. The catalyst impregnated by the
aqueous method is designated by the suffix-aq. and that of
the non-aqueous route by non-aq.

With the exception of the tﬁo impregnated Cab-0-Sil
silica mixtures, all other impregnated silica mixtures were
separately and thoroughly mixed using a rotary evaporator.
The excess solvent was then removed from these mixtures by
rotary evaporation in vacuo at 353 K. The drying process
was then completed by drying overnight (ca. 17 hours) in an
air oven at 353 K.

The volume of the two nickel(II) nitrate and Cab-0-Sil
silica mixtures necessitated the addition of glass beads to

each mixture to facilitate proper mixing. After each
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mixture had been thoroughly mixed, using a rotary mixer, a
stream of hot air was passed over it for 16 hours, whilst
the mixture was continually rotated. The drying process
for the two mixtures was completed by drying in an air oven
at 353 K overnight.

Each uncalcined catalyst so obtained was then divided
into two batches; one batch was to be used in experiments as
the supported nickel‘salt and required no further treatment,
while the other was calcined for use in experiments
requiring the calcined form of the catalyst. The
calcination procedure was performed by heating the batches
of uncalcined catalysts separately in a tube furnace to 723
K at a heating rate of 50 K h.” 1 under a flow of dry air
(flow-rate = 60 cm3min._1). The final temperature was
maintained for two hours, after which time the calcined
catalysts were allowed to cool to ambient temperature. To
summarise therefore, the following uncalcined and calcined
catalysts with nominal nickel loadings as noted were
prepared:

i. 1 % and 10 % w/w nickel supported on ICI silica

ii. 1 % and 10 % w/w nickel supported on CS1030E silica
iii. 1 % and 10 % w/w nickel supported on Cab-0-Sil silica
iv. 1 % w/w nickel supported on CS2040 silica (non-ag.)

v. 1 % w/w nickel supported on CS2040 silica (aqg.)

The unreduced catalysts were then distributed to

Cambridge, Surrey and Glasgow Universities.
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3.2 Unreduced Catalyst Characterisation

3.2.1 Temperature Programmed Reduction

Temperature programmed reduction (T.P.R.) was the major
method employed at Glasgow for the characterisation of the
prepared uncalcined and calcined catalysts. As stated in
Section 1.5.1, the only requirement for the successful
application of T.P.R. is the presence of a species in the
unreduced catalyst which is reducible by hydrogen. T.P.R.
is, therefore, ideally suited for use in a characterisation
study of silica-supported nickel nitrate or silica-supported
nickel oxide, where both the supported nickel metal

precursors are reducible by hydrogen.

3.2.1.1 Apparatus

A diagram of the T.P.R. apparatus is illustrated in
Figure 3.1. Similar apparatus, as well as the technique of
T.P.R., have been described previously (100, 162). The
apparatus was constructed from 1/8 inch diameter Chpﬁu'
tubing with connections made using Swagelok unions. Whitey
three-way valves and Nupro needle valves were employed in
the apparatus construction to control gas flows. The
reactor, shown in Figure 3.2, was of an U-tube type design
and constructed from silica. A sample of an unreduced
catalyst was positioned in this reactor on a quartz sinter.
The temperature of the catalyst bed was monitored by a K-
type thermocouple located in a thermocouple well positioned
at the same level as the sinter. To enable manipulation of
the reactor in and out of the tube furnace, the reactor
inlet and outlet were attached via Swagelok unions to

flexible 1/8 inch diameter PTFE tubing (Phase Separations
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Fig. 3.2 Diagram of the T.P.R. Reactor
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Ltd.). The PTFE tubing was in turn connected to the
apparatus brass tubing via Swagelok unions. The gas flow
through the reactor was measured by a GEC-Elliot 1100

rotameter.

3.2.1.2 Experimental Procedure

An accurately weighed sample of unreduced catalyst was
placed in the reactor and the bed of unreduced catalyst
swept at room temperature for ca. 30 minutes with helium gas
(B.0.C. Ltd.) to expel air from the system. The flow-rate
of helium during this purging procedure was maintained at 25
cm3min. "1 by needle valve NV1. The helium had previéusly
been purified by passage through four traps containing,
respectively, copper oxide (TP1l), copper turnings (TP2),
manganese (II) oxide (TP3) and Linde 5A molecular sieve
(TP4) .

After purging the system of air, the gas flow through
the T.P.R. apparatus was changed to 6 % v/v hydrogen in
argon (B.O.C. Ltd.) via tap T1. This gas mixture was
allowed to flow through the reactor (at room temperature)
for ca. 30 minutes at a flow-rate of 25 cm3min._1, the flow-
rate again controlled by needle valve NV1. After this
time, the reactor was placed in a Stanton Redcroft tube
furnace. A Stanton Redcroft temperature programmer
(Cambridge Process Controls 702) was employed to control the
temperature of the furnace, while a thermocouple, located on
the inside wall of the furnace, provided the temperature
feedback to the programmer. The flow of 6 % v/v hydrogen
in argon was maintained through the reactor whilst it was

heated at a steady rate, B K min.—l, to a pre-set
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temperature. The temperature of the catalyst sample was
recorded using the independent K-type thermocouple located
in the thermocouple well attached to the reactor as
previously described. The output of this thermocouple was
recorded on one channel of a dual channel Servoscribe 2s
potentiometric chart recorder. The uptake of hydrogen by
the sample was monitored using a thermal conductivity
detector (T.C.D.), the output of which was recorded on the
other channel of the chart recorder. The resulting plot of
hydrogen depletion in the outlet gas stream versus
temperature is known as a T.P.R. profile.

The conditions employed for a typical T.P.R.
experiment, using either an uncalcined or a calcined
catalyst, involved heating the sample in a flow of.6 $ v/v
hydrogen in argon gas from ambient temperature to 1023 K at
B =5 K min. 1. Normally 0.2 g of unreduced catalyst was
loaded into the reactor, but in the case of less dense
materials (i.e. the catalysts prepared from Cab-0-Sil and
CS2040 silicas) a 0.1 g sample was used thus ensuring that
the bed of unreduced catalyst was always approximately the
same depth (ca. 0.25 cm) in all experiments. |

Each of the unreduced catalysts listed in Section 3.1
was characterised by T.P.R. Furthermore, for all T.P.R.
experiments involving the calcined catalysts, the outlet gas
stream was monitored using a Spectromass Dataquad mass
spectrometer operating in the "Peak Select" mode. The
quadrupole mass spectrometer (Q.M.S.) was set up to monitor
the peaks at m/e = 18 (water) and at m/e = 2 (hydrogen).

Additionally, control experiments were performed using:

i. Pure ICI silica;
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ii. The two empty silica reactors used in the T.P.R.
experiments;
iii. Unsupported nickel oxide.

The unsupported nickel oxide used in control experiment
(iii) was prepared by calcining 0.0950 g of "AnalaR"
nickel (II) nitrate hexahydrate (BDH Ltd.) using the same
procedure employed to calcine the uncalcined catalysts
(Section 3.1). In this way, useful comparisons can be made
between the T.P.R. profile of unsupported nickel oxide and
those profiles obtained for the calcined catalysts.
Control experiments (i) and (ii) were performed to ensure
that the observed uptakes of hydrogen during T.P.R.
experiments could only be attributed to the presence of

nickel species in the unreduced catalysts.

3.2.1.3 Quantitative Determination of Hydrogen Uptake

The uptakes of hydrogen by the calcined catalysts
during T.P.R. experiments were quantified as follows:

Before heating each calcined catalyst, at least eight
separate aliquots of pure hydrogen, each 50};1 in size
(pressure = 760 Torr), were pulsed into the 6 % v/v hydrogen
in argon gas flow. The hydrogen was introduced to the
system via tap T3, and the aliquots of hydrogen pulsed into
the 6 % v/v hydrogen in argon flow via an eight port gas
sampling valve (G.S.V., supplied by Valco Instruments Co.
Inc.) fitted with two 50 Pl sampling loops. The aliquots
of hydrogen so introduced were directed to flow through the
reactor by-pass via tap T2. Comparison of the T.P.R.
profile areas (corrected for chart recorder sensitivity)

with the average area detected by the T.C.D. for the 50}&1
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hydrogen calibration injections enabled the hydrogen uptake

for each calcined catalyst to be calculated.

3.3 Reduced Catalyst Characterisation

3.3.1 Catalyst Reduction and Carbon Monoxide Adsorption

Experiments

Carbon monoxide chemisorption is very commonly employed
as a technique to determine the metal dispersion, metal
surface area and average particle size of the metal in a
reduced supported metal catalyst. The technique depends on
the fact that carbon monoxide chemisorption is restricted to
the metal surfaces of silica-supported metal catalysts (see
Section 1.4.1 for further details).

Detailed below are the two methods of carbon monoxide
chemisorption employed in this study. In the first method
described, carbon monoxide chemisorption was performed on
the catalysts in hydrogen carrier gas at a temperature of
273 K. Prior to these carbon monoxide chemisorption
experiments, the calcined catalysts were reduced
systematically at a temperature of 673 K in a flow of pure
hydrogen.

In the second method, carbon monoxide chemisorption was
performed on the catalysts in helium carrier gas at a
temperature of 273 K. As this was, chronologically, the
earlier method to be employed in this study, the calcined
catalysts were reduced using different reduction conditions
(on an empirical basis) to enable an estimation of the

optimum reduction conditions to be made.
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3.3.1(a) Chemisorption of Carbon Monoxide in Hydrogen

Carrier Gas

The apparatus used in this study, a diagram of which is
shown in Figure 3.3, was a glass gas flow/vacuum system and
was similar in design to that described by other workers
(163) . The carrier gas flow was split such that one part
of the flow (designated the reference side in Figure 3.3)
was directed through a mass flow controller into a short
reference column located in a Shimadzu GC-14A gas
chromatograph (G.C.) and then through the reference side of
the installed T.C.D.

The other part of the flow (designated the sample side)
passed through a pressure regulator and then into the
flow/vacuum system. The gas flowed through this systém via
a sample loop and then through the reactor. The gas
sampling system and the reactor were both equipped with by-
pass facilities. The carrier gas was then directed to flow
though an empty one metre stainless steel column located in
the G.C. and into the sample side the T.C.D. The T.C.D.
operated at a bridge current of 120 mA and a temperature of
373 K. The approximate detection limit for carbon monoxide
in hydrogen carrier gas was determined to be 3 x 1017
molecules (see Section 4.2.1(a) for details). The
reference and sample gas flow-rates through the T.C.D. were
balanced, each having been measured by a bubble flowmeter.
The eluant gases from the G.C. were then analysed by an on-
line quadrupole mass spectrometer (a Spectromass Selectorr).

The sample loop, shown in Figure 3.4, consisted of a
series of three three-way sprung-greased taps. The taps

were arranged so that a standard volume (4.44 < 0.04 cm3)
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could be isolated from the flow system and evacuated.
During evacuation of this volume, the carrier gas flow was
made to by-pass the sample loop. A known pressure of
carbon monoxide, measured by an Edwards pressure transducer
(model number EMV 251), was introduced via the vacuum system
to the evacuated standard volume. The standard volume was
then isolated from the vacuum system and the carrier gas
flow re-directed through this volume thereby sweeping a
known amount of carbon monoxide toward the catalyst bed.
Using this technique, therefore, a known quantity of carbon
monoxide was pulsed through the catalyst bed. Gases
eluting from the catalyst bed were analysed by the G.C. and
periodically by the mass spectrometer.

The signal produced by the T.C.D. on detection of a gas
pulse was electronically integrated by a Spectra-Physics
Chromjet integrator and the data relayed to a personal
computer operating LABNET software. During the initial
pulses of carbon monoxide over the reduced catalysts in the
chemisorption experiments described below, the reactor
eluants were also analysed by the mass spectrometer as well
as the T.C.D. This was to ensure that oniy unadsorbed
carbon monoxide was present and that no chemical reactions
(e.g. methanation or oxidation) had occurred during passage
of the carbon monoxide through the catalysts beds. This
being the case, the peak areas detected by the T.C.D. arose
solely from unadsorbed carbon monoxide in the hydrogen
carrier gas. The mass spectrometer repeatedly scanned the
mass range m/e = 0 to 50 using a scan time of 30 seconds.
The resulting m/e peaks were plotted on a chart recorder (a

BBC, model number SE430).
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Before the commencement of the carbon monoxide
adsorption experiments, an experiment was performed to
determine the T.C.D. response to varying amounts of carbon
monoxide. This was accomplished in the following manner:

Aliquots consisting of either 0.29 x 1019, 0.59 x 1019,
1.18 x 1012 or 2.36 x 1019 molecules of carbon monoxide
(B.0.C. Ltd.) were introduced separately into the sample
loop. Each aliquot of gas was injected into the hydrogen
carrier gas flow which was directed through the reactor by-
pass into the G.C. The area of the peak detected by the
T.C.D. was then determined. Identical quantities of carbon
monoxide were repeatedly injected into the carrier gas flow
until three concordant results (£ 2.5 %) were obtained for
the detected peak areas. The mean of the three detected
peak areas for each quantity of gas was then calculated and
the results plotted on a graph of the detector response,
i.e. peak area detected, versus the number of carbon
monoxide molecules [Section 4.2.1(a)l,

Chemisorption experiments were then performed on two
separate samples of each reduced calcined catalyst. In
each experiment, an accurately weighed sample (ca. 0.2 g) of
a calcined catalyst was reduced at 673 K using the
conditions described below. To expel air from the
apparatus, the reactor was initially flushed for 20 minutes
(at room temperature) with pure hydrogen (B.0.C. Ltd.) at a
flow-rate of 25 cm3min.” 1 (as measured by the bubble
flowmeter) . The hydrogen used in this purge had previously
been deoxygenated by passage through a bed of activated
palladium bronze (reduced 1 % w/w palladium (ex-

palladium(II) chloride) on tungsten(VI) oxide) and then
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through a bed of Linde 5A molecular sieve to remove traces
of water. After purging, the bed of unreduced catalyst was
heated under this flow of hydrogen at 8 = 5 K min.” ! to 673
K and held at this temperature for three hours. These
conditions were adopted as the standard conditions for
reduction of the calcined catalysts using a flow of
hydrogen.

After the three hour reduction period, the reduced
catalysts were cooled to ambient temperature and the flow of

3min. 1. Each catalyst sample

hydrogen increased to 40 cm
was then further cooled to 273.0 ¥ 0.2 K in an ice/sodium
chloride mixture, whilst the flow of hydrogen carrier gas
was maintained. After cooling, the sample was by-passed
and three equivalent aliquots of carbon monoxide (B.O.C.
Ltd.) introduced into the hydrogen flow to ensure the gas
detection systems (the T.C.D. and mass spectrometer) were
functioning correctly and that consistent peak areas were
detected. The hydrogen carrier gas was then re-directed to
flow through the sample and aliquots of carbon monoxide gas,
normally identical in size to those pulsed through the
reactor by-pass, were directed through the catalyst bed.
Pulsing was continued until at least three concordant peak
areas (¥ 2.5 %) were obtained by which time surface
saturation was deemed to have occurred. This variation in
the peak areas for the eluted pulses was comparable to that
observed for the peak areas detected when the three
equivalent aliquots of carbon monoxide were pulsed through
the reactor by-pass immediately before each adsorption

experiment.
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The size of the carbon monoxide aliquots pulsed through
each catalyst bed was varied according to the particular
catalyst, ranging from 5.9 x 1017 to 1.18 x 1019 molecules,
but throughout each experiment the aliquots were normally

constant in size.

3.3.1(b) Chemisorption of Carbon Monoxide in Helium

Carrier Gas

Reduction and carbon monoxide chemisorption experiments
were performed using the T.P.R. apparatus (Figure 3.1). In
this series of experiments, sélected calcined catalysts were
reduced by heating samples at a constant rate to a specified
final temperature under a flow of 6 % v/v hydrogen in argon

3min._l). Each sample was then left to

(flow-rate = 25 cm
reduce at the final temperature under a flow of either the 6
% v/v hydrogen in argon or, in some cases, pure hydrogen for
a specified time; the catalysts and reduction conditions
used are noted below in Table 3.1. At the end of the
reduction period the reactor was swept out with helium
(flow-rate = 25 cm3min.'1) at the final reduction
temperature for ca. 30 minutes. The furnace was then
removed and the reactor cooled to 273.0%¥ 0.2 K, whilst the
flow of helium carrier gas was maintained. Temperature
equilibration was achieved by allowing the reactor to stand
at 273.0 K for a further 20 minutes. Several 50tkl carbon
monoxide pulses (at a pressure of 760 Torr) were then passed
through the catalyst bed by means of the G.S.V.

The uptake of carbon monoxide by the reduced catalysts
was quantified in the following way. Immediately before

the carbon monoxide pulses were directed through the
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catalyst bed, several 50 gl carbon monoxide pulses were
introduced into the helium carrier gas which was directed to
flow through the reactor by-pass. The peak areas detected
by the T.C.D. for these calibration pulses were then
determined and hence the average area of a peak produced by
50)51 of carbon monoxide calculated. The difference
between this average area and the peak area detected for a
carbon monoxide pulse after elution from a catalyst bed in a
chemisorption experiment (i.e. unadsorbed carbon monoxide)
gave the amount of carbon monoxide adsorbed per pulse by the
catalyst. Hence, the sum of the amounts of carbon monoxide
adsorbed by a catalyst over all pulses in a chemisorption
experiment gave the total amount of carbon monoxide adsorbed

by the catalyst under pulse-flow conditions.

3.3.2 Transmission Electron Microscopy

Reduced and passivated samples of the calcined
catalysts were examined by transmission electron microscopy
(T.E.M.): the process of passivation is described below and
permitted the reduced samples to be manipulated in air.
T.E.M. analyses allow the determination of the average
particle diameters, and hence, the dispersions and the metal
surface areas of the reduced catalysts to be made. These
parameters can be directly compared to the analogous
parameters calculated using data from carbon monoxide
chemisorption experiments (Section 1.4.2).

A schematic diagram of the apparatus used to reduce and
passivate catalyst samples for T.E.M. analyses is shown in
Figure 3.5. The helium (B.0.C. Ltd.) was purified by

passage through a trap containing Linde 5A molecular sieve
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(Water Trap 1) in series with a trap containing activated
palladium bronze (Oxygen Trap 1). The hydrogen (B.O.C.
Ltd.) was purified in a similar manner to the helium via
Water Trap 2 in series with Oxygen Trap 2. The 1 % v/v
oxygen in nitrogen (B.O.C. Ltd.), used in the passivation
procedure of the reduced catalyst samples, was dried by
passing the gas mixture through a trap containing Linde 5A
molecular sieve (Water Trap 2). The calcined catalysts
(ca. 0.2 g) were separately loaded into a T.P.R. reactor
(Figure 3.2) which was surrounded by a Stanton Redcroft tube
furnace. The temperature of this furnace was controlled in
an identical manner to that described in Section 3.2.1.2.

All the catalysts examined by T.E.M. analyses were
reduced according to the standard procedure detailed in
Section 3.3.1(a). After reduction, each catalyst was
flushed with helium (flow-rate = 25 cm3min.—1) at 673 K for
ca. 90 minutes and then cooled to room temperature under
flowing helium. Finally, each catalyst sample was
passivated under a flow of 1 % v/v oxygen in nitrogen for
one hour (flow-rate = 25 cm3min.'1) before exposure to the
atmosphere. This passivation treatment was similar to
other procedures reported in the literature (8, 9, 60, 164).

The catalysts were subjected to such a long helium
sweep at high temperature before the passivation treatment
to ensure that all the reversibly adsorbed hydrogen species
were removed from the catalysts (8, 165, 166). This
removal of adsorbed hydrogen avoided the possibility of an
exothermic reaction occurring upon exposure of the catalysts

to the diluted oxygen during the passivation procedure.
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Such a reaction is known to lead to sintering of the metal
particles in nickel on silica catalysts (8).

The reduced and passivated catalyst samples were
prepared for the T.E.M. analyses by crushing them and
dispersing the resulting powders separately in toluene (23).
A drop of each suspension was placed onto a carbon film
supported on a 400-mesh copper grid and the dispersing
medium allowed to evaporate.

A JEOL JEM-1200EX transmission electron microscope was
employed in the T.E.M. investigation of the catalysts,
except for the microscopic analysis of the 1 % nickel on
CS2040 silica (ag.) catalyst. For this catalyst, an ABT
EM-002B transmission electron microscope was used as an
alternative. By using this microscope, which was fitted
with a Link Analytical Energy Dispersive Analysis of X-rays
(E.D.A.X.) detector, an E.D.A.X. microanalysis was obtained
on a single supported nickel particle in the 1 % nickel on
CS2040 silica (aq.) catalyst. Micrographs were recorded
for the catalysts at various magnifications and further
magnified by photo-enlargement.

Several different areas of each prepared catalyst
sample were scanned by T.E.M. and micrographs of these areas
recorded. From this set of micrographs, a selection of
micrographs were chosen to represent "typical" areas within
the sample. The diameters of a large number of separate
particles were then measured using the criteria outlined in

Section 4.2.2 from which particle size distributions were

obtained.
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3.4 Reaction Chemistry

Ethene hydrogenation was the test reaction chosen for
investigation at Glasgow (the Surrey group also studied, in
depth, the kinetics and mechanism of the reductive amination
of ethanol to give predominantly ethylamine - see Appendix C
for details). By using ethene hydrogenation as a test
reaction it was hoped to establish that the reduction
conditions detailed below were sufficient to lead to
metallic nickel formation and consequently active catalysts.
Also, by observing the behaviours of the reduced catalysts
toward ethene hydrogenation, it was anticipated, by
comparison with literature data, to be able to determine if
any of the catalysts were anomalous in behaviour with
respect to this feaction.

In this study two different reduction procedures were
employed to reduce the calcined catalysts for ethene
hydrogenation. The first, described below, was performed
by successively adding several hydrogen aliquots to a sealed
and heated reactor containing a sample of a calcined
catalyst, i.e. static reduction. Each addition of hydrogen
was preceded by evacuation of the reactor. The second
method employed was the standard reduction procedure,
previously described in Section 3.3.1(a), for calcined

catalysts in a flow of hydrogen, i.e. flow reduction.

