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ABSTRACT

The adiponitrile hydrogenation reaction, relevant for the production of
aminocapronitrile and hexamethyldiamine; precursors for Nylon 6 and Nylon 6, 6

respectively, has been investigated.

Three different reactor systems were used; trickle-bed reactor, fixed-bed gas-phase
reactor and the stirred-tank autoclave reactor. This meant comparisons between flow

system and batch process could be made.

Supported metal catalysts were investigated as alternatives for the currently industrially
used Raney catalyst. Precious metals, specifically thodium, were compared with the base
metals nickel and cobalt on the basis of activity and selectivity. Mixed metal alloy
catalysts were also prepared and comparisons drawn. Finally a range of supports were

also tested.

Both flow systems were found to be of limited use with problems attributed to the

practical applications of the reactor systems. Using Autoclave activity data as a standard

it was possible to define differences in activity between each of the catalysts prepared.
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Chapter 1 — Introduction

1. INTRODUCTION

1.1. Aims of the Project — Catalytic Hydrogenation of Nitriles to

Amines

The selective hydrogenation of nitriles to primary amines is one of the key stages in the
production of many amines used in the manufacturing industry. This project focuses
specifically on the process of hydrogenation of adiponitrile (ADN) to aminocapronitrile
(ACN) and hexamethyldiamine (HMD). These hydrogenation products are the
precursors for production of Nylon 6 and Nylon 6,6 respectively [1]. Previously this has
been done over Raney Nickel, but these catalysts produce many by products of cyclic

amines and imines which require costly separation processes and result in waste.

The purpose of this project is to find an alternative heterogeneous catalyst for this
process with both aminocapronitrile and hexamethyldiamine as the desired products and

to investigate different reactor types.

Ideally it might be possible to tailor the reaction towards one or other of these products
in a controlled manor by altering reaction conditions. Supported noble metal catalysts
will be investigated e.g. Rh, Pd, Pt, Ru and Au on supports such as alumina, carbon or
silica. Reactions will be undertaken in an autoclave and products analysed by gas
chromatography (GC). Catalysts will be characterised by a range of methods including

metal dispersion, surface area, metal particle size distribution and transmission electron
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microscopy (TEM). The aim being to link method of preparation with structure and

reactivity and gain an insight in to the mechanism by which the reaction takes place.

Three types of reactor are compared; the liquid phase flow system of the Trickle-Bed, the
liquid phase batch process in the Autoclave and the gas-phase reaction in a gas phase
reactor. The development of a gas-phase fixed-bed reactor from scratch is a key part of

this project.

1.1.1. Adsponitrile Hydrogenation for Nylon Production

The adiponitrile hydrogenation reaction is important industrially for the production of

Nylon 6 and Nylon 6,6. Figure 1.1 shows the adiponitrile hydrogenation reaction.

Adiponitrile (ADN)

l+ 2H,

N/¢\/\A/NH2

Aminocapronitrile (ACN)

NN
HoN NH,

Hexamethyldiamine (HMD)

Figure 1.1 - Adiponitrile hydrogenation reaction
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Figure 1.2a shows the reaction from caprolactam to Nylon 6, caprolactam is formed from

cyclisation of aminocapronitrile. Nylon 6 is thus named as it has 6 carbons between each

repeating unit.
N (0]
S~ ~NH,  _*HO
a 2
Aminocapronitrile (ACN)
caprolactam
o H /
* N *
Nylon 6
b) o
HO/U\/\/\“/OH + HZN/\/\/\/ NH,
o
adipic acid hexamethyldiamine (HMD)
—_—> * N\/\/\/ *
O
Nylon 6,6

Figure 1.2 — a) Nylon 6 and b) Nylon 6,6 formations

Nylon 6,6 on the other hand is made from the reaction between adipic acid and
hexamethylene diamine. This results in a polymer with two different groups of 6 carbons

repeating thus calling it Nylon 6,6. This reaction scheme can be seen in figure 1.1b
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Chapter 1 — Introduction

The second requirement for a successful reaction is that the molecules must collide in a
correct orientation such that the correct bonds can be broken and formed in order to
form the desired products. A catalyst does this by influencing the orientation of the
activated complex formed, the intermediate, such that it is correct for reaction. The
catalyst then dissociates from the reactant molecules and remains unchanged and can go

on to catalyse further reactions.

There are two main types of catalysts [2]:
e Heterogeneous catalysts

¢ Homogeneous catalysts

These will be discussed in the following sections.

1.2.1. Homogeneous Catalysts

A homogeneous catalyst is one that is present in the same state as the reactants. Usually
homogeneous catalysts come in the form of liquids and are used in liquid phase reactions.
The problem with a homogeneous catalyst system is separation of product and catalyst.
The action of a homogeneous catalyst is usually to coordinate with the reactant molecules
and bring them together for reaction to occur. Contemporary examples of homogeneous
catalysis utilizing metal complexes include hydroformylation, Ziegler-Natta

polymerization, hydrogen transfer catalysis, hydrogenation, and C-H activation.
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1.2.2 Heterogeneons Catalysts

Heterogeneous catalysis occurs when the catalyst and the reactant are in different phases.
The most common example is a solid catalyst and liquid or gaseous reactants [2]. The
heterogeneous catalyst works by adsorbing the reactants to active sites on the catalyst’s
surface. Once on the surface, the molecule can form a stable activated complex,
weakening bonds within the molecule allowing it to react with other molecules on the

surface or to break up or rearrange itself.

1.3. Supported Metal Catalysts

Heterogeneous catalysis is commonly achieved with the catalyst in question being a metal
and the reactants in liquid or gas form. The metal catalysts can be either bulk metal or
supported metals. A variety of relatively inert supports can be used such as silica,
alumina, graphite or titania [3]. The metal is dispersed on the catalyst surface and thus
more metal active sites are available for reaction then in a bulk metal catalyst where much

of the metal is within the bulk of the catalyst and not as easily accessed [4].

1.3.1. Raney Nickel

Raney Ni is a skeletal catalyst invented in 1927 by Murray Raney [5]. It is formed by the

melting of the active metal and aluminium in a crucible to form an alloy. The skeletal



Chapter 1 — Introduction

structure is then created by leaching of aluminium out of the alloy by dissolving in

sodium hydroxide [6].

This skeletal structure has large surface area and can store hydrogen gas. For this reason,
the catalyst is pyrophoric [7]. When supplied, it is stored as a slurry in water. Care
should be taken never to expose Raney nickel to air. Even after reaction, Raney nickel

contains significant amounts of hydrogen gas, and will ignite when exposed to air.

