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Preface

Transforming the art of catalyst preparation in to a science has been one of
the major challenges faced by the catalyst researchers of all periods. The chemical
reactions occurring in the solution state and in the solid state during catalyst
preparation are extremely complex and are also poorly understood. Scientific
knowledge on the ‘happenings’ of a catalyst synthesis can become the stepping stone
towards the development of efficient catalysts or the improvement of the existing
ones. Main theme of the present work is the consequences of using different

precursors for the preparation of supported nickel catalysts.

The precursors used were bis(ethylenediamine) complexes of nickel(Il) with
varying counter ions. Migration of metal ions to the support structure is one of the
crucial factors determining the activity and selectivity of supported catalysts and
efforts were made in this study to determine the influence of counter ions on metal
migration. The unsupported nickel complexes were subjected to almost the same
heat treatment as in catalyst preparation and the properties of the product obtained
were studied. The effect of these metal complexes on the macrodistribution of active
species obtained by impregnation, on preformed catalyst support were also
investigated. Furthermore an attempt was made to study the structure-activity
correlations by carrying out the reactions like hydrogenation and dehydrogenation
on these catalysts. In short the work presented in this thesis is a humble effort to add

‘a little input’ to the catalyst preparation science.



INTRODUCTION

1.1 Nickel catalysts in industry

1.1.1 Supported nickel catalysts

1.1.2 Hydrogenation

1.1.3 Steam Reforming

1.1.4 Methanation

1.2 New areas of performance

1.2.1 Partial oxidation of methane

1.2.2 Carbon dioxide reforming of methane
1.2.3 Steam reforming of ethanol

1.2.4 Enantioselective hydrogenation

1.3 Catalyst design- ‘Selection of precursors’
1.3.1 Effect of nickel precursor

1.3.2 Metal chelates as catalyst precursors

1.4 Nickel chelates of ethylenediamine as precursors
1.4.1 Effect of number of chelating ligands
1.4.2 Equilibrium adsorption

1.4.3 Incipient wetness- Effect of counter ions
1.4.4 Effect of calcining atmosphere

1.5 Scope of the present investigation
References

» == o =323 0 N

More than 90% of all chemical and environmental processes use catalysts in
at least one step, and there is a trend to replace older stoichiometric processes by
clean catalytic ones. Heterogeneous catalysis is used widely in chemical, refinery
and pollution control processes. Current world wide catalyst usage is about 10
billion § annually with approximately 3 % annual growth. For a 1 $ worth of catalyst
consumed, about 200$- 1000$ worth of products are manufactured [1]. Because of
ease of separation of catalysts, more and more homogeneous processes are being

converted to heterogeneous processes.
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1.1 Nickel catalysts in industry

Nickel catalysts play a major role in chemical industry. For example, out of
the nine catalytic processes in an ammonia plant, five of them namely
hydrodesulphurization (NiMo/Al,O3), pre reforming, primary reforming, secondary
reforming and methanation, make use of nickel catalysts. The development of
homogeneous nickel complex catalysis was mainly initiated by Reppe and Wilke,
who synthesized a series of organo-nickel complexes for polymerization reactions
[2]. It was in 1899, that Paul Sabatier for the first time used Raney nickel for the
hydrogenation of unsaturated organic compounds. He was awarded the Nobel Prize
in 1912 for his work on nickel catalysts. Hearing about the work of Sabatier,
Wilhelm Norman conducted hydrogenation of fats using nickel catalysts in 1901.
The first commercial plant based on Wilhelm’s work was constructed in United
Kingdom by Joseph Crosfield and Sons Ltd, Crosfield UK. The first year production
of hydrogenated fats and fatty acids were 3000 tons, whereas presently 15 million
tons of hydrogenated products are produced world wide. However due, to its
pyrophoric properties, Raney nickel was wunsuitable for many organic

hydrogenations.

1.1.1 Supported nickel catalysts

The discovery of supported metal catalysts was based on accidental
observation that unknowingly added diatomaceous earth increased the activity of
Raney nickel catalysts. The following excerpt by G.C Bond, [3] describes supported

catalysts in the following most elegant way.

“Supported metal catalysts comprise 0.1-20 weight percent of a
metal of group 8 or 9 dispersed over the surface of a support, which is
typically a high-surface area oxide. They are widely used on an
industrial scale and in research laboratories. Principal large-scale uses
include hydrogenation of animal and vegetable oils (fat hardening),

petroleum reforming to make high-octane gasoline, and treatment of
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vehicle exhaust to minimize environmental pollution. These materials
are effective as catalysts because the active metallic phase is present as
extremely small particles, having a degree of dispersion (that is, the
fraction of atoms exposed at the surface) of 10-100%. They are firmly
anchored to the support and are widely separated from each other, and

’

hence do not readily coalesce, or sinter.’

Supported nickel catalysts are used in modern chemical industry for some

key processes. A few processes are discussed below.
1.1.2 Hydrogenation

Sabatier’s discovery of nickel hydrogenation catalyst [4] led to the
establishment of commercial hydrogenation processes. Large scale processes include
hydrogenation of benzene to cyclohexane, hydrogenation of aldehydes and acids to
alcohols and hydrogenation of cyclododecatriene to cyclododecane for manufacture
of plasticizers. A large number of pharamaceutical intermediates and bioactive
substances also rely on nickel hydrogenation catalysts for their commercial
production. Nickel catalysts are the most abundantly used ones in gas-phase and
liquid-phase hydrogenation. Catalysts based on noble metals (Pt, Pd, Rh, and Ru)
are usually more active and less sensitive to poisons. But they are more expensive

and hence used less.

Hydrogenation of aromatics is very important in upgradation of coal liquids
and diesel fuels. These processes have been studied over nickel and noble metal
catalysts [5, 6]. Exhaust particles from diesel engines contain powerful carcinogens
which are mainly generated by combustion of aromatics. The hydrogenated
aromatics can increase the cetane number of diesel. Thus deep aromatic saturation is
very much relevant in industrial research. Effect of different nickel precursors on the
hydrogenation of naphthalene (which is considered as a model aromatic compound
of diesel) was studied by Li et al. [7]. The reduction patterns were different when the
precursors were changed and the studies indicated that the catalysts with high

reduction degree had high activity. The same reaction was studied by Kirumakki et

3
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al. [8] on Ni/Si0,-Al,05 catalysts. Two types of nickel sites were identified by
temperature programmed reduction studies: one with no interaction with the support
and the other having interaction with the support. They observed a direct correlation
between hydrogenation activity and NiO with no interaction. This indicates Ni

crystallites generated from reduction of free NiO have high hydrogenation capability.
1.1.3 Steam Reforming

Steam reforming of naphtha, LPG, methanol and CO, has been reported on
nickel catalysts. Low temperature steam reforming technology is of much
application in fuel cell systems. The reaction is industrially operated at high
temperature around 800 °C to achieve reasonable conversion for this endothermic
process [9]. Generally Ni/a-Al,O; catalysts are used for high temperature steam
reforming. The poor dispersion of nickel species on a-Al,O; forces one to test other
high surface area forms of alumina like y-Al,O;. Steam reforming nickel catalysts
require operating conditions such as high temperature and high steam to carbon ratio.
These conditions facilitate the easy sintering of nickel metal crystallites and
deposition of carbon on them leading to severe deactivation. Also these catalysts
require fuels with high quality (<0.5 ppm S). Because of their low activity, high

volume of catalysts has to be used for high conversions.

In steam reforming, the decomposition of hydrocarbon to a carbon species is
regarded as the first step in the reaction. In the second step, the carbon species react
with steam or surface oxygen of catalyst to form carbon oxides and gets desorbed

from the surface.

Steam reforming is an equilibrium limited reaction and the removal of
hydrogen from reaction system can significantly increase the conversion of
hydrocarbons. This can result in low reaction temperatures for significant
conversions. Membrane reactors have been proposed to effectively separate
hydrogen [10]. By using such a membrane reactor Uemiya ef al. [11] achieved
methane conversion close to 90 % at 500 °C. If the reaction temperatures can be

bought to such low temperatures, high surface area oxides can be used without

4
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affecting the stability of the reaction. Silica, y-Al,O3 and zirconia were used as
supports for nickel catalysts for steam reforming of methane at 500 °C by
Matsumura and Nakamori [12]. Ni/Zirconia was found to be the most effective
catalyst. Their mechanistic studies have shown that the surface hydroxyl groups play
the major role in the reaction pathway. Zirconia can accumulate significant
quantities of water on its surface by dissociation of Zr-O-Zr with H,O to 2Zr-OH.
These hydroxyls then migrate to the reduced nickel atoms to form Ni-OH, which

then reacts with methane to form carbon dioxide.

In a recent study, steam reforming of LNG (liquefied natural gas) was
conducted on nickel catalysts supported on mesoporous y-aluminas prepared by
hydrothermal method [13]. The well-developed mesopores and strong metal support
interaction on the catalysts gave good stability for the reaction conducted at 600 °C.
It was found that a high pore volume and large pore size of the support facilitate the

internal mass transfer, which significantly increases the rate of the reaction.
1.1.4 Methanation

The first literature on methanation appeared in the literature in 1902 [14].
Methanation catalysts are used industrially on a large scale in ammonia synthesis
plants to remove traces of carbon oxides that would otherwise poison the ammonia
synthesis catalysts [15]. Methanation process is also used in refineries and
caprolactam plants where high purity hydrogen is required. The preferred industrial

catalyst is still the Ni/Al,O3, despite the years of research to find new ones.

Computational screening studies by Anderson et al. indicated that Ni-Fe
alloy can function as more effective catalyst for methanation [16]. Later it was
experimentally verified, and found that the best catalysts have a Ni/Fe ratio above 1
and that the pure iron catalyst is much less active than the pure nickel catalyst. Thus,

the activity pattern can be described as a volcano curve.




Chapter 1

1.2 New areas of performance

The energy requirements and environmental constraints of this century have
forced application of supported nickel catalysts for some new processes. In this

section potential applications of supported nickel catalysts are presented.
1.2.1 Partial oxidation of methane

Large volumes of methane gas are flared out in oil rigs and refineries, mainly
because of the difficulty in transportation. Moreover methane is a unreactive
molecule, due to the difficulty in C-H bond activation. As more oil is used for
energy purposes, modern technologists now rely on natural gas (of which methane is
the major component) for synthesis of chemicals. Scientists are partially successful
in converting methane to syngas by steam reforming, partial oxidation and carbon
dioxide reforming. Partial oxidation of methane (POM) is an important reaction for

the production of syngas, but has not been commercialized.
CHs+ %0, —CO+2H,  ; AH9s=-36 kJ mol’

The reaction is slightly exothermic, which is a major advantage over the
strongly endothermic steam reforming process. The produced syngas has a ratio
H,:CO = 2:1 which is suitable for Fischer-Tropsch synthesis. Generation of waste
gases is also less compared to steam reforming. Coking is the major reason for the
deactivation of POM catalysts. Carbon deposition mainly comes from methane

decomposition and CO disproportionation (Boudart) reactions.

CH4 — C + 2H,
2C0O —» C,+ CO,

The catalysts studied for the reaction include supported noble metals [17, 18],
supported nickel [19, 20] and pervoskite oxides [21, 22].

Tang et al. [23] studied the POM reaction on nickel supported on MgO, CaO
or CeO,. They studied the reaction under thermodynamically severe conditions

(CH4/O, = 2.5, a higher CH4 to O, than the stoichiometric ratio) and observed
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Ni/MgO catalysts were resistant to carbon formation. These Ni/MgO catalysts have
low reducibility, but they have uniform dispersion and weak donor ability of nickel,
which make them effectively resistant towards carbon deposition. Magnesium-
Aluminum layered double oxides were used as supports for nickel catalysts in POM
reaction [24]. Such double oxides have basic character which makes the catalyst

more resistant towards coke formation.

The MgO precoated Ni/Al,O; catalysts prepared by Chowdhari et al. [25]
exhibit stable performance for POM reaction due to the formation of stable
NiMg,O4 spinel protective layer. This protective layer hinder the formation of
NiAl,O4. POM is a very fast reaction, and hence eggshell catalysts are proposed to
give higher conversion and stability [26]. The studies by Qiu et al. suggested that
small nickel crystallites and large pores are necessary for a stable catalyst for the

POM reaction.

Use of oxygen permeating ceramic membrane as catalyst is another
advancement in the research on POM reaction. Ishihara and Takita [27] used basic
LaGaO; oxide as mixed ionic and electronic conducting membrane to obtain pure
oxygen from air. Perovskite oxides of LaGaO; doped with Sr for a La site and Fe,
Co, or Ni for a Ga site, are promising as the oxygen-separating membrane for
methane partial oxidation because of high stability in a reducing atmosphere and

high permeability of oxygen.
1.2.2 Carbon dioxide reforming of methane

Both carbon dioxide and methane are green house gases and their release to
atmosphere is restricted by legislature. Carbon dioxide reforming of methane (CRM)
is proposed to be an attractive process for effective utilization of both the gases [28,
29]. The process produces syngas with equal mols of CO and H, which is ideal for
methanol and Fischer-Tropsch synthesis. The natural gas reservoirs contain, in
addition to methane, a large fraction of CO,. Thus natural gas can be directly used as
the feed for the process with some purification. The use of CO; provides a clean and

cheaper source of oxygen, which eliminates the costly separation process required

7
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for partial oxidation of methane. Even though much research has been done in last
two decades, no industrial technology has been established. Catalyst deactivation
due to coke formation is the main hurdle to overcome, and the use of noble metals
was a choice to reduce the deactivation [30]. But, the high cost of noble metals has

driven the research towards developing nickel based catalysts.

Nickel/Zeolite catalysts were made by both solid state reaction and
impregnation [31]. Catalyst prepared by solid state reaction was much active than
the other and gave 90 % conversion and an operational period of 140 hours at 800
°C without much deactivation. Effect of nickel precursors on the activity of
Ni/La,O5 catalysts was studied by Ruckenstein and Hu [32]. Catalyst prepared from
chloride precursor was more active than the one prepared from nitrate precursor. The
effect of supports on the activity was studied by Wang and Lu [33]. The deactivation
rates of the catalysts were in the following order: Ni/MgO < Ni/y-Al,O3 < Ni/Si0O; <
Ni/a-Al,O3. Both carbon deposition and metal sintering were responsible for
catalyst deactivation. The types of carbon (amorphous or graphitic) formed on the
catalysts depended on the nature of the support. The carbon formed on Ni/MgO
catalyst was amorphous and could be oxidized at low temperatures. Nano ZrO, was
used as support to prepare Ni/ZrO, catalysts which exhibited extreme stability for
CRM [34, 35]. Size limit of the nano ZrO, was determined to be 25 nm. It was
proposed that the higher metal/oxide boundaries or perimeters on the nanocomposite
catalysts rendered the high stability. The oxidative removal of carbon atoms to

produce CO increases with the area of metal/oxide boundaries.

The most promising catalysts for the reaction are NiO-MgO solid solutions
[36, 37]. A solid solution of composition Nig3Mg 970 showed stability for more
than 100 days of operation [38]. In a recent study by Wang ef al. [39], it was
suggested that complete reaction of NiO with the support MgO to form solid
solution (NiyMg;,O; x=0.06-0.25) is essential to get stable Ni/MgO catalysts for
CRM reaction. They also showed that the turnover frequency increased with

decreasing crystallite size.
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1.2.3 Steam reforming of ethanol

Steam reforming of ethanol is highly relevant in the modern technology
because of its application in hydrogen generation. Some futurists believe that
hydrogen play a significant role in future energy sector. Proton exchange membrane
(PEM) fuel cell which uses hydrogen as fuel is almost certain to meet future low
emission targets for NOx, SOx and COx. Ethanol, a form of biomass, which is easy
to obtain and to transport can be used for generation of hydrogen. Moreover, ethanol
is a bye product of biofuel synthesis and a surge in its production is expected by next

decade when many biofuel projects become operational.

In a recent study, mesoporous yttria stabilized zirconia was used as support
for nickel catalysts for steam reforming of ethanol [40]. The support with a Y/Zr
molar ratio 0.1 was superior in catalytic performance because of its high reducibility
and structural stability. Akande et al. [41] reformed crude ethanol on Ni/y-Al,O;
catalysts prepared by precipitation, coprecipitation and impregnation. The highest
conversion was obtained for the precipitated catalyst which was having high
reducibility and small crystallite size. However, in terms of hydrogen yield,

coprecipitated catalysts were better ones.
1.2.4 Enantioselective hydrogenation

A large number of pharmaceuticals and bioactive molecules are chiral.
Synthesis of chiral compounds with required enantiomeric excess (ee) has always
been a challenging task to synthetic chemists. The heterogeneous enantioselective
catalysts are advantageous over homogeneous ones because of their ease of

separation. However, in most cases the heterogeneous catalysts give low ee.

Polycrystalline nickel surface gives racemic products. It can be made chirally
selective by suitable modification with chirally active modifiers like naturally
occurring cinchona alkaloids and tartaric acid. The most reported heterogeneous
enantioselective nickel catalyst consists of Raney nickel modified by L-tartaric acid.

They were used for hydrogenation of unfunctionalized and pB-functionalized ketones
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[42, 44]. Most of the enantioselective reactions are conducted in liquid phase, but a
few are reported in vapor phase also [45]. Hydrogenation of 2-butanone to chiral 2-
butanol was reported in vapor phase on Ni/Y-Zeolite and Ni/SiO, catalysts. Even
though freshly activated catalysts generated racemic products, the in situ and ex situ
modification by methanolic solution of L-tartaric acid increased the
enantioselectivity. The specific activity increased with average nickel particle size.
Nickel supported on graphite was used for enantioselective hydrogenation of methyl
acetoacetate by Wolfson et al. [46]. Their studies also revealed the dependence of

particle size of nickel crystallites.
1.3. Catalyst design-‘Selection of precursors’

Many aspects of catalyst manufacturing are still poorly understood. There is
a lack of a scientific basis of catalyst manufacture, and the process design often
relies on empiricism and trial and error. Clearly, advances and improvements of
many key catalyst manufacturing steps could potentially have a large impact on the
entire chemical industry. There should be a focused effort to get a better scientific

basis for catalyst manufacture.

The main motivations for the development or improvement of an industrial
catalyst are a) change in market conditions, b) change in government legislature
such as for pollution control and c) to improve the performance of an existing
process plant. To satisfy these motivations, an efficient catalyst design should be

performed.

According to D.L Trimm [47], one of the pioneers in modern catalysis,
‘Catalyst design is described as the application of established concepts to the
problem of choosing a catalyst for a given reaction’. The ‘established concepts’ are
the theoretical and practical knowledge acquired through years of prior research. A
proper design of catalyst requires a multidisciplinary approach from fields of
inorganic chemistry, organic chemistry, physical chemistry, solid state chemistry

and chemical reaction engineering.
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The first task in catalyst design is to identify the suitable inorganic
compounds that can catalyze the target organic reaction. Once the primary
components are identified, the next task is to prepare the catalyst in suitable form of
activity and selectivity. To prepare industrial catalysts with long term activity and
selectivity is a challenging task. The first step in achieving this is to identify the
starting compounds. The starting compound of the active precursor or better termed
as ‘catalyst precursor’ should have certain properties that would make their selection
worthwhile. The precursor should be capable of getting transformed to active
component with desired physical and chemical properties like surface area, pore
volume, particle size and metal support interaction. The availability and the
economic cost should be taken to consideration to reduce the burden on the capital
investment. Precursor should be easily convertible to the active component without
usage of much time and energy. The environmental regulations restrict the use of
some precursors that generate toxic gases and waste materials. These criteria make

the ‘selection of precursor’ a difficult task to the catalyst designer.
1.3.1 Effect of nickel precursor

Innumerous articles could be found in the literature citing the effect of
catalyst precursors on the activity and selectivity of catalysts. For the preparation of
supported nickel catalysts, the common precursors used industrially are nickel
nitrate and nickel carbonate. The transformation of nickel nitrate to nickel oxide and
nickel metal has been studied in detail by many researchers [48-50]. As per their
studies, nickel nitrate can decompose in two ways depending upon the drying
temperature and atmosphere used. It can decompose by removal of water and
nitrogen oxides (N,Os, NO;) simultaneously or by eliminating them in different
steps. If the decomposition happens at reduced pressure, dehydration of nickel
nitrate occurs as the first step and anhydrous intermediates are obtained. When the
decomposition is carried out in presence of water both dehydration and
hydropyrolytic reactions occur together and basic nickel nitrates such as
2Ni(NO3),.Ni(OH), and Ni(NO;),.Ni(OH), are obtained as intermediates. The

calcination of these intermediates results in the formation of NiO with varying
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properties. Nickel oxide obtained by calcination of anhydrous nickel nitrate is
reported to have a surface area fifty times higher than that of the oxide obtained by
decomposition in static conditions. This indicates the importance of starting

precursor and the heating environment.

Estelle et al. [51] carefully decomposed nickel nitrate hexahydrate to
Ni3(NO3)2(OH)4, by heating in an air oven for 14 days. They proposed a sequential

decomposition as follows

Ni(NO3)2.6H20 —> Ni(NO3)2.4H20 —> Ni(NO3)2.2H20 —> Niz(NO3)2(OH)22H20 —>
Ni3(NO3)>(OH),4

Subsequent calcination of this precursor, Ni3(NO3),(OH)s, yielded
homogeneous octahedral NiO particles. The direct calcination of the Ni(NO3),.6H,0O
resulted in formation of low surface area NiO with octahedral particles having

different sizes.

The same preparation route was followed to prepare NiO-MgO systems and
it was found that when Ni3(NOs),(OH)s was used as precursor, homogeneous
particles with higher surface area and reducibility were obtained [52]. Argon
atmosphere was used for calcination by the same authors in another study [53]. By
calcining Ni3(NO3)2(OH)4/MgO under a flowing argon atmosphere, they obtained
NiO/MgO systems with higher surface area and reducibility. The highly
disadvantageous NiO-MgO solid solution formation could be avoided by this

method. Also the particles were of smaller size and homogeneous in shape.

Calcination in an atmosphere other than static air is found to be better, when
nickel nitrate is used as precursor. In a recent study by the researchers of the Utrecht
University, calcination of catalyst precursor was done in static air, He or NO/He
atmosphere to prepare nickel supported on SBA-15 catalysts [54]. They obtained
highly dispersed catalysts on wusing NO/He atmosphere. Nickel nitrate
decomposition is highly endothermic. The in situ XRD and DSC studies proved that
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the nitric oxide atmosphere lowered the decomposition rate and made it less

endothermic due to the exothermic scavenging of oxygen by NO.

The high solubility of nickel nitrate and its ability to decompose completely
in air atmosphere makes them attractive candidates as catalyst precursors. However,
there are studies which reveal that the catalysts made from nickel nitrate have poor
metal dispersion. This poor metal dispersion arises from redistribution during drying
and sintering during air calcination [55-58]. Moreover, the stringent environmental
regulations against the release of nitrogen oxides during calcination make them less

attractive.

The nickel salts like nickel chloride, nickel acetate, nickel hydroxide and
nickel citrate were also used as precursors to make unsupported and supported NiO.
The effect of different precursors on the properties of NiO was studied by Estelle et
al. [51]. Their studies revealed that NiO prepared from nickel hydroxide precursor
had high surface area and sponge like morphology. Nickel acetate precursor after

calcining yields partially reduced NiO.

Eliche-Quesada et al. studied the influence of nickel citrate precursor for the
preparation of supported nickel zirconium-doped mesoporous silica catalysts [59].
The aqueous solution of nickel citrate yielded catalysts with high nickel specific
surface area. When compared with catalysts made of nickel nitrate in aqueous and
ethanolic solutions, the physical properties (surface area and porosity) were almost
the same. The only difference was in the crystallite sizes, which accounted for the

high reactivity of the catalysts made using the citrate.