3.4.1 Static Reduction

A diagram of the apparatus is shown in Figure 3.6.
The apparatus consisted of a conventional glass vacuum-
system which was capable of being evacuated to a pressure of

ca. 1072 Torr by the use of a mercury diffusion pump (D.P.)
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backed by a rotary pump (R.P.). The apparatus had three
nominal manifolds. The primary manifold was used as the
main pumping manifold, the secondary manifold was used
mainly for the filling of the gas storage bulbs V1, v2, V3
and V4 and the tertiary manifold incorpdrated the reaction
vessel (R.V.). The storage bulbs V1, V2 and V3 contained
hydrogen (B.O.C. Ltd.), a 2:1 hydrogen:ethene mixture (by
volume) and ethene (B.0.C. Ltd.), respectively. The
hydrogen stored in bulb V1 had been deoxygenated by passage
over activated palladium bronze and then through a trap
which was maintained at 77 K, using liquid nitrogen, to
remove water wvapour. The ethene contained in bulb V3 was
purified by condensing the gas three times at liquid
nitrogen temperature and removing residual gas by
evacuation. The 2:1 hydrogen:ethene mixture contained in
bulb V2 was mixed from the hydrogen énd ethene stored in
bulbs V1 and V3, respectively.

The storage bulbs were connected to the tertiary
manifold by capillary tubing to minimise the dead volume in
the apparatus. The reactor was also connected to this
manifold via a glass B10 cone and socket joint. A greased
tap isolated the reaction vessel from the vacuum-system.
The reactor, illustrated in Figure 3.7, was constructed from
Pyrex and was cylindrical in shape with a flat base. A
single aperture at the top of the reactor, which tapered
into the B10 cone connection, allowed the unreduced catalyst
sample to be loaded and also permitted the admission and
evacuation of gases from the reactor. The pressure in the
reactor (volume = 176 i:l.cm3) was monitored during the

hydrogenation reactions using a mercury manometer. The



Fig. 3.7 Diagram of the Reactor for Static Reduction
of the Calcined Catalysts for Ethene Hydrogenation

B10 Cone Connection

to Vacuum System

K-type Thermocouple
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three-way taps Tl and T2 allowed gas from any of the storage

bulbs to be admitted into the reaction vessel.

The reaction vessel was heated during the reduction
procedure by a tube furnace, the temperature being
controlled by a FGH temperature programmer (model number
P200); the temperature feedback was provided by a K-type
thermocouple located on the inside wall of the tube furnace

at the same level as the base of the reactor.

3.4.1.1 Static Reduction Procedure

An accurately weighed sample (ca. 0.2 g) of a calcined
1 % nickel on silica catalyst (or ca. 0.02 g of a calcined
10 % nickel on silica catalyst) was loaded into the reactor.
The reactor was then attached to the vacuum-system and
evacuated to a pressure of ca. 1075 Torr.

Hydrogen gas was admitted into the evacuated reactor
from storage bulb V1 to a pressure of 100 Torr. The
reactor was then heated from room temperature to 723 K at B
= 5 K min.” 1. wWhen the temperature reached 373 K during
this heating process, the reactor was evacuated and a
further 100 Torr aliquot of hydrogen added. Similar
replacements of the hydrogen atmosphere were made at
temperature intervals of 100 K, thereafter. An additional
100 Torr aliquot of hydrogen was added at 673 K and the
temperature raised to the final reduction temperature.

Once the reactor had reached 723 K, it was evacuated and an
aliquot consisting of 200 Torr of hydrogen admitted. This
hydrogen aliquot was then evacuated after 30 minutes. A

further four changes of hydrogen (each charge at a pressure

of 200 Torr) were made at one hourly intervals with the
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final charge of hydrogen left in the reactor overnight (ca.
16 hours). After this time, the reactor was evacuated for
ca. 30 minutes at 723 K and then allowed to cool under
evacuation to room temperature. This cooling was complete

in about 30 minutes.

3.4.1.2 Ethene Hydrogenation After Static Reduction

Following reduction using the procedure described
above, the reactor was cooled to 273.0 % 0.2 K and the
temperature allowed to equilibrate for ca. 15 minutes. The
reactor was then isolated from the vacuum and approximately
100 Torr of the 2:1 hydrogen:ethene mixture admitted to the
reactor and the pressure noted at various times using the
mercury manometer.

The reaction was allowed to continue, typically for 80
minutes, and then the reactor evacuated for ca. five
minutes. Another 100 Torr sample of the gas mixture was
then admitted and the reaction again monitored by the
pressure change with time. Six reactions were normally
performed using a reduced sample of catalyst without re-
reduction of the catalyst. If the cycle of six
hydrogenation reactions using a particular catalyst was
interrupted, e.g. overnight, then a 200 Torr aliquot of
hydrogen was admitted to the evacuated reactor after the
last reaction had been monitored. The cycle of reactions
was continued the next day by initially removing the added
hydrogen from the reactor by evacuation for 30 minutes at
room temperature. The reactor was then cooled to 273.0 K
before admission of a further aliquot of the hydrogenation

mixture.
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A slight modification of the above procedure was
introduced for the experiments performed using the 1 %
nickel catalysts. A cycle of six ethene hydrogenation
reactions was performed using each reduced catalyst as
before, but in the first hydrogenation reaction only, ca. 2
Torr of [180]—carbon dioxide (MSD isotopes) was added to the
reactor with the 100 Torr aliquot of the hydrogenation gas
mixture. The [1801—carbon dioxide was added to the first
hydrogenation reaction mixture in order to detect if
residual exchangeable oxygen was present on the metal
surface of the catalyst after reduction (see Section 4.3.1
for details). After the reaction time of the first
hydrogenation reaction had elapsed, the gases present in the
reactor were condensed at a temperature of 77 K in the gas
collection system. These gases were then analysed by a
KRATOS MS-12 single focus mass spectrometer. The mass
spectrometric analyses allowed the amounts of [1601-oxygen
exchange by the catalysts to be quantified. The
reproducibility of the mass spectrometric analysis was
investigated by analysing thirteen separate samples of the
"as supplied" standard [180]-carbon dioxide.

A control experiment using an oxidised sample of 1 %
nickel on ICI silica was also performed. In this
experiment, the calcined 1 % nickel on ICI silica catalyst
was reduced in the normal way and the reactor evacuated and
cooled to 273.0 K. After cooling, 724 Torr of dry air was
admitted to the reactor and left for 30 minutes before
evacuation. As in the case of the first hydrogenation
cycles performed using the reduced 1 % nickel on silica

catalysts, an aliquot consisting of 100 Torr of the hydrogen
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and ethene mixture plus 2 Torr of [180]—carbon dioxide was
added to the reactor containing the oxidised catalyst. The
pressure of the gas in the reactor was then monitored over

80 minutes. After this time, the condensable gases were

analysed by mass spectrometry.

3.4.2 Flow Reduction

A schematic diagram of the apparatus used in the flow
reduction and ethene hydrogenation studies is shown in
Figure 3.8. The hydrogen and helium (both supplied by
B.0.C. Ltd.) used in these experiments were purified by
passage through a water trap containing Linde 5A molecular
sieve in series with an oxygen trap containing activated

palladium bronze.

3.4.2.1 Flow Reduction Procedure

An accurately weighed sample (ca. 0.2 g) of a calcined
1 % nickel on silica catalyst (or ca. 0.02 g of a calcined
10 % nickel on silica catalyst) was placed on a glass sinter
situated in an U-tube type Pyrex reactor of similar design
to that of the T.P.R. reactor (Figure 3.2). The reactor
was fitted with a thermocouple well located at the same
level as the sinter. The reaction vessel was heated during
the reduction procedure by a tube furnace, the temperature
being controlled by a FGH temperature programmer (model
number P200); the temperature feedback was provided by a K-
type thermocouple located in the thermocouple well
incorporated in the reactor.

The calcined catalysts were reduced using the standard
flow reduction procedure described in Section 3.3.1(a).

After the three hour reduction period, the reactor was
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flushed with helium for 1.5 hours at a flow rate of 25

cm3min.” 1, whilst the temperature was maintained at 673 K.

3.4.2.2 Ethene Hydrogenation After Flow Reduction

After reduction, the reactor was removed from the
furnace and allowed to cool to room temperature under
flowing helium (ca. 20 minutes). The reactor was further
cooled to 273.0 % 0.2 K and the temperature allowed time to
equilibrate (ca. 15 minutes).

The identical ethene hydrogenation procedure to that
described in Section 3.4.1.2 for the 1 % nickel on silica
catalysts reduced by the static method was employed, i.e.
ca. 100 Torr of a 2:1 hydrogen:ethene mixture plus ca. 2
Torr of [1801-carbon dioxide were added to the evacuated
reactor (volume = 152 ¥ 1 cm3). The change in pressure was
then observed over 80 minutes. After this time, the
condensable gases were collected at a temperature of 77 K in
the gas collection system and analysed by the KRATOS MS-12
single focus mass spectrometer. A single ethene
hydrogenation reaction was performed using each flow-reduced
catalyst in order to determine the initial specific rates of
ethene hydrogenation for the catalysts (see Section 4.3.2).

A control experiment was also performed using an
oxidised sample of 1 % nickel on ICI silica. In this
experiment, the calcined 1 % nickel on ICI silica catalyst
was reduced in the normal way and the reactor evacuated and
cooled to 273.0 K. After cooling, 702 Torr of dry air was
admitted to the reactor and left for 30 minutes prior to
evacuation. The hydrogen, ethene and [1801—carbon dioxide

mixture was then added in the usual way, and the pressure of
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gas in the reactor monitored over 80 minutes. After this
time, the condensable gases were recovered and analysed by

mass spectrometry.



CHAPTER FOUR
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CHAPTER FOUR

RESULTS

4.1 Characterisation of the Unreduced Catalysts

4.1.1 Chemical Compositions, BET Surface Areas and

Porosities of the Catalysts

The nickel loadings of the catalysts were determined by
digestion of the calcined catalysts, separately, in nitric
acid. The nickel (II) nitrate solutions so formed were
analysed by atomic absorption spectrophotometry. The
nickel contents of the catalysts were then determined by
comparison of the experimental data with a calibration curve
constructed from data obtained using standardised nickel (II)
nitrate solutions. The analyses were performed at ICI,
Billingham and the relevant data presented below in Table
4.1. The nitrogen BET and mercury porosimetry data for the
catalysts reported by the Cambridge group (Dr. L. Gladden et
al.) are also shown in this table.

The data presented in Table 4.1 highlight the wide
variations in the BET surface areas (ca. 200 to 400 ng_l)
and porosities of the catalysts (average pore diameters
between 0 and 18.2 nm and pore volumes ranging between 0 and
1.6 cm3g'1). Comparison of the porosity data for both the
non-aqueously and aqueously impregnated CS2040 silica
catalysts with that for the pure CS2040 silica (Section A4,
Appendix A and also Table Bl, Appendix B) reveals that the
non-aqueous impregnation of the silica followed by drying
and calcination caused minimal pore diameter contraction

(from 20.8 to 18.2 nm). In contrast, after drying and
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calcining the aqueously impregnated silica, the average pore

diameter decreased by 50 %.

Table 4.1
Nickel Contents, Nitrogen BET Surface Areas, Average Pore

Diameters and Pore Volumes of the Catalysts

% Ni BET Pore Pore
Catalyst (w/w) | Area Diameter| Volume
m?g™l) | (om) | (cm3g71)
10 % Ni/ICI silica 10.3 n/d2 n/d n/d
10 % Ni/Cab-0-Sil silica 10.9 n/d 0.0 0.0
10 $ Ni/CS1030E silica 10.9 n/d n/d n/d
1 % Ni/ICI silica 1.2 424 4.0 0.4
1 % Ni/Cab-0-Sil silica 1.7 209 0.0 0.0
1 % Ni/CS1030E silica 1.6 290 14.4 1.1
1 % Ni/CS2040 (ag.) silica|l.5 396 10.4 1.2
1 % Ni/CS2040 (non-aq.) 1.4 293 18.2 1.6
silica

a. Not determined.

4.1.2 Temperature Programmed Reduction

Temperature programmed reduction (T.P.R.) experiments
were performed on both the uncalcined and calcined catalysts
according to the procedure described in Section 3.2.1.2.

The T.P.R. profiles obtained showed the hydrogen consumption
of the unreduced catalysts as a function of temperature
during heating at 8 = 5 K min.”! in a flow of 6 % v/v
hydrogen in argon. In all T.P.R. experiments, the samples

were heated to a final temperature of 1023 K.
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4.1.2 (a) T.P.R. - Control Experiments

Control experiments were performed using pure ICI
silica, unsupported nickel oxide and the empty reactors as
described in Section 3.2.1.2. The T.P.R. profile for
unsupported nickel oxide was characterised by two
overlapping hydrogen uptake peaks with maxima (denoted T..)
at temperatures of 596 and 641 K, respectively. The
experiments performed using the empty reactors and pure ICI
silica revealed that, in the absence of nickel species,

there was no measurable uptake of hydrogen during heating.

4.1.2 (b) T.P.R. of the Uncalcined Catalysts

The T.P.R. profiles obtained for the uncalcined
catalysts are shown in Figures 4.1 and 4.2.

Inspection of the results presented in Figure 4.1 and
Table 4.2 reveals that T.P.R. profiles of the uncalcined
10 % nickel on silica catalysts possessed a common structure
consisting of three distinct hydrogen uptake peaks. In all
profiles, the low temperature (L.T.) peak spanned a
characteristically narrow temperature range with T, ., within
the temperature interval 560 ~- 573 K. The subsequent two
peaks occurring at higher temperatures were much broader;
the mid-temperature (M.T.) peak was characterised by a Tmax
value lying in the temperature interval 673 - 717 K, while

Thax for the high temperature (H.T.) peak lay in the

temperature interval 826 -~ 859 K.
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Table 4.2

T Data for T.P.R. Profiles of Uncalcined 10 % Nickel on

max

Silica Catalysts

Uncalcined Tpax (K)
Catalyst -
L.T. M.T. H.T.
Ni/ICI silica 573 717 859
Ni/Cab-0-Sil silica 560 673 826
Ni/CS1030E silica 568 713 853

The data presented in Table 4.3 and Figure 4.2 reveal
that the T.P.R. profiles for the uncalcined 1 % nickel on
silica catalysts were similar to one another and that each
profile consisted of three overlapping hydrogen uptake
peaks. This pattern was exactly analogous to that
described previously for the T.P.R. profiles of the

uncalcined 10 % nickel on silica catalysts.

Table 4.3

T Data for T.P.R. Profiles of Uncalcined 1 % Nickel on

max

Silica Catalysts

Uncalcined Tpmax (K)
Catalyst
L.T. M.T. H.T.
Ni/ICI silica 528 617 745
Ni/Cab-0-Sil silica 546 629 743
Ni/CS1030E silica 544 640 805
Ni/CS2040 (ag.) silica 561 642 736
Ni/CS2040 (non-ag.) silica 551 633 735
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Profiles for all the 1 % nickel on silica catalysts
exhibited a characteristically sharp L.T. peak with T .. in
the temperature interval 528 - 561 K. In addition, a broad
M.T. peak with T ., in the temperature interval 617 - 642 K

and a broad H.T. peak with T .., in the temperature interval

X
735 - 805 K were observed. The T,,x values for the L.T.,
M.T. and H.T. peaks, respectively, occurred at lower
temperatures for the 1 % nickel on silica catalysts relative
to the T,, values for the corresponding peaks for the 10 %

nickel on silica catalysts, the difference in T, ., being

X
greater for the corresponding M.T. and H.T. peaks.
In summary, all T.P.R. profiles for the uncalcined

catalysts were similar regardless of the nickel content or
the silica used as the support. The main points of
similarity were:

i. Each profile conformed to a general pattern consisting of
three overlapping hydrogen uptake peaks;

ii. For catalysts of similar metal content, the T ,, values

X
of either the L.T., M.T. or H.T. peaks were similar;
iii. The L.T., M.T. and H.T. peaks were similar in shape for
all profiles; the L.T. peak spanned a much narrower
temperature range than either of the broader M.T. or H.T.
peaks.

A difference existed between T.P.R. profiles of
uncalcined catalysts with high and low metal loadings: all
the peaks occurred at relatively higher Tmax vValues in
profiles for the 10 % nickel on silica catalysts compared to

corresponding peaks observed for the 1 % nickel on silica

catalysts. This difference in temperature between
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catalysts of different metal content was more prominent for

the M.T. and H.T. peaks.

4.1.2(c) T.P.R. of the Calcined Catalysts

The T.P.R. profiles for the calcined nickel on silica
catalysts are shown in Figures 4.3 and 4.4 and the measured
hydrogen uptake data during T.P.R. summarised in Table 4.4a.
Additionally, for each T.P.R. profile, the hydrogen uptake
per peak (expressed as a percentage of the total hydrogen
uptake) is displayed in Table 4.4b. The L.T. and H.T.
acronyms in this table refer to component peaks of the
T.P.R. profiles with T, ., values at low and high
temperatures, respectively, as described later in this

section.

Table 4.4a

Hydrogen Uptake Data for Calcined Nickel on Silica

Catalysts
Calcined Catalyst Hydrogen Uptake2rP
10 % Ni/ICI silica 15.0 (17.5)
10 % Ni/Cab-0-Sil silica 16.7 (18.96)
10 % Ni/CS1030E silica 12.5 (18.6)
1 % Ni/ICI silica 1.9 (2.0)
1 % Ni/Cab-0-Sil silica 2.1 (2.9)
1 % Ni/CS1030E silica 2.1 (2.7)
1 % Ni/CS2040 (aqg.) silica 1.6 (2.6)
1 % Ni/CS2040 (non-aq.) 1.6 (2.4)
silica

a. Units: moles(g catalyst)'1 x 104.
b. The theoretical hydrogen uptake for 100 % reduction is

given in brackets.
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Table 4.4b

Fractional Hydrogen Uptake Per Identified Peak in the T.P.R.

Profiles for Calcined Nickel on Silica Catalysts

Percent H2
Calcined Uptake Per Peak
Catalyst
L.T. H.T.
10 $ Ni/ICI 53 47
10 % Ni/Cab-0-S8il? 93 7
10 $ Ni/CS1030E® 79 21
1 % Ni/ICI 34 66
1 % Ni/Cab-0-Sil? 72 28
1 % Ni/CS1030E 40 60
1 % Ni/CS2040 (ag.) 100 --
1 $ Ni/CS2040 (non-aq.)P 28 69

a. Shoulder present on low temperature side of L.T. peak.
b. Area of the peak at T, ., = 1000 K accounted for 3 % of
the total hydrogen uptake.

The theoretical hydrogen uptake for each unreduced
catalyst, shown in brackets in Table 4.4a, was calculated on
the basis that the following stoichiometric reaction applies
exclusively to the reduction of the calcined catalysts;

Ni0O + H, —— > Ni + H,0.

Three assumptions were made in using this equation to
calculate the theoretical uptake of hydrogen by an unreduced
calcined nickel on silica catalyst:

i. The support did not adsorb hydrogen directly from the gas
stream (due to impurities etc.);
ii. Hydrogen spillover from the metal to the support did not

occur or was negligible during T.P.R.;
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iii. The only nickel species present in the unreduced
calcined catalysts was nickel(II), e.g. nickel(III) was not
present.

It is evident by inspection of the data presented in
Table 4.4a that, in the majority of cases, total reduction
of the nickel(II) oxide component of the unreduced calcined
catalysts was not achieved during the T.P.R. experiments.

The temperature data for peak maxima observed in the
T.P.R. profiles of the calcined 10 % nickel on silica

catalysts (Figure 4.3) are presented in Table 4.5.

Table 4.5

T Data for T.P.R. Profiles of Calcined 10 % Nickel on

max

Silica Catalysts

Calcined Thax (K)
Catalyst
L.T. H.T.
Ni/ICI silica 650 839
Ni/Cab-0-Sil silica?rb 647 -
Ni/CS1030E silicaP 657 789

a. Small, underlying H.T. peak observed with T .. =
ca. 733 K.
b. Shoulder present on low temperature side of L.T. peak.
No general pattern was evident for the profiles of the

calcined 10 % nickel on silica catalysts, in contrast to the
T.P.R. profiles obtained for the uncalcined catalysts.
Nevertheless, all the profiles shared a common L.T. peak
with T .. values in the temperature range 647 - 657 K. In
addition, the profiles of 10 % nickel on Cab-0-Sil and
CS1030E silicas displayed shoulders on the low temperature

side of their respective L.T. peaks.
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Significant H.T. peaks were also observed in the T.P.R.

profiles of 10 % nickel on ICI silica (Tmax = 839 K) and

CS1030E silica (Tp,, = 789 K), where they were responsible

for 47 % and 21 % of the respective total hydrogen uptakes

observed for these unreduced catalysts. In the profile of

10 % nickel on Cab-0-Sil silica, a relatively small H.T.

peak, 7 % of the total hydrogen uptake, underlaid the much

larger L.T. peak; Tpax = ca. 733 K for the H.T. peak in this

case.

T.P.R. data obtained for the calcined 1 % nickel on

silica catalysts are presented in Table 4.6 and the T.P.R.

profiles shown in Figure 4.4.

T

Table 4.6
max Values for T.P.R. Profiles of Calcined 1 % Nickel on

Silica Catalysts

Calcined Thax (K)
Catalyst
L.T. H.T.
Ni/ICI silica 635 708
Ni/Cab-0-Sil silica® 640 -
Ni/CS1030E silica 620 703
Ni/CS2040 (aqg.) silica 618 -
Ni/CS2040 (non-aq.) silicaP| 603 736

Small, underlying H.T. peak observed with T ., = ca. 734

K. A shoulder was also present on the low temperature
side of the L.T. peak.

Small peak also present with T .. = 1000 K.