Adiponitrile hydrogenation over Raney nickel, in the literature, is mostly done over the

catalyst in a slurry bubble, three phase reactor. [6, 8,9, 10, 11, 12]

1.4. Previous Literature

1.4.1. Rbodium Catalyst for hydrogenation of nitriles

Rhodium has been proved to be an effective catalyst for oxidation [13] but also for
various hydrogenations e.g. [14, 15, and 16] as well as for amine hydrogenation e.g. [17].
It was found that the same selectivity pattern was favoured for gas and liquid phase
hydrogenation with ruthenium being best followed by rhodium then nickel [18]. Mixed
Ni-Rh catalysts have proved an effective catalysts [19, 20], for hydrogenation of
butyronitrile a mixture of Rh and Ni on NaY showing the Rh is able to promote Ni

reduction and increase hydrogenation rates [21].
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1.4.2. Rbodium Catalyst for hydrogenation of adiponitrile

Mares et al [22] report the use of highly dispersed Rhodium on a magnesia support for
the conversion of adiponitrile to hexamethyldiamine. It was found that commercial
magnesia had a very low surface area and was prone to surface agglomeration thus lost its
actuvity rapidly. High surface area magnesia was produced by hydrating commercial
magnesia to Mg(OH), then calcining. The temperature and duration of these processes
were found to be the major experimental variables. The optimum values found were 22
hours hydration, MgO/Mg(OH), ratio 0.15 and 24 hours calcination. This gave a surface
area of 270m’/g measured by the standard BET method for nitrogen desorption at —
196°C. Selectivities to aminonitriles remain high even at 90% conversion. They
conclude that the enhanced selectivities were due to the basic nature of the MgO support
facilitating desorption of basic compounds e.g. amines, and the high dispersion of Rh.
Increasing concentration of adiponitrile had no effect on the formation of
hexamethyldiamine but increased the production of cyclic by products, best selectivities
for diamine formation were found in lowest concentration of adiponitrile. Ammonia was
used to suppress the formation of cyclic imines and bis(w-cyanoalkyl)amines thus
increasing the formation of 6-aminocapronitrile. Neat ammonia would therefore be the
best medium for reaction and they found that this was possible by using their highly
dispersed catalyst. Increased hydrogen pressure was found to increase the intermediate
imine hydrogenation and therefore reduces its reaction with the amino group of 6-
aminocapronitrile. Therefore increased imine hydrogenation increases the formation of
hexamethyldiamine. This concluded that 6-aminonitrile is favoured at low adiponitrile
concentrations in neat ammonia and high hydrogen pressure. A selectivity of 94% at a

conversion of 70% was reported [23].
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Pellegata et al.[24] investigated the use of rthodium nanoparticles on polyvinylpyrolidone
(PVP) as a hydrogenation catalyst. They looked at the hydrogenation of five different
substrates one of which was adiponitrile. They were interested in finding catalysts
suitable for reaction in aqueous conditons. The water soluble polymer
polyvinylpyrolidone was chosen. Hydrogenation of adiponitrile at 80°C under 5 and 40
bar H, pressure with a catalyst to substrate ratio of 1/1500 for 9 hours resulted in
conversions of adiponitrile to 6-aminocapronitrile of 33% and 85% respectively. The
kinetics of the reaction was found to be zero order with respect to hydrogen and

substrate.

Alini et al. {25, 19] also investigated Rh in adiponitrile hydrogenation and found that, in a
slurry reactor, Rh/ALO, could partially hydrogenate adiponitrile to aminocapronitrile
with a conversion of 60% and selectivity of 99%. This catalyst was prepared using an ion

exchange method.

1.4.3. Iron Based Catalysts for hydrogenation of adiponitrile

The effect of alkali dopants on catalytic activity of iron catalysts was investigated by
Fierro et al. [26]. Addition of a dopant affects the surface characteristics of the catalyst;
this was investigated using XRD and XPS. Surface area measurements by BET found
the surface area decreases with the addition of an alkali dopant and this increase is related
to the increase of atomic volume of the dopant. Alkali metals with smaller atomic radii

were found to migrate to the surface faster than those with larger electronic radii. The

10
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surface atomic ratio of dopant to iron was found to be higher than the bulk in all cases.
Due to thier larger size, caesium ions could remain at the surface of the micropores from

the beginning of the impregnation.

Surface acidity was measured using gaseous base adsorption under oxygen free
conditions. Weak and strong acid centres were found and differentiated by using
different adsorbed bases; quinoline that titrates strongly acidic centres and pyridine and
cyclohexylamine that titrate strong and weak acid centres. Surface acidity was found to
increase as ionic radii of dopant increased non-doped<Na"<K'<<Cs". The greatest
increase in acid centres was found for Cs* doped iron. This was put down to the
structural differences between the Cs,O(anti-Cd-Cl,) and the other alkali oxides (ant-

fluorite).

Catalytic activity was investigated for the conversion of adiponitrile to 6-
aminocapronitrile (ACN). Conversion was found to increase with temperature and with
the number of surface acid sites. Selectivity to ACN was found to be higher at lower
temperatures. Cs doped catalysts showed 0% conversion possibly due to irreversible

adsorption of reaction products.

1.4.4. Nicke! Based Catalysts for adiponstrile hydrogenation

Nickel catalysts are most common in the hydrogenation of adiponitrile. Research has

investigated nickel on a variety of supports and with a number of different dopants.

11
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Unsupported NiO catalysts

Unsupported NiO catalysts have been investigated by Medina et al [27]. The activation
energies of reduction, catalytic activities and selectivities for the hydrogenation of

adiponitrile were investigated for pure NiO and potassium doped NiO catalysts.

Using TPR non-stoichiomettic NiO was found to have lower initial activation energy of
reduction than stoichiometric NiO. Thus non-stoichiometric NiO starts autocatalytic
nucleation at a lower temperature. As the temperature of reduction increases, the surface
area of NiO decreases possibly due to sintering. Potassium is shown to be a reducibility

inhibitor for NiO.

Stoichiometric NiO 1is highly sintered and has low BET surface area, and thus lower
conversions. The conversions increase with increased degree of reduction. Degree of
reduction increases with increased temperature but after reduction to temperatures over
623K, the conversions decrease. Larger crystallite size is accompanied by an increased
degree of sintering at higher temperatures which results in lower surface area and so
lower conversions.  High selectivities for hydrogenation of adiponitrile to 6-

aminohaxanenitrile are only reached at low conversions for stoichiometric NiO.

Conversions for non-stoichiometric NiO increases with the increased degree of reduction
but decreases for catalysts reduced at temperatures above 573K. These catalysts exhibit
lower surface areas and lower conversions due to sintering as before. Non-stoichiometric
NiO precursors become complétely reduced at 500K but at this temperature it is found

that the Ni phase present is not well suited for selective production of aminocapronitrile.
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The precursors are required to be reduced at temperatures of 623-673K in order for this
selectivity to improve. Doping with potassium inhibits NiO reduction and the
temperature required for full reduction reaches 573-623K. At this temperature selectivity

to aminocapronitrile improves.

Potassium appears to decrease the number of surface active sites for the production of
hexamethyldiamine and azacycloheptane caprolactam formation. Active sites for
production of aminocapronitrile are still available after sintering and potassium doping.

This indicates that the process is structure dependent.

This catalytic process can be biased towards certain products by altering the reduction
temperature and the conditions of the reaction. In order to produce aminocapronitrile, a
sintered doped or un-doped NiO catalyst is favoured. 1,6-hexanedinitrile and
azacycloheptane are favoured by very active un-sintered un-doped catalysts under low

space velocity and high reaction temperature.

Fe203 supported nickel catalysts

A study of Fe,O, supported nickel catalysts with varying contents of potassium dopants
were compared with bulk nickel catalysts [28]. These catalysts were tested for the
hydrogenation of adiponitrile in the vapour phase at 180°C and 1 atm pressure. Fe,O,
supported nickel catalysts exhibit XRD pattern for metallic iron after reduction at 225°C.
Potassium promoted nickel catalysts do not show any metallic nickel even after reduction

at temperatures above 420°C. The NiO phase is always present and the magnetite phase
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is obtained over the reduction temperature range 225-325°C and o-Fe is found over
290°C. They conclude that magnetite and a-Fe inhibit reduction of NiO and the

formation of Ni microcrystalites.