Supported Ni/y-Al,Os3 catalysts were prepared by impregnation of nickel
nitrate, nickel chloride or nickel sulfate, and their activity for hydrodechlorination of
1,1,2 trichloroethane was studied by Kim et al. [60]. The nitrate precursor yielded
catalyst with high initial activity but low stability. The sulfate and chloride
precursors gave catalysts with large particles of NiO, which were resistant to
deactivation. The use of chloride precursor resulted in Ni*" migration to lattice

leading to the formation of nickel aluminate. Bifunctional Ni/Al MCM-41 catalysts
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prepared by using nickel citrate precursor for hydroconversion of n-dodecane exhibit
higher catalytic activity than the catalysts prepared by using nickel nitrate or alkaline
tetraamminenickel nitrate [56]. The catalyst; prepared using nickel citrate as the
precursor possesses strong metal support interaction and high metal dispersion. This
catalyst is reported to have an intimate interaction with metal and acid functions

which improve its activity and isomerisation selectivity.

Three different precursors, nickel(I) nitrate hexahydrate, nickel(II)
acetylacetonate and nickel(II) phthalocyanine were used to prepare Ni/KL-Zeolite
catalysts for selective hydrogenation of citral [61]. Partially oxidized nickel species
(Ni"") were formed, when nickel(I) phthalocyanine was used as the precursor.
These species lead to the formation of byproducts like isopulegol, menthol and
linalool during the initial phase of the reaction. Nickel nitrate, nickel acetate and
nickel chloride were used as precursors to prepare Ni/a-Al,Os catalysts for the
oxidative steam reforming of methane [62]. Nickel particle sizes measured by both
hydrogen adsorption and XRD were high for the catalysts prepared from nickel
chloride precursor. Industrially hydrodearomatization is conducted mainly on nickel
or noble metal supported systems. In a recent study Li et al. [7] prepared Ni/y-Al, O3
catalysts for hydrogenation of naphthalene to decalin. They studied the use of three
nickel precursors, nickel nitrate, nickel acetate and nickel acetate plus citric acid.
The catalyst prepared with nickel acetate precursor reduced without calcination was
much better with respect to reduction behavior, adsorption-desorption behavior of

hydrogen and catalytic activity.

In a more recent study, researchers from Laboratoire de Réactivité de
Surface, France, compared the properties of Ni/MCM-41 and Ni/Al-MCM-41
catalysts prepared by nickel nitrate and nickel acetate [63]. Problems generally
associated with preparation of catalysts using nickel nitrate, redistribution while
drying and poor metal dispersion, could be avoided by the usage of nickel acetate
precursor. In the case of nickel acetate, the pH of the impregnating solution is found

to be high, which favors the electrostatic interaction between the nickel ions and the
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support and result in high metal dispersion. When AI-MCM-41 was used as support,
acetate ions could dissolve and extract AI’* ions from the support which partially

destroys the support structure.
1.3.2 Metal chelates as catalyst precursors

The above discussion clearly reveals the importance of ‘selection of
precursors’ in the preparation of supported nickel catalysts. But these studies do not
reveal what properties of a precursor make them better or worse than others. The
properties of the precursors should be studied more intrigue to add the knowledge to
the ‘established concepts’ which can be later used for effective catalyst design.
However there are some studies already done in this direction, especially in the case
of metal chelates [55]. The two important properties which make them attractive as

precursors are

1) The viscosity of the impregnating solution increases rapidly on drying
due to gelation. Chelating ligands also can form bridging between the
metal ions, which further increases the viscosity. The highly viscous,
partially dried solution can inhibit the redistribution of active component.
This property can be made use of to prepare uniform distribution over

catalyst pellets [64].

1) Upon further drying, the chelated metal complex forms a gel like phase
(unlike in the case of usual metal salts which changes in to the crystalline
form), which on calcination gives highly dispersed active component

[65].

The high viscosity of the chelated solution enabled the preparation of
Ni/MCM-41 catalysts with very small nickel particle size [66, 67]. When nickel
nitrate was used as precursor, because of the low viscosity the ions migrated from
the pores and got deposited on the support surface. In the case on nickel citrate, a
thin film of the complex is formed inside the micropores of MCM-41, which upon

calcination results in a fine dispersion of nickel.
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The most common chelating agents used for the preparation of supported
catalysts from aqueous solution are citric acid [66], nitrilotriacetic acid [68, 69],
ethylenediamine [70], and ethylenediaminetetraacetic acid [71]. As our study is
centered on the use of the ethylenediamine complexes as precursors, further
discussion on this aspect will be limited to the application of the complexes of

chelating ligand, ethyelenediamine.
1.4 Nickel chelates of ethylenediamine as precursors

Interactions of different types can occur when a transition metal complex is
in contact with the support. Six types of interactions are clearly illustrated by
Negrier et al. [70]. These interactions (Figure 1) between ligand, counter ion, metal
and support during drying and calcination determine the final structure and activity

of the catalyst.

i - Ja / H\“x

Support

Figurel. Six possible interactions between ligand, metal, counter ion and support

during an impregnation process (from Reference [70])

It was reported that Ni*™ species coordinated with three or four surface O*
are formed up on calcinations of the surface grafted complexes [72]. These species
can be reduced to unusual oxidation state Ni" and are known to be active for olefin
diemrization [73]. When Ni(II)tris(ethylenediamine) was used to ion exchange H-
ZSM-5 support, a high nickel dispersion was achieved [74]. However the acidity of

the support was lowered by ethylenediamine ligands, which resulted in a decrease in
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the activity for hydroisomerisation of n-decane; probably the rate controlling step in
this case is influenced by acid sites. Nickel(II)bis(ethylenediamine) complexes were
used to prepare Ni/y-Al,O; catalysts by Che group [75]. The final calcinations were
done in inert atmosphere and they obtained partially reduced and highly dispersed

catalysts.
1.4.1 Effect of number of chelating ligands

One, two or three ethylenediamine ligands can be accommodated in the

nickel(II) octahedral complexes as indicated below.
[Ni(H,0)6]*" — [Ni(H20)4(en)]*" — [Ni(H,0)x(en),]*" — [Ni(en)s]*"

The logarithmic formation constants log f;, log f. and log f; of the three
stepwise complexation reactions are 7.60, 14.08 and 19.13 respectively [76]. This
indicates that these complexes can be prepared almost stoichiometrically in aqueous
solution. The coordinated water molecules are labile and can be easily substituted by
different functional groups of the support surface. As the number of H,O ligands
varies, the reactivity towards the surface also varies. The effect of number of
ethylenediamine ligands on the preparation of supported nickel catalysts was studied
in detail by Sun et al. [77]. Their studies indicate that, even though the formation
constants of complexes are large and well separated, complexes with different
stoichiometries can coexist at any particular en:Ni ratio. Thus when the en:Ni ratio
increases from 1 to 3, the most abundant complex is [Ni(en)(H,0)4]*" (64% of all Ni
complexes), [Ni(en),(H,0),]*" (81%) and [Ni(en);]*" (61%), respectively. Thus
during impregnation, even at a fixed en:Ni ratio, the adsorption of other en
complexes on the support cannot be avoided. The complex [Ni(en);]*", cannot be

absorbed or grafted on the support as it does not contain any labile H,O ligands.

The complex [Ni(H,0)4(en)]*" on grafting on the silica support formed the
complex [Ni(H,0),(SiO),(en)]*" which on calcination formed NiO and nickel
phyllosilicate. Subsequent reduction of this material gave metallic nickel with

2+

varying sizes and poor dispersion. The grafting of the complex [Ni(H,O),(en),]
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resulted in formation of [Ni(SiO),(en),]*", which does not contain any labile ligands.
Calcination and reduction of this material led to formation of nickel crystallites well
separated from each other and was having uniform size and shape. Thus it appears

that the precursor complex with en:Ni stoichiometry, 2:1, is much better than the

others.

In a recent work, Negrier et al. [78] studied the effect of number of ligands
on Ni/y-Al,O3 catalysts. They could not find significant changes in the properties of
the final catalysts by varying the number of chelating ligands. However, with higher
number of ligands, higher degrees of reduction were observed.The effect of number
of ethylenediamine ligands on the macrodistribution on y-Al,O3 catalyst pellets and
nickel speciation was studied by Espinosa-Alonso ef al. [79]. The nickel profiles on

the dried pellets were measured by SEM—EDX (Figure 2).
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Figure 2. Ni profiles as measured by SEM-EDX (a) en:Ni=1:1, (b) en:Ni=2:1 and

(c) en:Ni=3:1. (from Reference [79]).
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During the drying process the complexes undergo redistribution, if the
adsorption strength is less. In such cases, the uniform distribution obtained
immediately after the impregnation step changes during drying. The profiles (Figure
2) also indicate the mobility of ethylenediamine complexes and the mobility is in the
order en:Ni=1:1 < en:Ni=2:1 < en:Ni=3:1. During drying, [Ni(en);]*" complex is
transported together with the solvent toward the outer surface of the pellets, because
of the absence of interactions between this complex and alumina in the impregnation
step. In the case of [Ni(en),(H,0),]*" or [Ni(en)(H,0)4]*", the transport of Ni*"
toward the outer surface during the drying step is not possible because of the
stronger interactions between these complexes and the support. For en:Ni molar
ratio 1 and 2 the pH of the impregnating solution was below the pzc (point of zero
charge) of Al,Os. At this pH, the acidic OH groups of the alumina protonate the NH,
groups of ethylenediamine ligand leading to the decomposition of the complex. Thus
by controlling the en:Ni ratios, either egg shell or uniform catalyst pellets could be

prepared.

1.4.2 Equilibrium adsorption

When complexes are deposited on support by equilibrium adsorption, they
are allowed to react with the surface groups of the support. The counter ions are
removed in a washing step and they do not interfere in process. The mechanism of
adsorption of complex on the support is a new exciting area in coordination
chemistry termed as interfacial coordination chemistry. Lambert ef al. [80] studied
in detail the interfacial coordination chemistry of [Ni(en),(H,0),]*" on various
supports. They concluded that hydrogen bonding between the H,O and
ethylenediamine ligands on the one hand and surface S-OH groups on the other hand
plays important role in the adsorption mechanism during deposition. Upon drying
the labile H,O ligands are replaced by surface groups. The grafted complexes may
be written cis-[Ni(en)2(SO).]"", where (SO) denotes a surface oxide or hydroxide.
The surface species thus enter the coordination sphere as ligands. They even

suggested a spectrochemical series of supports as

Ao(C1) < Ag(AlO) < Ag(ZO) < A(SiO) = Ao(H,0)
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where AlO, SiO and ZO are surface groups of alumina, silica and zeolite

respectively.

These surface complexes are transformed to different nickel species after
calcination. Their studies also suggested that in saponite clays, because of their
lamellar structure, [Ni(en),]*" exists as a square planar complex in the interlayer

space.
1.4.3 Incipient wetness- Effect of counter ions

Incipient wetness impregnation is the most common method to prepare
catalysts and consists of filling the void volume of support with a solution of metal
salt. When catalyst supports are subjected to incipient wetness impregnation all the
interactions depicted in Figure 1 can occur. The presence of counter ions
complicates the adsorption and decomposition mechanisms. The detailed study by
Negrier et al. [70] shed some light in to complex mechanisms happening during
decomposition in the presence of counter ions. Figure 3 shows the mechanism of
deposition, drying and final calcinations when [Ni(H,O),(en),]Y; Y=NOjor Cl" was

used as the precursor.
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+en
[NifenHH 0}, = [Mifen),(H,0),]",
2y = en 2y H.N a4
| wi| ) NH, NH,
( ;.,,,N:,.\u.\l}l_, \ E»“-\)
N NH, \-fr | ’\'()Il\ |_]..N_Nri_f\-[{\
A * OH, PR
H:[? L I)H_. Y Y '.’ '—,’ “\
if’sﬁ) H H ?“ (l) o] ”{[)
/ﬁ +ALO, //// // ALD, /////é / /-Ir-l\l:ri_, /'////
E/ F/ G/
230°C, gas =N, 500°C, Y = NOy, gas = N,
% Nii M
. / Nigy, %
(\\IQ, /Mﬁ [
NH; N NH; S00°C, ¥ = CI, gas = N
; l 3 + :
0~ ) 0 )
Y Ni?
7|' | | | | LA
7/ .2 )
&

H/
Figure 3. Interactions between support, ligands, metal ions and counterions during

preparation by incipient wetness (from Reference [70]).
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During deposition, the bis(ethylenediamine) complex forms a mono
(ethylenediamine) complex and this complex grafts on to the surface. Upon drying
as H,O ligands are removed, the bis(diamine) complexes graft on to alumina by
second sphere interactions. When the temperature is raised to 230 °C the second
sphere interactions become strong and lead to the dissociation of ligands from Ni*".
During these interactions of the metal complex, the counter ions are also grafted to
the complex. At temperatures above 230 °C the counter ions destroy the ligand by
reacting with it. Here the nature of counter ions comes in to action. The NO;3™ ion
because of its oxidizing character, oxidize the ethylendiamine ligand and Ni** ions
are deposited on the surface. Chloride counter ion does not have that ability. The
ethylenediamine ligands are good reservoir of hydrogen [81]. Hydrogen evolution

from the ligands were proposed as

R-CH,-NH,-Ni"-0-Al — H, + R-CH=NH-Ni'-0-Al
R-CH=NH-Ni"-0-Al —> H, + R-CN + Ni'-0-Al

The nitrate counter ion resulted in deposition of Ni*" species, while chloride
ion could reduce some of the Ni*" to metallic state. Thus counter ions can definitely
influence the decomposition mechanism which influences the final state of active

component.

The thermochemistry of the decomposition reaction can have definite
influence on the final state of metal ions. If the decomposition reaction is strongly
exothermic the heat generated locally can promote sintering. This locally generated
heat can also promote the migration of metal ions in to the support structure.
Migration of metal ions deeper in to the support is disadvantageous as may lead to
stable compound formation like NiAl,O4 in case of alumina or NiO-MgO solid
solution formation in case of MgO. Thus the judicial selection of the ligands and

counter ions can help the design of supported nickel catalyst.
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1.4.4 Effect of calcining atmosphere

In most of the work reported on the use of ethylenediamine precursors to
prepare catalysts, the final calcinations were done in inert atmosphere. Schimpf ef al.
[82] prepared Ni/SiO, catalysts by impregnation of [Ni(en);](NOs), for
hydrogenation of glucose. Drying and calcination were done in inert atmosphere.
The catalyst was thermally treated in two ways; direct reduction and calcination
before reduction. Lower conversion for glucose hydrogenation was observed on
directly reduced catalysts. XPS studies on directly reduced catalysts revealed the
presence of a nitrogen compound on them. These catalysts gave stable performance

and were resistant towards leaching.

Argon atmosphere was used in the work of Negrier et al. [78]. Carbon
contents of 2 to 3 wt% were observed after the heat treatment of the catalysts. The
use of inert atmosphere results in partial formation of metallic nickel. However a
post treatment in hydrogen was necessary to convert most of the Ni*" to nickel metal
and remove the carbonaceous species. An exposure to air atmosphere oxidized many
of the Ni’ crystallites, but a second treatment in hydrogen increased the percentage

of reduced nickel.

These studies clearly indicate that, even though the heat treatment under inert
atmosphere is beneficial for formation of metallic nickel, the remnants of ligand
decomposition still show their presence on the catalysts. A second treatment either
in hydrogen or in air followed by hydrogen is necessary for the maximum utilization

of the nickel component.
1.5 Scope of the present investigation

The above discussions reveal that counter ions in cationic metal complexes
influences the final structure and activity of the catalyst. These ions which are
present during the heat treatment make significant changes in the decomposition
patterns of the precursors. However, no systematic study has been carried out to

know the actual role of counter ions in the preparation of nickel catalysts.
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Furthermore most of the investigations reported in the literature deal with nickel
catalysts with low percentage of metal loading. Majority of the supported catalysts
used in industry have large metal loadings (20 wt%). Furthermore the calcinations in
many of these cases were done in inert atmosphere which is costly and difficult to
maintain. It was therefore thought worthwhile to carryout detailed investigations on
the role of counter ions in the preparation of nickel catalysts and also to prepare
active nickel catalysts with high metal loadings. The calcination condition was
selected to be in air atmosphere which is easy and cost effective. The en:Ni ratio was
fixed to be 2:1. A control sample was prepared using nickel nitrate salt, which forms
the hexa aqua complex in the solution. The main objectives of the present work are

as follows.

1) To prepare and study the thermal decomposition of the nickel complexes

of chelating ligands with different counter ions.

1) to study the properties of nickel / nickel oxide obtained by the thermal

decomposition of such complexes

1i1) to study the kinetics of temperature programmed reduction of nickel

oxide

v) to study the influence of counter ions on the macrodistribution of nickel
on y-Al,Oj; pellets after impregnation

V) to study the influence of counter ions on the structure and activity of
Ni/a-Al, O3 catalysts

vi) to study the influence of counter ions on the migration of nickel ions to y-
Al O3 to form nickel aluminate

vii)  to study the influence of counterions on the solid solution formation in

NiO/MgO systems

With the above mentioned objectives, we synthesized the following four complexes

and studied their thermal decomposition.
a) [Nl(HzO)ﬁ](NOg,)z
b) [Ni(en)2(H20)2](NO3),
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C) [Ni(en)z(HQO)z] (CH3COO)2
d) [Ni(en)(H,0),]Cl,

The influence of the counter ions on the structure and activity of the catalysts

were also studied. We hope that these studies may result in some conclusions which

would be helpful for the synthesis of more efficient supported metal catalysts.
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2.1 Introduction

Transition metal oxides and metals have been researched extensively due to
their interesting catalytic, electronic and magnetic properties. Nanometer sized metal
oxides and metals find wide applications in data storage devices, catalysis, drug

delivery and biomedical imaging [ 1-4].
2.1.1 Nickel oxide and nickel metal

Nickel oxide is a promising material for applications in fuel cells [5] and
catalysis [6]. Non-stoichiometric nickel oxide, because of its defect structure is a p-

type semiconductor and finds application as gas sensor for H, [7]. Above 523 K NiO
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has an fcc (NaCl type) crystal structure under the space group Fm3m. As the Neel
temperature of NiO is 523 K, it can be applied for room temperature spin valve

devices [8].

Majority of the nickel metal produced world wide finds its use in making
steel. Application of nickel metal in its freshly prepared form (Raney nickel) for
hydrogenation is very well known. Nano nickel has very high catalytic activity at
small particle sizes, and is physically and chemically robust. They are potential
candidates to replace expensive Pt catalysts [9]. Nickel nanostructures having one-
dimensional structures are used as efficient materials for making nanotubes and

arrays for hydrogen storage [10, 11].
2.1.2 Synthesis of metal oxides/metal by thermolysis of metal complexes

Various methods like mechanochemical processing [12], metal alkoxide
hydrolysis [13], nonhydrolytic sol-gel reaction process [14], non aqueous synthesis
[15] and salt-assisted aerosol decomposition [16] have been used to synthesize nano
metal oxides. The thermal decomposition of metal complexes is also a viable route
and generally metal alkoxides are used for the synthesis [17]. Metal salts are rarely
used for this purpose, as their decomposition yields bulk materials as products [18,
19]. Furthermore, the products formed are poorly crystalline and exhibit broad
particle size distribution. Unlike metal complexes of organic ligands, the inorganic
salts yield sintered products after thermal decomposition. If the nanoparticles
formed during decomposition are capped by organic ligands, the sintering can be
reduced and stable nanoparticles can be synthesized [20, 21]. Starting from metal
nitrates and using triethyl amine and N-cetyl-N,N,N trimethyl ammonium bromide
(CTAB) as capping ligands Zhou et al. prepared metal oxides and mixed metal

oxides of nano size range [22].

There is a continuing interest in easy synthesis of metallic nano nickel.
Nickel nanoparticles were synthesized from nickel nitrate hexahydrate with
hydrogen, formic acid, and ethanol as the reducing agents by using low pressure

spray pyrolysis [23]. Recently, Wang et al. [24] reported the synthesis of nano
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nickel by thermal decomposition of nickel acetate along with a surfactant
hexadecylamine. They obtained nano sized nickel (7 nm) with a product purity of

approximately 74.3 %.

Nickel nano particles were also obtained by controlled evaporation of nickel-
oleylamine complex solution [25]. Such preparation methods employ costly
surfactants and the product is usually contaminated with organic species.
Thermolysis of ethylenediamine (en) complexes usually gives NiO [26]. Recently
the ethylenediamine complexes of nickel(Il) have been used in the preparation of
supported nickel catalysts [27, 28]. The preparation method involves decomposition
of catalyst precursors (the support and the nickel complex) in an inert atmosphere.

Partially reduced nickel species on the support surface was obtained by the method.

The scope of the present chapter is to study the decomposition properties of

the bis(ethylenediamine)nickel(Il) complexes with varying counter ions.

The four complexes studied were, complex A [Ni(H,0)s](NO3), (hexaaqua
nickel(Il) nitrate), complex B [Ni(en),(H,0),](NOs), (diaquabis(ethyelenediamine)
nickel(Il) nitrate), complex C [Ni(en),(H,0),](CH3COO), (diaquabis(ethyelenedia
mine)nickel(I) acetate) and complex D [Ni(en),(H,0),]Cl, (diaquabis(ethyelene
diamine)nickel(Il) chloride) ; (en = ethylenediamine). The complex A in the solid

state will be NiNO;.6H,0O

Properties of the product obtained (nickel metal and nickel oxide) were also

studied to gain insight about usage of these complexes as catalyst precursors.
2.2 Experimental
2.2.1 Synthesis of metal complexes

Complex A was prepared by recrystallizing NiNO3.6H,O from water. It was
then washed with ethanol and dried over vacuum. Complex B, C and D were
prepared according to the reported procedure [29] by adding stoichiometric amounts
of ethylenediamine (2.05g) (en/Ni=2) to solutions of nickel nitrate (4.956g), nickel
acetate (4.240g) or nickel chloride (4.050g) in distilled water (50 mL) with stirring.
35




Chapter 2

The solutions were kept in an ice bath for 4 hours. The complexes formed were then

washed with dry ethanol and dried over vacuum.
2.2.2 Thermal studies (TG, DTG and DTA) of metal complexes

The thermal decomposition patterns of the complexes were recorded on a
Pyris Diamond TG of Perkin Elmer make. An air flow of 200 mL min" was
maintained and the heating rate employed was 10 °C min™ from 100 °C to 800 °C.
The DTG-DTA patterns of the complexes are given from Figure 1 to Figure 4.
Complex A shows endothermic decompositions in several stages. The major event
of decomposition happens at 305 °C, and the decomposition is complete by 400 °C.
For complex B the decomposition occurs in a single stage at 250 °C, and the event is
highly exothermic. A mass gain is registered at 355 °C due to oxidation of metallic
nickel. The metal complexes of ethylenediamine ligand and nitrate counter ion come
under the class of energetic compounds [30]. Nitrate counter ion is a powerful
oxidizing agent and can decompose the ethyelenediamine ligands in a single
exothermic step. The decomposition of ethylenediamine ligands would have resulted
in hydrogen or in any reducing gas which reduced a part of Ni*" to Ni’. There are
two exothermic weight losses for the decomposition of complex C and the
decomposition is complete by 410 °C. Acetate has a less oxidizing power than that
of nitrate and the major decomposition occurs at 365 °C. Complex D decomposes in
several stages starting from 200 °C to 600 °C. An endothermic event is seen at 270
°C.
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2.2.3 Thermolysis procedures
In the present work we adopted two procedures for thermolysis

Procedure 1. The dried complexes were decomposed at their decomposition
temperatures for two hours. The temperature ramp of 5 °C min’ from room
temperature to decomposition temperature was adopted. The decomposition
temperatures selected for the complexes were, complex A - 400 °C, complex B - 200
°C, complex C - 410 °C and complex D - 600 °C. (Even though the decomposition
temperature for complex B was 250 °C; in an accidental observation it was noted

that complex B decomposed at 200 °C in the muffle furnace).
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Procedure 2._In this procedure, the complexes were decomposed in the muffle
furnace at 600 °C for four hours. The heating rate was 5 °C min™ starting from room
temperature. The aim of this procedure was to subject the nickel complexes to the
same heat treatment used in the catalyst preparation as these complexes are to be
used as precursors to prepare supported nickel catalysts. In an impregnation method
to prepare the catalyst, the dried precursor (which is a compact mixture of the
support and the metal precursor) is calcined in a furnace in air atmosphere. Usually
calcination temperature of 400 to 600 °C or above is used to convert the nickel

precursor to nickel oxide.