The profiles of the calcined 1 % nickel on silica

catalysts were similar to the T.P.R. profiles obtained for

the calcined 10 % nickel on silica catalysts in that no
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general pattern was evident. All the profiles, however,
contained a common L.T. peak with Tp.. values in the
temperature interval 603 - 640 K. The T.P.R. profiles of 1
% nickel on ICI, CS1030E and CS2040 (non-aqg.) silicas also
exhibited large H.T. peaks (greater than 60 % of the total
hydrogen uptake), with T,., values in the temperature
interval 703 - 736 K. Additionally, a small peak (3 % of
the total hydrogen uptake and with T .. = 1000 K) was
present in the T.P.R. profile of 1 % nickel on CS2040 (non-
ag.) silica. The profiles of 1 % nickel on CS2040 (aqg.)
and Cab-0-Sil silicas possessed, respectively, no H.T. peak
and a relatively small H.T. peak (28 % of the total hydrogen
uptake) . The T.P.R. profile of 1 % nickel on Cab-0-Sil
silica also displayed a shoulder on the low temperature side
of the L.T. peak.

In summary, there was no general pattern discernible in
the broad hydrogen uptake peaks observed in the T.P.R.
profiles of the calcined nickel on silica catalysts. All
the T.P.R. profiles shared, however, a common L.T. peak
regardless of either the metal loading or the silica used as
the support. The profiles of 1 % and 10 % nickel on Cab-0-
Sil silica and 10 % nickel on CS1030E silica also displayed
shoulders on the low temperature side of their respective
L.T. peaks. The profiles of 1 % and 10 % nickel on ICI and
CS1030E silicas all possessed relatively large H.T. peaks,
as had the profile of 1 % nickel on CS2040 (non-ag.) silica.
These H.T. peaks generally occurred at higher temperatures
in the T.P.R. profiles of the 10 % nickel on silica

catalysts relative to the 1 % nickel on silica catalysts.
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Based on T.P.R. fingerprinting, the prepared calcined
catalysts can be subdivided into two broad categories:
i. catalysts which had a significant H.T. peak in their
T.P.R. profiles;
ii. catalysts which did not have a H.T. peak or possessed
one of relatively small area in their profiles.

Nickel on ICI, CS1030E and CS2040 (non-aq.) silicas
belonged to group (i), whereas nickel on Cab-0-Sil and

CS2040 (ag.) silicas comprised group (ii).

4.2 Characterisation of the Reduced Catalysts

4.2.1 Carbon Monoxide Chemisorption

4.2.1 (a) Carbon Monoxide Chemisorption in Hydrogen Carrier

Gas

The results of the experiment to determine the T.C.D.
response to varying quantities of carbon monoxide are
plotted in Figure 4.5. In this experiment, the mean of the
detector response for three identical quantities of carbon
monoxide in hydrogen carrier gas was determined for four
distinct amounts of carbon monoxide [see Section 3.3.1(a)].
Figure 4.5 demonstrates that the T.C.D. response to carbon
monoxide was linear in the region investigated. The
detection limit for carbon monoxide in hydrogen carrier gas
was estimated by drawing a best fit straight line through
the calibration points using a least squares method. By
extrapolating this line to zero detector response, the

detection limit for carbon monoxide was estimated to be 3 x

1017 molecules.
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The carbon monoxide chemisorption experiments were
performed as described in Section 3.3.1(a) using a sample of
each calcined catalyst which had been reduced in flowing
hydrogen at 673 K using a standard procedure. After
cooling the sample to 273 K, aliquots of carbon monoxide
were pulsed into the stream of hydrogen carrier gas which
was directed to flow though the reactor. Two adsorption
experiments were performed using separate samples of each
reduced catalyst.

The mass spectrometric analyses performed during the
adsorption experiments on the eluted gases after the initial
carbon monoxide pulses were introduced showed that, for all
catalysts, the only m/e ratio which increased in intensity
(in the region m/e = 0 to 50) was m/e = 28 (carbon
monoxide) . There was no evidence for the formation at
273 K of methane (m/e = 16), water (m/e = 18) or carbon
dioxide (m/e = 44) during the adsorption of carbon monoxide
on the catalysts in a hydrogen carrier gas. Hence, in the
chemisorption experiments, the peak areas detected by the
T.C.D. arose solely from unadsorbed carbon monoxide.

After saturation of each reduced catalyst had been
achieved, i.e. when the respective peak areas for successive
eluted pulses were equivalent (¥ 2.5 %), the peak areas of
the last three eluted pulses of carbon monoxide were
averaged and this value deemed to be equivalent to the
detector response for the number of molecules in each pulse.
By using this value, which was determined separately for
each chemisorption experiment, the detected peak areas for
the eluted pulses were then converted to the numbers of

molecules of carbon monoxide eluted. These calculations
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were straightforward as the amount of carbon monoxide
present in a pulse was directly proportional to the peak
area detected by the T.C.D. (see Figure 4.5, details given
above) . The difference between the number of carbon
monoxide molecules detected in an eluted pulse and the
number of molecules in the original aliquot gave the number
of carbon monoxide molecules retained on the catalyst
surface per pulse.

Adsorption isotherms for each catalyst were obtained by
determining the total cumulative adsorption of carbon
monoxide as a function of the total amount eluted
(representative isotherms for the catalysts are given in
Figures 4.6 to 4.13). For any particular catalyst, the
number of carbon monoxide molecules adsorbed at saturation
coverage under pulse-flow conditions corresponded to the
number of molecules adsorbed in the plateau region of the
adsorption isotherm plotted for the catalyst. The numbers
of carbon monoxide molecules adsorbed at saturation coverage
(expressed per gram of catalyst) are shown in Table 4.7.

The data in Table 4.7 were obtained by averaging the results
of the two experiments performed on separate samples of each
reduced catalyst.

The number of surface nickel atoms present in each
reduced catalyst sample was then calculated on the
assumption that every chemisorbed carbon monoxide molecule
bonded to two surface nickel atoms in a bridging
configuration. As outlined in Section 1.4.1(a), the
experimental evidence provided by other investigators
indicates that carbon monoxide is bound predominantly in

this form. From the numbers of surface nickel atoms
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determined, the dispersions (D), surface weighted average
particle diameters (dg) and nickel surface areas (Syj) of
the catalysts were calculated using equations 1.1 (defined
in Section 1.3.1), 1.6 (Section 1.3.2) and 1.11 (Section
1.3.3), respectively. These parameters are listed below in
Table 4.8 and are in good agreement with the corresponding

parameters obtained by T.E.M. analyses (Section 4.2.2).

Table 4.7
Averaged Carbon Monoxide Chemisorption Data for

Calcined Catalysts Reduced by the Flow Method

Expt. Catalyst Amount of CO
No. Adsorbed®

1 10 $ Ni/ICI 79

2 10 % Ni/Cab-0-Sil 33

3 10 % Ni/CS1030E 42

4 1 % Ni/ICI 6

5 1 % Ni/Cab-0-8il 6

6 1 % Ni/CS1030E 4

7 1 $ Ni/CS2040(aqg.) 4

8 1 % Ni/CS2040 (non-aq.) 30

a. Units: molecules(g cataly.*st)'1 x 10718,

4.2.1(b) Carbon Monoxide Chemisorption in Helium Carrier

Gas
Prior to the chemisorption experiments described in the
previous section, experiments were performed as detailed in
Section 3.3.1(b) using helium as the carrier gas for the
injections of carbon monoxide onto the catalysts. Various

reduction procedures were used and are outlined in Table

3.1, Section 3.3.1(b). Carbon monoxide chemisorption
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experiments were then performed on the reduced calcined

catalysts in a flow of helium carrier gas at 273 K.

Table 4.8
Parameters Derived from Carbon Monoxide Chemisorption Data

For Catalysts Reduced by the Flow Method

Expt. Catalyst D dg Sni
No. (%) | (om) |[m?(g Ni) 7
1 10 % Ni/ICI 15 7 99
2 10 $ Ni/Cab-0-Sil 6 17 40
3 10 % Ni/CS1030E 8 13 51
4 1 % Ni/ICI 9 11 61
5 1 % Ni/Cab-0-Sil 7 14 47
6 1 % Ni/CS1030E 5 22 31
7 1 $ Ni/CS2040 (aq.) 5 20 33
8 1 % Ni/CS2040 (non-aq.) 42 2 283

The only catalyst reduction procedure found to result
in a measurable adsorption of carbon monoxide was that
described in experiment number 2, Table 3.1. In this
experiment, a sample of the unreduced calcined 10 % nickel
on ICI silica catalyst was heated at a constant rate (B = 5
K min._l) to 723 K in a stream of 6 % v/v hydrogen in argon.
Immediately after the final temperature was attained, the
gas stream through the catalyst bed was changed to pure
hydrogen and the temperature maintained at 723 K for a
further two hours. After this time the catalyst was
flushed with helium at 723 K and then cooled under flowing
helium to 273 K. Carbon monoxide was then pulsed through

the catalyst bed using helium as the carrier gas. The
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adsorption isotherm obtained for carbon monoxide
chemisorption on this catalyst, plotted in the identical
manner as described in Section 4.2.1(a), is shown in Figure

4.14.

Fig. 4.14 Cumulative Amount of CO Adsorbed
Versus Cumulative Amount Eluted
10 % Ni on ICI Silica (He Carrier Gas)
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From this adsorption isotherm, the amount of carbon
monoxide adsorbed by the catalyst to give saturation |
coverage under pulse-flow conditions was determined to be
1.1 x 1019 molecules (g cafalyst)'l. From equations 1.1,
1.6 and 1.11 (defined in-Sections 1.3.1, 1.3.2 and 1.3.3,
respectively); D = 2 %, dg = 47 nm and Sy; = 14 m2(g
nickel)"l, respectively. These parameters differ
significantly from those obtained by carbon monoxide
adsorption experiments on the reduced calcined 10 % nickel
on ICI silica catalyst using hydrogen as the carrier gas,

i.e. D =15 %, dg = 7 nm and Sy; = 99 m? (g nickel)—l. The
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adsorption experiment using helium as the carrier gas,
however, was performed using a sample of the 10 % nickel on
ICI silica catalyst reduced under significantly different

reduction conditions.

4.2.2 Transmission Electron Microscopic Analyses

Transmission electron micrographs have been recorded
for all of the reduced 10 % nickel on silica catalysts and
most of the reduced 1 % nickel on silica catalysts. As
described in Section 3.3.2, calcined catalysts were reduced
at 673 K in a flow of pure hydrogen using the identical
procedure to that adopted as standard to reduce catalysts
before the carbon monoxide chemisorption experiments in
hydrogen carrier gas. Following reduction and cooling to
ambient temperature, the reduced catalyst samples were
passivated in a flow of oxygen in nitrogen gas.

Representative portions of typical micrographs recorded
for the passivated catalyst samples are shown in Figures
4.15 to 4.20. In general, the micrographs exhibited a
reasonable contrast between nickel particles and the silica
supports, witﬁ the majority of particles being approximately
spherical in shape. In areas of the supports free from
nickel particles, the granular textures of the silicas were
evident (9).

For the 1 % nickel on CS2040 (aq.) silica catalyst,
the E.D.A.X. microanalysis on a supported particle revealed
the presence of nickel metal (from the particle), silicon
(from the support), oxygen (from the particle and the
support), gold (from the microscope), copper (from the

copper grid) and carbon (from the carbon film covering the



Fig. 4.15
10 % Nickel on ICI Silica

(x 360,000)

Fig. 4.16
10 % Nickel on Cab-0-Sil Silica

(x 300,000)

Fig. 4.17
10 % Nickel on CS1030E silica
(x 360,000)



1l % Nickel on CS2040
(ag.) Silica (x 294,000)

Fig. 4.20
1 % Nickel on CS2040

(non-aq.) Silica (x 360,000)
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copper grid) . No other elements were identified as being
present.

For most catalysts examined by T.E.M., three separate
particle size distributions were determined. If possible,

each particle size distribution was based on one micrograph,
but for some catalysts it was necessary to use two or three
separate micrographs per particle size distribution to
increase the number of particle diameters measured. For
each particle size distribution, the diameters of between
125 to 287 particles were measured and the particle size
distribution plotted in the form of a histogram using 1 nm
size intervals (86). A cumulative particle size
distribution histogram was also plotted for each catalyst
utilising the combined data from the three separate particle
size distributions determined for each catalyst. These
cumulative particle size distribution histograms were found
to be representative of the distribution of particle sizes
in the catalysts as they were similar to their respective
component histograms from which they were derived, i.e. in
each case, the respective particle size distributions for
the three separate areas of each catalyst were similar.
The cumulative particle size distribution histograms are
illustrated in Figures 4.21 to 4.26. The total numbers of
particles measured are also given in the particle size
distribution histograms.

Particle dimensions were evaluated according to the
following criteria:
ie Particular attention was given to particles 1located

around the edges of the support where the difference in
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contrast between the support and nickel particles was
greatest (23);

ii. The particle diameter was readily obtained for
spherically shaped particles by direct measurement (23);
iii. In the case of elliptical or irregularly shaped
particles, the mean of the largest and the smallest
dimensions of the particle was calculated and the result
quoted as the diameter (167).

The surface weighted average diameter (ds) of each
catalyst was calculated by applying expression 1.12 (defined
in Section 1.4.2.) to the cumulative particle size
distribution data. The dg values for the catalysts are
given, together with the respective values of nickel
dispersion (D) and nickel surface area (Sni) - in Table 4.9.
D and Sy; were calculated for each catalyst by rearranging
equations 1.6 (Section 1.3.2) and 1.11 (Section 1.3.3),

respectively.

Table 4.9
Parameters Derived from T.E.M. Data For Catalysts Reduced

by the Flow Method

Catalyst D dg SNi
(%) | (om) |[m?/(g Ni)]

10 % Ni on ICI 16 6 110
10 % Ni on Cab-0-Sil 5 19 36
10 % Ni on CS1030E 11 9 72
1 % Ni on ICI 15 7 100
1 % Ni on CS2040 (aq.) 32 3 210
1 % Ni on CS2040 (non-aq.) 13 8 90

Ebukaw be&m <kmﬂhﬁf‘ guwlﬁkuk ﬁﬂmwﬁuw&&ks on
1% NI on Gb-0-Sk and 1% N en CS10ZoE
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A direct comparison of the data presented in the Table
4.9 can be made with the values for the corresponding
parameters derived from the carbon monoxide chemisorption
experiments listed in Table 4.8 (168). Such a comparison
reveals that excellent agreement existed for data on the 10
% nickel on silica catalysts. The agreement between the
two techniques was less satisfactory for the 1 % nickel on
silica catalysts, notably for the catalysts prepared from
the CS2040 silica. Similar differences between
chemisorption and T.E.M. data can be found for nickel on
silica catalysts in the literature (23, 169) and, in Section
5.1.3, explanations are proposed to why there were
particularly large discrepancies between the two techniques

for catalysts prepared from CS2040 silica.

4.3 Reaction Chemistry

In this section, subsections 4.3.1 and 4.3.2 detail the
results obtained from testing the reduced catalysts by using
ethene hydrogenation as a test reaction. By analysing the
behaviour of the catalysts, it was possible to determine if
any of the catalysts were behaving in an anomalous manner
toward this reaction.

Section 4.3.1 describes the results obtained with
respect to the deactivation behaviour over a series of
hydrogenation reactions of the calcined catalysts reduced by
the static technique (Section 3.4.1.1).

Section 4.3.2 details the results obtained from the
single ethene hydrogenation reactions performed using the
calcined catalysts reduced by the standard reduction

technique in flowing hydrogen (Section 3.4.2.1).
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4.3.1 Catalysts Reduced by the Static Method

The calcined catalysts were reduced at 723 K in the
manner described in Section 3.4.1.1. After reduction and
cooling to 273 K, up to six aliquots of a mixture of
hydrogen and ethene were added successively to a reactor
containing a sample of a reduced 10 % nickel on silica
catalyst; the procedure for the reduced 1 % nickel on silica
catalysts was slightly different, as described below. The
pressure in the reaction vessel was then monitored for ca.
80 minutes after addition of each aliquot. Mass
spectrometric analyses showed ethane to be the only product
of reaction for all catalysts. The observed pressure
change, therefore, after addition of an aliquot of the
hydrogen and ethene mixture to the reactor was solely due to
the consumption of hydrogen to form ethane. Hence the
pressure change in the reactor was used to monitor the
progress of each hydrogenation reaction.

A maximum of six hydrogenation reactions were performed
using a sample of each 10 % nickel on silica catalyst. The
experiments performed are listed in Table 4.10a. The
reproducibility of the data was tested by duplicating two of
the experiments and these are also listed in this table.

A small modification to the experimental procedure was
introduced for the ethene hydrogenation studies performed
using the reduced 1 % nickel on silica catalysts. For the
first hydrogenation reaction performed using each 1 % nickel
on silica catalyst, a relatively small amount of [180]-
carbon dioxide (ca. 1.25 x 1019 molecules) was added to the
reactor with the aliquot of the hydrogen and ethene mixture.

The progress of the reaction was then monitored as before.
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Table 4.10a

Reactions Performed Using 10 % Nickel on Silica Catalysts

Reduced by the Static Method

Initial Rate of
Catalyst Expt.| 1st Hydrogenation
No. Reaction?
Ni/ICI silica 1 3.7
Ni/Cab-0-Sil silical| 2 5.7
Ni/Cab-0-Sil silical| 2aP 1.3
Ni/CS1030E silica 3 6.1
Ni/CS1030E silica 3aP 5.6

a. Units: mol.s.—l(g catalyst)'1 x 10°.

b. Duplicate experiments.

As explained later in this section, mass spectrometric
analysis of the condensable gases after the first
hydrogenation reaction can quantify the amount of oxygen
exchange between any exchangeable residual oxygen
present on the surface of a catalyst and the added [1801—
carbon dioxide. Up to five further hydrogenation reactions
were then performed in the normal way using each catalyst
with no [1801—carbon dioxide added to the reactor. The
experiments performed are listed in Table 4.10b. The
reproducibility of the data was tested by duplicating two of
the experiments and these are also listed in this table.

In addition to listing the experiments performed,
Tables 4.10a and 4.10b show the initial rates of the first
hydrogenation reactions expressed in mol.s.'l(g catalyst)—l.
The initial rate for each reaction was determined by drawing

a tangent to the curve of a f(Pressure) versus time plot at
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time equal to zero; the initial rate was equal to the
gradient of this tangent. This method is illustrated in
Figure 4.27 for the first hydrogenation reaction performed
using 10 % nickel on ICI silica (experiment number 1, Table
4.10a). The initial rate expressed in moles per second per

gram of catalyst was then calculated.

Table 4.10b

Reactions Performed Using 1 % Nickel on Silica Catalysts

Reduced by the Static Method

Initial Rate of
Catalyst Expt.|1lst Hydrogenation
No. Reaction®

Ni/ICI silica 4 0.2
Ni/Cab-0-Sil silica 5 1.2
Ni/Cab-0-Sil silica 5aP 0.5
Ni/CS1030E silica 6 1.7
Ni/CS2040 (ag.) silica 7 0.7
Ni/CS2040 (aq.) silica| 7aP 0.2
Ni/ICI silica(control) 8 0.0

a. Units: mol.s.” l(g catalyst)™1 x 105.

b. Duplicate experiments.

Comparison of the duplicate experiments with their
respective original experiments reveals that, in general,
the reproducibility of the rate data was poor, i.e.
experiment number 2 compared with 2a (Table 4.10a); 5
compared with 5a (Table 4.10b) and 7 compared with 7a (Table
4.10b). In addition, the oxidised 1 % nickel on ICI silica

catalyst used in the control experiment (experiment number
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8, Table 4.10b) was found to be completely inactive for
ethene hydrogenation.

Despite the observed irreproducibility of the results,
valuable information on the deactivation behaviours of the
catalysts can be obtained by considering the experiments
using the more active samples of the catalysts (experiment
numbers 1, 2, 3, 4, 5, 6 and 7). If the initial rates for
successive hydrogenation reactions are plotted against
reaction number for these experiments, it can be seen that
there was a gradual loss of catalytic activity, for all the
catalysts generally, as the series of reactions progressed.
These plots are illustrated for all the catalysts tested in
Figures 4.28 and 4.29. The discontinuities in these
curves, where the initial rate of reaction was faster for an
ensuing reaction relative to that of the preceding reaction,
corresponded with periods when the series of reactions were
interrupted and the catalysts stored under hydrogen, e.qg.
overnight. The dotted lines in Figures 4.28 and 4.29
indicate when a catalyst was stored in such a way between
successive reaction cycles.

As stated previously, during the first hydrogenation
reaction using a reduced 1 % nickel on silica catalyst, a
small amount of [1801—carbon dioxide (ca. 1.25 x 1012
molecules) was added to the reactor with the aliquot of the
hydrogen and ethene mixture. These additions of [180]—
carbon dioxide were made in order to investigate if residual
(and exchangeable) oxygen was present on the surfaces of the
catalysts after reduction. An identical procedure was also
adopted for the sample of oxidised 1 % nickel on ICI silica

used in the control experiment. It has been previously
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shown (163) that residual oxygen present on the metal
surface of a silica-supported metal catalyst undergoes
exchange with [1801—carbon dioxide. In this way, it is
possible to detect and quantify exchangeable residual oxygen
present on silica-supported metal catalysts after reduction.

Mass spectrometric analysis of the condensable gases
recovered on completion of a reaction revealed that, for all
samples, [1601—oxygen exchange had occurred between the
catalysts and gas phase [IBO]-carbon dioxide. The results
for this exchange, expressed in [160]—oxygen atoms (g
catalyst)'l, are given in Table 4.11. Mass spectrometry
also demonstrated that gas phase [1801—carbon dioxide did
not undergo any detectable [1601-oxygen exchange with pure
silica at 273 K. Hence, oxygen exchange only occurred when
nickel was present on the supports.