Of all the phases present in the catalysts Fe,O,, Fe,;O,, Fe and NiO, only reduced nickel
proved to be catalytically active for adiponitrile hydrogenation. Bulk nickel showed
higher conversions when reduced at temperatures of 200-300°C. Those reduced at
higher temperatures e.g. 390°C had larger crystallite sizes and lower conversions. As the

potassium content was increased, Ni particle size and degree of reduction decreased.

Selectivities of 100% for bulk nickel catalyst reduced at 390°C, 90% for reduced catalysts
at 390°C prepared with 3.5x10°gKg" Fe,O; and 100% for catalysts also reduced at 390°C
supported on aFe prepared with no potassium. It was found that when selectivity to
aminocapronitrile increased, the selectivity to hexamethyldiamine decreased and vice-
versa. This indicates that these two products are formed at different active sites. Also it
is noted that azacycloheptane formation tends to be obtained with hexamethyldiamine

thus implying that these two products form at the same active sites.

Potassium Doped Graphite Supported Nickel Catalysts

The effects of potassium dopants on a graphite supported nickel catalysts were
investigated by medina et al [29]. These catalysts were assessed for catalytic activity for

the hydrogenation of adiponitrile at 433K at 1 atm pressure in the absence of ammonia.
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Activation energies for reduction of NiO in graphite supported catalysts were higher than
that of the unsupported catalyst. Graphite can be lost at temperatures above 723K due
to glassification this was shown by XRD. Graphite and potassium were shown by XPS

to be inhibiting the reduction of NiO.

Conversion was found to increase with increased degree of NiO reduction but potassium
was found to improve the selectivity towards aminocapronitrile. The addition of
potassium increases the basicity of the catalyst favouring desorption of amines and alters
the distribution of surface active sites responsible for certain reaction products. No
higher amines or imine intermediates were found in this study. Increase in reaction
temperature causes an increase in the production of azacycloheptane; aminocapronitrile is
favoured at lower temperatures. Increase in space velocity seems to favour the formation

of aminocapronitrile due to more efficient amine desorption.

This reaction could be tailored towards any of the three reaction products by altering
conditions. If aminocapronitrile is required then a graphite supported nickel catalyst
doped with1-3x107g K,O/g catalyst is required. For hexamethyenimine, potassium free
graphite supported nickel catalyst may be used with low space velocities and high reaction
temperatures. The fully hydrogenated product hexamethyldiamine may be produced by
reaction on a graphite supported potassium-free catalyst with high space velocities and
low reaction temperatures. Although high temperatures can cause graphite glassification
in the presence of reduced nickel. Graphite was found to reduce sintering of metallic

nickel.
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Potassium encourages the selectivity to hexamethyldiamine, 100% selectivity to
hexamethyldiamine was obtained at 50% conversion for catalyst with K content 1.4x10°

’g/g catalyst and 0.21g Ni/graphite.

Nickel supported on o-alumina

Studies of nickel on a-alumina show the effect that the support has on the activation
energies of NiO reduction and selectivities in the hydrogenation of adiponitrile [30, 31].
The effect of the support on the activation energy of reduction is investigated [30]. The
catalytic hydrogenation of adiponitrile at 443K and 1 atm is carried out in the absence of

ammonia.

Activation energies of reduction were found to increase with the a-alumina supported
nickel catalysts, proving the inhibiting effect of a-alumina on NiO reduction. o-Alumina
is thought to inhibit the reduction of NiO because it increases dispersion inhibiting
autocatalytic nucleation of reduced nickel. The activation energies of reduction converge
for supported and unsupported nickel catalysts at high degrees of reduction. Complete
reduction of NiO on a-alumina was found above 623 K the alumina support was found

to increase the reduction temperature thus backing up the idea that it inhibits reduction.

XPS confirms the NiO reduction inhibiting effect of a-alumina. Complete reduction is
also favoured by higher surface dispersion, increased Ni content and decreased reduction
temperatures. Crystallite size increases with increase in reduction temperature as shown

by XRD. This may be due to the sintering effect mentioned eatliet.
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Conversion increases at higher degrees of NiO reduction and with increased nickel
content and it decreases with nickel sintering at high temperatures. Selectivity to
aminocapronitrile increases at lower nickel contents, high space velocities and higher
metallic sintering. a-alumina prevents sintering and allows conversions to remain high
for catalysts reduced at high temperatures. Sintering probably produces metal sites

favourable for the production of aminocapronitrile.

Potassium Doped o-alumina supported nickel catalysts

The effect of potassium doping on these a-alumina supported nickel catalysts were
investigated [31]. Hydrogenation of adiponitrile was carried out under the same
condition as above. As before a-alumina was found to increase the activation energy of
reduction and thus the temperature of reduction for NiO on the supported metal
catalysts. Potassium was also found to inhibit the reduction of NiO. Ni metal was
found to be present in large quantities at higher reduction temperatures and lower

potassium contents.

Conversions decrease with decrease in nickel surface area. The nickel area decreases with
increasing reduction temperature and increased potassium dopant levels. Nickel
dispersion is fairly constant for all catalysts. Selectivity to aminocapronitrile increases

with potassium content.
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Potassium or a-alumina seems to have a structural effect on the catalyst, creating more
sites active for the production of aminocapronitrile causing the highly selective pathway.
There is thought to be low surface area coverage by reactants shown in the low quantity

of oligomerization products.

y-Alumina-supported NiO catalysts

Nickel supported on y-alumina was tested for the hydrogenation of adiponitrile at 443K,
1 atm pressure and in the absence of ammonia [32]. The reaction conditions are the
same as for the a-alumina supported nickel catalysts previously described and the

potassium doped a-alumina.

The shape of TPR curves was sigmoid in agreement with the nucleation model of nickel
reduction. y-Alumina was found to inhibit reduction of NiO phase much more than a-
alumina and unsupported NiO. This implies a greater degree of interaction between y-
alumina and NiO. Differentiated curves for reduction show two weight losses in the
NiO unsupported and a-alumina supported catalysts. Weight losses in these two samples
could be from two dominant ranges of particle sizes present in the oxide. This is less
evident in the a-alumina supported NiO catalyst because of the texture-regulating action
that alumina has upon NiO. The y-alumina supported catalyst has four different weight
losses. Two of these losses are due to loss of surface hydroxyl groups as water. The

other two are due to NiO phase reduction.

A new phase was identified by TPR measurements, a nickel aluminate at the NiO/ y-

alumina interface. It is formed at calcination temperatures above 623K and affects the
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final degree of reduction of the catalyst. This phase is not detected by XRD and is
therefore not crystalline. XRD only detects the NiO and reduced-nickel phases. The
nickel aluminate phase caused low levels of reduction as some of the NiO was trapped
inside shells of nickel aluminate and some is in the form of nickel aluminate spinel both

are not freely available for reduction. This leaves more than 25% of the NiO unreduced.

The only products of the hydrogenation reaction were 6-aminonhexanenitrile, hexane-
1,6-diamine and hexamethyleneimine. Pure y-alumina was not found to be catalytically
active. Unreduced catalysts produced no conversion. The degree of reduction of the
reduced catalysts was very low, 40-75% but they managed to achieve full conversion.
These y-alumina catalysts have high thermal stability and no significant metal sintering is
shown at high temperatures. This is due to the high stabilising and dispersing effect of y-

alumina.