The products obtained after subjecting the thermolysis procedure 1 are
termed as intermediate stage products and the products obtained after thermolysis

procedure 2 are termed as final stage products.

2.2.4 Intermediate stage — XRD and surface area

The X-ray diffractogram of the intermediate stage products are given in Figure 5.
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Figure 5. XRD patterns of intermediate stage products.

Both complex A and D yielded only NiO (JCPDS card No :47-1049) as the
final product. Phase pure nickel (JCPDS card No :04-0850) metal was obtained

38




Synthesis and Characterization of Nickel/Nickel oxide by Thermolysis of Ethylenediamine Complexes

during the thermolysis of complex B. Both NiO and Ni phases were present in the
decomposition product of complex C. Table 1 gives the BET surface areas, phases

present and the decomposition temperatures used for the thermolysis.

Table 1. Decpmposition temperatures and properties of the products obtained after

thermolysis Procedure 1.

Complex used A B C D
Decomposition 400 °C 200 °C 410 °C 600 °C
temperatures
Crystalline phases NiO Ni NiO, Ni NiO
present
BET surface area

54 8.1 1.0 2.8 1.6
(m”gm™)

2.3 Nickel metal from [Ni(en),(H,0);](NO3),

The direct transformation of complex B to phase pure metallic nickel is very
interesting. Usually the exothermic decomposition of metal complexes in air
atmosphere yields metal oxides. However, there are cases in which the complexes
were transformed directly to metal [24]. The temperature of decomposition in our
experiment (200 °C) is less than the real decomposition temperature of the complex
(250 °C). The decomposition procedure (heating rate and temperature) is important,
as decomposition at lower temperatures yielded a black charred mass, while the
decomposition at higher temperatures resulted in partial formation of nickel oxide.
We tried to simulate the formation of nickel crystallites in static furnace by carrying

out the decompositions in TG furnace as described below.

2.3.1 TG studies on [Ni(en),(H;0),](NO3),

In one TG run, the nickel complex was heated from room temperature to
200 °C at a rate of 5 °C min™' and was maintained at 200 °C for three hours with an
air flow of 50 ml min™ (Figure 6A). Even after three hours the product obtained

from TG was a black mass corresponding to a percentage mass loss of 47.7.
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We did another TG run with a heating program (air flow = 50 mL min™;
temperature 100 °C — 240 °C at a heating rate of 5 °C min™'; isothermal at 240 °C
for 1 hour; 240 °C — 800 °C at a rate of 10 °C min'l). Our DTG results (Figure 6B)
in air atmosphere shows four stages of mass loss/gain. Stage A corresponds with
mass loss of water, stage B corresponds to explosive decomposition, stage C
corresponds to mass loss and reduction of Ni*" and stage D corresponds to mass gain
due to nickel oxidation. We isolated the product after stage B and its XRD gave

characteristic reflections due to Ni and NiO.

The CHN elemental analyses (C, 8.1; H, 4.6; and N, 1.5 mass %) indicated a
carbon rich contaminant is formed on the surface. The mass loss around 350 °C
(stage C) can be due to decomposition of carbon remains along with evolution of
hydrogen [29]. The mass increase from 400 to 550 °C (stage D) is due to nickel
oxidation. The elemental analysis (CHN< 0.5 mass %) of final product showed

practically no contaminants.
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Thus decomposition in stage A and B can be written as

[Ni(en),(H20),](NO;), —fefumacel0€240°¢ o Nji% + NjO + Carbon containing

contaminants (13.2 %) + gaseous products

And in stage C and D as

Ni’+ NiO + Carbon containing contaminants + O, (1 gas) — ot Lemece 2407C80 °C_,

NiO + gaseous products

Thus we could not observe the formation of phase pure nickel metal in the
temperature range 200 °C — 240 °C in the thermolysis experiments done in TG
furnace. The preparation of nickel nanocrystallites was done by isothermal
decomposition in a muffle furnace with dimensions 22 cm x 20 cm x 20 cm and a
sample mass of 8g. Partial decomposition of ethylenediamine ligands by nitrate
ions/oxygen (present initially in small amount) occurs as the first step of the
isothermal decomposition. The high sample/space in furnace and the partial
decomposition creates an atmosphere devoid of air around the sample which
prevents the formation of NiO. We propose an autogeneous temperature increase
occurred in static furnace due to the partial oxidation of ethylenediamine ligands.
This temperature rise initiated a self-propagating reaction by which all the ligands
were decomposed to gaseous products including hydrogen, which act as reducing
agents for the complete reduction of Ni* to Nio(metal) . This might be the reason for

the formation of nickel metal in a static furnace.

[Ni(Cl’l)z(HzO)z](NO3)2 + O2 (atmos) in static_furnace 200°C N NIO + HZ(g) + other gaseous

products + contaminants (8.9 %)

This direct transformation of the metal complex at low temperature to

nanocrystallites of nickel is interesting as the preparation route is simple.
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2.3.2 Characterisation of nickel metal
XRD analysis

There were no peaks due to NiO or the starting complex in the XRD of the
intermediate stage product of complex B (Figure 5), indicating phase pure product
has been obtained. The peaks were subjected to Lorentzian curve fit, and the fwhm
(1) were determined after deducting the instrumental broadening. The calculated
lattice constant from the 20 values was 3.5192 A. The crystallite sizes were
calculated from the (111), (200) and (220) reflections by the well known Scherrer

equation (for line broadening),

= 0.94 ; dvor = Volume average crystallite size; A = wavelength of X-Ray.

7 COS

vol

and the values were 15.0, 16.1 and 9.8 nm respectively. The variation in crystallite
size for different crystallographic planes indicates that the crystallite sizes and
shapes are not homogeneous. The X-ray line broadening can be due to size effect
or/and strain effect. We did the Williamson-Hall method, [31] to separate the strain
contribution from the total fwhm. Wailliamson-Hall method to separate the

broadening due to size and strain is based on the equation.

fWhIl’l = Tsize+ strain — Z-size+ Tstrain

A :
Tsize+ strain = + 77 tan 0, where ntan@ = Tstrain
cos@*d

vol

KA )
Tsize+ strain *cosl - — + nsin o

vol

where K is the shape factor usually 0.9 and # is the microstrain.

Thus a plot of Tyizet sirain™ cosO against sin6 gives a straight line with slope #.

From the y-intercept the crystallite size corrected for microstrain can be calculated.

The W-H plot for our sample is shown in Figure 7. The calculated average

crystallite size from the y- intercept of the W-H plot was 18.1 nm. This value is
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greater than the ones calculated by usual Scherrer equation indicating considerable

microstrain in our sample.

m  (experimental data)
(Linear fit for W-H plot) >

0.014 -

0.0124

TCOS O

0.010+

0.008 <

0.35 040 045 050 0.55 0.60 0.65
sin 0
Figure 7. Williamson-Hall plot for metallic nickel

The positive slope of the plot gave the microstrain (7 = 0.0235) which was
significant. Points not lying along the straight line indicate anisotropic strain. The
XRD analysis of the sample thus indicates formation of nanocrystalline phase pure

nickel with significant anisotropic microstrain.

TG, IR and SEM

The mass gain (Figure 8) observed in the TG curve due to oxidation of the
nickel was 20.1 % against the theoretical mass gain of 27.3 % (if the product was
100% nickel).
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Figure 8. The mass gain curve during oxidation

The CHN analysis of the product yielded the results as C, 2.2; H, 1.2; and N,
5.5 %. Combining both the above results, purity of the nickel metal is = 93 % which

is higher than the reported values for similar preparation methods [24].

The infra-red spectrum of the product is shown in Figure 9. The absence of
Ni—O stretching vibrations in the region 420 - 470 cm™ confirms the absence of

nickel oxide formation in the product which is in accordance with the XRD results
[32].

100

80 4

604 ——

40 4

1032 cm’

20 4

Transmittance / %

1380 cm’

2800 2400 2000 1600 1200 800 400
A
Wavenumber /cm

Figure 9. IR spectra of the prepared nickel nanocrystallites
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The peaks at 1380 cm™ and 1032 cm™ may be due to the v,(NO,) and v4(NO,)
vibrations of unidentate N-bonded nitro groups [33]. The absence of extra peaks
from ligands confirms that the decomposition was almost complete. The scanning
electron micrograph (Figure 10) shows foam like structure which has been formed
by the aggregation of nickel crystallites. The foam has been made up of thin film

like structures.

20kV  X20,000 1pm 0000 1245 SEI

Figure 10. SEM of metallic nickel
2.3.3 Kinetics f nickel oxidation

Metals in nanometer scale have high surface area and are more probable to
oxidation at a faster rate than their bulk counterparts. As the use of nano sized
metals is gaining importance, their corrosion and activity loss due to oxidation is
worth for studies. Oxidation kinetics of bulk nickel has been studied by Atkinson
and Taylor [34]. Oxidation kinetics of nickel nanoparticles has gained renewed
interest as it is a potential candidate for chemical looping combustion [35-37]. The
oxidation resistance of nickel is important, as resistant metal will be more stable at
room temperature. Size dependent kinetics for nano nickel oxidation has been

studied by Karmhag et al. [38].
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Oxidation of nickel nanocrystallites

The unusual morphology of the nickel nanocrystallites obtained by
thermolysis procedure 1 for complex B (thin film like three dimensional structure)
prompted us to study the kinetics of oxidation of the material. The differential
thermogravimetric (DTG) plots for the oxidation of metallic nickel (product
obtained from the static furnace) at various heating rates are shown in the Figure 11.
There was an initial mass loss of around 0.3 % near 300 °C, which is due to the
combustion of contaminants covering the surface. This mass loss was deducted
before the kinetics calculations were made. The conversion ratios at given
temperatures are determined from the TG data by assuming stoichiometric oxidation
reaction. We did not consider any oxide layer if initially present on the surface and
took sample mass as that of pure nickel. Complete oxidation was assumed at the

attainment of maximum mass.

The mass increase due to oxidation of nickel started in between 320 °C to
360 °C depending on the heating rates. This temperature of initial oxidation is less
compared to bulk nickel oxidation values and is attributed to the nano scale
dimensions of the sample [39]. The temperature of peak maximum in the DTG plot

shifted to higher values when the heating rate was increased.

0.124
5°C min™
0109 0% min”
0.084 comin
20C min

0.06 +

0.04 -

0.02 -

0.00+

Derivative mass / mg!min'1

L
o
[=]
]

L

1ll]0 ) 260 ) 3;]0 ) 460 ) 560 . 560 ) 760 . 800
Temperature / °C
Figure 11. DTG plot of Nickel oxidation at different heating rates
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Oxidation kinetics

a. Determination of activation energy by model-free isoconversional methods and

Kissinger method.

The basic assumption of model-free isoconversional methods is that the
reaction rate at a constant conversion is only a function of temperature, and that the
reaction model is not dependent on temperature or heating rate. Flynn-Wall-Osawa
(FWO) [40] and Kissinger-Akahira-Sunose (KAS) [41] equations are generally used
to study the kinetics of solid state reactions. This method allows the estimation of
activation energy without choosing a reaction model and reaction order. The FWO

equation in its differential form is as below.

dinf _1.052*E,
d(1/T) R

S = linear heating rate, E, = activation energy and R = gas constant

The method is based on measurement of temperatures for each conversion
degree o and different heating rates f. The plots of In S versus 1/T at constant o will

give straight line and from the slope activation energies are determined.
The integral form of KAS equation is

ln[ﬁzJ =In 4 _ L,
T E, xgla) RT

A = Arrhenius frequency factor, g(@) = mechanism function

A plot of ln(Tﬁj against 1/T gives a straight line with slope = - i"

2

Friedman differential method [42] is based on the intercomparison of the rates of
conversion, da/dT for a given degree of conversion a, at different heating rates. This
method requires measurement of both temperatures and conversion rates, at different

heating rates.
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ln(ﬂ Z—?j ~ tn[4f(e)]-

The activation energies were calculated by the above three equations and are

Ea
RT

plotted against each conversion degree (Figure 12). Activation energy increases first
with conversion ratios, attains a maximum =~ 45 % conversion and decreases
afterwards. Similar values for activation energy were obtained for both KAS and
FWO methods. The differential Friedman method yielded slightly lower values for
activation energies. The activation energies calculated by FWO method falls
between 1.3 and 2.1 eV. For nanocrystallites, as the reaction proceeds, reactants may
undergo changes in reactivity due to crystal defect formation, intracrystalline strain
and particle disintegration [35]. The reactivity of nickel nanocrystallites may not
remain constant during the full course of the reaction. This may be the reason for the
varying activation energies obtained at different conversions. However, the exact

reason for a maximum in the curve could not be explained at this stage.

2.24 —=— Friedman
] —a— KAS
2.0 FWO
1.8+
. 4
O 1.64
-‘- r
Lﬁ 1.4+
1.2
1.0 -
0.0 ) 0:2 ) 0:4 ) 0:6 ) 0:8 ) 1.0

Conversion/ a

Figure 12. Variation of activation energy with conversion for model free

isoconversional equations

Kissinger equation [43] which yields a single value of activation energy was

also used to determine the activation energy.
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o 2] -m R L
E RT

max a max

b

where 7, = Temperature of peak maximum from the DTG graph.

2
max

A plot of ln(Tﬂ j against 1/T,,,, gives the Arrhenius (Figure 13) plot from the

slope of which activation energy can be determined.

-10.4 4

slope =-16 465
%-10.84 r=0090892
E

130 132 134 136 138  1.40
(1/T__)*10° K"

Figure 13. Arrhenius plot using Kissinger equation

The activation energy obtained was 136.8 kJ mol™ (1.42 eV) which is within
the range obtained by other methods.

b. Master plot method to study kinetics.

To study the reaction kinetics of nickel oxidation we used the conventional

master plot technique [44].

The f(a) / f(a)os were plotted for various differential f(a) functions against
fractional conversion o. The experimental curve was plotted using variable

activation energies obtained from FWO method and using the equation
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fla)  (da/dT),e"' ™
£(0.5) (da/dT), e "

The master plots of various differential functions and the experimental curve
is shown in Figure 14. Table 2 illustrates the various differential equations plotted in

the master plot.

1.2
—+— 10 K min”

1.04
—
0
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0.4+
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Conversion/ a

Figure 14. Kinetic model fitting for nickel nano crystallites using differential

equations in Table 2.

Unlike for spherical nickel nano particles which generally obeys Jander

equation [36] we got best fit for Johnson- Mehl- Avrami (JMA) equation of the form
f(a)=m(1- a)[— ln(l - a)] "“!'" where m = avrami exponent

The equation with m = 4 gave best fit at conversion < 0.5 while m = 3 gave
good fitting for conversions > 0.5. We suggest the film like morphology and the
crystallite strain present on the sample should be the reason for this type of oxidation
kinetics. Similar type of JMA kinetics was observed by Courtade ef al. for the
growth of NiO from Ni films [45]. As in our case, change in kinetics with lattice

strain was recently reported for decomposition of ultrafine calcite by Ren et al. [46].
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Table 2. Differential equations of JMA kinetics with varying m values

symbol f(a) m
A15 | 32(1-0)[-In(1-0)]"? 1.5
A2 2(1-0)[-In(1-00)] " 2
A3 3(1-a)[-In(1-a)]*? 3
A4 4(1-a)[-In(1-0)]*"* 4

2.4 Final stage

The results of characterization of the nickel oxides obtained by thermolysis

Procedure 2 is discussed in this section.

2.4.1 Final stage — XRD and Surface area

The nickel oxides obtained after thermolysis procedure 2 are named as NiO-
A, NiO-B, NiO-C and NiO-D respectively, in the case of complex A, complex B,
complex C and complex D. The XRD patterns of nickel oxides are given in Figure

15.

A A A NiO-D
N A
= NiO-C
E M l Ao A
2
.g ‘A\
- NiO-B
= A A AN
J NiO-A
T T ‘A T T T L T T
20 30 50 60 70 80

26 ()

Figure 15. XRD patterns of nickel oxides (Final stage)
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The diffraction patterns correspond to fcc NiO (bunsenite phase- JCPDS card
No :47-1049). The peaks corresponded to (111), (200), (220), (311) and (222) peaks
of NiO. The lattice constant for each sample was determined by Cohen’s Analytical
procedure [47]. The size-strain separation was done by Williamson-Hall (W-H) plot
method. Figure 16 shows the Williamson-Hall plots for NiO-A, NiO-B, NiO-C and
NiO-D. The (311) point for NiO-B and (111) point for NiO-C lies away from the W-

H in indicates much strain present along that direction.
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Figure 16. W-H plots of NiO-A, NiO-B, NiO-C and NiO-D.

The summary of XRD results and the BET surface areas are given in Table 3.
The crystallite sizes of the samples did not vary much. NiO-D (chloride counter ion)
has a crystallite size higher than others. The microstrain was highest for NiO-B
where as the change in lattice constant was more for NiO-C. Sample NiO-D, which
has the highest crystallite size, has the lowest surface area. It can be seen that the

change in counter ions of the complexes had a profound influence on the crystal
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structure and surface area of the final products. The decomposition properties of the
complexes definitely influenced the crystal structure. Complex D which
decomposed at higher temperatures had lowest surface area and highest crystallite
size. Conversely complex B which decomposed at low temperature had a higher
surface area. If we compare the surface area values of the intermediate stage and
final stage products (Table 1 and Table 3) some important conclusions can be made.
The surface area values did not change much between the Procedure 1 and
procedure 2 except for NiO-B. The primary particles are formed during the
intermediate stage itself. After this stage the heat treatment does not have much
influence on the final properties. However, for NiO-B there is an increase of surface

area, as the nickel oxide is formed mainly by oxidation of low surface area nickel

metal.
Table 3. Results of XRD analysis and surface area
Crystallite . . Lattice Change m BET
. Microstrain lattice surface
Sample size constant
x 1000 o AL constant area
(nm) (a-a) x 100 m’gm’’
NiO-A 29.7 5.77 4.1771 -0.02 59
NiO-B 29.5 6.31 4.1794 -0.25 6.2
NiO-C 28.6 5.66 4.1709 +0.60 2.6
NiO-D 36.1 4.65 4.1733 +0.35 1.4

fce NiO lattice constant - 4.1769 A
2.4.2 Final stage - SEM

The SEM images of the samples are given in Figure 17. Sample NiO-A
consists of octahedral particles with size less than 1um. The crystallites show mainly
the (111) planes. Particles are of same shape for NiO-D, but are of bigger size. NiO-
D shows a bimoday particle size distribution. The SEM image of NiO-C shows an
amorphous like structure without any well defined particle shape. For sample NiO-B,
foam like structure has been formed by the aggregation of particles. The change in
counter ions had a dramatic influence on the morphology of nickel oxides [48].
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Figure 17. SEM of nickel oxides
2.5 Conclusions
1) The counter ions present on the complexes can influence the
decomposition properties of the complexes
i) Properties of the final product are influenced by the decomposition

properties of the complexes.

ii)  The nickel complex [Ni(en)>(H20)2](NOs), gave nickel metal upon

decomposition.

v) Oxidation studies conducted on the nanonickel formed suggest that the

kinetics is influenced by the morphology of nickel nanocrystallites.
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3.1 Introduction

Metal oxides are used as catalysts for a wide range of reactions as selective
oxidation, dehydrogenation and ammoxidation. In such reactions the oxidation-
reduction properties of metal oxides are very important in controlling the activity
and selectivity. Non stoichiometric oxides are more active than stoichiometric
oxides because of the presence of mixed valence states. The metal oxides which can
change their oxidation state easily are considered as good materials to be used as
selective oxidation catalysts. In many of the applications where metal acts as catalyst,
the metal oxide is converted to metal by hydrogen at elevated temperatures. It is
highly essential that metal should be in its metallic state (without getting oxidized)
to maintain the stability of catalytic reaction. Detailed study on oxidation-reduction

properties would be helpful in developing efficient oxidation catalysts.
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Oxidation-reduction properties of metal oxides are made use of in their
application in chemical looping combustion (CLC) as solid oxygen carriers [1].
Unlike most of other energy generating technologies, CLC can separate the green
house gas, CO,, more efficiently. In CLC a solid oxygen carrier is used to transfer
the oxygen from air to fuel [2]. The CLC system (Figure 1) consists of two reactors

connected together namely an air reactor and fuel reactor.

o 2
bd ba
SN

MexOy

Alr Fuel

reactor reactor

Alr )[\ T Fuel

Figure 1. Chemical looping combustion (CLC)

In the fuel reactor, the metal oxide is contacted with hydrocarbon or

hydrogen. The fuel is oxidized by the lattice oxygen of the metal oxide.
MO + fuel - M + CO, + H,O

The exothermic energy of this reaction can be used for power generation. As
the exit gas consists of only CO, and H,0O, CO, can be easily separated by

condensation. The reduced metal oxide is transported and oxidized in the air reactor.
M+ %0, - MO

The whole process can be operated continuously generating power. In CLC,

as combustion takes place without flame in two steps, NOx formation is avoided.
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The suitable selection of an oxygen carrier is very much important in CLC. Among
transition metals, oxides of Fe, Cu and Ni are widely studied for this purpose [3-5].
Recently CaSO,4 was also studied for application in CLC [6]. Pure NiO, NiO/YSZ
(yttria stabilized zirconia) and NiO/NiAl,O4 are the materials studied for application
in CLC [7, 8]. In view of the importance of reduction of NiO, the reduction kinetics
of nickel oxide was studied in detail by non isothermal gravimetry and the results

are discussed in this chapter.

3.1.1 Reduction mechanism of NiO

Hydrogen reduction of nickel oxide is only slightly exothermic.
NiO + H; - Ni + H,O

The reaction is irreversible, as in the temperature range 0 to 1000 °C the
equilibrium constant (K;) has values in the range 10° to 10% Unlike iron oxide, only
two solid phases are involved. These facts make the reaction simple and easy to
follow. Kinetics of nickel oxide reduction has always attracted the interest of
researchers and technologists and is considered to be a model reaction for the
reduction of transition metal oxides. In the first reported (1924) kinetic study of
nickel oxide, Benton and Emmett [9] have pointed out the existence of a nucleation
period, which depends on nature of sample, temperature of reduction, “autocatalytic
effect” of nickel atoms and a reaction interface consisting of nickel oxide and
previously reduced nickel. They monitored the reaction by following water
formation as indication of extent of reaction. In 1932, Taylor and Starkweather
studied NiO reduction by following hydrogen consumption and arrived at similar
conclusions of existence of nucleation period and autocatalytic effect [10]. Koga and
Harrison [11] suggested that the nucleation (induction) period is the time for
generation of nickel atoms on surface of nickel oxide particles. These nickel atoms
grow two dimensionally and coalesce. Recent studies by Jankovic et al. [12], also
confirm the above mechanism consisting of induction period, autocatalytic effect

and overlapping of growing nickel grains. The importance of hydrogen adsorption
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sites on the stoichiometric surface of nickel oxide during reduction was pointed out
by Fursteanu ef al. [13]. The reaction is preceded by an induction period which is
due to the scarcity of hydrogen adsorption sites on the stoichiometric surface. The
hydrogen adsorption removes the surface oxygen and replacement of the depleted
oxygen occurs through Fickian diffusion from the sub surface region. They proposed
a mechanism based on the dissociation of hydrogen at a partially reduced nickel
surface site, followed by hydroxylation of lattice oxygen and subsequent water
condensation and desorption. Later Rodriguez et al. [14] confirmed the role of
oxygen vacancies by in situ time-resolved XRD and NEXAFS/EXAFS studies.
They also proposed an induction period in which surface defect sites are created
which have high efficiency for dissociation of hydrogen. They observed a direct
correlation between concentration of vacancies in NiO lattice and the rate of oxide
reduction. Lee and Kim [15] reported the synthesis of nanocrystalline nickel by
hydrogen reduction of nickel oxide and the related kinetics. Their studies showed
that for nanoagglomerate of NiO, the reduction initially starts by the nucleation-
growth process and then retards later due to the diffusion controlling process owing
to porous structure of the nano agglomerate. No discussion about NiO reduction
kinetics would be complete without mentioning the works of Richardson et al. [16].
In situ hot stage X- ray diffraction was used to measure the NiO depletion and Ni
formation simultaneously during the reduction reaction. Their studies reveal that,
after a small induction period, the kinetics is pseudo-frist-order up to conversion
levels of 0.8. The remaining NiO crystallites are covered with the metallic nickel
crystallites and the inaccessibility of NiO crystallites retards the rate. The retention

of product, H,O, on the surface also reduces the rate.
Influence of grain size and crystallite size

The two different models proposed for the reduction of metal oxides are 1)
nucleation model and the i1) interface controlled model. Grain size of the sample is
of much important in the interface controlled model (also called as shrinking core
model). As per this model, the Ni-NiO interface moves towards the center of the

grain, leaving behind a porous metallic product layer through which H, diffuses in
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and H,O diffuses out. The rate equation will depend on the slowest process. When
the chemical reaction at the interface is the slowest step the model is best described

by the function
Xnio = 1= (1 = k1)’

where k. = (kPy)/R; ; (R, is the grain radius). Moriyama and Yamaguchi [17] found
that reduction rate constants are inversely proportional to grain size above a

diameter of about 10 pum.