Table 4.11

Amount of [1601—0xygen Exchange During the First
Hydrogenation Reactions Using Catalysts Reduced by the

Static Method

Catalyst Expt.|No. of [160]-oxygen®
No. Atoms Exchanged
1 % Ni/ICI 4 0.4
1 % Ni/Cab-0-Sil 5 2.3
1 % Ni/Cab-0-Sil 5aP 18.5
1 % Ni/CS1030E 6 3.1
1 % Ni/CS2040 (aq.) 7 34.7
1 % Ni/CS2040 (aq.)| 7aP 7.0
1 $ Ni/ICI (control) 8 23.5

a. Units: [1601-oxygen atoms (g catalyst)'1 x 10718,

b. Duplicate experiments.
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As a check on the ability of mass spectrometry to
accurately quantify the amount of [1601—oxygen in a sample
of [180]-carbon dioxide, the purity of the "as supplied"
[1801—carbon dioxide was determined by mass spectrometry
(details in Section 3.4.1.2). The anélysis established the
purity of the [1801-carbon dioxide to be 97.5 % atom [1801-
oxygen (cf. manufacturer's analysis of 97 % atom [1801—
oxygen) .

Comparison of the original experiments with their
respective duplicates indicates that the reproducibility of
the [1601-oxygen exchange data was poor for catalysts
reduced by the static method. Irreproducibility was also
observed in the initial rate data for ethene hydrogenation
between separate samples of the same catalyst reduced by the

static method (Tables 4.10a and 4.10b).

4.3.2 Catalysts Reduced by the Flow Method

As an alternative method of reduction, the calcined
catalysts were reduced by the standard procedure in flowing
hydrogen gas at 673 K, as described in Section 3.4.2.1. A
single ethene hydrogenation reaction using each reduced
catalyst was then performed by adding an aliquot of a
hydrogen and ethene mixture to the reactor and monitoring
the pressure for 80 minutes. In each reaction, a small
amount of [180]-carbon dioxide (ca. 1.08 x 1012 molecules)
was also added to the reactor with the gas phase mixture of
hydrogen and ethene. The condensable gases were then
recovered and analysed by mass spectrometry after being in
contact with the catalyst throughout the duration of the

reaction. The initial rates, determined by the tangent
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method (described in Section 4.3.1), and expressed in

mol.s.—l(g catalyst)_l, are listed in Table 4.12.

Table 4.12

Hydrogenation Reactions Performed Using Catalysts Reduced by

the Flow Method

Catalyst Expt.|Initial

No. | Rate?
10 % Ni/ICI 1 3.7
10 % Ni/Cab-0-Sil 2 6.5
10 % Ni/Cab-0-Sil 2aP| 7.8
10 % Ni/CS1030E 3 2.6
1 % Ni/ICI 4 3.9
1 % Ni/Cab-0-Sil 5 0.3
1 % Ni/CS1030E 6 0.6
1 % Ni/CS2040 (aq.) 7 0.7
1 % Ni/CS2040 (non-aq.) 8 1.6
1 % Ni/ICI (control) 9 0.0

a. Units: mol.s.'l(g catalyst)'1 x 10°.

b. Duplicate experiment.

The data given in Table 4.12 reveal that, contrary to
the results for the catalysts reduced by the static method,
the flow-reduced catalysts gave more reproducible rate data
(experiment numbers 2 and 2a). Additionally, the oxidised 1
% nickel on ICI silica catalyst (experiment number 9) used
in the control experiment was found to be completely
inactive for the hydrogenation of ethene.

The reaction rates can be directly compared for the

catalysts by additionally calculating the specific rates.
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The specific rate is defined as the rate of reaction per

unit area of metal surface
dissertation, the specific
calculated on the basis of

nickel)-l) determined from

(27,

67,

74) . In this

either the T.E.M.

rates (listed in Table 4.13) were

the Sy; values (expressed in m2(g

analyses or the

carbon monoxide chemisorption experiments (Tables 4.9 and

4.8 in Sections 4.2.2 and 4.2.1(a), respectively).

Table 4.13

Specific Rates of Ethene Hydrogenation Performed Using

Catalysts Reduced by the Flow Method

Expt.|Initial |[Initial
Catalyst No. |Specific|Specific
Rate?'P| Rate2rC
10 % Ni/ICI 1 3.3 3.6
10 % Ni/Cab-0-Sil 2 16.6 14.9
10 % Ni/Cab-0-Sil 2a®| 19.8 17.8
10 % Ni/CS1030E 3 3.3 4.7
1 % Ni/ICI 4 32.4 53.2
1 % Ni/Cab-0-Sil 5 -d 3.9
1 % Ni/CS1030E 6 -d 11.7
1 % Ni/CS2040(aqg.) 7 2.1 13.3
1 % Ni/CS2040(non-aq.) 8 12.6 4.0
1 % Ni/ICI(control) 9 0.0 0.0

a. Units: mol.s.-l(m2 nickel)_1 x 108,

b. Rate based on SNi values calculated from T.E.M. data
(Table 4.9).

c. Rate based on SNi values calculated from carbon monoxide

chemisorption data (Table 4.8).
d. T.E.M. data unavailable.

e. Duplicate experiment.
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As previously stated, in each hydrogenation reaction,

ca. 1.08 x 1012 molecules of [1801—carbon dioxide were added
to the reactor together with the aliquot of the hydrogen and
ethene mixture. Mass spectrometric analyses of the
condensable gases which had been in contact with the
catalysts for 80 minutes revealed that [1601-oxygen exchange
had occurred for all samples. The amounts of [1601—oxygen

exchange are shown for the catalysts in Table 4.1l4a.

Table 4.1l4a

Amount of [1601-oxygen Exchange Expressed per Gram of

Catalyst For Catalysts Reduced by the Flow Method

Expt.| No. of Atoms
Catalyst No. |of [IGO]—oxygen
Exchanged®
10 $ Ni/ICI 1 41.1
10 % Ni/Cab-0-Sil 2 42.6
10 % Ni/Cab-0-Sil 2aP 33.1
10 % Ni/CS1030E 3 44 .4
1 % Ni/ICI 4 8.9
1 % Ni/Cab-0-Sil 5 11.4
1 % Ni/CS1030E 6 2.7
1 % Ni/CS2040 (aq.) 7 3.7
1 % Ni/CS2040 (non-aqg.) 8 5.2
1 $ Ni/ICI (control) 9 15.1

a. Units: [1601-oxygen atoms (g catalyst)™! x 10~18,

b. Duplicate experiment.

Since the metallic surface areas of the flow-reduced

catalysts have been determined, the amount of exchangeable
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[1601—oxygen can also be expressed as a function of the
surface area of nickel. This is shown for the catalysts in

Table 4.14Db.

Table 4.14b

Amount of [1601-oxygen Exchange Expressed per m? of Nickel

For Catalysts Reduced by the Flow Method

No. of2rP|No. ofdrC
16A47_ 1647
Catalyst Expt.| [-°0]-0 [-70]-0
No. Atoms Atoms
Exchanged | Exchanged
10 % Ni/ICI 1 3.6 4.0
10 % Ni/Cab-0-Sil 2 10.9 9.8
10 % Ni/Cab-0-Sil 2a® 8.4 7.6
10 % Ni/CS1030E 3 5.7 8.0
1 $ Ni/ICI 4 7.5 12.2
1 % Ni/Cab-0-Sil 5 -d 14.3
1 % Ni/CS1030E 6 -d 5.5
1 % Ni/CS2040 (ag.) 7 1.2 7.5
1 % Ni/CS2040 (non-aqg.) 8 4.2 1.3
1 % Ni/ICI (control) 9 12.6 20.7

a. Units: [1601—oxygen atoms (m? nickel) ™! x 10718,

b. Exchange data based on Sy; values calculated from T.E.M.
data (Table 4.9).

c. Exchange data based on Sy; values calculated from carbon
monoxide chemisorption data (Table 4.8).

d. T.E.M. data unavailable.

e. Duplicate experiment.

Comparison of both the rate and [1601-oxygen exchange
data between the two duplicate experiments, numbers 2 and

2a, reveals that the data obtained for the catalysts reduced
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by the flow method were more reproducible than those

obtained for the catalysts reduced by the static method.
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CHAPTER FIVE

DISCUSSION

The experimental results detailed in Chapter Four have
been correlated with data generated by the Cambridge and
Surrey research groups and discussed with reference to

previous literature reports.

5.1 The Influence of the Support on the Nature of the

Deposited Nickel Precursor States and the Resultant

Nickel Particles Formed Upon Reduction

In the following two subsections the probable nature of
the nickel metal precursors existing on the supports is
described for the uncalcined and calcined catalysts in their
unreduced states. In Section 5.1.3 a description is given
of how, for the calcined catalysts, the nature of the nickel
metal precursors deposited on the supports affect the
resulting nickel dispersions of the reduced catalysts. A
summary of the above material is presented in Section 5.1.4,
where models for the nature of the supported nickel metal
precursors before and after calcination are proposed. The
types of nickel particles formed after calcination and

subsequent reduction are also discussed.

5.1.1 Uncalcined Catalysts

Examination of the T.P.R. profiles for the uncalcined
catalysts illustrated in Figures 4.1 and 4.2 reveals that,
for all the catalysts, a common pattern consisting of three
peaks was obtained: a sharp L.T. peak followed by two
broader peaks which occurred at somewhat higher temperature

(i.e. the M.T. and H.T. peaks). Comparison of these T.P.R.
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profiles with others reported in the literature is difficult
as the number of T.P.R. studies of uncalcined catalysts is
limited (5, 9, 85, 90, 91). This is probably due to the
interpretation of T.P.R. profiles for silica-supported
nickel salts being further complicated by reduction of the
nickel (II) counter-ion, e.g. nitrate, occurring during
T.P.R. experiments (90, 91). The resultant hydrogen uptake
in a T.P.R. experiment, therefore, is generally higher than
that calculated on the basis of the amount of nickel (II)
cations alone. For example, one mole of nickel nitrate may
require up to nine moles of hydrogen for complete reduction
(28) :

Ni (NO3), + 9H) ——— Ni + 2NH3 + 6H,0.
Other reduction reactions are also possible (28):
Ni (NO3)5, + 2H) ——— > Ni + 2NO, + 2H,0,

The T.P.R. profiles of the uncalcined catalysts
obtained in the present study (Figures 4.1 and 4.2) were
very similar to that obtained for silica-supported nickel
nitrate by Burch and Flambard (5). These workers
associated the large, sharp L.T. peak observed in their
profile (Tpax = 590 K) with the reduction of nickel oxide.

A very broad and poorly resoived peak was also observed with
Tmax = c€a. 700 K. The authors proposed that this peak was
due to the reduction of the same species responsible for the
high temperature peak in the T.P.R. profile of supported
nickel oxide (see Section 5.1.2). Montes et al. (9) did

not hypothesise as to the nature of any specific nickel

species responsible for the reduction peaks in their T.P.R.
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profile obtained for silica-supported nickel nitrate. They
simply noted that the main reduction peak occurred at a
lower temperature than the reduction of bulk nickel oxide.
This feature was also observed in the present study where
the T ., values for the L.T. peaks of the uncalcined
catalysts were in the range 528 - 573 K (cf. unsupported
nickel oxide where T ., = 641 K for the main reduction
peak) .

An explanation as to the nature of the species
responsible for the sharp L.T. peaks obtained in the T.P.R.
profiles can be proposed by considering several studies in
the literature (17, 97, 101). These workers studied the
thermal decomposition of both unsupported and silica-
supported nickel nitrate and found that the process was a
complex multi-stage reaction with steps occurring at wvarious
temperatures. Interestingly, it was found that the
temperatures for all stages of decomposition were
significantly lower for the supported nickel nitrate
relative to the corresponding stages for unsupported nickel
nitrate. Decomposition of the supported nickel nitrate to
form nickel oxide was complete by ca. 573 K (97, 101).

This temperature was very similar to the Tpax values for the

x
L.T. peaks in the T.P.R. profiles of the uncalcined
catalysts and it is proposed that reduction of the
decomposition products of the nitrate ions caused these
uptakes of hydrogen.

The nature of the species responsible for the M.T.
reduction peaks in the T.P.R. profiles, Tmax vValues in the

range 617 - 717 K, is thought to have been nickel oxide

which formed after the decomposition and reduction of the
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nitrate ions. This assignment has been made on the basis
that the temperatures at which the M.T. peaks appeared were
similar to that observed for the reduction of unsupported

nickel oxide (T 641 K, main reduction peak).

max

Moreover, the T, ., values for the M.T. peaks were similar to

b4
the T ., values for the low temperature peaks in the
profiles of the calcined catalysts obtained under identical
T.P.R. conditions; these low temperature peaks were assigned
to the reduction of large particles of nickel oxide (see
Section 5.1.2 for details).

The nature of the species which reduced and caused the
H.T. peaks in the profiles is unclear. It is known (5,
170) that uncalcined catalysts, prepared by the impregnation
of silica with an acidic éolution of nickel nitrate followed
by drying, predominantly consist of crystallites of nickel
nitrate hexahydrate deposited on the silica. In addition,
a small amount of ion-exchange occurs between the nickel (II)
cations and the protons of the silanol groups on the silica
surface. Reduction of such an ion-exchanged species of
nickel could account for the H.T. peaks observed in the
T.P.R. profiles as uncalcined catalysts prepared by ion-
exchange are known to contain metal precursors which are
very resistant to reduction (5, 88).

To summarise, assignments can be made as to the nature
of the species which led to the three reduction peaks
observed in the T.P.R. profiles of the uncalcined catalysts.
These assignments are as follows: the L.T. peak was due to
the reduction of decomposition products of the nitrate ions.
The M.T. peak was due to the reduction of nickel oxide

particles left after the nitrate ions were decomposed and
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reduced. The H.T. peak was due to the reduction of nickel
which had underwent ion-exchange with protons from the
silanol groups on the silica surface. Since all three of
these peaks were common to each T.P.R. profile, independent
of metal loading or silica used as the support, it is
apparent that the uncalcined catalysts in their unreduced
states all contained the same species of nickel metal

precursors in approximately similar proportions.

5.1.2 Calcined Catalysts

In contrast to the T.P.R. profiles obtained for the
uncalcined catalysts (discussed in the previous section),
profiles obtained for the calcined catalysts displayed no
common pattern. Unlike the case of uncalcined catalysts,
however, comparison of the profiles illustrated in Figures
4.3 and 4.4 with similar profiles in the literature is
facilitated by the many T.P.R. experiments reported using
silica-supported nickel oxide samples (9, 85, 90, 91, 97,
100, 101, 171). Many of these studies show very similar
results to those obtained here.

In agreement with a study by Mile et al. (101), it was
observed in the present study that pure silica did not
undergo reduction under the conditions of the T.P.R.
experiments. It was further observed in both the present
study and many other studies (9, 18, 85, 90, 91, 93 - 98,
100, 101, 171) that unsupported nickel oxide undergoes
reduction when heated at a constant rate in hydrogen at a
substantially lower temperature and within a much narrower
temperature range than silica-supported nickel oxide. The

T.P.R. profile of unsupported nickel oxide obtained in the
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current study consisted of a shoulder (Tp,, = 596 K) on the
low temperature side of the major nickel oxide reduction

peak (T = 641 K). Similar shoulders have been observed

max
in T.P.R. profiles of both unsupported and silica-supported
nickel oxide and have been attributed to the reduction of
traces of nickel (III) oxide in the nickel (II) oxide (97,
101, 171), although it is not known whether the peak is due
to the partial reduction of nickel (III) to give nickel (II)
or complete reduction to nickel (0) (171). The relative
size of this peak has been shown to vary widely between
different samples of unsupported or supported nickel (II)
oxide and is sometimes absent from the profile altogether
(97, 101, 171), although its occurrence or non-occurrence
does not affect the rest of the profile. Hence the
shoulders observed on the low temperature side of the L.T.
peaks in the T.P.R. profiles of the unsupported nickel
oxide, the calcined nickel on Cab-0-Sil silica catalysts and
the calcined 10 % nickel on CS1030E silica catalyst are
assigned to the reduction of small amounts of nickel (III)
oxide. As mentioned above, the absence of this peak in the
other T.P.R. profiles was not significant.

All the profiles possessed common L.T. peaks, with Tnax
values in the range 603 - 657 K, similar to those observed
by Mile and co-workers (97, 101, 171) and others (9, 100)
and attributed by them to the reduction of large particles
of nickel oxide with little or no interaction with the
support (hereafter known as the L.T. species). This
assignation of the L.T. species is further substantiated by

the similarity of the T, .. values of the L.T. peaks to that
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of 641 K observed for the reduction of unsupported nickel
oxide.

The assignation of the species responsible for the
significant H.T. peaks (hereafter referred to as the H.T.
species) observed in the profiles of the calcined nickel on
ICI, CS1030E and CS2040 (non-aq.) silica catalysts is more
problematic. No obvious correlation existed between the
amount of the H.T. species present in the unreduced calcined
catalysts (Table 4.4b) with either the BET surface areas,
the average pore diameters or the pore volumes of the
catalysts (listed in Table 4.1, Section 4.1.1). Similar
H.T. peaks have also been observed in many other studies on
silica-supported nickel oxide samples (9, 90, 97, 100, 101,
171) .

Two models have been proposed in the literature to
describe the nature of the species whose reduction is
responsible for the H.T. peaks. The first model, referred
to as the two-particle size model, has been proposed by
several researchers to explain observations that a portion
of silica-supported nickel oxide is of low relative
reducibility (18, 88, 172). The model proposed in these
studies is that an unreduced calcined catalyst consists of
two sizes of nickel oxide particles. The larger particles
of nickel oxide (the L.T. species) undergo reduction at a
low temperature similar to bulk nickel oxide, whereas the
smaller particles (the H.T. species) undergo reduction at
substantially higher temperatures. As previously discussed
in Section 1.5.1, Roman and Delmon (18) attributed the
decrease in reducibility to the lack of nucleation sites for

nickel oxide reduction on the smaller particles. This



111
model can also explain the lack of X.R.D. evidence for the
presence of bulk nickel hydrosilicate (11, 18, 88, 99 -
101), which some investigators have proposed to be the H.T.
species (see below). However, the possibility that a very
small proportion of the supported nickel in silica-supported
nickel oxide is in the form of thin layers of amorphous
nickel hydrosilicate on the surface of the support cannot be
dismissed. In fact, Roman and Delmon (18) remarked that a
small proportion of the supported nickel in their calcined
18.9 % nickel on silica catalyst, which was prepared by
impregnation, was "unreducible" under the reduction
conditions used in their study. They suggested that this
small amount of nickel was in the form of amorphous nickel
hydrosilicate.

The second model commonly advanced to account for the
H.T. peak is that it is the result of the reduction of
nickel hydrosilicate. It is well known that unreduced
catalysts prepared by co-precipitation, deposition-
precipitation and ion-exchange methods contain an often
sizable proportion of nickel hydrosilicate which reduces
only at high temperature (5, 6, 8 - 10, 72, 85, 88, 95, 103,
104). Little direct evidence exists, however, for the
presence of nickel hydrosilicate in unreduced catalysts
prepared by impregnation. Certainly, in the present study,
T.E.M. analyses of the reduced catalysts provided no
evidence for the presence of layers of nickel hydrosilicate
on the surfaces of the supports. Such layers of nickel
hydrosilicate have been detected by T.E.M. for both reduced
and unreduced catalysts prepared by deposition-precipitation

(9, 10). A further argument against nickel hydrosilicate
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being the species whose reduction was responsible for the
H.T. peak is supplied by Mile and co-workers (101, 171).
They observed that under the T.P.R. conditions used in their
studies, prepared nickel hydrosilicate began to reduce
slowly at temperatures exceeding ca. 823 K, whereas the H.T.
species observed in their T.P.R. profiles of nickel oxide on
silica was completely reduced by 823 K.

A third model to describe the nature of the H.T.
species is suggested by this work. This model is based on
the interaction of supported nickel oxide with the
fundamental structure of the silica support. It is
therefore necessary initially to consider the nature of the
supports themselves.

As discussed in Appendix B, the Cambridge group has
characterised the pure silica supports by neutron
diffraction and 29si MAS NMR spectroscopy - and also the
reduced 1 % nickel on ICI silica catalyst by small angle
neutron scattering (S.A.N.S.). The characterisation
studies revealed that the silica supports consisted of
varying populations of cyclic species, containing from three
to ten silicon atoms plus an equal number of associated
bridging oxygen atoms. The distribution of the high energy
(strained) three-fold siloxane rings, i.e. rings containing
three [Si-0-] units, varied significantly between the
different silicas.

Figure 5.1 shows a structural diagram of a three-fold
siloxane ring displaying a strained Si-0-Si bond angle of
137° [cf. 145 - 147° for a typically unstrained Si-0-Si bond
angle in silica (161)]. These three-fold siloxane rings

contribute the majority of the metastable energy within
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silica structures (161, 173) and hence silicas which contain
a large proportion of these rings in their structures are

high in metastable energy.

s
Si
Figure 5.1 ”,/”’ fs\\\\\
0 137° 0
A Three-fold Siloxane
Ring
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The distributions of three-fold siloxane rings in the
supports, quantified by the neutron diffraction experiments,
are shown in Table 5.1 (see Appendix B for details on the
diffraction experiments). The data in Table 5.1 were
calculated by assuming that all the three-fold siloxane
rings within the silica networks were at the surface, an
assumption known to be valid (174). Lineshape analyses of
the 29si MAS NMR spectra recorded for the silicas also agree
qualitatively with the determined distributions of the
three-fold siloxane rings (ref. 161 and Appendix B).

From the results listed below in Table 5.1 it can be
seen that the metastable energies of the supports descended
in the order ICI silica > CS2040 (non-aq.) silica > CS2040
(ag.) silica > Cab-0-Sil silica. Considering now the
T.P.R. experiments, it was shown that the calcined nickel on
ICI and CS2040 (non-aqg.) silica catalysts contained
significant amounts of the H.T. nickel species whereas the
calcined nickel on Cab-0-Sil and CS2040 (ag.) silica
catalysts contained only small amounts of the H.T. species.
Hence, calcined catalysts prepared from silicas with high

metastable energies, i.e. large proportions of three-fold



114
siloxane rings in their structures, contained significant

amounts of the H.T. nickel species.