Catalyst conversions increase significantly with increase in nickel content and degree of
reduction of catalyst. Selectivity’s of 100% can be found towards hexamethyleneimine
especially in the catalysts with high nickel loading and higher reduction temperatures. No
linear secondary or tertiary amines are found perhaps due to low surface coverage of

reactants.

Detailed characterisation of several y-alumina supported nickel catalysts was undertaken

[35]. The catalysts were found to have mesopores with diameters between 20 and 100 A.
The NiO crystallites were found to be octahedral and larger than the pore mouths of the

support. The surface characteristics of the support remain constant under these
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conditions. XPS shows surface Ni*" and surface reduced nickel. SEM micrographs show
the presence of nickel aluminate shells are more prevalent in lower nickel loading and the
octahedral NiO crystallites are more apparent for higher nickel loading. At calcination
temperatures above 623K nickel aluminate is present in layers between zero and several
atoms thick covering the whole surface of the support. At calcination temperatures
above 623K with reduction temperatures higher than 673K the catalytically active
reduced nickel is present on top of the nickel aluminate layer either as octahedral

crystallites or encapsulated in voided nickel aluminate shells.

Silica supported INi-B catalysts

Ni-B/SiO, has been used for many hydrogenation reactions such as cyclopentadiene [34,
35, 36] and heptadecyl cyanide [36]. High selectivity to primary amines was found in the
hydrogenation of nitriles over Ni-B/SiO, catalysts [38, 34] specifically adiponitrile over

Ni-B/SiO, amorphous catalyst at 1 atm [38].

XRD showed the Ni-B/SiO, catalyst to be amorphous. EXAFS shows a lack of long
range order for the fresh Ni-B/SiO, alloy only short range order of first near neighbour
atom layer. This structure can be transformed in to a well ordered structure on heating to
873K for 2 hours in flowing N,. The crystallized Ni-B/SiO, shows diffraction peaks for
metallic Ni and crystalline Ni,B alloy. DSC analysis shows that for the supported Ni-B
catalyst crystallization begins around 694K. This is 80K higher than for the unsupported
Ni-B catalyst. The SiO, support appears to be thermally stabilizing. MgO dopant
showed no significant effect on structural properties of Ni-B amorphous alloy. The

active surface areas (S,.) remained the same for Ni-B/SiO, and Ni-B/SiO,-MgO. On
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crystallization the Ni loading and Ni to B atomic ratio remained the same but there is 2
big decrease in the S,, due to gathering of Ni active sites at high temperature. XPS
shows Ni and B are each present in two states in the amorphous catalyst. Ni present as
metallic nickel and NiO and the boron present as NiB alloy and B,O,. Ni and B have
strong interactions, the bonding electrons of boron occupy vacant d-orbitals of nickel,

making the B electron deficient and the Ni electron rich.

The three main products of hydrogenaton were found, hexamethyldiamine,
aminocapronitrile (the hemi hydrogenated product) and hexamethyleneimine (a by

product). This led them to adopt the Volf and Pasek mechanism shown in figure 1.4
N///\/\/\/é N

Adiponitrile (ADN)

l + 2H,

6-iminocapronitrile

1+2H2

N/é\/\/\/NHz

Aminocapronitrile (ACN)

+2H,
/ - NH; \

Hexamethlyeneimine (HME) Hexamethyldiamine (HMD)

Figure 1-4 - ADN hydrogenation [38]
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At 100% adiponitrile conversion on supported Ni-B amorphous catalysts the only by
product formed was hexamethyleneimine (HME). With MgO modifier, the selectivity to
HMD increased. Conversion was found to decrease significantly when the Ni loading
was decreased but this had no effect on the product distribution or selectivity. With a
reduction in the reaction temperature the conversion rate falls and selectivity to HMD

also falls due to an increase in the production of hexamethyleneimine.

The crystallized Ni-B/SiO, catalyst has lower conversions and HMD selectivites, large
amounts of hexamethyleneimine are formed and 6-aminonhexanenitrile which cause the
low levels of HMD. Ni/SiO, catalysts have higher conversions but lower selectivity to
HMD than this crystallized catalyst and unlike the NiB/SiO, catalyst, a rise in reaction

temperature is coupled to a rise in hexamethyleneimine formation.

The Ni-B/SiO, amorphous catalyst shows no significant change in selectivity and
conversion after 72 hours, unsupported Ni-B catalysts shows an abrupt decrease in both
factors after only 7 hours. This is due to the high temperature reached because
adiponitrile hydrogenation is an exothermic process. The supported catalyst is thermally

stabilized and lasts longer.

The formation of aminocapronitrile fwas found to be strongly dependent on the activity
of the catalyst. The Ni-B/SiO, and Ni-B/ SiO,-MgO amorphous catalysts proved to
have high activity due electronic interactions of Ni and alloying B in the amorphous state.
Loading of Ni had no significant effect. Activity of Ni sites was found to decrease with

decrease in reaction temperature causing increased formation of aminocapronitrile.
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It was proposed that the by-product is formed by the reaction shown in fig 1.5 [38]

i N a5

CH, CH, CH,

| +H, I | +H,
CHY— | CH)— | CH)—— NH
. ¢ cH

IIT IIII—I NH.

i) ) Sh

Figure 1.5 — Formation of hexamethyleneimine (side product) over Ni catalyst [38]

Electron deficient Ni sites could polarize the cyano group making the carbon more
electropositive and susceptible to attack. The B atoms in the mixed catalysts donate
electrons to the Ni causing less hexamethyleneimine formation. Decomposition of the
Ni-B alloy in the crystalline form accounts for increased formation of the cyclic by-
product and decrease in formation of HMD. MgO acts as an electron donator and
could be responsible for inhibiting hexamethyleneimine formation in the catalyst with

mixed support.

Ni-MgO catalysts

Ni, Co and ruthenium are the most widely used catalysts for primary amine formation
[39]. Serra et al. [39] investigated Ni-MgO catalysts for the hydrogenation of
adiponitrile. Nickel-magnesia catalysts had previously been shown to have high activity
for the hydrogenation of the dinitrile 1,4-butanedinitrile [40]. In comparison with a bulk
NiO catalyst they showed higher selectivities and conversions to primary amine. The

basicity of the MgO support encouraged desorption of amine products and discourages
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condensation reactions, thus preventing catalyst deactivation. Ammonia was not required
to suppress by-product formation as the basic support was sufficient. Highest selectivity
to 4-aminobutanenitrile 85% was reached at full conversion at reaction temperature of

343K and 13,000h™ space velocity.

Two Ni-MgO catalysts were produced and compared with Raney Nickel for the
hydrogenation of adiponitrile. The different preparation methods of the two catalysts
resulted in one containing a solid solution phase of Ni with Mg, detected by XRD. Raney
nickel had higher surface area than either of the NiO-MgO catalysts. Catalyst A was
prepared by thermal decomposition of NiINO,),.6H,0 and MgO then calcined in static
air. The NiO and MgO phases are able to interact stronger than catalyst B. Catalyst B
was prepared by controlled thermolysis of Ni(NO,),.6H,O at 373K for 14 days
producing Ni;(NO,),(OH), which is then mixed with MgO and calcined under flowing
argon at 523K. An XRD study of calcination temperature and its effect on Ni/MgO
catalysts was undertaken by Arena et al. [41]. This makes diffusion between NiO and

MgO phases difficult.

XRD patterns show that precursors for catalyst A exhibit solid solution phase due to the
closer interaction between NiO and MgO phases. This catalyst has a larger surface area
than catalyst B which was accredited to a higher sintering effect in the sample not having

formed solid solution.