In the nucleation model, the induction period is described as the generation
of nickel atoms on the outer surface of NiO crystallites. After nucleation, the formed
Ni clusters grow two-dimensionally across the surface. At this point the hydrogen
dissociation is very fast and the interface proceeds quickly to the grain. This type of

nucleation growth is best described by Avrami relationship [18] given as
Xnio = 1 — exp(-kt")

where Xy;o 1s the fractional conversion at time ¢, k an overall rate constant, and m is

an exponent whose value (0.5-4) depends on grain geometry and the limiting step
(i.e. chemical nucleation or diffusion). Many sigmoidal reduction curves are best
explained by the Avrami relationship. The reduction curve in the work of Benton
and Emmet [9], was fitted with Avrami relation with an m value of 1.34. This value
suggests instantaneous nucleation and three dimensional growth, with the rate

controlled by diffusion across the interface.

Influence of crystallite size was studied by Richardson et al. [19]. They
found out that the crystallite size had no dependence on Tsy (temperature for 50 %
reduction) and also inferred that NiO, from whatever source will exhibit the same

type of reduction behaviour.
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3.1.2 Solid state kinetics

The kinetics of solid state reactions is treated in a different way compared to
kinetics of reactions in homogeneous solutions. In solid state reactions the reaction
is considered to initiate and propagate at the interface of solids. Figure 2 shows the

changes caused by the introduction of dimensionality to the rate equation.

Introduction of Ratio

l Homogeniety :- —>
of Interface/Volume Detined by

Defined by ; .
Concentration ¢ Fractional Conversion o
{flc}=reaction order) {f{{c)=kinetic modet function)

de

— =kf(c

5 ~K©

imerface
Introduction of
Rate Controliing Step!

{a)Chemical Event

(i} Instantaneous {A) Nucieation & Growth

@ ) oiftusion

(B} Interface Shrinkage
Introduction of

Nucieation Rate introduction of

Reaction Geometry

introduction of .
* Introduction of Shrinkage Dimension

Growth Dimension

01D 2D o 30

Figure 2. Introduction of dimensionality in solid state kinetics [From ref-20]

The molar concentration of reactants in the homogeneous solution kinetics is

replaced by degree of conversion, a, which is usually defined as
Ot = (Ct-C()) / (COO-CO)

Where, C is the concentration of reactants or any other physical property chosen to
study the system. The subscripts in the above equation correspond to the value at

initial time (t = 0) and final time (t — ), respectively. The time dependence of a is

obviously expressed in the form of a differential equation
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dov/dt = k (o)

where k is the Arrhenius rate constant and f(o) is the kinetic model, which is an

algebraic function describing the mechanism of the process. There are various

models for solid state kinetics and a few are listed in Table 1.

Table 1. Different models of solid state reactions and corresponding f(a) functions

Model name f(a)
Random nucleation (1-o0)
Generalized n™ order (1-o)"
Generalized Avrami- Erofeyev n(1-00)(-In(1-o))) ™™
Contra.cting area | (1-0)'"
Sharp interface controlled reaction
Contra.cting volume | (1-)'"
Sharp interface controlled reaction
Generalised model by Sestak ao"(1-0)"(-In(1-c))?
One dimensional diffusion 120
Two dimensional diffusion -In(1-a) -1

Three dimensional diffusion 23 3
. 3(1-0)77/72(1-(1-a0) ™))
(Jander equation)

Three dimensional diffusion 13
o . . 372((1-a) "-1)
(Ginstling-Brounshtein equation)

3.1.3 Methodology — non isothermal thermogravimetry

Kinetics of nickel oxide reduction was followed by simple
thermogravimetric experiments. There are several studies in literature, in which

nickel oxide reduction was studied by thermogravimetry [21].
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The fundamental rate equation for kinetics of solid state reactions is

da -E,
E:Aexp( RT jf(a)

where A is the pre exponential factor, T the absolute temperature, R the gas constant
and f(a) is a function of the reacted fraction o.. Under non isothermal conditions,
temperature varies with time at a constant heating rate (), where f = dT/dt and

equation (1) changes to

ﬁ[j—?jﬂl eXp(;eET“jf(a)

Though hydrogen reduction of nickel oxide is a gas solid reaction, under our

experimental conditions the hydrogen concentration is a constant (large excess of
hydrogen) and above equation is sufficient to describe the process. A complete
kinetic analyses of solid state reaction should include determination of E,, InA and

f(a) which are generally termed as the kinetic triplet.
Estimation of Activation energy E,

Model free isoconversional methods based on multiple heating curves are
considered to be better to determine activation energy than methods based on model
fitting, which are based on single heating curves [22]. The assumptions of
isoconversional methods are that the reaction rate at a constant conversion is only a
function of temperature, and the reaction model is independent of the heating rate.
Variation of heating rate causes changes in the reaction processes. The material
spends more time at low temperature with low heating rates. At higher heating rates
the reaction rates are faster, as the material is quickly exposed to elevated
temperatures. This varying reaction rates at different heating rates can be used to
estimate the activation energy of the process. The isoconversional methods can
estimate activation energy at different conversions. For a single-stage reaction the
activation energy (E,) will be a constant throughout the conversion; but, for a

reaction which consists of more than one stage, the activation energy varies with the
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extent of reaction. This variation of E, with alpha (o, extent of reaction) can be used

to explain the reaction mechanism [23].

The Flynn-Wall-Osawa [24] method is an integral isoconversional method

and the equation in its differential form is as below.

dinf  1.052*E,
d(1/T) R

The method is based on measurement of temperatures for each degree of
conversion, a, and different heating rates, f. The plots of In £ versus 1/T at constant

o will give straight line and from the slope activation energies are determined.

Friedman differential method [25] is based on the intercomparison of the
rates of conversion, do/dT for a given degree of conversion a, at different heating
rates. This method requires measurement of both temperatures and conversion rates,

at different heating rates.

i /92 ) <t s(a)- 22

According to Budurgeac et al. [26], Friedman method is more suitable if
activation energy depends on conversion. Moreover FWO method involves a

systematic error, as it uses integral function which involves the history of the system.
Determination of f()

In the present chapter the suitable kinetic model (f(a)) was determined by
Malek’s procedure [27]. The procedure involves estimation of two special functions

Y() and Z(@). These functions are as follows

Y(o) = (da/dt)xexp(x)
Z(a) = m(x)x (da/dt)x T /S
where, x= E,/RT
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n(x) is the approximation of the temperature integral [28] which has the form

(x) = x> +18x* +88x+96
x* +20x% +120x* +240x +120
The Y(¢) function is proportional to f(a) function and the shape of Y(@) can be used
as a diagnostic tool for kinetic model discrimination. The shapes of Y(e) functions

for different kinetic models are depicted in Figure 3.

~ 1 JMA(S)
— i
) ]
0.8 -
0.4 -
;
0.0 - ' -
0.0 0.2 0.4 0.6 0.8 1.0
o

Figure 3. Shapes of Y(@) functions corresponding to different models; JMA(1), (3)
(Johnson Mehl Avrami), R2, R3 (Reaction order), D2, D3, D4 (Diffusion).

The Z(e) function has a maximum for all the kinetic models. The maximum
of Z(a)function termed as (a), has characteristic values corresponding to each

kinetic model and some of them are given in Table 2.
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Table 2. Values of (), corresponding to different models

Kinetic model Typical value of (),
Johnson Mehl Avrami (n=1, 2, 3) 0.632
Reaction order model (2 dimensional) 0.750
Reaction order model (3dimensional) 0.704
Diffusion (two dimensional) 0.834
Diffusion (three dimensional) 0.704
Diffusion (four dimensional) 0.776

The maximum (), of the Y(a) function, maximum (), of Z(e) function
and the shape of Y(a) function can be used to select the best kinetic model of the
process. Figure 4 shows a schematic diagram for the selection of suitable kinetic

model from the values of (&), and ().

—3| convex| —| RO(n<1)
D2 <——a': = 0.834
m -
— au--o — D3 (—aP—O.TM(———-—
o _
|, | concave D4 1—ctp = 0.776
RO(n>1) z()
y(a)|— JMA(n<1)
L5 |linear| —| JMA{1) a‘; = 0.632|——
+| MA(D>1)
L—] 0 < rx"< o
SB(m,n)

Figure 4. Kinetic model determination from values of (@), and (),

The objectives of this study are

1) to study the influence of crystallite size on NiO reduction kinetics
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i1) to study the influence of structural parameters of NiO (from different precursors-

chapter 2) on the reduction kinetics.

3.2 Experimental
3.2.1 Preparation of nickel oxides

Synthesis of nickel oxide nanocrystallites

To obtain homogeneous NiO nanoparticles, the reported procedure of Estelle
et al. [29] was adopted. NiNO3;.9H,0O (Merck +99.5%) was dissolved in 50 mL
distilled water and was slowly evaporated to get the crystals. The crystals were
separated from the mother liquor and dried in an air oven at 120 °C for five days.
The basic nickel nitrate — Ni3(NO;3)>(OH)4 was formed which was confirmed by the
single stage decomposition in theromgravimetry experiment (Figure 5) which is in
accordance with the reported procedure. This basic nickel nitrate was then divided to
three parts. One part was calcined at 400 °C, the second part at 600 °C and the third
part was calcined at 800 °C in a static muffle furnace for two hours by heating at a
rate of 5 °C min" from room temperature to the desired temperature and was named

as N10-400, N10-600 and NiO-800 respectively.

0.00+

-0.05+ (/-’/-v

-0.10+

-0.154

Derivative mass (mg min'1)

-0.20

0,25 ofeee ey
100 200 300 400 500 600

Temperature (K)
Figure 5. DTG graph of Niz(NO3),(OH),

71




Kinetics of Temperature Programmed Reduction (TPR) of NiO.

Nickel oxide from different precursors

Nickel oxides were prepared by thermal decomposition of the complexes.
Details of the preparation are given Chapter 2. The samples were NiO-A, NiO-B,
NiO-C and NiO-D.

3.2.2 Characterization techniques

The XRD patterns were recorded on Bruker model D8 (CuKa source)
diffractometer. The peaks were subjected to Lorentzian curve fit, and the fwhm (7)
were determined after deducting the instrumental broadening. The X-ray line
broadening analysis (XLBA) was done with the well known Scherrer equation to

determine the crystallite size.

092
rcosf ’

vol

d,,; = Volume average crystallite size; A = wavelength of X’Ray; t = fwhm (full

width at half maximum)

SEM-EDX was recorded on Jeol JSM-6390 LA scanning -electron
microscope with EDX assembly. BET surface area was measured on a

Micromeritics Tristar surface area analyzer.
3.2.3 Reduction reaction-experimental conditions

In a recent study on nickel oxide reduction kinetics, Erri ef al. [30] identified
the importance of diffusion effects on the reduction kinetics and recommend low
heating rates for nonisothermal experiments. Recently Criado et al. have emphasized
the use of low heating rates for processes involving overlapping reactions when
using the isoconversional methods of kinetic analyses [31]. Utigard ef al. [32] got

varying kinetic results when they changed the hydrogen concentration. The TG
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experiments were designed in such a way to eliminate the mass transfer limitations

as far as possible.

The TG experiments were done on a Perkin Elmer TG-DTG Pyris Diamond
instrument and the experimental conditions were, low sample mass (2.2+0.3 mg),
low grain size (74pum-105um (sieved through mesh size -100,+140)), high hydrogen
concentration (99.95%), high hydrogen flow (500 mL min™), low heating rates
(1,2,3 and 4 °Cmin™). Prior to each experiment the sample was dried in an air oven
at 150 °C to avoid the presence of residual water. Necessary safety precautions were
adopted as the studies involved hydrogen gas at high temperatures. The degree of

conversion ‘o’ was calculated from the TG data as

Wy, — W
a = 0 T
WO_Wf

Where wr is the mass of the sample at temperature T, and wy and wy are mass of the
sample at the beginning and at the end of the process respectively.

3.3 Results and Discussion

3.3.1 Kinetics of reduction of nickel oxide nanocrystallites

XRD & SEM

The XRD patterns in Figure 6 indicate decrease of fwhm (full width at half
maximum) of the major peaks with increase of calcinations temperature. The

crystallite sizes calculated by Scherrer equation were 13, 21 and 29 nm for samples

NiO-400, NiO-600 and NiO-800 respectively.
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Figure 6. XRD patterns of nickel oxide calcined at 400 °C, 600 °C and 800 °C

The surface areas decreased as 20.2, 9.3 and 4.2 m” g with increasing
calcination temperature. Particles were nearly in cubic shape as evidenced from
SEM micrographs (Figure 7). The calcination temperature had less influence on
particle shape; however the particles aggregated together as the temperature

increased.
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Figure 7. SEM of nickel oxide calcined at (a) 400 °C, (b) 600 °C and (c) 800 °C

Studies on the Preparation of Supported Nickel Catalysts Using

Bis(Ethylenediamine)Nickel(IT) Complexes as Precursors
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Thermogravimetric results

The percentage mass losses during the temperature programmed reduction of
the samples are shown in Figure 8 (a) to (c), and the corresponding a - T curves are
shown in Figure 9 (a) to (c). An average of 21.5+0.2% of mass loss was recorded in
all the experiments. The dependence of do/dt versus T at different heating rates for
the samples are shown in Figure 10 (a) to (c) and the results are summarized in
Table 3. With increasing heating rate, the rate of reduction process of the samples
increased. The Ty« (temperature of peak maxima) and am,x (degree of conversion at
Tmax) read from o-T curve (Figure 8 (a) to (c)) shifted to higher values as the
crystallite size increased. The AT values (peak width) decreased as the crystallite

size increased.

More number of defects and vacancies are expected on NiO-400 sample
because of its low crystallite size. This should be the reason for the low reduction
temperatures for this sample and this observation is in accordance with the
previously reported literature [13, 14] in which a direct correlation between

reduction temperature and vacancies has been pointed out.

Table 3. Values of T, AT and ouax for the samples at different heating rates.

Heating NiO-400 NiO-600 NiO-800
rate
o o -1 Tmax Tmax Tmax
C min AT Olmax AT Olmax AT Olmax
(K) (K) (K)

1 500.3 587 027 504.0 335 045 5161 262 0.50

2 5122 619 029 5134 40.1 047 5278 307 0.53

3 5202 63.6 031 521.6 409 0.55 5338 334 0.56

4 5239 700 029 5258 402 056 539.7 378 0.55
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Figure 8 (a), (b) and (c). Mass loss curves of NiO-400, NiO-600 and NiO-800.
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The activation energies were determined by Flynn-Wall-Osawa method and

Friedman method for the samples and the values are plotted against o in the Figures

11 (a) to (c).
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Figure 11 (a) NiO-400, (b) NiO-600 and (c) NiO-800. Variation of the Activation energy

with conversion, determined by Friedman and FWO method.

The activation energies were determined within the range 0.05 to 0.95 a. For
all samples the activation energies determined by Friedman method were lower than
that of FWO method. Also it can be seen that the activation energy is a function of a
with high values at both initial and final states. However, the variation with a were
similar for both the methods. The activation energies for all samples were almost
constant within the range 0.3 a to 0.7 a. The NiO-400 sample had the lowest
activation energy and the activation energy increased as the crystallite size increased.
The variation of Ea with o indicates the complex nature of the nickel oxide
reduction. Vyazovkin [33] has assigned such an E, - a dependence to occurrence of
a parallel independent reaction which has higher activation energy. Comparing the

curves, it can be seen that this step of higher activation energy is more important as
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the crystallite size increases. As per the reported mechanism [12] of NiO reduction,
the reduction in interfacial area of reduced phase and unreduced phase cause higher
activation energy towards the end. In case of NiO-800 the overlapping of nickel
grains will be difficult and the process will have high activation energy because of
its higher crystallite size. The activation energy was averaged from the Friedman
curve (in the range 0.3a to 0.7c) and was 105.1 kJ mol™, 108.4 kJ mol™ and 111.6
kJ mol™ for NiO-400, NiO-600 and NiO-800 respectively.

Note:- For the sample NiO-600 the rate curve at 4 °C min™ is distinctively different
from others, indicating a change in mechanism. For activation energy determination

data from heating rates 1 °C min™, 2 °C min™ and 3 °C min™ was used.
Kinetic model by Malek’s procedure

The Y() and Z(c) functions were calculated for NiO-400 sample. The

normalized Y(e) and Z() were plotted against o in the Figure 12 (a) and (b).
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Figure 12 (a) Y(¢) function and (b) Z(¢) function of NiO-400

The values of (@), and (), extracted from Figure 12 are given in Table 4.
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Table 4. Values of (@), and (@), for NiO-400 different heating rates.

Heating rate NiO-400
°C min” (@Dm (@),
1 0.188 0.264
2 0.223 0.291
3 0.222 0.322
4 0.205 0.285

Considering the shape of Y(a) function and the fact that (@), values are
lower than (@), values, the kinetic model can be either Johnson Mehl Avrami (JMA)

or Sestak Berggren (SB). The fact that (), value is lower than 0.632 indicates that

Sestak Berggren model f(a)=a"(1—a)" is suitable for both samples. The ratio of

kinetic exponents s = m /n can be determined from (@), values as s = (@), /1- ().

To determine #n, the following relation is used

1{(‘2—‘;‘) exp(]]jaTﬂ =Ind+nin[a (1-2)]

The pre exponential factor A and kinetic exponents n and m (m=s x n) were

determined at each heating rates and the results are presented Table 5.

Table 5. The kinetic parameters n, m and In A for N10-400 at different heating rates

and their average values

Heating rate NiO-400
°C min™ n m In A (min™)
1 1.86 0.491 19.37
2 1.92 0.507 19.55
3 1.67 0.441 19.34
4 1.87 0.494 19.40
Average 1.83 0.483 19.42
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The kinetic triplet obtained for the NiO-400 sample is
NiO-400 [Ea=105.1kImol",In A=19.42 min", f(a )=a"*(1-a )"*]

Above procedure was repeated for NiO-600 and NiO-800 samples and the

kinetic triplet obtained were
NiO-600 [Ea=108.4kJmol",In A=20.34 min", f(a )=a"" (1-a )"*]
NiO-800 [Ea=111.6kJImol”,In A=20.56 min", f(a )=a"* (1-a )*"'].

The validity of the obtained kinetic parameters can be checked by comparing
the experimental curve with the calculated rate curve. The rate curve is calculated

using the above kinetic triplet in the equation

Cfi—?=AeXP[_E"Jf(a)

RT

Figure 13 shows the experimental and the calculated rate curves. It can be
seen that the curves match very well within the range 0.01a to 0.9 a (the o was read

from the corresponding o - T curves; Figure 9 (a), (b) and (c))

The solid state reaction of nickel oxide with hydrogen consists of various
chemical and physical processes such as adsorption-desorption, reaction of hydrogen
gas with nickel oxide, and polymorphous transition when nickel nuclei grows in
nickel oxide lattice. Therefore, the effective activation energy of the process is
generally a composite value determined by the activation energies of various
processes as well as by the relative contributions of these processes to the overall

reaction rate.
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Discussion on kinetic parameters n, m and r

The empirical two parameter kinetic model of Sestak and Berggren [34]

when proposed was of the form

fla)=a"(1-a) [-In(1-ca)]

where n, m and r are the kinetic exponents. Mathematical analysis of above equation
[35] has shown that only two kinetic exponents are necessary, and the above

equation was reduced to the form

fla)=a"(1-a)

where m and n are the kinetic exponents. Sestak Berggren model is usually denoted
as SB (m, n). The kinetic exponent m and n should be linked with the mechanism of
reduction process but due to the empirical nature of the Sestak Berggren model such
links are hard to find in the literature. However some recent studies [36-38] has
attempted to relate the SB (m, n) exponents to the structure of the material.
Comparing the kinetic exponents, it can be seen that the n value decreases from 1.83
to 0.91 as crystallite size increases. It has been proposed such a shift of n value
indicates the shift of mechanism from Langmuir-Hinshelwood to Eley-Rideal [38].
The m values increases from 0.48 to 0.60 as crystallite size increases. An increase of

m value indicates the role of reduced phase in the overall reduction process.

The macroscopic process of reduction (nucleation/crystal growth) strongly
depends on the concentration and distribution of nuclei in the sample. The nuclei can
be of two types, surface nuclei and bulk nuclei. The surface nuclei are already
present on the sample, while the bulk nuclei, termed as secondary nuclei, form
during the course of reduction. Because of the low crystallite size and higher surface
area of NiO-400 sample, these surface nuclei initiate the reaction early. Thus the
reaction is more Langmuir-Hinshelwood type, as hydrogen dissociates rapidly on the
surface nuclei and the dissociated hydrogen reacts with nickel oxide. For this case

the important process is the reaction of adsorbed hydrogen and the surface nuclei-
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probably the oxygen vacancies. This is indicated by a high value of n. For NiO-800
sample, the number of oxygen vacancies and correspondingly the surface nuclei are
small. But as its reduction happens at a higher temperature a larger number of bulk
nuclei are formed. These bulk nuclei which are present inside the NiO crystals, tend
to grow faster. The higher value of m for NiO-800 sample indicates that the major

reduction happens between the interphase of reduced and nonreduced phase.

The work of Sestak, Satava and Wendlandt [39] has shown that the SB (m, n)
equation is equivalent to the JMA (r) equation to a first approximation. The
empirical SB (m, n) model thus includes JMA (r) model as a special case [40] and

the kinetic parameters are related as

I
T In(n) = In(n +m)

The average value of r and the m, n values for the samples are tabulated in
Table 6.

Table 6. Calculated kinetic exponents

Sample n m r
NiO-400 1.83 0.48 1.31
NiO-600 1.42 0.69 1.66
NiO-800 0.91 0.60 2.04

The JMA model is derived from first principles and hence, its parameter ()
has physical significance. The value of » depends on the shape of the nuclei and
dimensionality of their growth, as well as on the rate of their formation [41]. The
Avrami exponents of the samples show that the dimensionality of the reduction

process increases as crystallite size increases. This indicates that under the
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experimental conditions, the hydrogen reduction of nickel oxide takes place in a
surface oriented fashion for NiO-400 sample. Thus the reduction mechanism of
nickel oxide depends on the crystallite size of the sample under the studied

experimental conditions.
A special mention on NiO-600

The o-T curve of NiO-600 shows that at low heating rates the reduction
happens in two stages, but as the heating rate increases the two stages merges
together to a single peak. This indicates a change in mechanism with heating rates
and is attributed to the complex nature of the reduction process. The change in otpax
values (Table 3) also indicates a change in reduction mechanism. The calculated rate
curve deviates from the experimental one as shown in Figure 13. The shape of the
experimental curve at 4 °C min™' is more similar to that of NiO-800. The rate curve
was again calculated with the kinetic model ( f (& )=a** (1—a )®") for NiO-800.
Figure 14 shows that now the curve matched better with the experimental curve.
This shows that the mechanism has changed at higher heating rate. Oxidation of
tungsten carbide is shown to happen in two stages at low heating rates whereas as

single stage on higher heating rates [42].

da/ dt (min™)
(=
o
" 1 "

0.00 " Calculated with SB '6f NiO-800
e E xperimental
—————— Calculated

: : :
500 520 540
Temperature / K

Figure 14. Experimental vs. Calculated rate curve of NiO-600 at 4 °C min'. When
calculated with kinetic model of NiO-800; both T, and shape matches better.
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The relative contribution of the two competitive reactions to the overall
process depends on the heating rate, as the reaction with higher activation energy
will become dominant at higher temperatures. Thus while selecting the heating rates,
one should be sure that the rate of individual processes does not vary within the

selected heating rates.
3.3.2 Kinetics of reduction of nickel oxide derived from different precursors

The nickel oxides prepared by thermal decomposition of metal complexes
(Chapter 2) were subjected to kinetic study. The procedure for kinetic analyses was
same as that in the previous section, and only the results will be discussed in this

section. The T,k values for the samples are given Table 7.