Table 5.1
The Distribution of Three-fold Siloxane Rings on the

Surfaces of the Supports

Support? % Three-fold
Siloxane Rings
ICI 40 - 50
Cab-0-8il 0 -5
CS2040 (non-aq.)P 30 - 35
CsS2040 (aq.)© < 20

a. No data available on CS1030E silica.
b. Before treatment in water.

c. After treatment in water.

It is reasonable to suggest that an interaction
occurred in a calcined catalyst between a portion of the
supported nickel oxide and the three-fold siloxane rings on
the surface of the support to form the H.T. nickel species;
three-fold siloxane rings are highly strained and so
relatively unstable (173). Calcined catalysts prepared
from supports with large proportions of three-fold siloxane
rings would therefore contain large amounts of the H.T.
species as was observed. The interaction between the
nickel oxide and the three-fold siloxane rings would have
probably released the strain energy of the silica to form an
unique nickel environment giving rise to the H.T. reduction
peak. A suggested mechanism by which nickel oxide could
interact with a three-fold siloxane ring to release strain

energy is illustrated in Figure 5.2.
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Figure 5.2 Possible Interaction Between Nickel Oxide and a

Three-fold Siloxane Ring

In this proposed model one (or more) Ni-O units insert
into a three-fold siloxane ring thereby releasing the strain
energy. The inclusion of a metal-oxygen unit into a
siloxane ring has already been demonstrated for aluminium
(175) .

A process involving ring opening such as the one
proposed in Figure 5.2 is likely to be an activated process
since a Si-O bond must be broken to allow insertion. Any
ring opening process would, therefore, be liable to occur
during, but not before, calcination as this was when the
catalysts were subjected to the highest temperature (723 K).
Mile et al. (171) noted that calcination led to the
formation of very strong interactions between supported
nickel oxide and silica leading to particles which were
virtually immobile and possibly anchored to the support.

The ring species formed by insertion of a Ni-O unit or
units could have then acted as nucleation centres for
further growth of nickel oxide particles on the surface of
the silica during calcination. These particles would be
anchored to the support and would be expected to be
thermally stable toward sintering as described by Mile et
al. (171). As discussed below, these particles may behave

differently with respect to reduction compared to nickel
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oxide particles which were simply deposited on the silica
surface (i.e. the L.T. species).

Further evidence that certain specific sites on the
support may be responsible for the formation of the H.T.
species can be found in the studies of Mile and co-workers
(101, 171). In these studies it was discovered that a
thirty-fold increase in the nickel loading on Gasil 35
silica resulted in an over forty-fold increase in the amount
of the L.T. species of nickel in the calcined catalyst. In
contrast, only a very modest increase (approximately two-
fold) in the amount of the H.T. species occurred. This
indicated that there were specific sites on the support
which interacted with nickel to form the H.T. species and
that the number of these sites was limited. This would be
the case if the sites were three-fold siloxane rings on the
surface of the silica.

The above phenomenon was also observed in the present
study where the relative proportion of the H.T. to the L.T.
peak was higher, in all cases, for the calcined 1 % nickel
on silica catalysts compared to the calcined 10 % nickel on
silica catalysts prepared from the same silica (Tables 4.4b
and 5.2). The data in Table 5.2, below, clearly show that
while the increase in the size of the L.T. peak was
proportionate with the increase in metal loading for all the
supports, the increase in the size of the H.T. peak was
significantly smaller than the total increase in the metal
loading. The LT;5 and HT;, designations in this table
refer to the amounts of hydrogen taken up by the L.T. and
H.T. species in the calcined 10 % nickel on silica

catalysts, respectively. Similarly, LT, and HT; refer to
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the hydrogen uptakes for the various species in the calcined

1 % nickel on silica catalysts.

Table 5.2
Relative Increases in Hydrogen Uptake by the L.T. and H.T.

Species on Increasing the Nickel Loading on the Supports

Actual Ratio of Peaks
Calcined Hydrogen Uptake?| for the Supports
Catalyst LT Peak|HT Peak LTy /LT, |HTqo/HT
10 % Ni/ICI 8.0 7.0
12.3 5.6
1 % Ni/ICI 0.6 1.3
10 % Ni/Cab-0-S8Sil 15.6 1.2
10.3 2.0
1 % Ni/Cab-0-Sil 1.5 0.6
10 % Ni/CS1030E 9.9 2.6
11.8 2.1
1 % Ni/CS1030E 0.8 1.3

a. Units: moles(g catalyst)'1 x 104.

The data in Table 5.2 also show that the relative
increase in the size of the H.T. peak was larger on
increasing the metal loading on the ICI silica than on
either the CS1030E or Cab-0-Sil silicas. This indicated
that there were relatively more sites available on the
surface of the ICI silica for interacting with the nickel to
produce the H.T. species. This is consistent with the
neutron diffraction analyses of the silicas, Table 5.1,
where a higher proportion of three-fold siloxane rings were
shown to exist on the surface of the ICI silica.

Considering now the calcined catalysts prepared from
the CS2040 silica, it can be seen from the data in Table 5.1

that, after treatment in water, the proportion of three-fold
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siloxane rings in the water-unstable CS2040 silica was
decreased considerably. The surface morphology of this
silica was also radically altered after exposure to water
(e.g. the average pore diameter decreased from 20.8 to 11.5
nm, see Table Bl, Appendix B). Hence, there was no
significant H.T. peak observed in the T.P.R. profile of the
calcined catalyst prepared using this silica by the aqueous
impregnation method (Figure 4.4). In contrast, the
calcined catalyst prepared by non-aqueous impregnation of
the CS2040 silica, a preparative method which maintains the
high energy surface of the support (176), displayed a large
H.T. peak in its T.P.R. profile (Figure 4.4). A peak
occurring at a very high temperature was also observed in
this profile (T ,, = 1000 K). The reduction of the species
responsible for this peak began at a temperature of ca. 900
K, which was similar to the temperature of greater than 823
K determined by Mile and co-workers (101, 171) to be
required for the initiation of reduction of bulk nickel
hydrosilicate. For this particular unreduced catalyst,
therefore, it was possible that a small amount of the
supported nickel was in the form of nickel hydrosilicate
(ca. 3 % of the nickel as determined by T.P.R. - Section
4.1.2(c), Table 4.4Db). Hence this calcined catalyst
displayed a spectrum of nickel metal precursor interaction
with the support: the L.T. species which interacted only
weakly or not at all with the support, the H.T. species
which interacted in an intermediary manner with the support
and the probable nickel hydrosilicate species which
interacted strongly with the support. This finding is in

agreement with the observation of Roman and Delmon (18) and
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other workers (88) that three types of nickel metal
precursor can be present in silica-supported nickel oxide
samples prepared by impregnation, each type behaving
differently with respect to reduction.

The observation that only nickel oxide is usually
detected in unreduced calcined catalysts prepared by
impregnation (9, 11, 17, 18, 85, 88, 89, 96, 97, 99, 100,
101) can be explained by the ring insertion model. The
amount of nickel incorporated into the three-fold siloxane
rings would be very limited and in a non-crystalline form
and would, therefore, be invisible to techniques such as
X.R.D. Therefore, only the nickel oxide particles of the
L.T. and H.T. species would be detected. Furthermore, the
presence of nickel hydrosilicate is limited to unreduced
catalysts prepared by specific methods, e.g. co-
precipitation or possibly the non-aqueous impregnation of
CS2040 silica as demonstrated in this study, but as a
general rule it is not present in unreduced catalysts
prepared by impregnation. Even where nickel hydrosilicate
may be present, e.g. in the exceptional case of the calcined
nickel on CS2040 (non-ag.) silica catalyst, techniques such
as X.R.D. may still not detect its presence. Mile et al.
(101) stated that if the amount of nickel hydrosilicate in a
catalyst is very small and present in thin amorphous layers
on the support surface, then well defined X.R.D. reflections
for this compound will be absent.

The ring insertion model for the nature of the H.T.
species also accounts for some observations in the
literature. Increasing the temperature and/or the time of

the calcination stage increases the relative proportion of
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the H.T. species to the L.T. species as determined by T.P.R.
(97, 101, 171). This observation can be accounted for by
considering that a longer or a higher temperature
calcination stage would promote the reaction of nickel oxide
with three-fold siloxane rings. Under more severe
calcination conditions, the number of three-fold siloxane
ring sites would also be increased in the support as it is
known (160, 174, 175, 177) that three-fold siloxane rings
can be formed during heat treatment of silica by the
endothermic (174) condensation of vicinal silanol groups
(see Figure 5.3). Both the promotion of the nickel oxide
reaction with the three-fold siloxane rings and the
increased proportion of these rings in the silica would lead
to the observed increase in the amount of the H.T. species

in the calcined catalyst.
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Figure 5.3 Condensation of Vicinal Silanol Groups to Form a

Three-fold Siloxane Ring.

Direct evidence substantiating the hypothesis of Ni-O
unit insertion into three-fold siloxane rings to form the
H.T. species has been provided by the Cambridge group using
295i MAS NMR spectroscopy (178). Experiments were
performed on two 1 % nickel on silica catalysts; nickel on

ICI silica and nickel on Cab-0-Sil silica. These catalysts
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were prepared by reducing the relevant calcined catalysts at
723 K. The reduced catalysts were then analysed by 29g;
MAS NMR spectroscopy. A signal at a chemical shift
(relative to TMS) of ca. -114 ppm was detected for the
nickel on ICI silica (cf. ca. -110 ppm in pure silica).

The position of this signal was indicative of a Si-O-Ni
bonding arrangement which would be expected to be present if
the proposed nature of the H.T. species was correct.

Reduction of the nickel oxide moieties contained in a
three-fold siloxane ring to &ield nickel metal plus a
reformed three~-fold siloxane ring would be energetically
unfavourable as a three-fold siloxane ring is of very high
energy. It was, therefore, likely that the Ni-O inserted
ring structures remained intact while the attached nickel
oxide particles underwent reduction and hence the NMR signal
indicating the Si-0-Ni bond was detected in the reduced
catalyst (178). No equivalent signal was detected for the
reduced nickel on Cab-0-Sil silica catalyst and hence little
or no Si-O-Ni bonding arrangements were present in this
catalyst.

As well as increasing the proportion of the H.T.
species in calcined catalysts, increasing the temperature of
the calcination stage promotes better nickel dispersion in
reduced catalysts (101, 171). The diminution in the
resultant nickel particle size of the reduced catalyst
combined with the increase in the amount of the H.T. species
present in the calcined catalyst suggests that the H.T.
nickel species was in the form of small particles. This is
because nickel particles are generally similar in size to

the nickel oxide particles from which they are derived upon
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reduction under moderate conditions (29). Considering
these small particles to be nickel oxide which had nucleated
on the Ni-O inserted three-fold siloxane rings, the
explanation suggested by Roman and Delmon (18) for a form of
nickel oxide which is unusually difficult to reduce could be
applicable, i.e. small particles of nickel oxide are more
difficult to reduce because nucleation sites for reduction
are limited by either:

i. the nickel oxide domains being too thin or;
ii. the absence of suitable special nucleus forming sites.
The dispersion of nickel on a silica support may thus
be governed by the energetics of the support, i.e. the
amount of three-fold siloxane rings within the silica
network, and not, for example, the BET surface area of the
support. In fact, a significant decrease in nickel
dispersion is not generally observed when a catalyst is
prepared from a relatively low surface area silica compared
to one prepared from a high surface area silica (95).
Further evidence as to the size and nature of particles
of the L.T. and H.T. species was provided by the sintering
study performed by the Cambridge group using reduced nickel
on ICI silica (details in Appendix B). Samples of the
calcined 1 % nickel on ICI silica catalyst were reduced at
723 K and then further heated in flowing hydrogen at
temperatures ranging from 723 - 1223 K. During heating the
nickel particle sizes of the samples were determined by
S.A.N.S. Analyses of the S.A.N.S. data suggested that a
bimodal distribution of nickel particle sizes (1 - 2 nm and
20 - 40 nm diameters) existed for this catalyst with the

smaller particles resistant to sintering up to ca. 1023 K.
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The larger particles were free to migrate on the surface at
all temperatures studied. This suggests that the thermally
stable smaller particles were anchored to the support and
the proposed ring insertion model for the H.T. species could
account for this. It was probable that the two types of
nickel particle identified by S.A.N.S. as being present in
this particular catalyst were each formed by the reduction
of either the L.T. or H.T. species of nickel oxide contained
in the calcined catalyst. Upon reduction of a nickel oxide
particle associated with a Ni-O inserted ring species, the
inserted nickel oxide moiety or moieties would have served
as an anchorage point for the newly-formed nickel particle.
Thus, reduction of the H.T. species of nickel oxide probably
gave the small, thermally stable nickel particles. On the
other hand, reduction of the L.T. species of nickel oxide,
which was not anchored to the support, gave the larger,
thermally unstable nickel particles.

Some interesting observations which seem to further
substantiate the proposed nature of the H.T. species were
made by Guo, Arai and Nishiyama (84). They found that
precalcination of a silica support at temperatures between
673 and 1123 K before aqueous impregnation of the support
with a nickel nitrate solution greatly improved the
resulting nickel dispersion in the reduced catalyst; the
maximal nickel dispersion was achieved when catalysts were
prepared from supports which were precalcined at
temperatures between 923 and 1023 K. Guo et al. also found
that rehydration of a heat treated support by immersion in
water at 343 K for several days before impregnation

decreased the resultant nickel dispersion. T.E.M. analyses
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showed that after calcination of the samples of supported
nickel nitrate prepared from heat treated supports, the
particles of nickel oxide were better dispersed than those
particles for calcined catalysts prepared from the support
without heat treatment.

The phenomena observed by Guo et al. are readily
explicable by the concentration of three-fold siloxane rings
being increased by thermal treatment of the silica as
discussed earlier. The Cambridge group found that the
maximum number of three-fold siloxane rings were formed on
the supports after dehydroxylation at ca. 923 K (Appendix
B); this temperature was comparable to the support
precalcination temperatures (923 - 1023 K) discovered by Guo
et al. (84) to maximise the resultant nickel dispersions for
catalysts prepared from thermally treated supports. Upon
impregnation and calcination, therefore, a larger proportion
of the H.T. species of nickel oxide was formed for catalysts
prepared from heat treated supports relative to those
prepared from the untreated silica support. Thus the
average nickel oxide particle size was observed to be
smaller by T.E.M. and the resultant nickel dispersion
increased for reduced catalysts prepared using precalcined
supports.

Guo et al. also observed that the resultant nickel
dispersion of a reduced catalyst prepared from a rehydrated
heat treated support was reduced relative to a catalyst
prepared from a support that had only been heat treated.
Rehydrating a heat treated support before impregnation would
reverse the reaction illustrated in Figure 5.3. In

consequence, the concentration of three-fold siloxane rings
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on the surface of the support would be decreased and hence
the amount of the H.T. species ultimately formed would be
diminished. Accordingly, upon reduction, the nickel
dispersion was found to be less for a catalyst prepared from
a rehydrated heat treated support relative to catalysts
prepared from supports that had only been heat treated.

The question which now needs to be addressed is why the
nickel oxide particles associated with the H.T. species were
apparently smaller than the nickel oxide particles of the
L.T. species. To do this it is necessary to consider the
processes that occurred during each stage of preparation of
the calcined catalysts, i.e. the impregnation, drying and
calcination stages.

As previously stated in Section 5.1.1, an uncalcined
catalyst in the unreduced state, prepared by impregnation of
a silica with an acidic solution of nickel nitrate followed
by drying, consists predominantly of crystallites of nickel
nitrate hexahydrate deposited on the surface of the support.
A small amount of ion-exchange may also occur between
nickel (II) ions and surface silanol groups. The
calcination stage, performed in the present study at a
temperature of 723 K, then completely decomposes the nickel
nitrate crystallites to nickel oxide (thermal decomposition
of silica-supported nickel nitrate is complete by ca. 573 K
- Section 5.1.1).

Two explanations can be invoked to account for the
dispersion of nickel oxide particles after the calcination
stage:

Firstly, it is known that during thermal decomposition

of crystallites of supported nickel nitrate hexahydrate, the
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crystallites liquefy by dissolution in their own water of
crystallisation (9, 97). A similar argument to the idea of
dynamic wettability of the support proposed by Guo et al.
(84) can then be applied. It is proposed that droplets of
this semi-decomposed hydrated nickel nitrate were more
easily split or shrunk on more hydrophobic silica surfaces.
Silicas with large distributions of three-fold siloxane
rings on their surfaces are relatively hydrophobic in nature
(160) due to lack of silanol groups. Hence predominantly
small droplets of liquid will have formed on such
hydrophobic surfaces before insertion of nickel oxide
moieties into the siloxane rings. Small nickel oxide
particles would have been formed upon complete decomposition
of these droplets with the main nucleation sites for nickel
oxide growth being nickel oxide moieties inserted into
three-fold siloxane rings on the silica surface, i.e. the
H.T. species. Consequently, a high degree of nickel oxide
dispersion was achieved.

For less hydrophobic surfaces, i.e. silicas with a
small proportion of three-fold siloxane rings, mainly large
droplets of liquid will have formed giving rise to large
particles of nickel oxide. These particles simply nucleate
as the liquid dries and have no interaction with the support
(10), i.e. the L.T. species.

Secondly, an alternative explanation is that during
decomposition of the nickel nitrate crystallites, nickel
oxide particle nucleation was initiated on the surface of
the support. Additional decomposition then led to further
particle growth on the nucleation sites. Particles which

had grown on nickel oxide moieties incorporated into three-
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fold siloxane rings, i.e. H.T. species, would be immobile
and so the particle size would depend only on the amount of
nickel oxide deposited from the decomposing nickel nitrate.
In the case of nickel oxide particles which had no anchorage
point on the surface, i.e. L.T. species, further particle
growth may have occurred through a process of sintering (28,
89, 95, 96, 171) as well as further deposition of nickel
oxide from the decomposing nickel nitrate. Hence the L.T.
species consisted of larger particles of nickel oxide
relative to the H.T. species.

To summarise, in this study four different nickel
species with differing reducibilities have been identified.
The first nickel metal precursor reduced at low temperature
and was, on the basis of literature evidence, a small amount
of nickel (III) oxide in the supported nickel (II) oxide.

The second metal precursor, the L.T. species, reduced at a
slightly higher temperature and has been identified as large
particles of nickel oxide with little or no interaction with
the support. The third metal precursor, the H.T. species,
is proposed to have been small and difficult-to-reduce
particles of nickel oxide which were anchored to the support
via an interaction with the strained three-fold siloxane
rings on the silica surface. The fourth species appears to
be very exceptional and its presence limited to only one of
the unreduced catalysts prepared in this study. This
species is proposed to have been nickel hydrosilicate, as
its temperature of reduction was similar to that of

synthesised nickel hydrosilicate.
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5.1.3 The Influence of the Support on the Average Nickel

Particle Size

The observation that the H.T. species was probably
nickel oxide in the form of small, sinter-resistant
particles anchored to the support implies that reduction of
a calcined catalyst with a higher proportion of this species
will give a catalyst with a smaller average particle size
than reduction of a calcined catalyst with a lower
proportion. In Table 5.3 the proportions of the hydrogen
uptakes (expressed as percentages) due to the reduction of
the H.T. species in the calcined catalysts during T.P.R. are
contrasted with the determined dg values for the reduced

catalysts.

Table 5.3
Comparison of the dg Values of the Reduced Catalysts with
Hydrogen Uptakes due to the Reduction of the H.T. Species

During T.P.R. of the Calcined Catalysts

Calcined % Hy, Uptake by dg
Catalyst H.T. Species? (nm) P

10 % Ni/ICI 47 7

10 $ Ni/Cab-0-Sil 7 17

1 % Ni/ICI 66 11

1 % Ni/Cab-0-Sil 28 14

1 % Ni/CS2040 (aq.) 0 20

1 % Ni/CS2040 (non-aqg.) 69 2

a. Determined by T.P.R. of the calcined catalysts.

b. Determined by carbon monoxide chemisorption for the
catalysts reduced at 673 K under a flow of hydrogen using
the standard conditions [Section 3.3.1(a)].
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The average nickel particle sizes determined by carbon
monoxide chemisorption for the catalysts reduced using the
standard conditions demonstrated that, for the 10 % nickel
on silica catalysts, reduction of a calcined catalyst with a
greater proportion of the H.T. species did indeed lead to a
reduced catalyst with a smaller average particle size. The
average nickel particle sizes increased in the order
nickel/ICI silica < nickel/Cab-0-Sil silica, while the
proportion of the H.T. species in the unreduced calcined
catalysts was greater for the nickel oxide on ICI silica
than for the nickel oxide on Cab-0-Sil silica.

Considering now the reduced 1 % nickel on silica
catalysts, the average particle sizes, based on carbon
monoxide chemisorption, increased in the order nickel/CS2040
(non-aqg.) silica < nickel/ICI silica < nickel/Cab-0-Sil
silica < nickel/CSéO40 (ag.) silica. The proportions of
the H.T. species in the unreduced calcined catalysts were
found to decrease in the order nickel oxide/CS2040 (non-aqg.)
silica > nickel oxide/ICI silica > nickel oxide/Cab-0-Sil
silica > nickel oxide/CS2040 (aqg.) silica. Thus, for
catalysts with either 1 % or 10 % nickel loading, the
average particle sizes of the reduced catalysts decreased as
the proportions of the H.T. species increased in the
unreduced calcined catalysts. It should be noted that the
reduced 1 % nickel on CS2040 (ag.) silica catalyst probably
had a much smaller actual average particle size than that
determined by the chemisorption experiment. As discussed
below this catalyst may represent a special case.

The results of Mile et al. (101) also clearly

demonstrated a relationship between the proportion of the
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H.T. species in an unreduced calcined catalyst and the
average nickel particle size upon catalyst reduction.