After reduction Raney nickel and catalyst B show metallic nickel phase only and the
degree of reduction, a=1. Catalyst A shows an XRD diffraction pattern for Ni metal and
NiO-MgO solid solution, at a degree of reduction, «=0.71. It has smaller Ni crystallite

size than catalyst B and a higher surface area, both due to lower sintering. The partial
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agglomeration of particles in catalyst B can be seen in SEM images compared before and

- after reduction of catalytic precursors.

By-products such as dimers are formed, by intermolecular amine-imine condensation
reactions. The basic nature of the MgO support favours elimination of amines and so
could prevent secondary reactions. Raney Nickel has high catalytic activity so favours
hydrogenation of intermediates rather than condensations. The higher metallic area of
Raney-Ni and catalyst A cause higher amounts of cracking products. The scheme for
formation of all products proposed in this paper illustrates a dependence on hydrogen

concentration for certain products to form.

1,6-hexanediamine requires similar amounts of hydrogen to the cyclisation products and
therefore these reactions compete. All three catalysts showed high selectivity to the
diamine. Formation is favoured at high H,/adiponitrile ratios and at lower reaction

temperatures. Higher reaction temperatures can cause cyclisation and cracking products.

Lowest hydrogen consumption is required for the production of 6-aminohexane. At low
reaction temperatures less hydrogen is available so hemi hydrogenated products are
favoured. The presence of octahedral crystals in the catalysts A and B may be the reason

for higher selectivities to aminocapronitrile.

Selectivity to 1,6-hexanediamine is high for all catalysts. Catalyst A at 363K and full
conversion produced 96% selectivity for 1,6-hexanediamine. This may be due to the
solid solution phase. The Ni-MgO catalysts showed higher selectivity to
aminocapronitrile than the Raney-Ni catalyst. For catalysts A and B a drop in the

reaction temperature and H,/ADN ratio favours hemi-hydrogenation. This high
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selectivity could also be due to the presence of octahedral crystallites which may be the
active sites for monoamine production. Highest selectiviies (38% and 77%) and
conversions (87% and 85%) were found for catalysts A and B at 383K, H,/ADN ratio of
100/2 and a space velocity of 10242h". Arena et al. [42] also investigated Ni/MgO and

considered the promoting effect of alkali metal inclusion.

Ziegler-Sloan-Lapport catalysts

Nickel, Cobalt and Ruthenium are investigated along with bimetallic Ziegler-Sloan-
Lapport catalysts for the hydrogenation of adiponitrile to hexamethyldiamine in a paper
by V. Balladur et al [43]. The bimetallic catalysts were NiCr, NiTi and CoFe. The paper
also discusses the effect of water and dopants on the hydrogenation reaction selectivity

and actvity.

Mild reaction conditions were used, 20 bar pressure H,, 120°C-180°C. No ammonia was
required in this reaction as would have been used in a Raney nickel catalyst reaction to
minimise side reaction products and secondary amines. Activity measurements were
made in terms of hydrogen consumption and quoted as mmole of H,/g of catalyst/s.
Selectivity measurements were made using internal standard of undecane in isopropanol

and analysed by GC with an FID detector.

Water was found to significantly reduce selectivity to the primary amine. Water content
of the precursor salts and solvent water concentration significantly increased the
production of secondary amine side products and therefore reduced the

hexamethyldiamine production. Doped catalysts showed far less vulnerability to water.
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Another affect noted was that water reacts with alkylaluminium residues from the catalyst
precursor materials to eventually form alumina, which is 2 known promoter for secondary

and tertiary amine formation.

Monometallic catalysts showed a trend in activities decreasing from Ni, Co to Ru and a
reverse effect on selectivities so for example Ruthenium was highly selective but pootly
active. Results for the Ni and Co based catalysts doped with Fe, Cr and Ti showed that
the selectivity was improved but at cost of a lowered activity. Dopant/Ni ratio does not

have a big effect on activity and selectivity, levels even out at a2 low dopant concentration.

Activity increases with increased temperature for all the catalysts studied, implying

durability of the catalyst. Selectivity to HMD increased for Ni based catalysts with

increased temperature but the opposite occurred for Co based catalysts.

1.4.5. Lamellar Double Hydroxides (I DH)

Lamellar double hydroxides were shown to be of use in gas-phase hydrogenation of
acetonitrile. Increasing the Mg content of the LDH was found to decrease the
reducibility of Ni and the amount of residual acid sites [44, 45, and 46]. Acid sites were
said to be responsible for coupling reactions resulting in by-product formation and the
target product was formed on the metal sites in a dual-functional mechanism as proposed
by Verhaak at al [47]. Due to these two antagonistic effects they found an optimum Mg
content for the catalyst where (Mg/(Mg+Ni)=0.23) for which the selectivity to the

primary amine mono-ethylamine was 92.6% at 99% acetonitrile conversion [44].
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Thermal treatment of catalysts prepared from LDH precursors was investigated as
reduction and calcination temperature was found to affect the acid-base characteristics of
the support and the electron density of the Ni active sites [48]. A low ratio of weak
Bronsted sites to basic sites was found to be optimal for selectivity to mono-ethylamine.
This was found for catalysts prepared by calcination at 623K and reduction at 723K for
which 94.6% selectivity was achieved at a conversion of 47%. The selectivity fell at
higher conversions reaching 92% selectivity at 99% conversion [48]. They concluded
that the increased selectivity was due to increased basicity of support and not to change in

electron density of Ni active sites.

Lamellar double hydroxides containing Ni*"/Mg®* /Al’* were studied for catalytic activity
in the half-hydrogenation of adiponitrile [49]. Varous compositions of a catalyst
prepared by co-precipitation of an aqueous solution containing Ni(NO;),.6H,0,
Mg(NO,),.6H,O and AI(INO,),.9H,0O with a solution of NaOH which was added drop

wise at 293K under stirring were used. This results in Ni**/Mg** (A'*)O phase.

XRD showed the samples to be well-crystallised LDH structures with no excess phase
present. Ni*" cations were isomorphously substituted for Mg®" in the layers of the LDH
structure. Before calcination the surface area is low, this increases on thermal treatment at
high temperatures. The highest surface area was found in the catalyst named AR5 in
which (Mg/Mg+Ni)=0.20. Mixed oxide phases and spinel-like phases are present and
their relative amounts vary with varying chemical composition. The AR5 catalyst has the

best compromise between these phases resulting in its high surface area.
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Temperature programmed reduction showed that as the Mg content increased, the
reduction of Ni** to Ni’ occurred at higher temperatures. Degree of Ni reduction varies
form 62% in a sample of high Mg content to 93% in the Mg free sample. Chemisorption
of H, was used to show the accessibility of Ni’ phases at 823K, which was the
temperature that the reaction occurs at. This was found to be a2 maximum for the sample

AR5 with 10% accessibility.

The target molecule for the catalytic experiments was ACN; HMD, ACH and longer
chain amines were the main by-products. This agreed with previous reaction schemes
suggested as can be seen in figure 1.4. An inorganic base KOH was present in the
reaction medium to improve selectivity to aminonitrile. KOH is thought to neutralise
some acid sites responsible for condensation reactions. In the absence of KOH, a
transimination reaction occurs, forming cyclic ACH. The optimum concentration of
KOH required in this reaction was the same as has been reported for the Raney nickel

catalyst.