Table 7. The Tnax values of nickel oxides.

Heating rate Tmax (K)
°C min™' NiO-A NiO-B NiO-C NiO-D
1 509.9 495.9 530.8 530.4
2 523.6 514.7 539.3 543.1
3 528.4 520.6 5472 551.2
4 534.1 527.3 553.0 558.5

NiO-A (derived from [Ni(H;0)s]/(NO3);
The kinetic triplet obtained for the sample was
NiO-A [Ea=114.3 kI mol”, In A =20.65 min", f (& )=a"* (1-a )"*]

The Ea-a curve and the rate curves are shown in Figure 15 and Figure 16

respectively.
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Figure 15. Ea-a curve of NiO-A Figure 16. Rate curve of NiO-A

The experimental and calculated curves matched up to 0.87 a. After the
conversion of 0.87 the calculated curves lie above the experimental ones. This may
be due to higher activation energy involved in later stages of reduction. At higher
conversions the remaining NiO is covered with Ni crystallites and it requires higher
activation energy to reduce the deeply seated nickel oxide particles. This may be due
to the difficulty for hydrogen to diffuse inside or the product water to diffuse outside
[43, 16].

NiO-B (derived from [Ni(en),(H0),/(NO3),

The Ea-a dependence (Figure 17) is almost constant for NiO-B. The kinetic

triplet obtained for the sample was
NiO-B [Ea=88.5kImol’, In A=20.14min", f (& )=a"" (1-a )"*]

The activation energy was considerably low for this sample. The Tpnax values

were also low. The rate curves (Figure 18) matched at all conversion values.
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Figure 17. Ea-a curve of NiO-B Figure 18. Rate curve of NiO-B

NiO-B was obtained by oxidation of nickel metal (Chapter 2). Some nickel
crystallites remnant in the sample can act as nucleating sites. If the nucleating sites
are present on the onset of reduction, the reduction can start early. The Ty, values
indicate a low induction period for the sample. The SEM of the sample (Chapter 2)
shows it has foam like structure. This special structure can enhance the hydrogen
diffusion inside and water diffusion outside, during the reduction reaction. The high
value of SB parameter ‘m’ (0.81) indicates the increased dependence on the

crystallized (Ni crystallites) phase.
NiO-C (derived from [Ni(en);(H,0),](CH;COO);
The kinetic triplet obtained for the sample was
NiO-C [Ea=118.5kI mol”,In A=21.03 min™, f(a )=a**(1-a )"*"]

Both Tmax and activation energy was highest for this sample.
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structured sample. This tough structure may be retarding the diffusion of hydrogen
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Figure 19. Ea-a curve of NiO-C

The SEM picture (Chapter 2) indicates a compact shape for the amorphous
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Figure 20. Rate curve of NiO-C

or water vapour; thus increasing the activation energy.

NiO-D (derived from [Ni(en),(H,0),/Cl;

morphology as NiO-D; Chapter 2), but the activation energy is lower. The kinetic

The T values are higher compared to NiO-A (which has almost same

triplet obtained for the sample was
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Figure 21. Ea-a curve of NiO-D

1.0

do/dt (mint)

T
480 500

T T T T
520 540 560 580
Temperature / K

NiO-D [Ea=110.8 kI mol™”, In A =19.04 min™, f (& )=a"* (1-a )]

NiO-D

0124

0.08 4

0.04 4

0.00

Calculated
Experimental

N

/AN

T
480 500

Figure 22.

T T T T
520 540 560 580
Temperature / K

Rate curve of NiO-D

600

600



Kinetics of Temperature Programmed Reduction (TPR) of NiO.

The EDX analysis of the NiO-D (Figure 23) sample before reduction
indicates presence of chlorine in the sample (0.2 wt%). The reduced sample (Figure
24) does not contain any chlorine which indicates chlorine has escaped during the

reduction.

Cousi
::

T T
(] 1m m 10 e ] s m (] 50 [
bl

Figure 23. EDX results before reduction Figure 24. EDX results after reduction
of NiO-D of NiO-D

The Ea-a values show decreasing dependence towards the end. Vyazovkin
[44] has identified such decreasing dependence of activation energy due to diffusion
limited process which involves conversion of solid — solid + gas. Generally a
process becomes diffusion limited when the reaction rate is high. The low activation
energy observed for the NiO-Cl sample should be because of the effect of chlorine,
which acts as a catalyst for the reduction reaction. The following mechanism can be
suggested. During the induction (nucleation) period the gas phase hydrogen
dissociates on the NiO surface. The surface disorders like defects, kinks and

vacancies activate this step on the NiO surface.
Ha ¢ = 2H )

In the nucleation step the adsorbed hydrogen reacts with nickel oxide to form

nickel metal which acts as nucleating sites for the further steps of nucleation growth.

NiO +2H (ads) = Ni (metal) T H,O (& 2)

tudies on the Preparation of Supported Nickel Catalysts Usin

Bis(Ethylenediamine)Nickel(II) Complexes as Precursors 90
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Chlorine is present on the nickel oxide as nickel chloride. The chlorine atoms
present on the NiO lattice reduces the reactivity of NiO surface by its electron
withdrawing property and the reduction starts at higher temperature on this sample.
Once sufficient number of nuclei is formed, Ni metary acts auto catalytically and the
reaction becomes faster. On the NiO-D sample the following reaction also takes

place
NlClZ +2H (ads) — Ni (metal) +2HCI e — (3)

The formed HCI can either be transported away through the gas phase or can
be adsorbed on NiO surface and Ni surface or may get dissolved in evolving H,O. If

HCI gets adsorbed on NiO it forms nickel chloride by the reaction
NiO + 2HCI (g 4 NlClz + HZO (g — (4)

Activation energy for reduction of NiCl, is lower (54 kJ mol™) than that for
NiO [45]. Thus during the process, a part of nickel oxide gets reacted as nickel
chloride for which the activation energy is lower. This explains the lowering of
activation energy as conversion increases. If the HCI gets dissolved in water it
reduces the volatility of water vapour, consequently escape of water vapour from Ni
surface becomes slow. During the process the HCI gets transported away through the
gas phase. The final EDX analysis shows the absence of chlorine. As the particle
size increases (by sintering) the diffusion of hydrogen to the reacting interphase
(surface between nickel metal and nickel oxide) becomes the rate determining step
in the latter stages. Because of the above reasons the reaction becomes more and
more diffusion limited and the activation energy gets lower. The activation energy

for diffusion is always lower than the activation energy for the reaction.
3.4 Conclusions
1) Crystallite size influences the NiO reduction mechanism.

1) Reduction starts earlier for low crystallite sized sample probably due to

higher number of surface nuclei.
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ii1) The SB (m, n) exponents vary with the crystallite size. Comparison of the
exponents indicated that, when the crystallite size is lower the reduction

follows a surface oriented mechanism under the experimental conditions.

iv) The NiO-B sample, which probably has the presence of Ni crystallites,

reduces at a low temperature with low activation energy.

v) Nucleation period is longer for reduction on chlorine containing sample
(NiO-D) as CI reduces the reactivity of NiO surface by its electron

withdrawing effect.

vi) The rate of reaction is much lower at the end for the NiO-D sample; which
may be due to (a) inhibition of reaction because of slow water desorption or
(b) difficulty in diffusion of hydrogen through the sintered nickel metal

surface to the reaction interphase.

vii)There is an indication that morphology of the sample influences the

reduction kinetics.
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4.1 Introduction

For a supported metal catalyst, the desirable distribution of active sites
depends on the rate and nature of the catalytic reaction. In a heterogeneous catalytic
reaction, the diffusion step becomes rate determining when the desired chemical
reaction becomes fast enough [1]. It is advantageous to deposit the catalytically
active particles at the external edge of the catalyst bodies for such reactions.
Recently, Qiu et al. reported a better catalytic performance for partial oxidation of
methane to synthesis gas on egg shell (active metal deposited at the external edge)
Ni/Al,O3 catalysts compared to uniform catalysts [2]. A uniform distribution of
active sites will be beneficial for slow reactions, as the transport limitations are
minimal. For dehydrogenation of n-dodecane, uniform Pt/alumina catalysts had
higher activity than those with egg-shell distributions [3]. Catalyst effectiveness
factors larger than one can be achieved for exothermic reactions, if the active metal
is located inside the support making advantage of heat transport resistances [4]. In a
consecutive reaction, if the secondary product is undesirable, an eggshell

distribution will be beneficial to increase the selectivity of the primary product. Thus
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Komiyama et al. [5] obtained highest butene selectivity on egg shell catalysts for
hydrogenation of 1,3- butadiene over Pt/y-Al,O3 catalysts. Butane selectivity was
high owing to the higher residence time of butenes in uniform catalyst pellets. If the
reactant feed consists of catalytic poisons like sulphur compounds, it is better to
deposit the active component inside the subsurface layer, and have an egg white
distribution. A desired metal profile can be obtained by proper selection of
impregnation parameters like choice of precursor, pH, time of contact and
competitors. [6-9]. Different types of metal distributions in catalyst pellets are given

in Figure 1.

Uniform Egg-Shell
Egz-White Egg -yolk

Main types of catalyst distribution

Figure.1 General types of catalyst distribution.

Among the several methods to prepare industrial catalysts, impregnation is
important because of its simplicity and cost effectiveness. Depending upon the
volume of the impregnation solution, impregnation can be divided to pore volume
(dry or incipient wetness) impregnation (where the volume of the impregnating

solution is equivalent to the pore volume of the support and the capillary forces
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operate for the distribution of active component) and wet impregnation (where the
volume of the impregnation solution used is much more than the pore volume and
adsorption forces and diffusion of ions determine the active site distribution).
Vincent and Merril [10] identified three different processes occurring
simultaneously during pore volume impregnation process namely (a) transport of
solution (convection) in the longitudinal direction of the pore (b) mass-transfer
(diffusion) in the liquid-solid interface (c) adsorption of ions on the walls of the
pores. When adsorption of the active metal ions is fast, it causes the concentration of
the active metal to decrease in longitudinal direction and an egg shell profile results.
If the adsorption processes are slow the metal ions are transported to farther end of
pores with same initial concentration leading to a homogeneous uniform distribution
of active sites. Thus by controlling the adsorption characteristics of the active

precursor, the profile of metal distribution can be changed.

However, the subsequent drying and calcinations of the impregnated support
may change the metal distribution obtained in the impregnation step. The impact of
drying conditions on the final metal profile was studied in detail by Umera et al. [11]
and Lekhal er al. [12]. Their studies confirmed that under conditions of strong
adsorption, drying does not have a strong effect on the final metal profile. In the case
of weak adsorption, the convective flow and diffusion becomes predominant and
varying profiles are obtained depending upon the drying conditions. Recently,
ethylenediamine (en) complexes of nickel have been used to prepare supported
nickel catalysts, with low temperature of reduction, low particle size and high
activity [13-15]. However, studies directed towards the impregnation profiles using
these complexes are limited in literature [16]. In this chapter, the results of an
experimental study on the impregnation of gamma alumina support with nickel

ethylenediamine complexes having different counter ions.
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4.2 Experimental

Spherical y-Al,Os pellets from Sud- Chemie India Pvt Ltd were used for the

impregnation studies and their physical characteristics are given in Table 1.

Table 1: Physical characteristics of support

Physical Characteristics of y-Al,O3; spheres

Average Pellet diameter 0.38 cm
Apparent density 0.92 g cm™
Surface area’ 230.1 m? g'1
Pore volume 0.34 cm’ ¢!
Average pore radius’ 58.4 A

* Obtained by BJH adsorption method

The pzc (point of zero charge) of alumina was determined by mass titration

method [17] and was found to be 8.5.
Incipient wetness

For pore volume impregnations the final nickel loading was targeted to be 1
weight percentage. The impregnating solution of [Ni(H,0)c](NOs3),, designated as
Ni-A, was prepared by dissolving 0.1g Ni(NO3),.6H,0 in 0.7mL distilled water. The
other impregnating solutions [Ni(en),(H,0),]X; ,X= NOs’, CH;COO’, or CI" were
prepared by adding ethylenediamine (Aldrich; 99+%) at a molar ratio en/Ni=2 to
aqueous solution (0.7mL distilled water) of the nickel(Il) salts (all from
Merck ;99+%) Ni(NO3),.6H,0 (0.1g), Ni(CH3COO),.4H,0 (0.085g) or NiCl,.6H,O
(0.08g) and were named as named as Ni-B, Ni-C and Ni-D respectively. The
alumina support (2g — calcined at 400 °C for 6 hours) was suddenly added to the

impregnating solution in a glass vial and was thoroughly shaken to make a
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homogeneous mixture. A portion of this mixture was separated to study the
impregnation profile. Another portion was dried at 200 °C for 4 hours and then was

subjected to impregnation profile studies.
Wet impregnation

The dried supports (4g) were incipiently wetted with distilled water
(equivalent to the pore volume) in a glass flask and then contacted with 25mL of
0.055M impregnating solution of nickel nitrate, [Ni(en),(H,0),](NO3), , [Ni(en);
(H20),](CH3COO); or [Ni(en),(H,0),]Cl, for 30 minutes. The flask was kept on a
shaker for total impregnation period. After the impregnation time the solution was
removed, and the pellets were divided to two parts. One part was subjected
immediately to profile analysis, while the other was calcined at 200 °C for 4 hours

prior to the profile analysis.
Effect of solvent removal on viscosity

Initially 0.1M of all the impregnating solution was prepared and their
viscosities were determined. This solution (100 mL) of one of the complex was
taken in a graduated glass beaker and was slowly heated on a water bath to different
degrees of solvent removal (50, 60, 70, 80 and 90 vol%). The solutions were then
cooled to room temperature. The heating was discontinued once the solute
precipitated and the corresponding volume was noted as precipitation volume. The
measurements were carried out similarly for the other complexes. Viscosities were
determined at each drying stages on a U-tube gravity (Ostwald) viscometer. The
viscometer was calibrated with distilled water and all viscosity measurements were

done at 30 £ 0.5 °C.
Impregnation profiles

The distribution profiles were measured on a Jeol JSM-6390 LA scanning

electron microscope with EDX assembly. The impregnated spheres, were
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mechanically rubbed to expose the cross section and quantitative microanalysis were
done along the radial distances. This was done before the drying and after the drying
of the spheres. To determine the penetration depth by optical micrographs, an
alcoholic solution of 10 % dimethylglyoxime was applied on the cross-sectioned
pellets [18]. This allowed the visual observation, and the surface was photographed
and the penetration depths were measured, on a Leica DM 2500 M optical

microscope.
Cyclohexanol decomposition

The cyclohexanol dehydrogenation was performed in a conventional glass
reactor (10 mm id, fixed bed, down flow) operated at atmospheric pressure. To
avoid chanelling, catalyst pellets (2g) were mixed with quartz powder (2g) and were
immobilized in the middle of the reactor with glass wool. Cyclohexanol was
introduced with a pre calibrated syringe pump (at a flow rate 3 mL hr''), and a flow
of N, (20 mL min™") was maintained in the reactor by Bronkhaurst mass flow
controller. The liquid products were collected at the bottom of the reactor in an ice
cooled trap. Products were analysed after 30 minutes (to ensure mass balance) on a
gas chromatograph (Chemito 8510) equipped with a carbowax column and flame

10nization detector.
4.3 Results and Discussion
4.3.1 Pore volume impregnation

The optical micrographs and EDX spot analysis of the pore volume
impregnated alumina spheres before drying are shown in Figure 2 and those of the

spheres after drying at 200 °C are shown in Figure 3.
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Figure 2. Optical micrographs and EDX spot analysis metal profiles of pore volume

impregnated solids before drying.
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Figure 3. Optical micrographs and EDX spot analysis metal profiles of pore volume

impregnated solids after drying at 200 °C for four hours.
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The nickel nitrate impregnation (Ni-A) resulted in eggshell profiles, while
the impregnation of ethylenediamine complexes resulted in uniform distribution.
The viscosities of the impregnating solutions were determined as a function of the

extent of drying and the results are shown in Figure 4.

12

Viscosity (cP)

E xtent of drying (%)

Figure 4. Change in viscosity during drying of impregnating solutions

For each curve, the last point denotes the viscosity just before precipitation.
The initial viscosities of ethylenediamine complexes were higher than that of the
nickel nitrate solution; while the nickel nitrate solution had a higher volume of
precipitation (it precipitated at low concentration) than that of the ethylenediamine
complexes. For a solution consisting of less viscous solvent, the solvent can diffuse
faster than the solute, and lead to deposition of the solute [19]. Thus impregnation
by Ni-A solution, which has low viscosity, derives eggshell distribution. The
complexes of ligands with chelating behavior not only increase the viscosity but also
prevent hydrolysis and flocculation of the active precursor [20]. van den Brink [20]
demonstrated that the crystallization proceeds badly and small crystallites are

formed with a uniform distribution for metal complexes of chelating ligands. The
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ethylenediamine complexes are seen to diffuse deeper in to the core of alumina

spheres achieving a diffuse eggshell or uniform distribution.

Final metal profile after drying depends on the relative strength of
convection, diffusion, adsorption and evaporation. It is to be noticed that there was
no significant changes in the distribution of the active species for all the pore
volume impregnated catalysts. The redistribution was least in case of Ni-A sample,
as most of the active species have been precipitated during the impregnation step
itself. Further more, there is no dissolution of the active species during drying. If
there were dissolution, the nickel species would have migrated outwards because of
low viscosity of the solution which makes easier the convective transport by
capillary forces [21]. There are chances that nickel nitrate gets precipitated as Ni(I)
hydroxides during the impregnation step as pH level of the solution gets easily
increased due to the buffering action of high PZC alumina [22]. The rates of viscous
flow in the impregnating solution as well as diffusion in the liquid are inversely
proportional to the viscosity of the liquid. The high viscosity of ethylenediamine
solutions impedes the convective flow of solution in the pores. During the drying
step as more and more water is removed the viscosity of chelating solutions
increases drastically (Figure 4) especially for Ni-C (acetate counter ion) solution.
The advantage of increasing the viscosity of impregnating solution has already been
reported [20, 23]. For Ni-A, as almost all active species is precipitated or reacted
with alumina surface and hence there is no much redistribution. But for the Ni-en
complexes, there is slight redistribution as the chelated complexes are intact which
prevents an early precipitation. But because of high solution viscosity during drying
the convective flow is less and the distribution profile is almost maintained intact.
However it should be noted that for Ni-D sample (chloride counter ion) the
redistribution was more as its precipitation volume is less. For Ni-C sample (acetate
counter ion) a very uniform profile was obtained after drying which may be due to

the diffusion.
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4.3.2 Wet impregnation

The distribution profiles obtained for wet impregnation after a period of 30
minutes are shown in Figure 5. During wet impregnation there is no imbibition
(convective flow of solution) as the support is already wet and the impregnation
front moves by processes of adsorption and diffusion. It takes more time for the
active species to diffuse from the bulk solution through the pores in to the core of
the support. Thus among the two operative processes namely adsorption and
diffusion, the slowest step determines the impregnation profile. If adsorption is
faster than diffusion, impregnation front moves slow. This results in eggshell profile,
while slow adsorption and fast diffusion gives uniform profile. In the present study
the impregnation front for Ni-C moves much faster than that of others, and this slow
adsorption and fast diffusion may be due to the presence of acetate counter ions. The
impregnation depth is in order NiA < NiB < NiD < NiC. Thus counter ions have a

definite influence on impregnation depths.

During drying again three forces are in action, namely convection (capillary
flow towards outer surface), metal diffusion (towards the center) and adsorption (on
the pore walls). If the adsorption is sufficiently strong, there would not be any
redistribution during drying [12] and such strong adsorption occurs during the
impregnation step. If adsorption is weak, the final profile will be determined by the
relative strength of convection and diffusion. The distribution profile of wet
impregnated solids after drying is shown in Figure 6. There was an outward
migration for sample Ni-A, which shows that the convective transport is dominant in
this case when compared to diffusion. Komiyama et al. [24] found that a uniform
profile obtained after the impregnation step can be transformed in to a decreasing

egg shell profile when capillary forces are much active.
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Figure 5. Optical micrographs and EDX spot analysis metal profiles of wet impregnated
solids before drying.
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solids after drying at 200 °C after drying for four hours.
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For ethylenediamine complexes the redistribution was almost intact, but
shows a little inward migration and hence the final distribution became more
uniform. The sluggish redistribution can be either due to a strong adsorption on
alumina surface or due to high viscosity of solution during the drying stage which
suppresses the convective flow. The major transport process therefore would be
diffusion. An inward migration occurs in these cases as diffusion happens from a
region of higher concentration to lower concentration resulting in the movement of
the impregnation front deeper in to the centre. The adsorption of ethylenediamine
complexes, although slow, is strong enough to restrict the redistribution. Che et al.
[25] have shown that secondary interactions are possible between ethylenediamine
ligands and alumina surface by grafting, thus increasing its adsorption strength.
Generally for preparation of Ni/y-Al,Os catalysts, nickel nitrate is used and mostly
an eggshell distribution results. Li ef al. [26] used nickel ammonia complexes and
obtained uniform distribution for the impregnation step. But the redistribution
during drying caused the nickel species to migrate outwards and an eggshell
distribution resulted. They concluded that only eggshell distribution of the activity
component would be achieved for one component impregnation, and the distribution
after the wet impregnation would not be maintained during the normal drying
process. The present work suggests that by using ethylenediamine ligands with
proper choice of counter ions, uniform distribution could be achieved with very less

or no migration of the active species during drying.
4.3.3 Cyclohexanol decomposition

The cyclohexanol decomposition was carried out on bare y-Al,Os support,
powdered nickel oxide, eggshell catalyst (derived from Ni-A by pore volume
impregnation) and uniform catalyst (derived from Ni-B by pore volume
impregnation). The final nickel loading was adjusted to be 3 wt% on eggshell and
uniform pellets. The reaction was carried out at both low temperature (250 °C) and

high temperature (400 °C).
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The major products of cyclohexanol decomposition are cyclohexene and
cyclohexanone. On y-Al,O3 the major product is cyclohexene [27] whereas on nickel
oxide the major product is cyclohexanone [28]. Incorporation of nickel oxide to y-
AlLO3, changes the selectivity towards cyclohexanone. The conversion and
selectivity on the three samples at 250 °C and 400 °C are shown in Figure 7 (a) and
(b). At low temperature, the reaction will be slow and diffusion of reactants will be
fast and whole of the pellet will be active. Uniform pellets gave high cyclohexanone
selectivity at low temperature which can be either due to high intrinsic activity of
nickel oxide or due to the uniform distribution of nickel oxide in y-Al,O3 pellet. For
eggshell catalyst pellets, NiO is distributed as thin shell on the outer surface. When
the whole pellet is active the reactants ‘see’ only a small layer of NiO phase;
whereas it ‘sees’ more y-Al,O3 as it diffuses deeply inside the pellet giving higher

selectivity for cyclohexene. The events are more clearly demonstrated in Figure 8.
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Figure 7. Results of cyclohexanol decomposition on catalysts at temperatures (a)

250 °C and (b) 400 °C.