The dg values obtained in the present study by T.E.M.
analyses of the reduced and passivated catalysts (Table 4.9,
Section 4.2.2) followed the same order for the 10 % nickel
on silica catalysts as described above. For the 1 % nickel
on silica catalysts, the ascending order of the dg values
for the catalysts was nickel/CS2040 (ag.) silica <
nickel/Cs2040 (non-aq.) silica = nickel/ICI silica (the dg
value for the 1 % nickel on Cab-0-Sil silica catalyst was
not determined). There were, however, large discrepancies
between the dg values determined by carbon monoxide
chemisorption and T.E.M. analyses for the two catalysts
prepared from the CS2040 silica. Possible explanations for
these discrepancies are given later in this section.

As stated earlier, it was probable that the reduced
catalysts contained two types of nickel particle, each
derived from one of the two species of nickel oxide in the
unreduced calcined catalysts. By analysing the particie
size distributions obtained by T.E.M. for the reduced
catalysts, it should be possible to identify these particles
as the two types of particle widely varied in their sizes.
Catalysts prepared by reducing calcined catalysts which
contained large proportions of the L.T. species would be
expected to contain large particles of nickel (20 - 40 nm in
diameter). On the other hand, catalysts prepared by
reducing calcined catalysts which contained large
proportions of the H.T. species would be expected to contain
predominantly small particles of nickel (1 - 2 nm in

diameter) .
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The nickel particle size distribution determined by
T.E.M. analysis of the reduced 1 % nickel on ICI silica
catalyst (Figure 4.24) established that the majority of
nickel particle diameters were in the 1 - 2 nm class (cf. 1
- 2 nm for the size of nickel particles proposed to be
derived from the H.T. nickel species). Some particles were
also identified by T.E.M. to be in the 16 - 17 nm class (cf.
20 - 40 nm for the size of particles proposed to be derived
from the L.T. nickel species). Hence, the data from the
T.E.M. analysis agreed qualitatively with the S.A.N.S. data
for this catalyst, i.e. the majority of the particles were
in the smaller particle diameter class (1 - 2 nm) while some
were much larger in size. The ICI support had a large
distribution of three-fold siloxane rings on its surface (40
- 50 %), and consequently the major form of nickel oxide in
the unreduced calcined catalyst was the H.T. species (66 %
of the hydrogen uptake during T.P.R.). Hence, the reduced
nickel particles supported on this silica would be expected
to be derived mainly from the H.T. species of nickel oxide.

For the reduced 10 % nickel on ICI silica catalyst
T.E.M. analysis demonstrated that the majority of particles
were in the size range 1 - 2 nm (Figure 4.21). This size
range was identidal to the size range of the particles
proposed to be formed upon reduction of the H.T. nickel
species. Hence, again, for this particular support most of
the particles were apparently formed by reduction of the
H.T. species of nickel oxide.

Moreover, the T.E.M. analysis of the reduced 10 %
nickel on Cab-0-Sil silica catalyst (Figure 4.22)

established that particles with diameters of up to 45 nm
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were present in this catalyst (cf. 20 - 40 nm for the size
of particles proposed to be formed upon reduction of the
L.T. nickel oxide species). In fact, the average nickel
particle size for this catalyst was 19 nm (which was close
to the lower limit of 20 nm proposed for particles derived
from the L.T. nickel oxide species). Cab-0-Sil silica is a
support of low surface energy, i.e. it contains only a small
proportion of three-fold siloxane rings, and hence the
calcined catalyst prepared from this support contained
mainly the L.T. species of nickel oxide (93 % of hydrogen
uptake during T.P.R.). Reduction of this catalyst
therefore led to the formation of large particles of nickel.

Based on the T.E.M. analyses, the trend of increased
nickel dispersion with higher support metastable energy was
apparently reversed for the reduced 1 % nickel on CS2040
silica catalysts, where the average particle sizes were
determined to be 8 and 3 nm for the catalysts prepared by
the non-aqueous and aqueous methods (Figures 4.26 and 4.25),
respectively. There were, however, particularly large
discrepancies for both these catalysts between the average
particle sizes determined by T.E.M. and those determined by
carbon monoxide chemisorption.

The question which now must be posed is why there was
such an apparent discrepancy between the respective dg
values determined by T.E.M. and chemisorption methods for
each of the reduced catalysts prepared from the CS2040
silica.

The value of the average particle size determined for
the reduced nickel on CS2040 (ag.) silica catalyst from

carbon monoxide chemisorption experiments undoubtedly
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reflected the drastic change in the silica surface
morphology during the preparation of this catalyst.
Contraction of the average pore diameter of the support
occurred for this catalyst during the drying and calcination
stages (Section 4.1.1) and it was possible for large numbers
of particles of unreduced nickel species to have been
partially or completely encapsulated by the support, i.e. by
being trapped down collapsed and semi-collapsed pores. The
observation that the calcined nickel on CS2040 (ag.) silica
catalyst had the lowest estimated reducibility under T.P.R.
conditions, see Table 5.4, indicated that some of the

unreduced nickel was inaccessible even to reduction gases.

Table 5.4
Estimated Percentage Reduction of the Calcined Catalysts

During T.P.R.

Calcined Percentage
Catalyst Reduction?

10 % Ni/ICI 86

10 % Ni/Cab-0-Sil 90

10 % Ni/CS1030E 67

1 % Ni/ICI 95

1 $ Ni/Cab-0-Sil 72

1 % Ni/CS1030E 78

1 % Ni/CS2040 (aqg.) 62

1 % Ni/CS2040 (non-aq.) 67

a. The values given in this table were calculated on the
basis of the hydrogen uptake data obtained during the
T.P.R. experiments. Hydrogen spillover and support

reduction effects were assumed to be negligible.
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The particles of nickel metal precursor species trapped
down collapsed pores will have been small as the
encapsulation of these particles would have prevented
further particle growth by a sintering mechanism or by
further deposition of nickel oxide from decomposing nickel
nitrate crystallites. The particles of nickel metal
precursor may also have fragmented during the encapsulation
process. Hence after reduction, a large number of small
crystallites of unreduced nickel metal precursor may have
been trapped in collapsed pores.

Further sintering of the support may have also occurred
during the reduction of the calcined catalyst as water,
which is known to promote the sintering of silica (160), was
formed during the reduction of the supported nickel oxide.
This further sintering of the support may have additionally
increased the amount of nickel encapsulated in the support
(more details below). Encapsulation of nickel in silica by
pore collapse has been observed before (11). Hence, for
the reduced catalyst, carbon monoxide chemisorption
experiments led to a large dg value being determined as only
a limited amount of the total nickel in the catalyst was
accessible to the carbon monoxide adsorbate, indicative of
poor dispersion, i.e. large particles.

The T.E.M. data for the reduced nickel on CS2040 (aq.)
silica catalyst indicated that no large particles were
present and in fact no particles over 9 nm in diameter were
observed, with the majority of particles being between 1 - 2
nm in diameter (Figure 4.25). The T.P.R. experiments
indicated that little or no H.T. species was present in the

unreduced calcined form of this catalyst (Figure 4.4). It
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was, therefore, probable that during reduction, large
particles of the L.T. species of nickel oxide which had not
been fragmented and subsequently encapsulated (and hence
were accessible to the hydrogen) released considerable
amounts of water into the support immediately surrounding
the particles. This water would have caused further
sintering of the support in the vicinities of the particles
which may have in turn led to the fragmentation and possible
encapsulation of the newly-formed nickel particles.

In addition to detecting nickel particles on the
surface of the support, therefore, T.E.M. analysis of the
reduced 1 % nickel on CS2040 (aq.) silica catélyst would
have detected the encapsulated and fragmented particles of
unreduced and reduced nickel; both of which would have been
small in diameter. Hence T.E.M. analysis of this catalyst
led to a value for dg that was much smaller compared to that
determined by carbon monoxide chemisorption. The value of
dg determined by carbon monoxide chemisorption is more
useful in a catalytic sense as nickel particles, whether
reduced or unreduced, which are occluded by the support will
take no part in a catalytic reaction (16, 21).

The position of the reduced 1 % nickel on CS2040 (aqg.)
silica catalyst as the catalyst with the largest dg value in
the above list of the dg values for the 1 % nickel catalysts
(determined by carbon monoxide chemisorption) was perhaps
fortuitous. This catalyst probably represents a special
case where the particle size was not so much determined by
the energetics of the support, but by the drastic changes in
silica morphology during the preparation and activation

stages.
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The smaller discrepancy between the dg values
determined from T.E.M. and chemisorption methods for the
reduced 1 % nickel on CS2040 (non-ag.) silica catalyst can
be explained by the fact that this catalyst had the smallest
dg value of all the catalysts as determined by carbon
monoxide chemisorption. Mustard and Bartholomew (13)
observed that reduction of a calcined 2.7 % nickel on silica
catalyst gave a very fine dispersion of nickel. The dg
value as determined by chemisorption for the reduced
catalyst was much smaller than that determined from T.E.M.
and the authors accounted for this by the presence of thin
electron transparent particles on the surface of the
support. A similar observation was made for nickel on
silica catalysts by Montes and co-workers (9).

The dg value for the reduced nickel on CS52040 (non-aq.)
silica catalyst as determined by carbon monoxide
chemisorption was 2 nm. Hence there was likely to be a
significant proportion of extremely small particles which
were invisible to T.E.M. analysis. This would be
especially true after the passivation treatment where the
majority of a very small nickel particle would have been
converted to nickel oxide (9), which gives less of a
contrast between the particle and the support. Larger
particles would have remained mainly as nickel with a thin
covering of nickel oxide after passivation (9) and therefore
would exhibit good contrast with the support.

In conclusion, for both the reduced catalysts prepared
from CS2040 silica, the most useful values of dg were
determined by carbon monoxide chemisorption and not by

T.E.M. The agreement between dg values determined by the
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two methods for all the other catalysts was satisfactory.
The dg values determined for the catalysts by carbon
monoxide chemisorption, shown in Table 5.3, followed an
inverse order to that of the surface energies of the silicas
for both the 1 % and 10 % nickel loadings, i.e. nickel on
CS2040 (non-aq.) and ICI silicas had smaller average
particle sizes than nickel on Cab-0-Sil or CS2040 (aq.)
silicas. An apparent discrepancy arose, however, with the
reduced 1 % nickel on CS2040 (non-aqg.) silica catalyst; it
had a smaller average particle diameter than the reduced 1 %
nickel on ICI silica catalyst despite the ICI silica
possessing higher surface energy. This can be explained by
recalling that the neutron diffraction experiments, Appendix
B, quantified the concentration of three-fold siloxane rings
in silicas that had not been in contact with water after
manufacture, except for the aqueously treated and dried
CS2040 silica (designated CS2040 (agq.) in Table 5.1).

During aqueous impregnation of the ICI silica, some of the
three-fold siloxane rings would slowly react with water and
hence lower the surface energy of the support. This could
not happen during the non-aqueous impregnation of CS2040
silica and so effectively more three-fold siloxane ring
sites may have been available to interact with nickel on
this silica relative to the aqueously impregnated ICI
silica. The excellent metal dispersion obtained by a non-
aqueous impregnation technique may not be limited to CS2040
silica: there are reported cases in the literature (179) of
catalysts prepared by non-aqueous impregnation methods which
have far superior metal dispersions compared to analogous

catalysts prepared by aqueous methods.
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To summarise, therefore, the data in Table 5.3 combined
with the data from the S.A.N.S. experiments demonstrated
that reduction of calcined catalysts which contained large
proportions of the H.T. species of nickel oxide, i.e.
catalysts prepared from supports with high surface energies,
led to reduced catalysts with good and relatively thermally
stable nickel dispersions. Conversely, reduction of
calcined catalysts which contained large proportions of the
L.T. species of nickel oxide, i.e. catalysts prepared from
supports with low surface energies, led to reduced catalysts

with poor and thermally unstable nickel dispersions.

5.1.4 General Conclusions on the Nature of Nickel Metal

Precursors in Uncalcined and Calcined Catalysts

From this work conclusions can be made regarding the
nature of nickel metal precursors contained in the
uncalcined catalysts in their unreduced states. For these
catalysts, nickel nitrate hexahydrate crystallites were the
predominant form of nickel metal precursor on the silicas.
A small proportion of the supported nickel was in the form
of a reduction-resistant species, the probable nature of
which was ion-exchanged nickel (II) ions.

If an uncalcined catalyst was calcined, the following
two extremes could arise dependent on the nature of the
silica support.

i. For a calcined catalyst prepared from a silica of low
surface energy, the nickel metal precursor was predominantly
in the form of large particles of nickel oxide which had
little or no interaction with the support. Reduction of

catalysts of this nature led to reduced catalysts with large
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nickel particles, i.e. poor nickel dispersions, which
readily underwent sintering at low temperatures.

ii. For a calcined catalyst prepared from a silica of high
surface energy, two forms of nickel metal precursor were
generally present. One form was large particles of nickel
oxide as described above, which was the minor form on such a
support. The other form, which predominated on supports of
high surface energy, was small particles of nickel oxide
which probably interacted with three-fold siloxane rings
possibly in the manner shown in Figure 5.2. Reduction of
the nickel oxide in the form of large particles led to large
nickel particles as previously stated. Reduction of the
nickel oxide species which interacted with the support
occurred at higher temperature and led to the formation of
small particles of nickel which were thermally stable.

These two situations represent extreme cases and for
unreduced calcined catalysts prepared from supports of
intermediate surface energy, the relative proportions of the
H.T. to the L.T. species of nickel oxide will vary. In
these cases, the proportion of the H.T. to the L.T. species
will be greater for unreduced catalysts prepared from
supports of higher surface energy relative to those prepared
from supports of lower surface energy.

In addition to the two forms of nickel oxide species,
unreduced calcined catalysts can contain a third form of
nickel metal precursor which is very easily reduced. This
species is thought to be small amounts of nickel (III) ions
present in the supported nickel (II) oxide particles.

In exceptional cases, a fourth form of nickel metal

precursor which is extremely difficult to reduce may be
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present in unreduced calcined catalysts prepared by
impregnation. It is proposed that this species is nickel
hydrosilicate.

From the above, it can be seen that the energetics of a
silica support can affect the nature of the deposited nickel
metal precursors after calcination and, consequently, the

nature of the supported metal in the reduced catalyst.

5.2 Reaction Chemistry

Before considering the reaction chemistry of the
reduced catalysts, it is necessary to explain why the
procedures for the reduction of the calcined catalysts in
the present study were adopted. It was established from
the T.P.R. experiments that a temperature of 673 K or
greater would be sufficient to reduce the calcined
catalysts, as the H.T. peaks in the profiles of the
catalysts had begun by these temperatures - except for the
small amount of the very reduction-resistant species of
nickel (probably nickel hydrosilicate) in the calcined 1 %
nickel on CS2040 (non-ag.) silica catalyst. If adequate
time was allowed, therefore, for the calcined catalysts to
reduce at temperatures of 673 K or higher then complete, or
at least a high degree, of reduction of the L.T. and H.T.
nickel precursor species would be achieved.

To promote a higher degree of reduction, pure hydrogen
was used as the reduction gas rather than the 6 % v/v
hydrogen in argon used in T.P.R. experiments. By using
pure hydrogen the following equilibrium reaction could be
displaced to the right (95):

NiO + H, ;: Ni + H,0
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Evidence that the use of pure hydrogen as the reduction
gas would increase the degree of catalyst reduction was
furnished by the reduction and chemisorption experiments
outlined in Table 3.1, Section 3.3.1(b). Out of all the
experiments listed in this table, only catalyst reduction
using pure hydrogen (experiment number 2) resulted in a
measurable amount of chemisorption - see Section 4.2.1(b).

Two reduction procedures were utilised in this study to
reduce the calcined catalysts for catalysing ethene
hydrogenation. The first procedure was performed by adding
a series of aliquots of hydrogen to a sealed and heated
reactor containing a sample of a calcined catalyst, i.e.
static reduction. The second procedure was performed by
heating a sample of a calcined catalyst in a flow of
hydrogen, i.e. flow reduction.

The static reduction procedure was performed at 723 K
and is described in Section 3.4.1.1. Several changes of
the hydrogen atmosphere above each catalyst sample were made
during reduction to ensure that water vapour formed by the
reduction process was removed from the vicinity of the
catalyst samples. Efficacious removal of water wvapour is
known to increase the degree of catalyst reduction (8, 95).
As shown by the data in Tables 4.10a and 4.10b, the static
reduction procedure did produce catalysts that catalysed the
hydrogenation of ethene. Repetition of several of these
experiments demonstrated that the reproducibility of the
catalysts reduced in this manner was poor, as the initial
rates of the first ethene hydrogenation reactions varied
significantly for samples of the same catalyst reduced in

separate reductions. The irreproducibility of the samples
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was further substantiated, for the 1 % nickel on silica
catalysts, by the [180]—carbon dioxide isotope exchange déta
(Table 4.11).

In summary, the static method of catalyst reduction
gave rise to irreproducible samples. This was perhaps not
surprising, as similar irreproducibility for samples of
catalysts prepared by impregnation has been noted before
(8). The irreproducibility may have arisen due to the
critical importance of the partial pressure of water on both
the degree of reduction and the particle size of nickel in a
catalyst (9, 29, 95). These two parameters are crucial in
determining the reaction rate and the amount of oxygen
present on the surface of a catalyst. Complete control
must be exercised, therefore, over the length of time each
hydrogen aliquot is in contact with the catalyst and also
the length of time of the evacuation stage together with the
efficiency of the evacuation. Although tight control was
maintained over such variables during the static reduction
procedure, slight variations may have arisen between
separate reductions of samples of the same calcined catalyst
leading to differing partial pressures of water in contact
with the samples during reduction. This could have led to
substantial differences in the degree of reduction and the
average particle size between samples. Such a problem is
not encountered for catalyst reduction utilising flowing
hydrogen, provided that the gas flow is sufficient to remove
water vapour as it is formed (8, 95).

The important conclusion which can be drawn from this
work is that, despite the presence of residual oxygen on the

surface of the nickel after the reduction sequence, the
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supported nickel was still able to catalyse the
hydrogenation of ethene (Tables 4.10a and 4.10b). The
amount of exchangeable oxygen varied by a factor of about
eighty between the active catalysts (Table 4.11), but such
wide variation is not unusual, similar variations having
been found in other studies (163). As might be intuitively
expected, the statically-reduced and deliberately oxidised
sample of the 1 % nickel on ICI silica catalyst used in the
control experiment (experiment number 8, Table 4.11)
generated a very large amount of [160]-0xygen exchange on a
per gram of catalyst basis (second only to experiment number
7, Table 4.11). The control sample was also inactive for
ethene hydrogenation as no pressure change occurred after
admission of the ethene and hydrogen mixture to the reactor.
This was indicative of the absence of any metallic surface
in the oxidised catalyst. Mass spectrometric analysis of
the ethene, hydrogen and [180]-carbon dioxide mixture in
contact with the control sample for 80 minﬁtes also
confirmed no ethene hydrogenation had occurred. In
addition, no dimerisation of the ethene to gas phase Cy
hydrocarbons occurred at a temperature of 273 K, in
agreement with the observation of Lapinski and Ekerdt (169).
To understand why the fully oxidised sample of catalyst
in the control experiment exchanged a smaller amount of
oxygen with [1801-carbon dioxide gas than a partially
reduced catalyst, it is important to consider how the oxygen
exchange process occurred. In agreement with other studies
(71, 163), it was found that no oxygen exchange occurred
between pure silica and [180]-carbon dioxide. Hence,

oxygen exchange occurred only on the metal surfaces of the



144
catalysts between residual oxygen and the added carbon
dioxide, with no exchange with oxygen from the supports.
Carbon dioxide chemisorption, itself, has been found to be
weak and reversible on fully reduced or partially reduced
samples of nickel oxide on silica (71). - If residual oxygen
is present on the metal surface of a ca£a1yst, and [180]-
carbon dioxide is added, then exchange has been demonstrated
to occur between this oxygen and the reversibly adsorbed
[180]—carbon dioxide (71, 163). Connor and Bennett (71)
proposed that an adsorbed carbonate-type intermediate was
formed by carbon dioxide adsorbing on a strongly held
surface oxygen (probably 02'), i.e. formation of surface
nickel carbonate occurs;

co*0* (g) + NiO(g)F NiC0*0%0 g)T= CO*0(y) + Ni0* (g
where 0* represents an [1BO]-oxygen atom. The formation of
the surface nickel carbonate was found to be reversible in
nature and so oxygen exchange can occur.

From the above description of the oxygen exchange
mechanism, it can be seen that it was a process that
occurred purely on the metal surface. Hence the amount of
exchange was not only governed by the total amount of oxygen
associated with the nickel component of the catalyst, but
also by the amount of oxygen on the metal surface. The
amount of oxygen exchange, therefore, may have depended on
two factors;

i. The dispersion of the nickel.
ii. The reducibility of the nickel metal precursor species
in the unreduced calcined catalyst.

To decide which of the above factors had the greater

a8

e s

potential influence on the amount of exchangeable oxygern,
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consider the case of a poorly reduced catalyst with a poor
digpersion (i.e. large particles). On contact with this
catalyst, only a small amount of [1601-oxygen will be
exchanged into the [180]—carbon dioxide as the gas is in
contact with only a relatively small overall particle
surface area, most of the oxygen being present in the bulk
of the particles and not exchangeable. On the other hand,
with a well dispersed catalyst with a high degree of
reduction, where the metal component of the catalyst
contains only a relatively small amount of oxygen, a large
proportion of this oxygen will be located at the surface of
the particles and may be exchangeable. A comparatively
large amount of oxygen exchange, therefore, may occur with
this catalyst. Hence the major factor governing the
potential amount of oxygen available for exchange will have
been the metal dispersion and not the actual oxygen content
of the metal component. Therefore, it was possible to
achieve a greater amount of oxygen exchange using a
partially reduced catalyst, e.g. experiment number 7, Table
4.11, relative to a fully oxidised catalyst, e.g. experiment
number 8, Table 4.11.