The catalyst is reactivated in H, pressure with HMD, water and KOH. This step was
investigated and selectivity to ACN was found to increase with increased reactivation
pressure but found an optimum temperature for reactivation of 423K. After reactivation,
two phases are present, Ni metal and Mg(ADO periclase-type phase with varying amounts
of Ni substituted for Mg depending on the sample composition. The degree of LDH
structure reconstruction was considered. LDH structure can be reconstructed by re-
hydroxylation of the mixed oxide phase in an aqueous solution; this is more difficult for
the Ni-containing mixed oxides than for the Mg-containing mixed oxides. The impact on
ACN hydrogenation has been investigated for the AR5 catalyst. It was found that

selectivity to ACN improved with in-situ reactivation. XRD patterns showed that LDH
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reconstruction had taken place during the reactivation stage. The optimum reactivation
temperature was found to be 423K resulting in highest selectivities to ACN. An
optimum quantity of water was found to be 9.6 vol%. H,O was found to promote
selectivity by reconstruction of LDH phase and formation of a hydrophilic interface at
the metal surface, making desorption of ACN easier, thus reducing the number of

molecules further hydrogenated to hexamethyldiamine.

Transimination reactions take place both on the acid sites in the support and on the metal
sites in a bi-functional mechanism [47]. These reactions result in by-products and less
aminocapronitrile. Mg present in the catalyst increases the number of acid sites but
decreases their strength [44]. High electron density of Ni in the AR5 sample is thought
to be the reason for its high selectivity to ACN, as it allows for faster desorption of ACN.

This is found by IR spectroscopy of adsorbed CO.

1.4.6. Ruthenium-Cobalt Catalysts

The synergistic effect of ruthenium and cobalt together has been studied by Iglesia et al.
[51]. They investigated Ru-Co/TiO, and on SiO,. Ru was seen to reduce the
temperature of reduction for Co in Ru-Co catalysts precursors. This implies that the two
metals are in intimate contact. In this paper the catalyst was being investigated for action
in Fischer-Tropsch synthesis. It was found that the presence of Ru also inhibited the

formation of catbon deposits from CO/H, mixtures.
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There are two identifiable steps in the reduction of Co,0O,/TiO, precursors that can be
identified by differential thermal gravimetric analysis (DTG). The step converting Co,O,
to CoO was strongly affected by Ru, the second step of CoO conversion to Co was
effected but to a lesser extent. Co-Ru/TiO, requires high temperature calcinations
treatments to allow close contact between the two metal components. After calcinations
at 673K, the precursor reduction temperature was the same as the mono-metallic catalyst.
After high temperature calcinations at 773-823K the reduction temperature was much
lower. Oxidation is suggested to enhance the interactions between Co and Ru.
Oxidation produces highly mobile Ru oxides and Ru-Co oxides. A Co,RuO, spinel
isostructural with Co,O, is produced. Solid solutions of Co;,Ru,O, can form on the

surface of Co,0, crystallites during calcination.

SEM micrographs show that after calcination, Ru is found present only along with Co
within large metal particulates. Ru present in other areas is undetectable. In samples not
calcined before reduction, there is no Ru found in the Co crystallites. EXAFS shows the
Co fraction in the first Ru coordination shell increases from about 0.3 to 0.48 as
calcination temperature increases from room temperature to 773K. This proves there is
improved mixing. Dispersion of large Co particles is apparently unaffected by
calcination.  Along with the mixing process, creating oxidised species at high

temperatures also causes sintering.

Chemisorption of O, at room temperature after reduction shows that the Ru species have
migrated inwards away from the surface of the catalyst. Less O, is chemisorbed than

before and this is because Ru atoms have gone in to the large Co crystallites.
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Bimetallic synergy is also observed on Co-Ru/SiO, Addition of Ru to a Co/SiO,
catalyst increases the cobalt activity by a factor of almost two without increasing cobalt
dispersion. Selectivity to Cs, in the Fischer-Tropsch synthesis increases from 82% to

86.1% with Ru addition. Calcination is also required to induce the observed bimetallic

synergy.

These ruthenium-cobalt supported catalysts have been found to be highly active for
adiponitrile hydrogenation. Kusaka et al [52] investigated the nitrile group
hydrogenation by supported and unsupported ruthenium-cobalt catalysts. The support
used was Si0,, which is known to be a structural promoter in iron-based catalysts used in
the production of ammonia. It increases the number of surface sites in the fresh catalyst
[51]. A synergistic effect is thought to exist between the two metals which ate both active

for hydrogenation [51].

Supported RuCo catalyst showed only a reduction stage for Ru(Il) reduction, no Co(II)
reduction was found. Co species supported by SiO, were found to be less reducible [52].

Co in the Co(OH), and CoCO,; species was found to be reducible under similar

conditions.

Co(II) in the unsupported Ru(OH),/Co(OH), catalyst was easily reduced to Co’ even at
473K. The ruthenium enhances the reducibility of the Co lowering its reduction
temperature. As the Ru content increases the Ru reduction temperature increases and the

Co reduction temperature decreases.
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2. EXPERIMENTAL TECHNIQUES

This chapter describes the experimental procedures used in this project. The method of
catalyst preparation is detailed for each catalyst used. Methods of characterising these
catalysts and their precursors involve instrumentation which is schematically described
along with a brief explanation of the background theory. Catalyst testing equipment is
briefly described here although this is gone in to in more detail in Chapter 3. The

product analysis equipment is also discussed here.

2.1. Catalyst Preparation

Catalysts have been prepared on a variety of supports using a variety of methods. The
main method of preparation used was incipient wetness. Incipient wetness describes the
impregnation of the support when the active elements are contained in a volume of
solution corresponding to the pore volume of the support. The procedure has also been
referred to as pore volume impregnation or dry impregnation. [1] The catalyst prepared
for use in the trickle-bed reactor must be made on large particles to allow flow through
the trickle-bed reactor. For this purpose granulated supports and extrudates have been
used. The supports used were two different silica, SP874905 and SP189725 and alumina
extrudates in the form of trilobes provided by Johnson Matthey. For use in the

autoclave it is possible to use powdered supports.
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2.1.1. Nickel on silica

Ni/SiO, catalysts have been prepared by an incipient wetness technique [2] following a
method by Li et al [3]. Low loading catalysts were prepared following this method.
Fumed silica was impregnated with nickel so there is 0.010g of nickel to every gram of
SiO,. Pore volume for the fumed silica was not known and so the amount of water
required to form a paste was measured by adding water drop wise to the support until
wetness was observed. This volume was found to be 10ml water per g SiO,.  This
volume of water when added to the powdered support forms a paste taken as the point
of incipient wetness. This was then dred in an oven over night and then reduced at
600°C for 6 hours in a tube furnace under 5% H,/Ar. Using this same method 20%
loading Ni catalysts were also prepared on fumed silica. In order to produce 20% loading
Ni/SiO, with nickel nitrate hexahydrate it is necessary to do two impregnation and drying
steps as the required amount of nickel nitrate hexahydrate would not dissolve in to the

volume of water required to fill 90% of the pores of SiO,.