An increase of temperature increases the intrinsic activity of the pellets. As

the reaction rate becomes faster; diffusion of reactants becomes slow compared to
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the reaction and becomes the rate limiting process. At these conditions the surface of
the pellet will be more active, and some times under drastic conditions the core of
the pellet becomes inactive. For cyclohexanol decomposition an increase of
temperature drives the reaction towards selective formation of cyclohexene. The
temperature sensitivity towards cyclohexene selectivity is less for nickel oxide
compared to y-Al,O3 pellets (Figure 7). At 400 °C the cyclohexene selectivity
increased on all the four samples. But it can be seen that the highest cyclohexanone
selectivity was for the eggshell pellets. At diffusion limited conditions (surface layer
is more active), on the eggshell catalysts the reactants come in to contact with a
higher number of nickel oxide crystallites, as most of the nickel oxide is deposited
near the outer surface. As nickel oxide’s cyclohexanone selectivity is more, the
eggshell catalyst gives more cyclohexanone than on uniform pellets, on which, the
number of nickel oxide crystallites on the surface is almost similar to that in bulk

phase.

eggshell

T T

low temperature high temperature
whole pellet is active only surface of pellet
is active

!

uniform

Figure 8. Pictorial representation of different activity for eggshell and uniform

pellets at low and high temperature.

110




The Active Phase Distribution in Ni/y-AL0s Catalysts Prepared by
Impregnation of bis(ethylenediamine)Nickel(11) Complexes

4.4 Conclusions

1) For pore volume impregnations with ethylenediamine complexes a diffuse
eggshell or uniform distribution happens due to high viscosity of the

chelating complexes.

i1) In case of nickel nitrate solution due to low viscosity of impregnating

solution and high rate of precipitation an eggshell distribution results.

ii1) The distribution profiles after drying are directly related to the viscosity and

precipitation volumes of the impregnating solutions.

iv) For wet impregnation, the ethylenediamine complexes show a higher
impregnation rate compared to the usual nickel nitrate impregnation due to

fast diffusion and slow adsorption.

v) The counter ions in the complexes are found to have a significant effect
during impregnation and drying, resulting in different impregnation depths.
Acetate counter ion is more promising to obtain a uniform distribution

having less effect on drying.

vi) The prepared eggshell and uniform pellets gave different product

distributions for cyclohexanol decomposition reaction.
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This chapter deals with the preparation of supports, supported nickel

catalysts and the details of the characterization methods used in subsequent chapters.

5.1 Preparation of supports

5.1.1 Preparation of a-Al,0;

Nano crystalline a-alumina was made by solution combustion synthesis [1].
AI(NO3)3.9H,0O (Merck 99+%) (20g) and Urea (BDH India 99+%) (8g) (oxidant

(metal salt) /fuel (urea) ratio =1) were together dissolved in 75 mL distilled water
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and was then evaporated to a syrupy solution. This solution was then placed in a
preheated furnace (450 °C) for five minutes, which yielded the fluffy product. The
a-alumina derived by this process is phase pure as indicated by XRD (Figure 1a)
(surface area = 5.9 m’ ¢!, Average crystallite size = 37 nm and pore volume <0.1
mL g™). Scanning electron micrograph (SEM) (Figure 1b) indicated the formation of

sheet like structures.
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Figure 1. (a) XRD and (b) SEM of a-Al,O;

5.1.2 Preparation of y-Al,0;

The y-ALO; used was a gift sample from Research and Development
Division of Sud Chemie India Ltd. The sample had a surface area of 199 m” gm™,
pore volume 0.57 mL gm™ and an average pore diameter of 96 A. The XRD pattern

and adsorption desorption isotherm are given in Figure 2 (a) and (b).
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Figure 2. (a) XRD and (b) Adsorption-desorption isotherm of y-Al,O;
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5.1.3 Preparation of MgO

Magnesium hydroxide (Mg(OH),) was precipitated from 0.1 molar solution
of magnesium nitrate at a constant pH of 9 and temperature of 70 °C using 20%
ammonia solution. The precipitate was then washed well to remove the nitrate ions,
and then dried in an air oven at 120 °C overnight. The dried cakes were then
powdered and calcined at 600 °C in a muffle furnace for four hours to obtain
crystalline MgO. The XRD pattern and the SEM of calcined MgO are given in
Figure 3 (a) and (b).
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Figure 3. (a) XRD and (b) SEM of calcined MgO
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5.2 Preparation of supported nickel catalysts-impregnation deposition

Metal loading was fixed to be 20 wt% nickel on all the catalysts. The method
of catalyst preparation is outlined in the following block diagram (Figure 4).
Solutions of the nickel complexes were prepared first. To this solution (volume of
the solution should be much larger than pore volume) calcined support (which was
dried at 200 °C for two hours prior to the preparation of catalyst) was added and
stirred well. The slurry was then slowly dried on a water bath with occasional
stirring to obtain dried cakes. It was then dried in an air oven at 120 °C overnight.
The cakes were then powdered well and calcined in a muffle furnace at 600 °C for
four hours. The heating program was set in such a way that material was heated

from room temperature to 600 °C at the rate of 6 °C min.
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This method of preparation enables loading of higher metal percentages on
the support and the targeted metal loading is easily achieved. During the preparation,

the following events take place

1.) As the supports are dried, pore volume impregnation (filling of void

volume with impregnating solution) takes place.

ii.) An excess solution (much more than pore volume) is used to make
impregnating solution, so some nickel complex ions will be ion

exchanged with the surface groups.

iii.)  The remaining metal salts (complexes) will be deposited on the surface

during the drying step.

This method thus involves impregnation and deposition.

Preparation of solutions of nickel complex

I

rRequired quantity of support added to the above solution and|
then slowly evaporated to dryness

\ v

J

The cakes are dried at 120 °C in air oven overnight

U

Calcination at 600 °C for 4 hours to remove ligands

Figure 4. Scheme for the preparation of supported catalysts

Procedure for the preparation (for 5g of support) is as follows. The
impregnating solution of [Ni(H,0)s](NOs), (Ni-A), was prepared by dissolving
4.956g Ni(NOs),.6H,O in 100mL distilled water. The impregnating solution of
[Ni(en),(H20),](NO3), (Ni-B) was prepared by adding ethylenediamine at a mol
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ratio of en/Ni = 2 to a solution of Ni(NOs3),.6H,O (4.956 g) dissolved in distilled

water (100 mL). The impregnating solutions, Ni-C and Ni-D were prepared in a
similar way by using Ni(CH3COO),.4H,0O (4.240g) or NiCL.6H,O (4.050g)
respectively. As an example for the preparation of a-Al,O; supported catalysts, 5g
of a-Al,O; was added to the impregnating solution Ni-A, slowly evaporated to
dryness with constant stirring on a water bath. It was then dried at 120 °C overnight
in an air oven and the resulting sample was named as Ni-a-A-d. It was then calcined
in a static furnace at 600 °C for 4 hours, with a heating rate of 6 °C min™ and the
resulting sample was named as Ni-o-A-c. Further the sample was reduced at 500 °C
for four hours and was named as Ni-a-A-r. The other supported Ni/NiO catalysts

were named in a similar way and the nomenclatures for the catalysts are as follows.

en= ethylenediamine

Metal Complex NiO Ni/a-AlL,O; Ni/ly-Al,O3;  Ni/MgO
[Ni(Hz?:)](NOS)Z NiO-A  Ni-a-Ax  Ni-A-x  Ni-M-A-x
[Ni(e“)Z(}:;()’)Z](NO”z NiO-B  Ni-a-Bx  Niy-Bx  Ni-M-B-x
[Ni(en)z(Hz(z)CZ; (CH;COO0), NiO-C Ni-a-C-x Ni-y-C-x  Ni-M-C-x
[Ni(en)zEIFDI)zO)ﬂC12 NiO-D  Ni-a-D-x  Ni-y-D-x  Ni-M-D-x

x = d for dried, ¢ for calcined, and x = r for reduced

5.3 Characterization techniques
5.3.1 Chemical analysis- AAS

The metal percentages on the calcined catalysts were estimated by atomic
absorption spectrophotometry (AAS) on a Thermo Electron Corporation MMK,

system. The catalyst (0.5g) was mixed well with potassium hydrogen sulphate
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(KHSOy4, 3g) in a small china dish. It was then fused in a muffle furnace set at 450
°C. The fused mixture was extracted by boiling with dilute sulfuric acid (50:50
solution) and was made up to 200 mL with distilled water. The solution was then

analyzed for nickel content on AAS.

The chloride content on the catalysts was determined by titration with

standardized silver nitrate solution following Volhard’s method [2].
5.3.2 Thermal studies on precursors

The thermal decomposition patterns of the dried precursors were recorded on
a Pyris Diamond TG of Perkin Elmer make. An air flow of 200 mL min" was
maintained and the heating rate employed was 10 °C min™ from 100 °C to 800 °C.

The same instrument measured the DTA responses simultaneously.
5.3.3 N, physisorption

The adsorption desorption characteristics of the calcined catalysts were
determined on a Micromeritics Tristar Surface area Analyzer. Prior to adsorption,
the samples were degassed in the Flowprep unit of the system at a temperature of

350 °C for three hours under nitrogen flow.
5.3.4 Powder XRD

X-ray diffraction patterns of the calcined and reduced catalysts were
recorded on Bruker model D8 (CuKa source) and X-ray line broadening analysis

(XLBA) was done with the well known Scherrer equation.
5.3.5 UV-vis DRS

The UV-vis diffuse reflectance spectra were recorded on a Labomed UV-Vis
spectrophotometer equipped with a diffuse reflectance accessory and integrating
sphere in the range 200 to 900 nm. BaSO4 was used as blank for the measurements.
The percentage reflectance values were converted to absorbance using the Kubelka

Munk function (equation) [3].
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Fir,)= RS

a

R, = reflectance of sample

5.3.6 TCD-TPR

The temperature programmed reduction (TPR) of NiO/a-Al,O3 (chapter 6)
and NiO/MgO catalysts (chapter 8) were done on Micromeritics Pulse Chemisorb
2705 system. The calcined samples were heated in a flow of helium at 300 °C for
two hours to remove any adsorbed moisture. It was then cooled to room temperature.
The gas was switched to 5% H in helium and the temperature was raised to 950 °C.
A heating rate of 5 °C min! was used for NiO/a-Al,Os and a heating rate of 10 °C
min™ was used for NiO/MgO catalysts. A thermal conductivity detector (TCD) was
used to measure the hydrogen consumption. Moisture from the reduction reaction
was trapped by a moisture trap before passing the gases through TCD. The TCD was
calibrated by injecting pulses of pure hydrogen gas.

5.3.7 TG-TPR

The reduction characteristics of NiO/y-Al,O3 catalysts (chapter 7) were
studied by the technique of TG-TPR. The weight change accompanying the
reduction reaction is monitored by a thermogravimetric balance. This method has
been used by some researchers to identify the nickel species on supported nickel

catalysts [4, 5].

The experiment was done on a Pyris Diamond TG of Perkin Elmer make.
The sample was dried ex situ in flowing nitrogen at 200 °C for three hours. The
sample (20-22 mg) was weighed in to the alumina crucible of the TG balance.
Temperature was raised to 200 °C for 30 minutes to remove any adsorbed moisture
and then it was increased at a rate of 10 °C min™' to 800 °C in flow of 10% H, in N,

(200 cc hr'') gas. Weight loss corresponding to the reduction was measured.
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5.3.8 H; Chemisorption

The hydrogen chemisorption studies were done on a Quantachrome Autosorb
system. Around 0.1g of catalysts was loaded in to the reactor and was reduced in a
flow of hydrogen (20 vol %) at 500 °C for two hours. It was allowed to cool to 40
°C in a flow of Argon. After one hour, hydrogen chemisorption was done at 40 °C to
determine the monolayer uptake in pmols of hydrogen adsorbed per gram of catalyst.
From the monolayer uptake, % metal dispersion and active metal surface area were

calculated as

% dispersion = (Nigyface / Nigotar) X 100

Active metal surface area = Ni surface area (m” gm’)=m x N x 2 x a/ 10*°

Nigurface = number of surface nickel atoms = pmols of hydrogen adsorbed x 10°x 2x N

Nii = no of total nickel atoms = wt of catalyst x N x % Ni loading / (mol wt of nickel
(58.69) x 100
N = 6.022 x 10” molecules
chemisorption stoichiometry; one mol of hydrogen = 2 mols of nickel = 2
m = pmols of hydrogen adsorbed gm™
surface area of nickel atom = 6.49 A>=a
Total area = number of nickel atoms x surface area of one nickel atom
NB: As precursors change, the morphology (shape) of the particles changes;

so no attempt was done to calculate the Ni crystallite diameter, as such calculations

include the assumptions about the shape of the crystallites.
5.3.9 TPD of CO;

The temperature programmed desorption of carbon dioxide (for NiO/MgO
catalysts, Chapter 8) was done on Micromeritics Pulse Chemisorb 2705 system
under Helium atmosphere. The sample (= 0.1 g) was heated under helium flow at

300 °C for two hours to remove and adsorbed gases. It was then cooled to room
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temperature. Three pulses of pure CO; (size of 100uL) was injected consecutively
through the injection port to the sample. The sample was then allowed to stabilize
under helium flow for another one hour. It was then heated from room temperature
to 600 °C with a heating rate 10 °C min™". The desorbed CO, was monitored by TCD
response. Quantitative calibration of CO,-TPD peak area was made by monitoring

the decomposition of known amounts of CaCOj.
5.3.10 TPD of cyclohexylamine

The acidity of Ni/y-Al,O3 catalysts (Chapter 7) was determined by
temperature programmed desorption of cyclohexylamine (CHA) using
thermogravimetry. The sample was treated with liquid cyclohexylamine for 20
minutes. It was then slowly heated to 150 °C in oven for two hours, cooled and 20
mg was weighed to the TG balance. Desorption thermograms were recorded at a
heating rate of 10 °C min™' under nitrogen flow (200 cc hr™"). The mass loss between

200 and 420 °C was used to determine the acid content of the samples (in mmols

CHA g adsorbent) [6].
5.3.11 Scanning Electron Micrographs

The Scanning electron micrographs (SEM) of the samples were taken on a
scanning electron microscope, model Jeol JSM-6390 LA. The powdered samples
were spread on a carbon tape and then mounted on the microscope. The details of

the magnification are present on the micrographs.
5.4 Activity studies

The details of the reaction conditions of vapor phase reactions are given in

this section. Exploratory experiments were done to arrive at the reaction conditions.
5.4.1 Benzene hydrogenation / cyclohexane dehydrogenation

The benzene hydrogenation reaction (for Ni/a-Al,O3 catalysts, Chapter 6)
was performed in a conventional glass reactor (10mm id) operated at atmospheric

pressure. Benzene (99+%; Loba Chemie, India) was introduced with a precalibrated

123




Chapter 5

syringe pump and H, flow was controlled by Bronkhaurst mass flow controller.
Before the activity tests, the catalysts were reduced at atmospheric pressure with H;
(flow rate 40mL min™") at 500 ° C for 4 hours. The liquid products were collected at
the bottom of the reactor in an ice cooled trap. Products were analysed after 30 min
(to ensure mass balance) on a gas chromatograph (Chemito 8510) equipped with a
carbowax column and flame ionization detector. The selectivity was 100% towards
cyclohexane. (Reaction conditions were: WHSV = 2.8 hr', mol ratio [H>]/[CsHs] =
4, temperature 220 °C).

The cyclohexane dehydrogenation (for Ni/y-Al,O; catalysts, Chapter 7) was
done in same apparatus as mentioned above. After reduction with hydrogen, the gas
was changed to pure nitrogen at a flow rate of 20 mL min™'. The cyclohexane feed
rate was set at 2.4 mL hr' and temperature of the reaction was set at 300 °C. The
catalyst weight used was 1.5g. The products were analyzed with the same GC used
for benzene hydrogenation. The time on stream was only 30 minutes (Exploratory

experiments indicated there was rapid deactivation for this reaction).
5.4.2 Cyclohexanol decomposition

The cyclohexanol dehydrogenation was performed on calcined and reduced
samples of Ni/a-Al,0O3, reduced Ni/y-Al,O3 and reduced Ni/MgO, in a conventional
glass reactor (10 mm id, fixed bed, down flow) operated at atmospheric pressure.
Cyclohexanol was introduced with a pre calibrated syringe pump (at a flow rate of 3
mL hr'), and a flow of N, (20 mL min™) was maintained in the reactor by
Bronkhaurst mass flow controller. The amount of catalyst was 0.8g. For the
reactions on reduced catalysts, prior to the reaction the samples were reduced at
atmospheric pressure with H, (flow rate 40 mL min™) at 500 °C for 4 hours.
However, for Ni/MgO catalysts (Chapter 8) the reduction was done at higher
temperature of 550 °C for 4 hours. The reaction was done at a temperature of 270 °C
for Ni/a-AlO3 and Ni/y-Al,Os catalysts, and at 350 °C for Ni/MgO catalysts. The
reaction was conducted for two hours and the integral conversion was measured.

The liquid products were collected at the bottom of the reactor in an ice cooled trap.
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Products were analysed after 30 minutes (to ensure mass balance) on a gas
chromatograph (Chemito 8510) equipped with a carbowax column and flame

ionization detector.
5.4.3 Reactions of n-butanal and hydrogen

The Ni/MgO samples (Chapter 8) were reduced in a flow of hydrogen (20
mL min™") prior to the reaction at 550 °C for four hours. It was then cooled to the
reaction temperature. n-Butanal was injected with the precalibrated syringe pump at
a flow rate of 3.2 mL hr'. Catalyst weight was fixed as 1.0g. The exploratory
experiments indicated that a higher contact time increases the trimers. Increase of
temperature resulted in formation of light fractions (mainly C3’s). The reaction
conditions selected were WHSV = 2.78 hr'l, mol ratio [H;]/[CsHg] = 6 (H; flow = 80
mL min™); temperature = 150 °C, and time on stream (TOS) = 45 minutes. The
outlet of the reactor was connected to a condenser followed by ice trap. The
condenser was circulated with a super cooled water-ethylene glycol mixture (70-30)
and the ice trap was filled with sodium chloride and crushed ice. The condensed
products were analyzed by a gas chromatograph (Chemito 8510) equipped with a
15% carbowax (on DMDS) column (1/8", 12 ft) and flame ionization detector. The

temperature conditions of the GC were

Carrier gas N, pressure = 0.8 bar; injector temperature = 210 °C; detector
temperature = 260 °C; oven programme = 90 °C (for 8 minutes) — 2 °C min™ to
120 °C — stay at 120 °C (10 minutes) — 5 °C min™ to 180 °C —stay at 180 °C (10

minutes).

Occasionally the products were identified on a GC-MS (Shimadzu, Model — QP2010,

equipped with universal capillary column).
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6 INTRODUCTION

The use of metal complexes as precursors for the preparation of the
supported metal catalysts is gaining importance; as such precursors dramatically
influence the final properties of the catalysts. The solid- state reactions occurring
between active phase and support during calcinations are crucial in controlling the
structural properties or the reactivity of supported oxide catalysts. Nickel supported
on a-alumina are versatile catalysts used in steam reforming of hydrocarbons [1].
The global demand for processes like GTL (gas to liquid) and DME (dimethyl ether)
has renewed interest in improvement of steam reforming catalysts. Steam reforming
of gaseous hydrocarbons is seen as a potential way to provide fuel for fuel cells. The
high temperature (700 — 1100 °C) of steam reforming requires robust catalyst and o-
ALLOs is a best option. a-Alumina is a refractory oxide formulated at high
temperatures. They have low surface area, but have high mechanical and thermal

stability suitable for the demanding conditions of steam reforming.
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Co-precipitation route yields Ni catalysts with some of the active species
getting converted to “hard to reduce” nickel aluminate. The most convenient method
for preparation is impregnation with nickel salts, followed by calcination to oxide
precursors. o-Alumina is considered to be an ‘inert support” which provides little or
no interaction to the metal supported on it. The stable structure of a-Al,O3; prevents
migrations of metal ions into it. However calcinations at high temperature can force
the NiO and a-Al,O; to react to form refractory NiAl,O4. Gavalas et al. conducted a
series of studies on impregnated 2.2 wt% NiO/a-Al,O3, employing hydrogen
chemisorption, scanning electron microscopy and X-ray photoelectron spectroscopy
[2, 3]. The studies indicated that above 850 °C a precursor of NiAl,O4 forms which
is insoluble in acid and difficult to reduce. Molina ef al. and Richardson et al. have
reported NiAl,O4 formation at low temperatures [4, 5]. They argue that during
impregnation, a part of Al,Os dissolves in the impregnating solution and gets
incorporated to NiO structure. Even by low temperature calcinations this can

transform to NiAl,O4 like species.

Mostly nickel nitrate salt is used to prepare the NiOy (x=0,1)/Al,O3 catalysts by
impregnation method. Multiple impregnations are required to achieve the required
metal concentrations. Conversion to nickel aluminate cannot be avoided even in
these cases. In high temperature applications, the nickel particles agglomerate and
reduce the active surface area for the reaction. So there is much interest in preparing
easily reducible, highly active and stable NiO,/a-Al,O; catalysts. Previously
reported studies have established that chelating ligands of the acetyl acetonate are
good candidates for the preparation of easily reducible nickel and vanadia catalysts

[6, 7].

Use of ethylenediamine metal complexes to prepare supported metal
catalysts is gaining much importance because of the ease of preparation of the
complexes and formation of smaller metal particles, which are held strongly to the

support [8, 9]. Che et al. [10-12] have conducted a series of studies on impregnation
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and drying of these nickel complexes on silica and gamma alumina. However, the

reports on the catalytic activities are very rare [13].

In the present chapter the structure and reactivity of NiOy/a-Al,O3 composite
catalysts prepared by the wet impregnation of ethylenediamine complexes of
nickel(II) is discussed. The main objective was to study the influence of counter ions
on the physiochemical properties of the final catalyst and their influence on activity.
Benzene hydrogenation and cyclohexanol decomposition were carried out on the
catalysts. Benzene hydrogenation reaction has been used as a test reaction to check

the metal support interaction [14].

6.1 Thermal decomposition of dried precursors, chemical analysis and

surface area

The TG curves of the thermal decomposition of the dried precursors are
shown in Figure 1. The decomposition of Ni-a-B-d is complete before 300 °C and
this type of exothermic decomposition of complexes is because of the close
proximity of NOs™ counter ion and ethylenediamine ligand. The total weight loss
corresponds to the removal of ethylenediamine ligands and NOj; ions in a rapid
oxidation-reduction reaction. For the precursor with chloride counter ion (Ni-a-D-d),
the decomposition was complete only at high temperature 590 °C. Ni-o-A-d
followed almost a same decomposition pattern as the parent compound, nickel
nitrate (Chapter 2). The DTG-DTA patterns of the precursors are given from Figures
2 to 5. A small weight increase corresponding to the oxidation of nickel can be
found for Ni-a-B-d. This indicates metallic nickel has been formed during the
decomposition. The decomposition of Ni-a-B-d is complete in a single step which is
highly exothermic. The decomposition of Ni-a-C-d is also exothermic, but in two
stages. Endothermic and exothermic weight losses are registered in the DTG-DTA

pattern of Ni-o-D-d.

The counter ions present can influence the heat generated or absorbed,

amount of heat energy and speed of the decomposition. During decompositions the
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nickel ions can interact with the support and the strength of decomposition will be
affected by above factors. The differences in decomposition patterns will affect the
interactions of nickel ions with the support affecting the final structure and activity

of the catalyst.
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Figure 1. TG curves of dried precursors
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The results of chemical analysis and surface area for the calcined catalysts

are given in Table 1.

Table 1. Chemical analysis and BET surface areas of calcined catalysts.