No data are available for the dispersions of nickel in
the statically-reduced catalysts but it seems likely, on the
basis of the above argument, that the 1 % nickel on CS2040
(aq.) silica catalyst (experiment number 7) was better
dispersed than the oxidised 1 % nickel on ICI silica
catalyst used in the control experiment (experiment number
8). However, the reproducibility of all the catalysts
reduced by static reduction was poor, as another sample of

the 1 % nickel on CS2040 (ag.) silica catalyst reduced in
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the identical manner (experiment number 7a) gave only about
20 % of the amount of exchange observed for the original
experiment.

Further complication arises from the observation of
Jackson, Robertson and Willis (163), that although
substantial oxygen exchange occurred when [1801-carbon
dioxide was used as a probe for residual oxygen on the
surface of copper on silica catalysts, the majority of the
metal surface of each catalyst was covered by a non-
exchangeable oxygen species. Similarly, the amount of
oxygen exchange observed between a supported nickel catalyst
and [1801—carbon dioxide could be comparatively small
relative to the total amount of residual oxygen present on
the metal surface of the catalyst. Thus the amount of
oxygen exchange was only quantitative with respect to the
amount of exchangeable oxygen species located on the metal
surface but not necessarily quantitative with respect to the
total amount of oxygen present. Indeed, it is shown later
in this section, by the oxygen exchange results for the
oxidised catalyst used in the control experiment for the
flow-reduced catalysts (where the dg values are known for
the catalysts), that all the oxygen present on the nickel
surface of a catalyst was not exchangeable.

Direct comparison of the initial rates fof the first
hydrogenation reactions performed using the statically-
reduced catalysts was not possible, since a proper
comparison can only be made using specific rate data, i.e.

the rate of reaction per m?

of nickel. Qualitatively,
however, the rate of reaction per gram of catalyst was

generally greater for the 10 % nickel on silica catalysts
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compared to the 1 % nickel on silica catalysts. This was
not unexpected as the amount of metal surface area per gram
of catalyst for the 10 % nickel on silica catalysts may have
been larger. This can be seen by consideration of the
hypothetical cases of two moderately dispersed catalysts: a
10 % nickel on silica catalyst and a 1 % nickel on silica
catalyst with dg values of 20 and 5 nm, respectively. The
Snyi values for these two catalysts, calculated using
expression 1.11 (defined in Section 1.3.3), are 34 and 135
m2(g nickel)—l, respectively. Hence on a per gram of
catalyst basis, the 10 % nickel on silica catalyst has a
larger metal surface area than the 1 % nickel on silica
catalyst, i.e. Sy; = 3.4 and 1.3 m2(g catalyst)_l,
respectively.

No apparent correlation existed between the rate data
for the initial hydrogenation reactions performed using the
1 % nickel on silica catalysts (Table 4.10b) and the amounts
of exchangeable oxygen on the metal surfaces of these
catalysts (Table 4.11). This is illustrated by comparing
experiment numbers 4 and 5 in these tables, where the ethene
hydrogenation rates for the first reactions were 0.2 x 1075
and 1.2 x 107> mol.s._l(g catalyst)_l, respectively, whilst
the amounts of exchangeable oxygen for these catalysts were
0.4 x 1018 and 2.3 x 1018 atoms (g catalyst)—l, respectively.
The catalyst sample used in experiment number 4, therefore,
had less exchangeable oxygen and catalysed ethene
hydrogenation at a slower rate than the catalyst sample used
in experiment number 5. On the other hand, comparison of
experiment numbers 5a and 6 shows that the initial

hydrogenation rates using these catalysts were 0.5 x 1073
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and 1.7 x 107> mol.s.'l(g catalyst)'l, respectively, whilst
the amounts of exchangeable oxygen were 18.5 x 1018 and 3.1
x 1018 atoms (g catalyst)‘l, respectively. Hence, in this
latter case, the catalyst with the lower amount of
exchangeable oxygen catalysed the hydrogenation of ethene
faster than the catalyst with the larger amount. The metal
surface areas of the catalysts reduced by the static method,
however, were not determined and hence the specific rates of

2 of nickel were unknown. A direct

hydrogenation per m
comparison between the specific rates of hydrogenation for
the different catalysts was therefore impossible. In
addition, the oxygen exchange data were quantitative with
respect to the amounts of exchangeable oxygen on the metal
surfaces of the catalysts and not the total amounts of
oxygen present.

Regarding the behaviour of the statically-reduced
catalysts over a series of hydrogenation reactions, Figures
4.28 and 4.29 demonstrate that, for both the 1 % and 10 %
nickel on silica catalysts, the rate of hydrogenation
generally decreased with successive reaction. Whilst the
curves showing this decrease in rate between successive
hydrogenation reactions were not smooth, the discontinuities
corresponded to periods when the catalysts were stored under
hydrogen (e.g. overnight). Periods when the catalysts were
stored in such a way between successive reactions are
indicated by the dotted lines in Figures 4.28 and 4.29. It
is apparent that this method of storage led to a partial
reactivation of the catalysts. Analogous increases in the
reaction rate have previously been observed after similar

storage procedures for olefin hydrogenation catalysts (180).
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It is well known that the deactivation of reduced
supported metal catalysts during ethene hydrogenation is
primarily due to the formation of carbonaceous residues on
the metal surfaces of the catalysts (98, 181, 182). These
carbonaceous residues are overlayers of adsorbed hydrocarbon
species which are deficient in hydrogen and which form by
the dissociative adsorption of ethene on the metal surfaces.
The effect of the formation and subsequent build-up of such
an overlayer is to decrease the rate at which the
hydrogenation reaction occurs. Carbonaceous residue
formation is, in its earlier stages, partially reversible by
hydrogenation (29, 98, 181).

In the present study the steady deactivation of the
catalysts as the hydrogenation cycles progressed can be
ascribed to the formation and subsequent build-up of
carbonaceous overlayers on the metal surfaces of the
catalysts. After periods of storage under hydrogen, the
catalysts regained some of their former activity due to the
partial hydrogenation of these carbonaceous overlayers.

Thus the catalysts which were reduced by the static method
apparently behaved in the expected manner toward ethene
hydrogenation and were not anomalous with respect to their
deactivation behaviours.

The second reduction procedure utilised in this study
employed a flow of hydrogen gas to reduce the catalysts and
is described in Section 3.3.1(a). The reduction was
performed at a temperature of 673 K, which was lower than
the temperature used in the static reduction procedure, but
which was equivalent to that used in the reduction procedure

adopted by the other research groups involved in this study.
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In contrast to the catalysts reduced by the static
method, the initial rates of ethene hydrogenation per gram
of catalyst obtained using catalysts reduced by flowing
hydrogen were reproducible (Table 4.12). The
reproducibility of the catalyst samples was confirmed by the
oxygen exchange data presented in Table 4.14a. The values
of dg, D and Sy; for the flow-reduced catalysts were also
determined using carbon monoxide chemisorption and T.E.M.
techniques (Tables 4.8 and 4.9, respectively). This
allowed both the specific rate data for the ethene
hydrogenation reactions and the amounts of exchangeable
oxygen per m?2 of nickel to be calculated for the catalysts.

Comparison of the initial rates per gram of catalyst
for the first hydrogenation reactions performed using the
flow-reduced calcined catalysts with their counterparts
reduced by the static method shows that the flow method
produced more active catalysts. This indicated that the
flow reduction technique was more efficient at producing a
higher degree of reduction than the static reduction
technique as highlighted earlier in this section.
Additionally, the efficient removal of water vapour is known
to prevent sintering and favour the formation of small
nickel particles (8, 9, 16, 29, 95).

As in the case of the catalysts reduced by the static
procedure, the presence of residual oxygeﬁ on the metal
surfaces of the flow-reduced catalysts was confirmed by
using [1801-carbon dioxide as a surface probe for oxygen
(Table 4.14a). The amounts of exchangeable oxygen per m2
of nickel were also calculated and are shown in Table 4.14b.

Examining the figures in this table, it can be seen that the
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oxidised 1 % nickel on ICI silica catalyst used in the
control experiment (experiment number 9), and which was
catalytically inactive, had the largest amount of

2 of nickel.

exchangeable oxygen per m

Similar to the observation of Jackson et al. (163) for
copper on silica catalysts, the control experiment
demonstrated that all the residual oxygen present on the
nickel surfaces of the catalysts was not exchangeable. If
the dg value of 7 nm derived from the T.E.M. data (Table
4.9) for the catalyst used in the control experiment was
considered to reflect the actual size of the nickel
particles on the surface of the support more accurately than
the dg value from the chemisorption experiments (see below
for details), then the proportion of oxygen which was
exchangeable can be calculated in the following way:-

The data derived from the T.E.M. analyses, Table 4.9,
showed that for the flow-reduced 1.2 % w/w nickel on ICI
silica catalyst used in the control experiment, Sy; = 100
m2(g nickel)"l.

Hence;

1.2/100 (g nickel)/(g catalyst) x 100 m2/(g nickel)

Sni
= 1.2 m? (g catalyst) ™1
Since the average cross-sectional area of a nickel atom
is 6.5 x 10720 2 (Section 1.3.2), the total number of

surface nickel atoms, N was;

sl
Ng = 1.2/6.5 x 10720 = 31 .85 x 1019 Ni atoms (g catalyss*.t)_1

If the metal surface of the catalyst was assumed to be fully

oxidised and each surface nickel atom associated with an

oxygen atom, i.e. monolayer coverage, then there were 1.85 x

101% 0 atoms (g catalyst)'l.



152

Experimentally, 1.51 x 1012 0 atoms (g catalyst)’1 were
exchanged in the control experiment, i.e. 82 (%¥123) % of
the oxygen monolayer capacity of the catalyst. Hence, this
calculation shows that approximately 82 % of the oxygen
present on the metal surface of the catalyst used in control
experiment was exchangeable. This calculation, therefore,
demonstrates that all the oxygen on the surfaces of the
catalysts was not exchangeable.

The presence of residual oxygen on all the flow-reduced
catalysts led to discrepancies between the dg values
obtained from T.E.M. analyses (Table 4.9) and those obtained
from the carbon monoxide chemisorption experiments (Table
4.8). The dg values obtained from T.E.M. analyses were
generally smaller than those obtained from carbon monoxide
chemisorption experiments - the 1 % nickel on CS2040 (non-
aq.) silica catalyst was a special exception as discussed
earlier. T.E.M. analysis is known frequently to give an
accurate value for the actual average size of the supported
particles in a catalyst (16), but the presence of oxygen,
not all of which was exchangeable, on the supported
particles in the catalysts in the present study meant that
some of the metal surface was unavailable for carbon
monoxide chemisorption. Hence the dg values for the
catalysts determined from carbon monoxide chemisorption data
were generally larger reflecting, in a catalytic sense, the
effective average particle sizes.

Unless otherwise specified, in the following discussion

on the rates of ethene hydrogenation by the catalysts

a. Error calculated by assuming an error of 10 % for the Sy; value

determined by T.E.M. (13).
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reduced by flowing hydrogen, the specific rates referred to
will be restricted to those calculated using the carbon
monoxide chemisorption data. Carbon monoxide chemisorption
will only have detected surface nickel atoms which were
capable of adsorption and hence could catalyse ethene
hydrogenation. Thus the carbon monoxide chemisorption data
were more relevant in a catalytic sense.

The reduced 10 % nickel on silica catalysts had a
generally higher rate of reaction per gram of catalyst
compared to the reduced 1 % nickel on silica catalysts
(Table 4.12). This was due to the 10 % nickel on silica
catalysts possessing a larger nickel surface area on a per
gram of catalyst basis than the 1 % nickel on silica
catalysts: the Sy; values were in the ranges 4.4 - 10.2 and
0.5 - 4.0 m?(g catalyst) ! for the 10 % and 1 % nickel on
silica catalysts, respectively. Direct comparison of the
reaction rates for all the catalysts can also be made using
the specific rate data (Table 4.13). Examination of this
data shows that the specific rates ranged from 3.6 x 1076 to
53.2 x 107° mol.s.” 1 (m? nicke1l)1.

According to the classification proposed by Boudart
(14) ethene hydrogenation is a surface insensitive (or
facile) reaction. This means that the specific reaction
rate, i.e. the rate expressed per unit surface area of the
active phase (in this case nickel metal), is expected to
change little with the size of the particles, type of
support or method of catalyst preparation (12, 14, 16).

The specific rates of reaction for surface insensitive
reactions are ordinarily found to vary within a factor of

ten (12).
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The specific rates of reaction in this study, Table
4.13, varied to a slightly greater extent than the factor of
ten expected for a surface insensitive reaction. By
substituting the specific rate caléulated from the T.E.M.
data for the reduced 1 % nickel on ICI silica catalyst
(experiment number 4 in Table 4.13) instead of the rate
calculated from the carbon monoxide chemisorption
experiments, it is found that the specific rates now varied
within a factor of ten - the rates range from 3.6 x 1076 to
32.4 x 1076 mol.s.—l(m2 nickel)_l. Hence the specific rate
calculated from the carbon monoxide chemisorption data for
this catalyst may be inaccurate.

In fact, with the exception of the specific rate for
the 1 % nickel on ICI silica catalyst, the specific rates
varied to within about a factor of four and were in the
range 3.6 x 1076 to 14.9 x 107% mol.s. 1 (m? nickel) 1.

This variation was very similar to the factor of three
obtained by Crawford, Roberts and Kemball (183) for the
specific rates of ethene hydrogenation reactions performed
using sintered nickel films of varying average particle
sizes.

For the series of catalysts studied, no obvious
correlations were observed between the relatively small
variations in the specific rate of reaction and either the
support, the average particle size or the amount of
exchangeable oxygen per m? of nickel. For example, for the
10 % nickel on silica catalysts, the specific rate with
respect to the catalyst support increased in the order ICI
silica < CS1030E silica < Cab-0-Sil silica. For the 1 %

nickel on silica catalysts, the corresponding order was
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reversed, i.e. Cab-0-Sil silica < CS1030E silica < ICI
silica. In addition, Figures 5.4 and 5.5 confirm that no
apparent correlation existed between the specific rate and

either the average particle size or the amount of
exchangeable oxygen per m? of nickel. - Similar results for
surface insensitive reactions were obtained by Aguinaga and
co-workers (12) when they plotted the specific rate against
average particle size. The result that the amount of
exchangeable oxygen did not affect the specific rate meant
that the oxygen on the metal surfaces of the catalysts was
only operating as a site-blocking poison: i.e. despite large
variations in the amount of exchangeable oxygen per m? of
nickel between the catalysts no correlation was evident with

2 of nickel.

the rate of reaction per m
Two explanations for the observed variations in the
specific rates are possible;
i. The variations in the specific rates between catalysts
could have arisen due to rapid (a few milliseconds)
formation of surface carbonaceous overlayers (184). Thus
the actual working surfaces of the catalysts may have
developed only after deactivation of some of the active
sites (16). The initial metal surface areas determined for
the catalysts, therefore, may not have accurately
represented the active surface areas, even in a proportional
manner, since the rates of formation of carbonaceous
overlayers may also vary with particle size (16).
ii. The second possibility is that reactive growth of the

particle size occurred during the reaction and this again

led to the effective metal surface areas of the catalysts



Fig. 5.4 Average Particle Size Versus the
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Fig. 5.5 Amount of Exchangeable Oxygen Versus the
Specific Rate of Ethene Hydrogenation
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during reaction differing from those measured prior to
reaction (16, 25, 29, 183).

Both these processes, which may occur simultaneously,
would have led to variations in the calculated specific
rates between catalysts. These variations would be
relatively small compared to the variations in the specific
rates observed for surface sensitive reactions (12).

In summary, it was apparent that ethene hydrogenation
is a surface insensitive reaction, in agreement with the
literature (12, 14, 183), with the specific rate unaffected
b§ the average particle size and the type of silica used as
the support. Furthermore, the specific rate appeared to be
unaffected by the presence of varying amounts of

2 of nickel, unless the surface was

exchangeable oxygen per m
fully oxidised (i.e. the control experiment, data in Tables
4.13 and 4.14b) where the reaction was completely inhibited.
In addition, it is known from the studies performed
using catalysts reduced by the static procedure, that the
catalysts underwent a process of deactivation during a
series of ethene hydrogenation reactions. Partial
restoration of catalytic activities occurred after storage
of the catalysts under hydrogen. The reduced catalysts,
therefore, displayed no anomalous behaviour with respect to
ethene hydrogenation and hence the use of this as a test
reaction has shown the catalysts not to have been atypical
in their behaviour, at least with respect toward ethene
hydrogenation. Additionally, the uncalcined and calcined

catalysts in their unreduced states have been shown, by the

use of T.P.R., to have behaved similarly toward reduction in
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hydrogen as other analogous unreduced catalysts reported in
the literature (Sections 5.1.1 and 5.1.2).

It has been established by the use of a simple test
reaction and T.P.R., that the catalysts in their reduced and
unreduced states behaved in the expected manner toward
ethene hydrogenation and reduction. Hence, the catalysts
used in this study appear to have been typical with respect
to other catalysts reported in the literature (5, 12, 101,
180, 183). Accordingly, the conclusions reached in
Sections 5.1.3 and 5.1.4 concerning the nature of the
supported nickel metal precursors and supported nickel in
these catalysts can be extrapolated generally to nickel on
siiica catalysts prepared by impregnation.

In the above discussion it has been shown that the rate
of ethene hydrogenation was dependent on the nickel surface
area oply and not on the nature of the support, in
accordance with the literature (12, 14). In contrast, the
Surrey group (Prof. J. R. Jones et al.) have identified a
reaction where the nature of the support was thought to play
an important role by interacting directly with the reactants
and products of the reaction. A brief summary of the
findings of the Surrey group is given in Appendix C.

Further details are described elsewhere (185).

5.3 General Summary

In conclusion, the work described in this thesis
together with data produced by the Cambridge and Surrey
research centres has shown how the nature of a silica

support can influence;
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i. The nature and reducibility of the supported nickel metal
precursor species in aﬁ unreduced calcined catalyst.
ii. The dispersion and nature of the supported nickel
particles derived from these nickel precursor species upon
reduction.
iii. The rate of certain chemical reactions by interaction
with the products and/or the reactants of these reactions.

In the course of the work described in this thesis, a
clear and complete interpretation of the T.P.R. profiles
obtained for uncalcined nickel on silica catalysts has been
proposed. A critical reassessment of the literature
interpretation of T.P.R. profiles of silica-supported nickel
oxide samples has led, in conjunction with the data produced
in this study and by the Cambridge and Surrey groups, to the
development of a model for a type of nickel metal
precursor/support interaction which causes the nickel metal
precursor to reduce only at high temperature. By applying
this model, it has been possible to explain other
observations previously reported in the literature. The
nature and behaviour of the different types of nickel
particle formed on reduction of the calcined catalysts has
also been described.

The use of a simple test reaction, ethene
hydrogenation, has shown that the reduced calcined catalysts
were active for ethene hydrogenation and that deactivation
of the catalysts occurred over an ektended series of ethene
hydrogenation reactions. Partial reactivation of the
catalysts also occurred after storage of the catalysts under
hydrogen. The specific rate data for ethene hydrogenation

calculated for all the catalysts has shown that this
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reaction was surface insensitive; all these observations
were consistent with the literature (12, 14, 180). This,
in conjunction with the results of the T.P.R. experiments,
has shown the reduced and unreduced catalysts not to be
anomalous, at least with respect to their behaviour toward
ethene hydrogenation and their T.P.R. characteristics.
Hence, the conclusions reached in the present study, for the
catalysts, regarding the nature of the supported nickel
metal precursor species and supported nickel metal are
generally applicable to nickel on silica catalysts prepared
by impregnation.

Through the work described in this thesis, therefore,
an understanding has been gained into how the fundamental
structure of silica supports affect the structure and
behaviour of unreduced and reduced silica-supported nickel

catalysts.
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Appendix A - Silica Support Data

Al. ICI Silica Support (186)

This is a high purity "in house" silica prepared by
acidification of a sodium silicate solution. Sodium
silicate solution (400 gl~! Sio,) was acidified with 4 molar
sulphuric acid and a solution of oxalic acid (10 gl'l) in 1
molar sulphuric acid. The purpose of the oxalic acid
treatment was to complex cationic impurities such as iron,
aluminium and titanium ions and therefore prevent them from
precipitating. The silica sol formed after acidification
of the sodium silicate solution was allowed to gel for 10
minutes and then left overnight to shrink. The liquor
exuded from the gel was then drained and the gel chopped
before drying in a domestic microwave oven. Following this
procedure, residual water was reduced by 80 % and the gel
had shrunk to one third its original volume.

The gel was then extracted with one aliquot of water,
three of 1 molar sulphuric acid and finally two of water
before the silica was dried to constant weight, again in the
microwave oven.

The impurities determined by ICP-AES are:

Fe ........ < 1 ppm
Ti (... < 1 ppm
Al ........ < 3 ppm
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A2. Cab-0-Sil M-5 Silica Support (187)

Cab-0-Sil is produced by flame hydrolysis of silicon
tetrachloride in a hydrogen/oxygen flame at around 2070 K.
This gives a colloidal silica of high purity and zero
porosity which differs markedly from silicas produced by the
silica gel route. The particle size is very small (7 - 15
nm), however individual particles do not exist as separate
entities because they fuse to form aggregates with chain-
like structures.

The typical properties of Cab-0-Sil M-5 are:

Surface Area (ng_l) ........... 200
Density (gl-l) ................. 40
Ignition loss (%) ........cc0c... <1

The impurities determined by ICP-MS are (188): .

N < 20 ppm
e < 20 ppm
Fe ...ttt rteeennnnncnas < 20 ppm
= 20 ppm

A3. CS1030E Silica Support (189)

CS1030E silica support is a high purity, moderate pore,
synthetic amorphous silica extrudate. This support is
designed particularly to function as a highly efficient
catalyst carrier in applications where controlled pore size
and narrow pore size distribution are desirable. For this
support, catalyst impregnation using an aqueous slurry or
incipient wetness technique can be achieved without

significant loss of surface area or pore volume.
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The typical properties of CS1030E are:

Physical Form ............. ... 1/16" Extrudate
Surface Area (ng-l) ..................... 300
N, Pore Volume (cm3g_1) .................. 1.0
Average Pore Diameter (nm) ................ 13
Crush Strength (Lbg/10 mm particle) ..... > 20
Wt % loss on drying at 378 K ........... < 3.0

Typical chemical analysis:

Wt % Silica, as Si0y ........ cececssans > 99.7
PPM Alumina, as Aly03 ....cccveecccnnnn . < 300
PPM Sodium, as Naj0 .......cccceeenn ... <1000
PPM Calcium + Magnesium, as Ca0 ........ < 200

A4. CS2040 Silica Support (190)

CS2040 silica support is a high purity, large pore
volume, synthetic amorphous granular silica gel. This
support is essentially designed to function as a highly
efficient catalyst carrier in applications where controlled
pore size and narrow pore size distributions are desired.