The NiSiO, reduction temperature has been ascertained using the TPR method.
Reduction was complete by 600°C. The influence of the experimental set up for the of
reduction has also been investigated. Initially reduction was done in a tube furnace with
flowing 5% H,/Argon flowing over the catalyst precursors which were placed in a quartz
boat in the furnace. Later on in the project it was considered that full reduction had not
taken place so other methods of reduction were investigated. Passing gas through the
sample instead of over the sample was looked at. This was initially done in the TPR tube

as 2 model for reduction in-situ in the reactor tube.
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2.1.2. Rhodium catalysts — 5%Rh/ SiQ; 5%Rh[/ A5O3 and 5%Rb/ Graphite

Rhodium catalysts have been prepared using rthodium chloride on two types of
granulated silica and on alumina trilobes. The rhodium chloride was weighted out to
provide 5% rhodium by weight of the total weight of the intended catalyst. For a 100g
batch of catalyst 5g of rhodium was required thus 11.7426g rhodium (II) chloride was
weighed out.  To obtain 95g of silica support 100g had to be weighed out in order to
take in to account the wetness of the given support. The alumina support was assumed
to be dry. The rhodium salt was dissolved in to an appropriate amount of deionised
water in order to fill 90% of the pores according to the relevant pore volume. For the
granulated silica (SP874905) provided by Johnson Matthey pore volume was known to be
0.9cm’/g so in order to fill the pores 90g water per g of catalyst is required and to fill
90% of the pores 81g water per g of catalyst. For granulated silica (SP189725) pote
volume was known to be 1.2cm’/g and 90ml solution was pored over the support in a
mechanical tumbler and tumbled to ensure even absorption of the solution. These where
then dried in a2 60°C oven followed by reduction at 250°C in a vertical tube furnace under

flowing 5%H, in N, for two hours.

2.1.3. Nickel and Cobalt catalysts — 5%INi/ [ AL0;, and 5%Co/ AL0;

Nickel and Cobalt catalysts have been prepared by dry impregnation following a similar
method to that described above. Catalysts were prepared using the nitrates and chlorides

of both metals and have been prepared using two different methods. Firstly both metals
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have been used in a straight forward incipient wetness preparation and another set of
catalysts have been prepared using both sets of the metals in an incipient wetness

technique incorporating a precipitation step.

Both preparations involve impregnating the support with a solution containing
approptate amounts of the metal salt while tumbling in the mechanical stitrer as before.
The incipient wetness with precipitation method then involves adding 1M solution of
NaOH to the drum and mixing for 10 min. This is followed by two washings with water
and then the products from both preparation methods are dried at 100°C overnight. All

the samples are then calcined at 350°C and reduced at 250°C under 5% H,/Ar.

The mixed metal catalysts were prepared using rhodium (II) chloride and either cobalt
nitrate or nickel nitrate. The catalysts were made using the method above where the total
metal loading was made to be 5%/wt consisting of a 2.5%/wt contribution from each
metal. These catalysts were tumbled in solution as described above and then dried at

100°C, and reduced at 250°C in a tube furnace under flowing 5% H,/Ar.
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2.2. Characterisation

The characterisation techniques described here include temperature programmed
reduction (TPR), surface area determination by the Brunauer, Emmett and Teller (BET)
method, powder X-ray diffraction (XRD), atomic absorption spectroscopy (AAS) and

scanning electron microscopy (SEM).

2.2.1. TPR analysis

Temperature programmed reduction is a technique in which the number of reducible
species can be determined and the temperature of reduction can be measured. For a

sample to be suitable for TPR analysis it need only have reducible species present.

Temperature programmed reduction was done using an Autochem 2910 analyser.
Powdered and granulated samples (0.1- 0.5g) are loaded in to a quartz glass U-tube
resting on glass wool. A thermocouple sits in the sample and detects the temperature.
This tube is held within a temperature-controlled oven and sealed allowing gases to pass
over as it is heated. In the TPR reaction firstly the sample is oxidised in 2-5% O,/He
then for the reduction stage 10% hydrogen in argon gas mixture is passed through the
sample while the temperature is increased in a linear ramp the ramp rate used can effect
clarity of data. A ramp rate of 10°C/min was used. Changes in thermal conductivity of
the exiting gas are measured and indicate the change in the composition of the gas
mixture which can be quantified. Changes in the composition of the gas with respect to

hydrogen indicate reduction taking place.

42



Chapter 2 ~ Experimental

2.2.2. BET surface area analysis

Many different procedures can be used to gain an understanding of the surface area of a
catalyst [4]. In order to ascertain the surface area of the catalysts the Bruauer, Emmett
and Teller Method [5] was employed. In this method the physisorption of N, gas is
measured over a range of temperatures. The Micrometrics Gemini was used and samples
were degassed for 45 min at 150°C in nitrogen prior to analysis. The sample (~0.1g) is
contained in a ¥4” BET tube and inserted in to the machine where a similar tube is also
held as an empty reference. Both tubes are filled with nitrogen and submerged in a
Dewar containing liquid nitrogen. The pressure is then increased so that nitrogen
liquefies and creates 2 monolayer on the surface of the catalyst. Monolayer formation can
be shown in figure 2.1 as point B. Only in samples in which monolayer coverage can be
attained is the BET method applicable. In the BET experiment pressure, P, is measured
relative to the saturated vapour pressure of the probe gas, P,. Type II isotherms (figure
2.12) occur in nonporous structures or macroporous materials [6]. Type IV (figure 2.1b)
are relevant to mesoporous substances in which further rapid increase in adsorption

occurs at higher values of P/P; where capillary condensation is occurring [7].

a b/
Type I1 Type IV

s Isotherm - Isotherm
1 ®
£ £

° o
3 <
< <

- e

g 5

° °
i|® £|s

Relative Pressure, P/Po Relative Pressure, P/Po

B= point of monolayer coverage

Figure 2-1 - Absorption isotherms indicating point of monolayer coverage
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The volume of nitrogen required to create monolayer coverage is equal to the surface

area and monolayer capacity can be calculated by use of the BET equation (Eq1, Eq2).

p___[€-n]p 1 ,
Va(P,-P) { v,C) ] P, * v.C (B
) Pressure
— = RelativePressure = (Eq2)
A SaturatedVapour Pr essure

V, = Volume adsorbed
V.. = Monolayer Capacity
C = BET constant

The adsorption isotherm is created and from this the surface area can be calculated using

the following equation (Eq3).

VN
SurfaceArea = 22 E
f MV q7)

Surface Area = Vm oNa/MV,
Vm = Monolayer Capacity
Na = Avogadro’s Number

M = Mass of Sample

V, = Molar Volume of Gas

The Micrometrics Gemini BET surface area machine was connected to a computer and

the software carried out these calculations.
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Incident Scattered
Wave Wave
L) oY% /
7\
dI //, \\
a,
d sin®

Figure 2-3 — Scattering of monochromatic X-ray beam by a crystal lattice.

By measuring the angle of scattering, 26, of the -ray beam it is possible to determine the
inter lattice spacing, d, and therefore determine structural information. This is calculated

using the Bragg equation [9] (Eq4) where A is the wavelength of the CuKa radiation.
nA =2dsin@ Eq4

XRD analysis 1s done using an Enraf Nonius FR590 X-ray generator emitting Cu kg
radiation and the diffracted X-ray beam detected by a fixed arc detector in the range of 4°
to 124°. Powdered samples are loaded in to an aluminium plate and spun through 360°

during analysis.

Powder patterns are interpreted by comparing with data from the JCPDS database of
known substances. Peaks can be attributed to crystal structure reflections, which can

then be assigned to known phases.
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glass tube filled with neon or argon. A large potential of about 300V is created
producing argon or neon cations and anions which strike the cathode in a process called
sputtering. The sputtered atoms are excited and on returning to the ground state they
emit radiation. The radiation emitted is equal to the energy required to raise an outer
electron from the ground state to one of the excited states. This value is specific for each
element and there can be a few transitions possible so a few wavelengths may be selected

for each elements analysis.