Sample BET surface area (m’ g'l) Ni (weight %)  Cl (weight %)
Support 5.9 -

Ni-a-A-c 7.5 19.8

Ni-a-B-¢c 23.8 19.6

Ni-a-C-c 11.0 20.1

Ni-a-D-c 3.6 20.0 0.9

The highest surface area obtained was for Ni-a-B-c. The surface areas for
Ni-a-A-c, Ni-a-B-¢ and Ni-a-C-c were higher than the support. The increase of
surface can be of two reasons; 1) the formed NiO are of high surface area ii) the a-
Al,O3; would have dissolved during impregnation and formed high surface area
forms like gamma or eta alumina. The single stage exothermic decomposition of Ni-
o-B-d resulted in formation of high surface area NiO supported on a-Al,Os. This
decomposition happens at low temperatures compared to others. Also the process is
very fast and the heat developed can dissipate fast avoiding the thermal sintering of
the formed nickel oxide crystallites. The low surface area obtained for Ni-o-D-c is
due to the exothermic decompositions at high temperatures (Figure 5 indicates
decomposition of Ni-a-D-d is complete only at 590 °C) which might have resulted

due to sintering.
6.2 XRD and UV-vis DRS studies

The XRD patterns of the support and samples before and after reduction are
shown in Figure 6, and the crystallite sizes and lattice parameters are given in Table
2. The most intense NiO reflections are at 37.3° due to NiO (111) and 43.3° due to

NiO (200). In the present system they are almost completely overlapped with the
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(113) and (104) reflections of a-alumina at 37.8° and 43.4° respectively. Therefore
the XLBA (X-ray line broadening analysis) was done on the 62.8° (220) peak of
NiO for the calcined samples. The XLBA was done for the reduced catalysts for the
peaks at 44.4° Ni¥ (111) and at 51.8° Ni” (200). The Ni-a-B-c derived from nitrate
anion has the smallest crystallite for NiO and shows the maximum change in the
lattice parameter also. The low crystallite size might have achieved because of the
single stage exothermic decomposition during the calcination step. Ni-o-D-c derived
from chloride anion has the largest crystallite size. The crystallite sizes for the
reduced Ni systems did not vary much except for the Ni-a-D-r sample which shows
a larger crystallite size. The Ni-a-D system shows no variation from the theoretical
value thus indicating the formation of bulk NiO and Ni grains in this system. None

of the catalysts showed reflections due to nickel aluminate formation.
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Table 2. Crystallite sizes and lattice constants of calcined and reduced samples.

() o
Crystallite Crystallite Cell Cell /0 Cha.n ge A) Chap ge
. . f . constant constant in lattice in lattice
Samples | size NiO size Ni . -
NiO Ni parameter parameter
nm nm . c
nm nm NiO Ni
Ni-a-A-c 17 -- 0.4175 - 0.034 --
Ni-a-B-c 9 -- 0.4184 - 0.197 --
Ni-a-C-c 14 -- 0.4179 - 0.068 --
Ni-a-D-c 20 -- 0.4176 - 0.001 --
Ni-a-A-r -- 20 -- 0.3526 - 0.046
Ni-a-B-r -- 18 -- 0.3535 -- 0.322
Ni-a-C-r -- 20 -- 0.3524 -- 0.012
Ni-o-D-r - 33 -- 0.3525 -- 0.039

Theoretical NiO lattice parameter- 0.4176 nm

Theoretical Ni lattice parameter- 0.3524 nm

The UV-vis DRS spectra (Figure 7) of the calcined samples exhibit charge
transfer band at 280 nm and the d-d transitions, 3A2g—>1T1g, 3A2g—>3T1g(P) and
3A2g—>3T1 ¢ (F) at 377 nm, 425 nm and 714 nm respectively. These transitions are
due to nickel(Il) in octahedral structure [15]. The transitions at 590 and 620 nm are
not seen indicating the absence of Ni(Il) in tetrahedral structures. This again points
out the non formation of nickel aluminate, which is in agreement with the
observation from XRD. The peaks of Ni-a-D-c are intense than others and it’s less
intense charge transfer band indicates the formation of bulk NiO. TPR and SEM
results agree with this observation. The high intensity of charge transfer band, high
absorption along the entire wavelength and low intensity of Ni[O] bands suggest the
formation of black Ni,O3 on the Ni-a-C-c sample [16]. In general the DRS spectrum
reveals the formation of NiO with less interaction with the support and is similar to

the spectrum obtained by Lisboa et al. for the Ni/a-alumina catalysts [17]. Due to
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the dark color and high absorbance in the entire range, more information could not

be extracted from UV-vis DRS spectra.

Ni-A-c

Ni-B-c

Ni-C-c

Absorbance (Kubelka Munk)

Ni-D-c

8
g

100 200 300 400 500 600 700 800
wave length (nm)

Figure 7. UV-vis diffuse reflectance spectra of calcined catalysts
6.3 TCD-TPR

Metal support interactions appreciably affect the surface properties of these
catalysts and, hence, their catalytic properties. It is well known that the interaction
between nickel oxide and support can affect the reduction temperature [18]. The
reduction temperature mainly depends on the support interaction, Ni species, particle
size and rate of nucleation of metallic nickel. The nickel species having weak
interaction can be reduced at low temperature than those having strong interaction.
Small particle sizes generally result in high reduction temperatures than large
particle sizes. The TPR spectra of Ni-a-A-c and Ni-a-B-c (Figure 8) show major
peaks at 620 and 450 °C. The peak at 620 °C is due to surface nickel aluminate,
while the peak at 450 °C is due to small NiO crystallites having interaction with the
support (supported NiO). The peak at 390 °C for Ni-a-D-c is due to the reduction of
bulk NiO [19].
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Figure 8. Temperature programmed reduction profiles of calcined catalysts

The reduction peak of Ni-a-C-c at 320 °C agrees with that reported for the
pure Ni,O3; by Ho ef al. who calcined their catalysts at low temperature and under
inert atmosphere [20]. Such low reduction peak is very uncommon in nickel
supported systems and is attributed to the formation of Ni,O3 in which Ni is in the
+3 state. The samples Ni-o-A-c and Ni-o-B-c also show the presence of this Ni**
species by the low intense peaks below 300 °C. Table 3 shows the different species
present on the catalysts. It can be seen that the major species present on Ni-a-B-c is
supported NiO crystallites. The use of ethylenediamine ligands in general resulted in
formation of easily reducible nickel species. This may be due to the presence of
chelating ligands which favour the formation of bulk NiO. During decomposition,

the chelating ligands protect the nickel ions from interacting with the support.

n the Preparation of Supported Nickel C ..|| 1lysts ' sing 135

Bis(Ethylenediamine)Nickel(IT) Complexes as Precursors




Chapter 6

Table 3. Different nickel species present on calcined catalysts.

Nickel Species

Catalyst Ni,O; free NiO  supported NiO Nsilxizgf

G20°C) (N0 (450 °C) (620 °C)
Nrachee v v \ (major)
Ni-a-B-c v v (major) N
Ni-a-C-c \ (major) N
Ni-a-D-¢ \ (major)

6.4 SEM

SEM results (Figure 9) show a striking difference in the morphologies of
reduced catalysts. The SEM image of support indicates sheet like structures. Ni-o.-
A-r and Ni-o-A-r show smaller Ni grains embedded on the sheet like surface of a-
alumina thus giving the support a rough nature. Morphology of Ni-a-D-r shows bulk
Ni grains with nearly cubic shapes; whereas Ni-o-C-r contains flower shaped Ni
grains which seems to be formed by loose aggregates of nickel crystallites. Both Ni-
o-C-r and Ni-a-D-r are loosely bound to support surface resulting in very low metal
support interaction. TPR results are in accordance with this observation. Variations

in morphologies of NiO on changing the metal precursors were also noted by Estelle

etal [21].
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Figure 9. Scanning Electron Micrographs of reduced catalysts and support
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6.5 Benzene hydrogenation

The results of benzene hydrogenation on reduced catalysts are shown in
Figure 10. Ni-a-C-r shows the highest conversion. The catalyst with lowest
crystallite size, Ni-o-B-r did not show much activity. The special flower like

morphology present on Ni-a-C-r may be the reason for its high activity.

Figure 10. Percentage conversion for benzene hydrogenation on reduced catalysts

Benzene hydrogenation
30 4
25
20
15 |
10 |
5 |
.

Ni-A-r Ni-B-r Ni-C-r Ni-D-r

conversion [%]

Such special morphology has found to give unexpected activity in nickel
supported systems [22, 23]. For supported catalysts, when metal supported

interaction is more, the benzene hydrogenation activity will be less [14].
6.6 Cyclohexanol dehydrogenation

The results of cyclohexanol dehydrogenation on the bare support, calcined
samples and reduced catalysts are shown in the Table 4. All the catalysts yielded
cyclohexanone and cyclohexene as the major products; however, using reduced
catalysts trace quantities of benzene, cyclohexane and phenol were also obtained.

These trace secondary products were less than 1%; so they were neglected in
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selectivity and yield calculations. The calcined catalysts are highly selective towards

cyclohexanone even though their activities were low.

Table 4. Results of cyclohexanol dehydrogenation

Somrpple || OGN eI % selectivity
of Cyclohexanol T — Cyclohexene

Support 2 7 58
Ni-a-A-c 8 08 5
Ni-a-B-c 6 97 ;
Ni-a-C-c 7 96 4
Ni-a-D-c 6 96 A
Ni-a-A-r 28 95 5
Ni-o-B-r 45 99 |
Ni-a-C-r 18 08 5
Ni-a-D-r 12 08 5

The increase in selectivity on these calcined catalysts, compared to the bare
support is due to introduction of NiO, which always gives more selectivity towards
cyclohexanone [24]. The reduced catalysts are reasonably active towards the
dehydrogenation reaction. The Ni-a-B-r with the smallest nickel crystallite size and
largest BET surface area gave the maximum yield for cyclohexanone, while the Ni-

o-C-r gave least yield.

The TPR data indicate that different types of NiO having different
interactions with the support has been formed, while XRD shows different crystallite
size formation on the alpha alumina surface. Even though these different NiO did
not show any difference in their performance for their reaction, upon reduction they
yielded nickel metal crystallites differing in size and strength of interaction with

support. The evolution of the active phase from the precursors during the
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calcination stage determines the final properties of the catalysts. Cyclohexanol
dehydrogenation to cyclohexanone is a reaction which depends on the metal
crystallite size [25]. The high activity of Ni-a-B-r sample derived from the
[Ni(en),(H20),](NO3), for cyclohexanol dehydrogenation to cyclohexanone is
because of its low metal crystallite size and high surface area. And this low
crystallite size resulted from the exothermic decomposition of the ligands in single
step at a low temperature compared with the conventional preparation method.
However, this highly exothermic decomposition resulted in formation of supported

NiO crystallites with moderate interaction with the support.

The difference in reactivity of Ni-o-B-r and Ni-a-C-r towards the studied
reactions indicate the difference in reactivity of the species present. Ni-a-C-r which
have high amount of ‘free Ni’, having special flower like morphology is highly
active for hydrogenation. Ni-a-B-r which contains high amount of ‘Ni interacting
moderately with support’ (or small Ni crystallites) is highly active for cyclohexanol
dehydrogenation. Thus, change of counterions resulted in formation of different
types of nickel species on alpha alumina with varying activities towards chemical

transformations.
6.7 Conclusions

1.) TG studies of dried precursors indicate that low temperature exothermic
decomposition for Ni-a-B-d, results in formation of catalyst with high

surface area and small supported NiO crystallites.

ii.) The acetate counter ion results in formation of nickel metal with special

morphology highly active for benzene hydrogenation

iii.)  The use of different counter ions results in catalysts with different metal-

support interactions.

iv.)  The model reactions studied indicate that aromatic hydrogenation sites

are different from the sites for cyclohexanol dehydrogenation.
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7. INTRODUCTION

Thermal dehydration of bohemite (y- AIOOH) to oa-alumina through v-
alumina is well known [1]. y- AL,O; is an intermediate in the above transition and is
a versatile support material due to its easily controllable physical properties. The
surface area and pore structure can be varied by adjusting the preparation parameters,
and catalyst supports with varying structure can be easily made. y- Alumina is one of
the supports which give excellent nickel dispersion. Also the moderate metal-
support interaction present in the Ni/y- Al,Os system gives stability for the nickel
crystallites. However the thermal stability of y- Alumina is less. At high temperature
very soon it gets transformed to 0-Al,O3 and then to more stable, low surface area
hexagonal a-Al,Os. This fact restricts its use in high temperature applications.
Nickel supported on y- Al,O; finds its use in hydrogenation [2], hydrodechlorination
[3], natural gas reforming for syngas and hydrogen production [4, 5], methanation

[6], and oxidative dehydrogenation [7].
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Selective gas phase hydrogenation of p-chloronitrobenzene was studied on
supported nickel catalysts and a high specific rate was obtained for y- Al,Os;
supported catalysts due to the smaller diameter of nickel crystallites obtained [8].
Promoted Ni/y- Al,Os catalysts were used for the oxidative dehydrogenation of
ethane by Heracleous ef al. [9]. Their studies revealed that the different species
formed on the final catalysts had differing activity and selectivity. XPS studies
indicated that NiO particles were chemically modified on interaction with alumina,
and this modification made them selective for oxidative dehydrogenation of ethane
to ethene. The unsupported NiO or those with least interaction with y- Al,O3 were
not selective for the reaction. Such studies show that species with different activity
and selectivity could be prepared controlling the diffusion of Ni*" to y- ALOs;
structure. During the preparation Ni*" fons can enter in to the defect lattice structure
of y- ALLOs. At high temperature the solid state reaction between NiO and y- ALLOs
results in formation of the spinel nickel aluminate (NiAl,Oy). Ni*" jons can occupy
the tetrahedral or octahedral vacancies of y- Al,O3; and these nickel ions are very
hard to reduce. High temperatures (above 700 °C) are often required to reduce nickel
aluminate. This makes some of the Ni*' ions ‘non-usuable’ in certain reactions, such
as low temperature hydrogenations. However, the formation of nickel aluminate is
desirable in certain reactions. The nickel crystallites in contact with nickel aluminate
are thermally stable and can be used for high temperature applications like oxidative

dehydrogenation.

The formation of nickel aluminate can be controlled by selecting appropriate
preparation conditions, especially the drying and calcination temperature. Another
approach is to use suitable precursors. Metal chelate precursors can restrict the
formation of nickel aluminate, making use of the chelating behavior of the ligands.
Use of ethylenediamine metal complexes to prepare supported metal catalysts is
gaining much importance because of the ease of preparation of the complexes and
formation of smaller metal particles, which are held strongly to the support [10]. Che

et al. [11, 12] conducted a series of studies on impregnation and drying of the nickel
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complexes on silica and y- alumina. However, the evolution of the active phase and
catalytic activities of such catalysts are investigated rarely [13]. We prepared Ni / y-
Al,O3 (containing 20 wt% Ni) catalysts employing the ethylenediamine complexes
with varying counter ions. The preparation part has been already presented in
Chapter 5. The first part of this chapter contains the discussion on the evolution of
the catalysts from the precursors, and the physicochemical properties. The catalytic
activities of these samples for decomposition of cyclohexanol and dehydrogenation

of cyclohexane are discussed in the second part.
7.1 Thermal decomposition of dried precursors

Figure 1 shows the TG patterns of the dried precursors. The highest
temperature for complete decomposition was recorded for Ni-y-D-d. For Ni-y-B-d
the decomposition was complete at a low temperature of 350 °C. Figures 2 to 5
shows the DTG-DTA patterns of the dried samples. The major endothermic
decomposition of Ni-y-A-d occur at 265 °C and the decomposition temperature is
low compared to nickel nitrate (chapter 1) and Ni-a-A-d (chapter 6). The
exothermic decompositions of Ni-y-B-d happen in two stages at 215 °C and 320 °C.
Both the events are merged and the decomposition is complete early. The sample
Ni-y-C-d decomposed in two highly exothermic events at 182 °C and 355 °C. These
two events are widely separated. For Ni-y-D-d decompositions occur in several
exothermic stages from 180 °C to 580 °C. From the thermolysis studies it can be

seen that the shortest temperature span of decomposition was for Ni-y-B-d.
7.2 Nitrogen physisorption studies and Chemical analysis

The textural properties of the calcined catalysts were investigated by N,
physisorption studies. The adsorption-desorption iosotherms given in Figure 6 can

be classified as type IV isotherms with HI hysteresis [14].
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The shapes of the hysteresis loops were similar to that of support indicating

that pore structure has not changed much. For catalysts Ni-y-A-c, Ni-y-C-c and Ni-y-

D-c the isotherm shows higher absorption at high p/py values (the isotherm is

convex at p/po > 0.95) suggesting that some pores with very high pore diameter has

been formed. Pore size distribution (PSD) of the support and the calcined catalysts

are given in Figure 7. Wider pores (in the range 2000 A) are formed in Ni-y-A-c, Ni-

v-C-c and Ni-y-D-c. These new pores are formed from NiO present on these

catalysts. Figures 8 A and B shows the adsorption isotherm and the PSD of a NiO

sample prepared from nickel nitrate (Chapter 2).
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Figure 7. Pore size distributions of support and calcined catalysts

Studies on the Preparation of Supported Nickel Catalysts Using

149

Bis(Ethylenediamine)Nickel(IT) Complexes as Precursors



Structure and Reactivity of Nify -AL0; Catalysts.

[
=]

NiO A

25 | —¥%— Adsorption ‘
T Desorption
&
20+
3
E )
z 3
- 15 |
[
K-
o E
o
ﬁ 10 .
£ 9
L ;
© 54 %Xg
3
° N ok K

0 YK . o

T T T T
0.0 0.2 0.4 06 0.8 1.0

Relative Pressure (P/P )

Figure 8. A- isotherm of NiO, B- PSD of NiO

gl

Incremental pore volume / cc. gm

0.008

0.006

0.004

0.002

0.000

2448.3-2208.3  514.8-432.4

85.2-73.8
pore size / A°

T
30.1-27.8

Comparing the isotherms of above samples and NiO, it can be suggested that

some free NiO would have been formed. Whereas, in Ni-y-B-c, the pore volume due

to wider pores is very less, which may be an indication of lower concentration of

free NiO present on them. The summary of N, physisorptions are given in Table 1.

All samples have a lower surface area than that of the support. However, the surface

area of Ni-y-B-c was not reduced, when compared to the other samples.

Table 1. Summary of Nitrogen physisorption experiments and Chemical analysis

Sample y-Alb O3 Ni- y-A-¢ Ni- y-B-¢  Ni- y-C-¢c  Ni- y-D-¢
BET SA
s 199 133 149 140 120
(m” gm™)
PV
¥ 0.57 0.40 0.44 0.43 0.40
(mL gm™)
Avg Pore Dia
" 84 89 89 91 101
(A)
Nickel
-- 19.3 19.3 19.3 19.4
(wt %)
Chlorine -- -- -- -- 1.3

n the Preparation

Bis(Ethvle

nediamine)Nickel(II) C
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The low temperature exothermic decomposition of the complex results in the
dissipation of heat energy more effectively which reduces the sintering and leads to
high surface area materials [15]. The total pore volume and Average pore size are
almost similar for all samples. The reduction in surface area of Ni-y-D-c is due to

high temperature exothermic decomposition.
7.3 XRD and UV-vis DRS studies — formation of nickel aluminate.

The diffraction angles from JCPDS files of NiO (JCPDS-47-1049), y-Al,0;
(JCPDS-10-0425) and NiAl,O4 (JCPDS-10-341) are given in Table 2.

Table 2. Diffraction angles from JCPDS files

Diffraction angles

v-AL O3 NiO NiAlL,O4
45.84 (400) 37.29 (111) 37.01 311)
67.10 (440) 43.30 (200) 45.10 (400)
62.91 (220 65.70 (440)

The X’ ray diffraction patterns of the support and the calcined catalysts are

shown in Figure 9.

Ag-ALO, *NiO  #NiALO,

Ni-y-D-c 37.02% A 4513 A 66.07
*
—
S Ni-y-C-c A “M &2
> “w
= *
) 37.23
= Ni-y-B-c
2 66.24
*
(7} m
o 37.23
E N| % A c 66.41
support (400) g-ALLO, Al45.84 AL 67.10 (440) g-Al.O
" N 273
T T T d T v ' 0 g ) y ) y
10 20 30 40 50 60 70 80

2 theta

Figure 9. X-ray Diffraction patterns of support and calcined catalysts
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Table 3 gives the diffraction angles of NiO, Al,O; and NiAl,O4 of the

calcined samples.

Table 3. Diffraction angles of samples and phases identified.

Diffraction angles of samples

v-Al,O3 Ni-y-A-c Ni-y-B-¢ Ni-y-C-c Ni-y-D-c
45.84 (400) 37.13 (111) 37.27 (a11) 37.18 (111) 37.01 311)
NiO NiO NiO NiAL Oy
67.10 (440) 43.34 (200) 43.39 (200) 43.30 (200)
NiO NiO NiO --
45.29 (400) 45.70 (400) 45.26 (400) 45.48 (400)
NiAL Oy
63.01(220) 63.04(220)
NiO -- NiO --
66.50 (440) 66.25 (440) 66.48 (440) 66.27 (440)
NiAL Oy

The diffraction peaks due to free NiO is not seen in the XRD pattern of Ni-y-

D-c. Moreover the 20 values of this sample are closer to that of NiAl,O4. These facts
suggest that during calcination, much of NiO reacts with Al,O3 forming NiAl,Os.
For Ni-y-B-c the absence of (220) peak and the higher fwhm value of (200) peak

indicate the formation of very small crystallites of NiO.

v-Alumina has a defect spinel structure. Hence, the divalent metal cation like
Ni** can occupy the tetrahedral and octahedral sites in its structure. For unsupported
v-Al, O3 the lattice constant is 0.7900 nm. Ni*" jon have larger ionic radii compared
to AI>" ion. As Ni*" enter the lattice, the lattice constant of y-Al,Os increases. The

lattice constants of y-Al,O3; were calculated and are tabulated in the Table 4.
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Table 4. Lattice constant of y-Al,O3

Cell constant of gamma alumina (theoretical 0.7900 nm)

400) (440) Average
support 0.7912 0.7890 0.7901
Ni-y-A-c 0.7991 0.7957 0.7974
Ni-y-B-c 0.7968 0.7975 0.7971
Ni-y-C-c 0.7999 0.7956 0.7978
Ni-y-D-c 0.8030 0.7993 0.8011

It can be seen that the largest change was observed for Ni-y-D-c, which
indicates much proportion of Ni*" ions enters the alumina lattice. The least change is
noted for Ni-y-B-c, which shows that Ni*" ions occur on the surface. The chloride

counter ion of Ni-y-D-d has enhanced the formation of NiAl,O4 due to its

decomposition at high temperature.

UV- vis DRS measurements can also identify the NiAl,O4 formation. Jacono
et al. identified the formation of ‘surface spinel’ during calcinations of NiO/y-Al,O;
system employing XRD, reflectance spectroscopy and magnetic measurements [16].
Ni*" ions can occupy either tetrahedral or octahedral vacant sites of y-Al,O3 and the
relative occupancy depends on heat treatment and nickel loading. Figure 10 shows

the correlation diagram between the energy levels of the Ni*" free ion and the ion

subjected to tetrahedral and octahedral symmetry [17].
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Figure 10. Correlation diagram of Ni** free ion and ion subjected to octahedral

and tetrahedral symmetry. [from Ref:-17]

The three spin-allowed electronic transitions are referred to as v;, v,, and vs,

whereas V', and V'; are spin-forbidden transitions. All these d-d bands are expected to

be weak since they are forbidden by the Laporte rule for the nickel(Il) in octahedral

site. This parity selection rule may, however, be relaxed (i) if any distortion occurs

so that the effective group to which the molecule belongs is therefore no longer O,

or (i1) by the mechanism of vibronic coupling, which is in practice most important.

The presence of spin-forbidden transitions, such as v',, has been ascribed to the

influence of the spin-orbit coupling in “mixing” a spin singlet (lEg) with the 3T1g(F)

spin triplet, thereby allowing the spin-forbidden transition to gain intensity from the

spin-allowed transition. UV- vis DRS spectra of calcined samples are given in

Figure 11 and the results are summarized in Table 5.
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Figure 11. UV-DRS spectra of calcined catalysts

The bands at 598 and 636 nm are indication of Ni*" in tetrahedral sites [9].
All the samples show these bands indicating the presence of Ni*" ions in the
tetrahedral vacant sites of y-Al,Os;. Even though the XRD studies indicate no
NiAl,O4 formation on Ni-y-A-c, Ni-y-B-c, Ni-y-C-c, the DRS studies clearly suggest
the formation of ‘surface NiAl,O4’ through the bands at 598 and 636 nm [16]. For
Ni-y-D-c these peaks are of much intense, and in accordance with XRD studies ‘bulk
NiAl,O4’ formation can be confirmed. The peaks at 420 and 720 nm are
characteristics of NiO crystals [18] and they are missing in the spectrum of Ni-y-D-c.
The band at 720 nm arises from octahedral Ni*" in bulk NiO [19]. So the appearance
and intensity of this band could give an idea about the presence of bulk unsupported
NiO. The bands due to NiO crystals are much pronounced on Ni-y-C-c, which

indicates higher proportion of free NiO in the sample.