The silica is stable in terms of surface area and pore
volume when heated to temperatures up to 1173 K in air or
other controlled atmosphere activations, e.g. a decrease of
less than 10 % occurs in these properties after calcination
in air for 16 hours at 1143 K. Pore diameter contraction
occurs, however, after the support has been in contact with
aqueous media and then dried (ref. 161, Table Bl (Appendix

B) and Section 4.1.1).
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The typical properties of CS2040 are:

Physical Form ..... 30, 45 or 90 micron granular powders
Surface Area (ng_l) ......................... 410
N, Pore Volume (cm3g—1) ...................... 2.1
Average Pore Diameter (nm) ..........ccccceeecee 20
Wt % loss on drying at 378 K ............... < 6.0

Particle size distribution:
WE $ on 325 MesSh ...ccceceeecccccsncccacncscas > 92
WE $ on 100 MesSh .. ..ttt eteceecacecccccncnesse < 0.2

Typical chemical analysis:

Wt % Silica, a8 Si0p ...cevicencncannccnnns > 99.8
PPM Alumina, as Alj03 ...cceercenrnnncsnnans < 300
PPM Sodium, as NagO ......cecevencnncnnnnnns < 300

PPM Calcium + Magnesium, as CaO .........c.. < 200
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Appendix B - Summary of Support Characterisation (191)

Bl. Introduction

The department of Chemical Engineering, Cambridge
Universgsity (Dr. L. Gladden et al.) hasrpged NMR, neutron
scattering and computer simulation techniques to study the
structure of the various silica supports used in the
preparation of the catalysts. The major problem in
understanding the behaviour of silica-supported catalysts is
the inability to characterise the structure of amorphous
silica. The aim of this work was to overcome this problem.

It is commonly accepted that the structure of a non-
crystalline solid can be described in terms of ring
statistics; this description should be thought of as
analogous to the unit cell description of crystalline
materials. In the following discussion the 5 nm pore gel
is nominally the same material as the standard ICI catalyst
support (the two give identical 29Si MAS NMR and CP MAS NMR
spectra). The major findings of the work are summarised

below.

B2. Neutron Diffraction Studies

Neutron diffraction experiments were undertaken on
instrument D4B at ILL, Grenoble and LAD at ISIS. It was
found that the more active catalysts (see Appendix C) were
prepared from silicas with a higher concentration of small,
strained, three-fold siloxane rings in their network. These
siloxane rings consist of three silicon atoms bonded
together via three bridging oxygen atoms. The percentage
of three-fold siloxane rings incorporated into each silica

network was determined by constructing computer models of
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networks with varying ring statistics and then comparing
their respective scattering functions with those obtained
experimentally from diffraction studies. The results are

presented in Table Bl.

Table Bl

Results of Neutron Diffraction Studies

Sample Pore BET Surface|Skeletal % 3-fold
Diameter Area Density?® Siloxane
(nm) (m2g~1) (g cm™3) Rings
Bulk Silica - - 2.17-2.20 <1
5 nm Gel 5.0 474 2.32 5
20 nm Gel 20.0 118 2.27 2
Densified Gel - 0.29 2.21 <1
cs2040P 20.8 415 2.19 5
Cs2040°€¢ 11.5 426 2.16 2
Cab-0-Sil - 194 2.20 1
+ 0.5 5 0.05

a. Determined by helium pycnometry.
b. CS2040 before contact with water.
c. CS2040 after contact with water.

If it is assumed that all three-fold siloxane rings
exist at the surfaces of silica structures (174) then the
ICI 5 nm pore silica had 40 - 50 % of its surface made up of
three-fold siloxane rings, CS2040 (before contact with
water) 30 - 35 %, CS2040 (after contact with water) < 20 %
and Cab-0-5il 0 - 5 %. Three-fold siloxane rings are high
energy structures relative to large ring species and
catalytic activity appeared to correlate with the surface

energy of the respective silica supports (see Appendix C).
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It should also be noted that three-fold siloxane rings are
known to readily interconvert to vicinal silanol groups upon
exposure to water. NMR experiments have shown that the
maximum number of three-fold siloxane rings were formed when

the silicas were dehydroxylated at about 923 K.

B3. Magic Angle Spinning NMR (MAS NMR)

295i MAS NMR studies of the pure silicas have been
performed on a Bruker MSL200 NMR spectrometer, operating at
a spectrometer frequency of 39.76 MHz. Data were acquired
using a 1r/4 pulse of duration 3 ps and a recycle delay of 60
s. TMS was used as a spectral reference. Deconvolution
of the NMR lineshapes into component Gaussians was performed
subject to the constraint that the lineshape should be
fitted with the minimum number of component peaks; the peak
falling at ca. -110 ppm was first positioned and its fit to
the experimental lineshape optimised. If necessary,
further peaks at ca. -100 ppm and ca. -91 ppm (corresponding
to Q3 and Q2 sites, respectively) were introduced and the
fit optimised by iterating on chemical shift, width and
intensity of the component Gaussians. The results of this
lineshape analysis strongly supported the interpretation of
the neutron data previously discussed. Cab-0-Sil, the 20
nm pore gel, the densified gel and CS2040 (after contact
with water) were all well fitted by two component Gaussians
with the major component falling at ca. -110 ppm. However,
the 5 nm pore gel and the CS2040 (before contact with water)
did require a significant intensity at a chemical shift of
ca. -105 ppm. Thus it was observed that samples which

contained a significant number of three-fold siloxane rings
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as determined by neutron diffraction, also required a
Gaussian component at ca. -105 ppm. This component was not
enhanced upon proton cross-polarisation and therefore was
not a silanol species. Instead it can be assigned to Q4
species in three-fold siloxane rings which will necessarily
be associated with small Si-0-Si bond angles. Chemical
shift and Si-0-Si bond angle have been seen to correlate as
follows:

$ (ppm) = -0.59(¢) - 23.21,

where ¢ is the Si-0-Si bond angle in degrees. The 04 peak
centred at ca. -110 ppm was associated with Si-0-Si bond
angles, ¢ > 145° (which is typical of a four-, five- or six-
fold siloxane ring), whereas a peak centred at ca. -105 ppm
was associated with ¢ = 138°. Such a bond angle would be
expected for a three-fold siloxane ring structure. Table
B2, below, summarises the results of the line fitting

analysis.

B4. Small Angle Neutron Scattering

Small angle neutron scattering (S.A.N.S.) experiments
have been performed on instrument D17 at ILL, Grenoble. By
using both natural and isotopically substituted
nickel/silica it was possible to investigate the potential
of S.A.N.S. to study simultaneously changes in both silica
pore size and metal particle size as a function of thermal
treatment of a nickel/silica catalyst. These studies were
only performed on reduced samples of nickel supported on
silica produced by ICI. The silica support had been
hydrothermally processed to yield a pore diameter which

could be observed using the S.A.N.S. technique.
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Results of MAS NMR Experiments on the Pure Silicas

Sample Chemical Shift Peak Fitting Parameters
(ppm) Peak Position Relative Area

(ppm) (%)

5 nm Gel -109.0 -95.3 19
-104.1 59

-109.0 22

20 nm Gel -111.9 -101.9 25
-111.9 75

Densified Gel -111.8 -95.8 20
-111.8 80

Ccs20402 -111.9 -100.1 28
-107.2 14

-111.9 58

cs2040P -109.9 -100.9 28
-109.9 72

Cab-0-Sil -109.8 -98.6 29
-109.8 71

* 0.5 0.5 5

a. CS2040 before contact with water.
b. CS2040 after contact with water.

Following reduction the catalysts were heated in

flowing hydrogen at the temperatures indicated in Table B3.

Analysis suggests a bimodal distribution in particle size;
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the smaller particles being resistant to sintering up to ca.

1023 K.

A S.A.N.S. study on a reduced nickel/silica sample

heated to 1223 K in flowing hydrogen showed complete

collapse of the pore structure and the loss of discrete

nickel particles in the catalyst.

These results were

consistent with nickel silicate formation at a very high

temperature.

Table B3.

Table B3

A summary of the results is presented in

Results of S.A.N.S. Studies on Nickel on ICI Silica

Pore Size Characteristics
Treatment | Surface Fractal Mean Pore Smallest Pore| BET
Temp. (K)| Dimension, Dg Diameter (nm) |Diameter (nm)|{ (nm)
723 3.89 9.6 0.73 10.6
873 3.85 9.9 0.69 11.1
1023 3.71 11.8 0.68 11.4
Nickel Particle Characteristics
Treatment | Surface Fractal|Mean Particle| Smallest Particle
Temp. (K)| Dimension, Dg |Diameter (nm) Diameter (nm)
723 6.00 9.9 0.82
873 4.00 8.7 0.83
1023 2.35 6.9 1.17

BET pore size measurements were additionally performed

on samples taken from the same batch as were used in the

S.A.N.S. experiments and the results also listed in Table B3

for comparative purposes.

The general conclusions from the S.A.N.S.

as follows:

studies are
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i. The silica support was stable to thermal treatment at
723, 873 and 1023 K; i.e. there was no significant change in
any of the parameters characterising the pore structure.
ii. There were changes in the size of the nickel particles
with treatment temperature. These results can be explained
in terms of a bimodal distribution of nickel particle sizes
with representative dimensions of particles being 1 - 2 nm
and 20 - 40 nm. The larger particles were free to migrate
on the surface and agglomerate at all treatment temperatures
studied. The smaller particles appeared to be resistant to
sintering up to ca. 1023 K, where the smallest particle

diameter observed began to increase.
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Appendix C - Catalyst Characterisation and Reaction

Chemistry

Cl. Introduction

The department of Chemistry, Surrey University (Prof.
J. R. Jones et al.) has used various méfﬁods of catalyst
characterisation including T.P.R., using both the
conventional method employing a T.C.D. and a novel method
employing tritiated-hydrogen as the reducing gas and a
radioactivity detector to monitor the hydrogen depletion in
the eluant flow with temperature. The use of tritiated-
hydrogen as the reducing gas was also utilised in an
investigation to determine how much hydrogen was retained by
the catalysts after reduction.

The Surrey group have also studied the kinetics and
mechanism of the reductive amination of ethanol to give,
predominantly, ethylamine.

The major findings of the work are presented below.

C2. T.P.R. Studies

T.P.R. experiments were performed by the Surrey group
using a T.P.R. apparatus capable of operating in either a
gas flow or gas recirculating mode; the recirculating mode
was used for experiments involving the use of tritiated-
hydrogen, with the water formed during reduction removed by
a cold trap. The depletion of hydrogen in the 5 % v/v
hydrogen in nitrogen reducing gas during a T.P.R. experiment
was monitored either by a T.C.D. or, in case of tritiated-
hydrogen experiments, by a radio-detector.

To ensure that comparable T.P.R. data to those

presented in Section 4.1.2 were produced by this apparatus,
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the T.P.R. experiments performed using the unreduced

calcined catalysts were repeated under identical conditions

1 up to a final

to those used at Glasgow (i.e. 8 = 5 K min.~
temperature of 1023 K). The T.P.R. profiles produced from
these experiments were found to be similar to those obtained
at Glasgow, with all the profiles of the calcined catalysts
displaying L.T. peaks and those of the nickel on the ICI and
CS2040 (non-ag.) silica catalysts exhibiting significant
H.T. peaks.

T.P.R. experiments were then performed using the
calcined catalysts with a relatively small amount of tritium
(75 - 200 mCi) added to the 5 % hydrogen in nitrogen
reducing gas mixture. This gas mixture was recirculated
over each sample of catalyst whilst it was heated under the
same conditions previously described. An 80 Fl sample of
gas was taken every five minutes during the heating process
and analysed by the radio-detector. After the T.P.R.
experiments were complete, the activities of the catalysts
were assessed.

The T.P.R. profiles obtained (185) showed that, for all
catalysts, no significant uptake of [3H]—hydrogen occurred
until the reduction of the supported nickel oxide began,
generally at a temperature of ca. 573 K. The [3H]-hydrogen
was then consumed continuously up to 1023 K, which was the
final temperature in the T.P.R. experiments. Samples of
the pure ICI and Cab-0-Sil silicas were also used in control
experiments. Both these supports consumed a small amount
of [3H]—hydrogen at a steady rate during heating; this loss
became more significant beyond a temperature of 723 K.

These uptakes of [3H]-hydrogen were probably due to hydrogen
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isotope exchange between surface water and silanol groups,
with exchange facilitated by the presence of water vapour
desorbed from the silicas during heating and not due to
actual reduction of the supports. The [3H]—hydrogen
uptakes by the supports were relatively small compared to
those of the calcined catalysts.

After the final temperature was reached, the catalysts
were allowed to cool in the 5 % tritiated-hydrogen in
nitrogen and then flushed with helium at room temperature.
The activities of the catalysts, and hence the amounts of

retained hydrogen, were then assessed (see Table Cl).

Table C1l

Amounts of Tritium Retained on the Catalysts After T.P.R.

Catalyst Catalyst Activity
[mCi (g catalyst)_ll
10 $ Ni on ICI 11
10 % Ni on CS1030E 8
10 % Ni on Cab-0-S8Sil 2
1 % Ni on ICI 21
1 % Ni on ICI® 16
1 $ Ni on CS2040 (non-aqg.) 18
1 % Ni on CS1030E 14
1 $ Ni on Cab-0-Sil 8
1 % Ni on CS2040 (aq.) 2
Pure ICI SilicaP 8
Pure Cab-0-Sil SilicaP 10

a. Duplicate experiment.

b. Control experiment.
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It was found that, in general, the 1 % nickel on silica
catalysts retained more tritium than 10 % nickel on silica
catalysts. Additionally it was observed, for catalysts of
the same metal loading, that the amounts of retained tritium
were higher for catalysts prepared from silicas with higher
metastable energies in the form of larger proportions of
three-fold siloxane rings in their structures (see Appendix
B) . Therefore, the data presented in Table Cl lead to the
conclusion that catalysts prepared from silica supports
containing a larger percentage of three-fold siloxane rings
in their structures led to more hydrogen (or tritium for
reduction by labelled gas) being retained after reduction.

The observation that the 1 % nickel on silica catalysts
retained more hydrogen after reduction than the
corresponding 10 % nickel on silica catalysts may be
explained by the majority of retained hydrogen being stored
in the support (176). Spillover hydrogen is thought to
associate with three-fold siloxane rings on the surfaces of
silica supports (176) and this led to larger amounts of
hydrogen being retained by the catalysts prepared from the
higher energy supports. If an interaction also occurred in
the catalysts between nickel and the three-fold siloxane
rings on the surfaces of the supports as proposed in Section
5.1.2, then fewer three-fold siloxane ring sites will have
been available for hydrogen storage on the support for
catalysts of higher metal loading. Hence metal deposited
on a support may adversely affect these storage sites for
spillover hydrogen and so the more metal on the support, the
less available sites for hydrogen storage exist on the

surface of the support.
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C3. Reductive Amination of Ethanol

The Surrey group also investigated the kinetics and, by
means of isotopic labelling, the mechanism of the reductive
amination of ethanol to give amine products. The reaction
can be represented, in its simplest form, by the following
equation;

CoHgOH + NH3 5 > CoHgNH, + H,0

In practice, however, significant quantities of
diethylamine and triethylamine are formed by the
disproportionation of the ethylamine. Acetonitrile (from
the dehydrogenation of ethylamine) and methane (from the
hydrogenolysis of ethanol) can also be produced.

These reactions are illustrated below;

2CH3CHy-NH, = CH3CH,-NH-CH,CH3 + NH3 Disproportionation
2 (CH3CHy) pNH & (CH3CHy) 3N + CH3CH,NH, Disproportionation
CH3CHy-NH, == CH3-CN + 2H, Dehydrogenation

CoHgOH + 2H, &= 2CH, + H,0 Hydrogenolysis

The relative amounts of all the products are dependent
on both the metal and the support from which the catalyst is
prepared (192 - 194) and also the reaction conditions such
as the temperature, pressure and the initial relative ratio
of the reactants (192, 194, 195).

In the experiments performed at Surrey, a sample of
each calcined catalyst was reduced using the apparatus
described above following the standard reduction conditions
outlined in Section 3.3.1(a). The reduced catalyst was
then cooled to the temperature at which the reaction was to

be studied; the reaction was studied for temperatures in the
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range 383 - 453 K. The reactor was then filled with
hydrogen and isolated; the pressure of hydrogen for all the
experiments was constant at 6 p.s.i.g. The apparatus was
then heated (temperature = 383 K) and filled with hydrogen
to the same pressure as the reactor togéether with ammonia
and ethanol in a relative molar ratio to one another of
either 1:1, 4:1 or 7:1, respectively. Each of these
mixtures was recirculated for a time to mix the gases
thoroughly before being directed through the reactor.

Under the reaction conditions chosen for amination it
was observed that only the amine products were formed in
significant amounts and that acetonitrile was present only
in trace amounts (although at higher temperatures this
increased) and methane was not detected. It was also found
that the 1:1 ratio of ammonia:ethanol gave very poor yields
of all the amine products. The yields of the amine
products were found to be greatly improved on increasing
this ratio to 4:1. On going to a ratio of 7:1 using the 10
% nickel on ICI and Cab-0-Sil silica catalysts, a difference
in behaviour was noted. The rate of ethylamine formation
increased for the 10 % nickel on ICI silica catalyst, while
the corresponding rate decreased for the 10 % nickel on Cab-
0-Sil silica catalyst. Therefore a higher ratio of ammonia
to ethanol appeared to retard the amination reaction rate
using the 10 % nickel on Cab-0-Sil silica catalyst.

Under identical reaction conditions, the catalysts
prepared from supports of higher metastable energy (i.e. the
nickel on ICI and CS2040 (non-ag.) silica catalysts) were
found to catalyse the amination reaction at a much faster

rate than catalysts prepared from lower energy supports
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(i.e. the nickel on Cab-0-Sil and CS2040 (aq.) silica
catalysts). The reaction rate was also found to be
considerably slower for subsequent amination reactions
performed using the catalysts; this indicated that
deactivation occurred.

Experiments were performed to elucidate the mechanism
of the amination reaction including labelling experiments
using 2H, 34 and 13c 1labels. From the results of these
experiments, the mechanism for the reaction illustrated in
Figure Cl was proposed. It was further suggested that
stage (4) of this mechanism, dehydration of adsorbed

ethanol, was the rate determining step.

(1) CH3CH,0H + X - CH3CH,O0H—X

(2) Hy + 2 X — 2 He==X

(3) NH3 + X — NH(3.y)=—X + ¥ HemX
(4) CH3CHy,OH—X + X' ———> CH3CH==<X + Hy0—X'

(5) CH3CH==X + NH(3_y)—X + Y H—X = CH3CH,NH, —X
(6) Hzo_X' : H20 + X!

(7) CH3CHyNHy —X omm— CH3CHoNH, + X

where X and X' represent catalyst active sites and 3 2 Y32

0.

Figure Cl Proposed Mechanism of Reductive Amination of

Ethanol

The faster rate of amination observed for catalysts
prepared from higher energy supports was attributed to the
three-fold siloxane rings on the surface of the high energy

support aiding water removal in stage (4) by initially
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reacting chemically with this water as illustrated in Figure

c2.
OH OH
A |
D i 55 ISi::
\
| | + H20 (I) (I)
o\Si/o Nsi”
TH V2

Figure C2 Reaction of Water with a Three-fold Siloxane Ring

Later, the vicinal silanol groups formed by the
reaction illustrated in Figure C2 will have aided water
removal from the metal crystallites by hydrogen bonding.

Hence for catalysts prepared from the high energy silicas,

| the water formed in step (4) of the reaction mechanism
illustrated in Figure Cl would have been swiftly removed
from the nickel crystallites and subsequently the reaction
rates were higher using these catalysts. Also potentially
active intermediates could have been formed by the
dissociative adsorption of ammonia and ethanol on the three-
fold siloxane rings (illustrated below in Figures C3 and C4,

respectively) ;

- | |
'”Sl/O\Sl &si
+ NHj >

| |
O\s /O i’

Figure C3 Reaction of Ammonia with a Three-fold Siloxane

Ring
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O-CH, OH
| |
:SJ./O\Silu > Si Sit
(|) /(]) + CH_OH > (I) /(l)
~Ssi Ssi
4% 1%

Figure C4 Reaction of Ethanol with a Three-fold Siloxane

Ring

Morrow and Cody (177) have shown that strained siloxane
linkages (such as those found in three-fold siloxane rings)
act as Lewis acids and will strongly interact with Lewis
bases such as water, ammonia and alcohols, in the manners
illustrated in Figures C2, C3 and C4, respectively. aAll
these interactions would be expected to enhance the
reactivities of the catalysts, and hence catalysts with
larger proportions of three-fold siloxane rings in their
supports were found to be more active, i.e. the nickel on
ICI and CS2040 (non-aq.) silica catalysts.

The relaxation and loss of these three-fold siloxane
rings during the course of an amination reaction could also
account for the observed deactivation of the catalysts.

The observation that the amination reaction rate using
the 10 % nickel on Cab-0-Sil silica catalyst was relatively
slow when a high ammonia:ethanol ratio was used may be
explained by the fact that the concentration of three-fold
siloxane rings on this silica was limited. Thus it was
possible that high concentrations of ammonia swamped the
three-fold siloxane ring sites on the Cab-0-Sil silica-
supported catalyst and reduced their ability to remove water

formed during the reaction.
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