Catalysts and precursors have been analysed using atomic absorption spectroscopy in
order to determine the weight percent of metal present. For the nickel catalysts a
standard was bought from Aldrich and diluted down to produce solutions appropriate for
the optimum concentration range for nickel analysis, which is 1- 100 ppm. The AAS was
set up to burn an oxidising flame of air and acetylene and set to read at 352.4nm
wavelength.  Catalysts and precursors are prepared for analysis by dissolving in to
solution with acid. To ensure SiO, has dissolved HF is used. Solutions are made up to
be roughly within the optimum concentration range by estimating the loading and

calculating appropriate amounts to dissolve.
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2.3. Catalyst Testing

For catalyst testing three reactors were used. A fixed-bed flow reactor was used for gas-
phase flow reactions, an autoclave for liquid phase stirred-tank studies and a trickle bed
reactor (IBR) for liquid-phase flow reactions. Both flow systems operate under near
ambient pressure and the autoclave is capable of operating at high temperature and
pressure. In this section the autoclave will be described as it was used as provided. The
other two reactors were built specifically for this project and the process of building

those will be discussed further in Chapter 3.

2.3.1. Autoclave Stirred-Tank Reactor

Batch, liquid-phase reactions were undertaken in a Parr micro-reactor. This reactor
consists of a sealed vessel equipped with a stirrer and heating mantle capable of reaching
high temperatures and pressure. The gas inlet is connected to a Buchii Pressflow Gas
Controller (BPC) which regulates the feed of hydrogen to the reactor. By setting the
desired pressure for the vessel the BPC feeds additional hydrogen in as it is used up to
maintain a constant pressure within the vessel. This hydrogen uptake is monitored by a

computer connected to the BPC and a graph of hydrogen uptake can be produced.

Reactions were done at 10, 20 and 30 bar pressure. The reactor vessel was 25ml total
capacity and filled with 15ml liquid reactants. For each run 0.25g of catalyst was used.
The stirrer speed was 1000rpm, this was the maximum reliable stirring speed. The
maximum speed was used to help minimise mass transfer effects on the reaction

efficiency. Reactions were done at a range of temperatures between 100°C and 300°C.
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depends of the relative mobility of each analyte. This separation can be facilitated by

altering the various aspects of the GC. The most important are:
e Column packing — Stationary Liquid Phase
¢ Temperature Programme

Column packing is very important and different stationary phases are available for
separation according to different physical properties of the desired analyte. Columns are
available which separate according to boiling point or polarity. In the case of a polarity
column, the more polar the molecule the stronger the interaction with the liquid phase
causing slower progress along the column and relatively longer elution times. For the
separation of amine products in this project a 30m Chrompack CP-Sil 8CB Amine
capillary column was used. This column separates according to the relative boiling points
of the products being analysed. Smaller molecules would elute faster than larger
molecules. The temperature programme can be used to ensure efficient separation and

shorter run times.

Samples are introduced to the GC column via a heated injector port. This port is heated
to very high temperatures in order to vaporise the solution. A microlitre syringe was

used to inject 0.1ul volumes in to the column.

Figure 2.5 shows the schematic diagram of the Gas Chromatograph as was used in this

project.
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Despite using an internal standard to correct for any variation in the GC procedure, the
data was still spread. A great deal of time was invested in endeavouring to generate
reproducible calibration data with close correlation to the linear relationship.
Unfortunately this was not successful therefore it was agreed after several discussions
that it would be more appropriate to calculate selectivity relative to total product. Hence,
selectivity and conversions were calculated from the GC data using the areas under the
peaks by dividing the area of the peak of interest by the sum of the areas of all peaks to

get a percentage;

Selectivity (%) = _ [Area of Peak of Interest (counts)]
3[Total peak areas (counts)]

% 100

Conversion was calculated with respect to the amount of residual starting material. This

principle was applied to all the results in chapter 5.

2.4.2. Infrared Spectroscopy (IR)

Products were also analysed by infrared spectroscopy. This is an analytical method which
identifies the presence of key functional groups in the sample by analysing the
frequencies of their vibre:tions upon the absorption of light. Different vibrational
frequencies are known to arise from two major components; the atomic mass and bond

strength. Their relationship to frequency is considered by Hooke’s law;
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results to give a characteristic IR spectrum. Only changes to a bonds dipole moment
cause an IR active vibration with symmetrical vibrations being said to be IR inactive.
Figure 2.11 shows the characteristic wavelengths absorbed by the bonds in common

functional groups.

With the above in mind, IR has a distinct application to this project as it is able to
distinguish between the key functional elements present in the various starting materials,
intermediates and product. Of particular use is the C=N stretching frequencies which are

typically found at 2200-2250cm™.

Samples were analysed using a Perkin Elmer 1600 series Fourier transform infrared
spectrometer. Solvent was allowed to evaporate and the samples were used neat as iquid

film dispersions between sodium chloride plates.

2.4.3. Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance spectra were also used in product identification. Nuclear
magnetic resonance, or NMR, is a phenomenon which occurs when the nuclei of certain
atoms are immersed in a static magnetic field and exposed to a second oscillating
magnetic field, which causes precession. Each nucleus therefore resonates at a certain
frequency and as a result of spin relaxation, gives a peak on the NMR spectra. In 'H
NMR this peak has an integral area proportional to the number of protons resonating.
Each proton has a chemical shift (ppm) which is influenced by the atoms and groups

neighbouring it. These groups are distinguished by their influence on the electron
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3. REACTOR CONSTRUCTION

3.1. Flow Systems

The use of a continuous flow system for fine chemical production is highly sought after
in industry. Batch methods such as the stirred tank reactor and autoclaves [1-4] have
their draw backs. An operator is required to constantly refill the system and remove the
product. The catalyst must be separated from the product before use and this catalyst
can suffer breakdown due to the agitation of the stirrer at rapid speeds. These factors all

add to the cost of an industrial process.

Excess gas out

Liquid reactant in <— )

'y Wire mesh basket
containing catalyst

Liquid produet out

Figure 3-1 - Continuous stirred-tank reactor

A flow system eliminates these problems by fixing the catalyst in place and passing the
reactants over it. Reactants get fed in one end and products emerge at the other end.

Two types of reactor involving solid catalyst and both gaseous and liquid reactants,
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Chapter 3 — Reactor Construction

The trickle-bed reactor can be seen in figure 3.2. Liquid and gases are fed in through
separate inlets at the top of the reactor and passed over the long catalyst bed. The
catalyst must be supported on large particles to allow steady flow. A lot of research has

gone in to the engineering aspects of this reactor type [9-11].

3.2. Fixed-Bed Gas-Phase Reactor

Gas phase flow reactors have been used in many catalytic reactions [12-21]. The fixed

bed reactor for the purpose of this project was initially set up with a saturator as shown in

figure 3.3
MFC =

F R = Presince Regulator
ME = Mass Flow Conmelier

(-

Catalyst Bed

(

Pioducts

Figure 3-3 — Fixed Bed Gas Phase Micro Reactor

A glass reactor vessel was made of '2” diameter quartz glass with a medium porosity frit-
glass plate in the middle to support the catalyst and allow reaction products to pass
through. Cajon fittings (Swagelok) were used to create the glass-metal junction. Mass
flow controllers were used to control accurately the delivery of gases in specific amounts

to the reactor.
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