155




Structure and Reactivity of Nify -AL0; Catalysts.
7.4 TG-TPR and H; chemisorption studies

TPR is a very important characterizing tool to study the metal oxide-support
interactions, and catalyst preparation methods can be tuned accordingly. Different
types of species and their amounts can be qualitatively and quantitatively identified
by this technique. Wu and Hercules identified three different nickel species on
NiO/y-ALLO;5 catalysts using X-ray photoelectron and ion scattering spectroscopies
[20]. Four different species were identified using TPR, XRD and XPS in a recent
study by Yang et al. [21]. They classified the species as amorphous NiO, crystal
NiO, NiAl,O4 and NiALOy (x > 2).

Table 5. UV-vis DRS spectral data of the calcined catalysts.

Catalyst transitions wavelength ‘nm’ Ni species
Charge transfer 286
s Tio(P) 378 Ni[O]
Ni- y-A-c §A2g _’leg(F) 420 Ni[O]
Ay, —'E4 (D) 714 Ni[O]
3T31(F)—>3T11(P) 598 Ni[T]
T,(F)— E 636 Ni[T]
Charge transfer 286
PAse—"Tio(P) 378 Ni[O]
Ni- y-B-c jAzg _’leg(F) 420 Ni[O]
Ay, —'E4 (D) 714 Ni[O]
T(F)— T (P) 598 Ni[T]
Ty(F)—'E 636 Ni[T]
Charge transfer 286
s Tio(P) 378 Ni[O]
Ni- y-C-c jAzg _’leg(F) 420 Ni[O]
Ay, —'E4 (D) 714 Ni[O]
T (F)—>T(P) 598 Ni[T]
T(F)—'E 636 Ni[T]
Charge transfer 240
3 Agg—"T1o(P) 378 Ni[O]
Ni- y-D-c 3Ang — T 14(F) - _
3A2g _’lEg (D) - -
T(F)—>T(P) 598 Ni[T]
T(F)—'E 636 Ni[T]
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In the present study we employed TG-TPR to identify the different nickel
species. Before going to further discussion, a discussion on the different types of

interactions possible between NiO and Al,O; would be useful.

Types of NiO-Al;O; interactions

When any metal oxide and support are contacted together and allowed to
react, different types of interactions can occur between them, depending on heat
treatment and other conditions. In case of NiO-Al,O; system as Al,O; gets
incorporated in to NiO the reduction temperature increases [22]. Depending upon

the strength of interaction different TPR peaks will be resulted.
Type 1

If the interaction between NiO and Al,Os is very low, the NiO remains as
such (no mixing) and retains its bulk character. In such cases TPR peaks of bulk
NiO is expected. However, the reduction characteristics of nickel oxides formed
from different precursors will be different because of the changes in crystallite size,
strain, defects and morphology. This type of NiO with no interaction is termed as

‘free NiO’.
Type 2

During the preparation which involves solution and heat treatment, the small
Al,O; particles can migrate inside the bulk NiO structure. This can result in
formation of a solid solution in which concentration of bulk NiO is very high.
Although the incoming alumina has very low interaction with NiO in such a solid
solution, the TPR peaks shifts to higher temperatures due to the electronic
interaction of AI’" ions. This solid solution in which NiO is in excess is termed as

‘NiO rich NiO-Al,Oj5 solid solution’
Type 3

The another possibility is that during preparation conditions NiO can enter in

to the loose surface structure of alumina forming a solid solution of ‘Al,O3 rich
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NiO-AL O3’ solid solution. As the concentration of Al,Os is high, the interaction will
be more and a TPR peak of higher temperature compared to type 2 is expected. Also
during heat treatment, NiO crystallites of very small size can be deposited on the
surface of Al,Os3. Due to the small size of NiO crystallites, their area of interaction
with Al,O; will be high, and as a result the strength of interaction increases. The
TPR peak again shifts to higher temperature, and this type of sites are termed as
‘NiO crystallites supported on alumina surface’. These two species will have almost

similar reduction temperatures and are termed as type 3.
Type 4

As the temperature of drying/calcinations increases further, the NiO and
ALO; reacts at the interface forming nickel aluminate. The Ni®" ions should enter
the tetrahedral vacant sites of Al,Os to form nickel aluminate, and for this high

energy is needed.
NiO + Al,O3 — NiAlL,O4

This nickel aluminate formed on the interfacial surface is termed ‘surface

nickel aluminate’.
Type 5

The final form of interaction between NiO and Al,O; 1s the one which results
in the formation of ‘bulk NiAl,Os’, which is a refractory spinel. More Ni*" ions
enter in to the tetrahedral sites of y- Al,Os to form bulk nickel aluminate. As the
vacancies are filled it forms a stable structure. As the nickel ions in the bulk nickel
aluminate are very difficult to be reduced, and temperatures higher than 700 °C are
generally required. Therefore it is highly recommended to study the TPR patterns of
pure compound to identify various types of interactions. In the present study we

have recorded the TPR patterns of following reference samples.

1) Pure nickel oxides NiO-A, NiO-B NiO-C and NiO-D obtained from

decomposition of complexes (chapter 2)
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1) NiO containing 0.2 mol% of Al,O3, (NiO rich-NiO-Al,O3 solid solution)

prepared by calcining a mixture of nickel nitrate and aluminium nitrate at
600 °C

iii)  NiALOy prepared by solution combustion synthesis (Ni*" = 0.17 M, A’
= 0.34 M; oxidant/fuel ratio = 1; preparation procedure similar to that of

o-AlOs., Chapter 5)
TPR patterns of the reference samples are presented in Figure 12.

The nickel oxides formed from different precursors have different structural
and morphological properties [Chapter 2]. It can be seen that the Ty, (the maximum
of DTG peak), Tinita (the initial temperature of DTG peak), Tgna (the final
temperature of DTG peak) and AT (Tfinai — Tinitia) differ for each samples. The Tyax
of the individual oxides can be used to identify the formation of ‘free NiO’ in
supported systems. Addition of 0.2 mol% of Al,O; shifted the reduction peak to
higher temperature [23]. An additional peak at 410 °C is seen corresponding to
formation of ‘Al,O3 rich NiO-Al,Os’ solid solution. The TPR pattern of ‘NiO rich’
NiAl,O4 shows three peaks at 380, 590 and 774 °C corresponding to ‘Al,Os rich
NiO-Al,O3 s-s°, ‘surface NiAl,O4’ and ‘bulk Ni1AL,O4’.

Once the reduction temperatures of individual species are determined, they
can be used to identify the different species present on an unknown sample. The
TPR patterns of the calcined samples are given in Figure 13. The nickel species

identified in comparison with Figure 12 are tabulated in Table 6.
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Figure 12. TPR patterns of the reference samples
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Large amount of Type 1 species (free NiO) is present on Ni-y-C-c. This
result is in accordance with the UV-DRS results. Type 2 species (NiO rich NiO-
AlL,O3 solid solution) has been formed on catalysts derived from ethylenediamine
complexes. The low temperature decomposition of ethylenediamine ligands would
have resulted in formation of ‘free NiO’. The alumina dissolved in the alkaline
impregnating solutions would have migrated to ‘free NiO’ during the calcinations to
form the solid solution. The ‘supported NiO crystallites’ (Type 3) are present in
large amounts on Ni-y-A-c and Ni-y-B-c. As crystallite size decreases the interfacial
area increases, which increases the metal support interaction and consequently the
reduction temperature increases. For Ni-y-B-c the reduction of type 3 specie starts
from 390 °C and extends up to 600 °C. The shoulder at 546 °C corresponds to very
small NiO crystallites. The type 4 species (‘surface NiAl,O4’) is present on all
samples. On samples prepared by ethylenediamine complexes it occurs as a shoulder
to the ‘bulk NiAl,O4’-type 5 species. It can be seen that ‘bulk NiAl,O4 has been
formed on all samples and also its presence is very high on Ni-y-D-c. The Ni-y-D-c
had a low reducibility because of the nickel aluminate formation. The different
species formed on the catalysts are a direct consequence of the decomposition
properties of the dried precursors. As the decomposition temperature increases more
and more, Ni* ions enter the tetrahedral sites of v-Al,O5; forming nickel aluminate.
Figure 14 shows a pictorial representation of 5 different species formed on our

calcined catalysts.

The results of H, chemisorption are given in Table 7. Ni dispersion and Ni
specific surface area were high on Ni-y-B-r catalyst. The surface area was high for
the unreduced catalyst. TPR studies indicate the presence of smaller NiO crystallites
on the unreduced sample. These smaller NiO crystallites on high surface area
alumina can give smaller nickel crystallites on reduction resulting in high nickel

dispersion and specific surface area.
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Table 6. Percentage reducibility and reduction temperatures of different species

Nickel species Reduction Temperature
Reducibility °oC
Catalysts at 800°C
(%) Typel Type2  Type3 Type4  TypeS

Ni-y-A-c 81 280 - 443 617 752
Ni-y-B-c 84 250 316 461, 546 665 748
Ni-y-C-c 80 278 386 456 646 751
Ni-y-D-c 67 291 380 477 646 752
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Figure 14. Pictorial representation of different nickel species formed after

calcination.
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Table 7. H, chemisorption results on reduced catalysts

Catalyst pmols of H, % Ni dispersion Ni s::ll;f;fs_f rea
Ni-y-A-r 174 10.5 13.7
Ni-y-B-r 210 14.7 18.8
Ni-y-C-r 134 7.7 10.5
Ni-y-D-r 98 5.7 7.7

7.5 TPD of cyclohexylamine -acidity determination

The Bronsted acid sites present on a sample can be easily estimated by
temperature programmed desorption of adsorbed cyclohexylamine [24].
Cyclohexylamine is a strong base (pKy = 3.3) and can interact with weak and strong
acid sites. This method determines the number of protons capable of interacting with
the base. The weight loss between 150 °C and 400 °C is used to quantify the acidity

in mmol of cyclohexylamine desorbed.

The desorption patterns of support and calcined catalysts are given in Figure
15. The support shows three types of acid sites; whereas in calcined catalysts only
two types of acid sites are seen. The introduction of NiO would destroy the stronger
acid sites of alumina support. The peaks were deconvoluted to have an idea of
different acid sites and the results are shown in Table 8. The total acidity was almost
similar to that for the calcined catalysts. Strong acid sites are more on the Ni-y-D-c;
whereas on the other samples weak acid sites are more. Chemical analysis [Table 1]
shows that 1.3 wt% of chlorine is present on this catalyst. It is well known that
chlorine adsorbed on alumina increases the bronsted acid sites [25]. The strength of

acid sites are similar on all catalysts as indicated by desorption peak temperatures.
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Figure 15. TPD of cyclohexyl amine on support and calcined catalysts.
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Table 8. Results of TPD studies

Sample Total acidity % weak acid % strong acid
P mmol CHA gm sites sites
v-ALO5* 0.496 33 35
Ni-y-A-c 0.333 70 30
Ni-y-B-¢ 0.312 59 41
Ni-y-C-c 0.313 62 38
Ni-y-D-c 0.310 39 61

* Support contains 32 % of stronger acid sites
7.6 Cyclohexanol decomposition

Catalytic transformations on group VIII metal catalysts were studied in detail
by Dobrovolszky et al. [26]. Cyclohexanone was the major product and they
classified the metals as selectively dehydrogenating metals and aromatizing metals.
The aromatizing metals, which include Pt, Pd and Ni, dehydrogenate the
cyclohexanone further to phenol. Hydrogenolytic splittic of phenol yields benzene as
secondary product. When acidic metal oxides are used, cyclohexene is yielded as the
main product from the dehydration pathway. On basic oxides, dehydrogenation is
the major reaction pathway and cyclohexanone is obtained as major product [27].
Catalytic system used in the present work involves group VIII metal (Ni) supported
on acidic oxide (y-Al,Os3). The results of the activity for support and reduced

catalysts are given in Table 9.
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Table 9. Activity for cyclohexanol decomposition

Conversion Selectivity (%)
Catalyst o
(%) cyclohexene cyclohexanone benzene cyclohexane phenol

Support 56 91.7 8.3 0 0 0
Ni-y-A-r 60 22.9 67.7 6.1 1.2 2.2
Ni-y-B-r 76 11.6 76.3 7.0 2.4 2.8
Ni-y-C-r 68 19.8 65.0 11.8 2.6 0.8
Ni-y-D-r 78 79.7 16.8 2.5 0.5 0.5

Cyclohexene, cyclohexanone, benzene, cyclohexane and phenol were

detected in the product stream. The support (y-Al,O3) had a very high selectivity for

cyclohexene because of its high acidity. Reduced catalysts, except Ni-y-D-r

exhibited major selectivity for cyclohexanone. The highest cyclohexanone selectivity

was for Ni-y-B-r which had a high BET surface area and nickel specific surface area.

Chlorine present on the Ni-y-D-r increased the acidity of y-Al,Os support. TPD

studies has revealed that Ni-y-D-r contains higher proportion of stronger acid sites.

Moreover it has lowest nickel specific surface area. These factors contributed

towards high cyclohexene selectivity on Ni-y-D-r. Reaction Scheme 1 shows the

different routes to product formation on the active sites of the catalysts.
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Scheme 1. Reaction routes of cyclohexanol decomposition on reduced catalysts.

Benzene formation was high on Ni-y-C-r. According to Scheme 1 benzene
can be formed either by dehydrogenation-hydrogenation pathway from cyclohexene
or by hydrogenolytic splitting of phenol. Based on the temperature, reaction
conditions (inert atmosphere) and product distribution obtained, the more
probabilistic pathway for benzene formation would be dehydrogenation of
cyclohexene. If we compare Ni-y-A-r and Ni-y-C-r, both had similar selectivity for
cyclohexene and cyclohexanone. But the higher selectivity for benzene implies that
Ni-y-C-r had different sites for cyclohexene dehydrogenation. This was confirmed

by cyclohexane dehydrogenation reaction discussed in the next section.
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7.7 Dehydrogenation of cyclohexane

Cycloalkane dehydrogenation reactions are technologically important as they
can be used for storage and transportation of hydrogen at room temperature. The
high hydrogen content in cycloalkanes makes them attractive feed stock for
dehydrogenation processes. The endothermal (AH = 49.3 kcal mol™) cyclohexane

dehydrogenation to benzene has been studied over Ni/Al,O; catalysts [28].

The dehydrogenation activities of the reduced catalysts are shown in Figure 16.

20

16+

12+

(%) Conversion

Ni- -A-r Ni- -B-r Ni- -C-r Ni- -D-r

Figure 16. Percentage conversions for cyclohexane dehydrogenation on reduced catalysts

The catalysts were selective towards benzene and trace amounts of methane

formed were neglected [29, 30].

The Ni-y-C-r catalyst had the highest dehydrogenation activity. The catalyst
with high nickel specific surface area, Ni-y-B-r had only moderate activity for the
reaction. But it had a high selectivity and conversion of cyclohexanol decomposition.
This clearly indicates that the active sites for both reactions are different. Metallic
nickel crystallites generated from reduction of bare NiO clusters are reported to have

high activity in hydrogenation-dehydrogenation [6]. TPR studies have shown high
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proportion of bulk NiO formation on Ni-y-C-c. Up on reduction, this bulk NiO

clusters would have generated highly active metallic nickel crystallites responsible

for high dehydrogenation activity.

7.8 Conclusions

1.) Thermal decomposition studies show that Ni-y-B-d (derived from the
complex with nitrate counter ion) decomposed in a short temperature
range, while Ni-y-D-d (derived from the complex with chloride counter
ion) decomposed slowly.

i1.) The decomposition properties are very crucial, as they had a profound
influence on the final structure and activity of catalyst.

iii.)  During calcination, bulk nickel aluminate was formed on Ni-y-D-c
(derived from the complex with chloride counter ion).

iv.)  The use of nitrate counter ion resulted in the formation of catalysts with
high BET surface area, high nickel surface area and low nickel aluminate.

V.) Five different nickel species were detected by TPR studies on the
calcined catalysts.

vi.)  The acetate counter ion resulted in formation of free (bulk) NiO.

vii.) The model reactions studied indicates aromatic hydrogenation-
dehydrogenation sites are different from sites for cyclohexanol
dehydrogenation.
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8. INTRODUCTION

The discovery of natural gas reserves world wide during the last decades has
renewed the interest to convert natural gas to more value added products. The major
component of natural gas is methane which is the least reactive hydrocarbon and this
fact makes the up gradation of natural gas a difficult task. Oxidative coupling of
methane to heavier hydrocarbons was considered to be an attractive route, but the
high rate of CO, formation which is thermodynamically more favorable, makes it
economically and environmentally non-feasible. Now attention has been focused to
the indirect process of converting methane to syngas, followed by Fischer-Tropsch
and methanol syntheses. The three major catalytic routes for conversion of methane

to syngas are
1) steam reforming CH4 + H,O — CO + 3H, AH0298 =206 kJ mol

ii) partial oxidation CH4+1/20, > CO+2H,  AH%o5="36 kJ mol’
iii) CO, reforming CH;+CO, - 2CO+2H,  AH%os =247 kJ mol™
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The carbon dioxide reforming also called as dry reforming is of a great
interest for environmental protection, since the reaction consumes two important

green house gases, to convert them in to more valuable chemicals [1, 2].

Moreover the gas fields which contain a higher CO, content could be directly
used as the feed stock. Although Ni catalysts and noble metals have been reported to
be active for this reaction, former is considered to be more feasible due to
availability and economic considerations. Despite of many years of research no
adequate technology could be developed for the process of CO; reforming. Coking
is the main problem which quickly deactivates the catalysts when operated in
absence of steam. Coking or carbon deposition occurs at high rate when metal
clusters of catalysts are of higher size and when support used is acidic in nature. The
acidity of support can be controlled by choosing a basic oxide like MgO, CaO or
BaO. A strong interaction between the reduced metal and the support can stabilize
the size of metal clusters and prevent coke formation. MgO 1is a support which can
provide good interaction with nickel metal clusters and very often the supported
nickel particles formed are of low size. Nickel-support interaction will be high when
NiO forms a solid solution with the support. The lattice constant of MgO is very
close to that of NiO which makes it an ideal choice of support which forms solid

solution.

Supported nickel catalysts are highly active for hydrogenation of aromatics,
alkenes and carbonyl compounds. MgO is a highly basic oxide (pKa = 26) which
can catalyze the aldol condensation reactions [3]. The product of aldol condensation
usually the a, B unsaturated aldehyde can be hydrogenated if a metal catalyst is
present and hydrogen is available. If one could combine the aldol condensation
properties of MgO and hydrogenation properties of Ni metal by making a Ni/MgO
catalyst, higher aldehydes can be synthesized in a single step starting from lower
aldehyde and hydrogen. Ni/MgO catalysts are already known to be active for one
step preparation of methyl isobutyl ketone (MIBK) from acetone and hydrogen gas
[4]. Bergada et al. reported a clean obtention of 2-phenyl ethanol on Ni/MgO
catalysts by styrene oxide hydrogenation owing to the basic character of MgO [5].

175




Structure and Reactivity of Ni/MgO Catalysts.

The ease of solid solution formation between NiO and MgO is sometimes
disadvantageous as most of the nickel becomes irreducibile when a true solid

solution forms, thus making them non usuable [6].

Thus, synthesis of Ni/MgO catalysts, which are highly reducible, is a
difficult task. In the present chapter the structure of Ni/MgO catalysts prepared with
the ethylenediamine complexes is discussed in the first part. The activity of these
catalysts for cyclohexanol decomposition and reactions of n-butyraldehyde with

hydrogen are discussed in the second part.

8.1 Chemical analysis, surface area of calcined samples and thermal

decomposition of dried precursors

The results of chemical analysis and surface area on calcined materials are
given in Table 1. The results of thermal decompositions of dried precursors are

illustrated in Figures 1 to 5.

Table 1. Results of chemical analysis and BET surface area of the calcined catalysts

Ni Cl Surface area
(weight) % (weight) % m’ gm™
Support -- -- 25
Ni- M -A-c
derived from 203 )
[Ni(H,0),](NO,), : .
Ni- M -B-c
derived from 0.5 A1
[Ni(en),(H,0),]I(NO,), : -
Ni- M —C-c
derived from 197 14
[Ni(en),(H,0),](CH,CO0), : -
Ni- M -D-c
derived from 201 0.5 15
[Ni(en),(H,0),]Cl, : :
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Figure 5. DTG-DTA of Ni-M-D-d

The most widely studied procedures to obtain NiO catalytic precursors are

through the decomposition of nickel nitrate hexahydrate [7]. When the

decomposition is done under static atmosphere, the surface area obtained is much
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less, because of the sintering of magnesia due to the significant pressure of water
vapor over the sample [8]. MgO is a highly hygroscopic material and readily forms
Mg(OH), or ‘hydrated magnesia’ when contacted with water [9, 10].

Considering our preparation condition (which involves contacting MgO with
aqueous solutions of nickel complexes); the dried precursor will be a mixture of
hydrated magnesia and nickel complex. Thus the reaction happening during

calcinations can be written as
Mg(OH), + Ni complex — MgO + NiO + NiMgO,

Hydrated magnesia decomposes (endothermic) at = 325 °C. Depending upon

the decomposition temperature of the nickel complex three conditions can arise

1) Ni complex decomposes before decomposition of hydrated magnesia
i1) Ni complex decomposes together with hydrated magnesia

ii1) Ni complex decomposes after decomposition of hydrated magnesia

When the Ni complex decomposes early, the MgO formed by decomposition of
hydrated magnesia will cover the already formed NiO. The formed NiO will be then
embedded inside MgO. If the Ni complex decomposes after the formation of MgO,
the NiO will be deposited on the outer surface of MgO and formation of free NiO

could not be avoided.

In the case of simultaneous decomposition, intermediate interactions between
NiO and MgO would be expected. The TG of dried precursors for are given in
Figure.l and DTG-DTA patterns are given in Figure 2 to 5 Inspection of the TG
pattern (Figure 1) shows that the precursor Ni-M-B-d decomposes completely at 365
°C. The DTG-DTA pattern of Ni-M-B-d shows that much of the complex has been
decomposed prior to decomposition of hydrated magnesia. For Ni-M-C-d and Ni-M-

D-d, the most part of the nickel complex decomposes after the decomposition of
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hydrated magnesia, whereas for Ni-M-A-d simultaneous decomposition occurs.
Moreover for Ni-M-D-d the decomposition is complete only at a higher temperature
of 550 °C. The surface area results (Table 1) is a direct consequence of this
decomposition patterns. The higher surface area of Ni-M-B-c is due to the early
decomposition of nickel complex at lower temperatures. The decomposition of Ni-
M-D-d at high temperatures (after decomposition of hydrated magnesia) reduces its
surface area. The water vapor and other gases evolved at higher temperatures sinters

the magnesia, reducing its surface area [11].
8.2 XRD studies — indication of solid solution formation

NiO and MgO have identical structures (rock salt — simple cubic) and the
ionic radii of Ni*" and Mg”" are very close (Ni*" = 69 picometer; Mg*" = 72
picometer). Their lattice parameters are very close (NiO = 4.1684 A; MgO =4.2212
A). For these reasons, the two oxides can easily form solid solutions in which the
ratio between the components can vary without disturbing the homogeneity. In a
MgO crystal, when Ni*™ diffuses in to the lattice the diffraction peaks of MgO
slightly shift to higher angles. When Mg®" diffuses to NiO crystal lattice, the
diffraction peaks of NiO shift to lower angles. As solid solution forms, the

individual XRD peaks of NiO and MgO merges together.

The XRD patterns of calcined samples are shown in Figure 6. No doublets
are seen at respective 20 values which indicate solid solution formation on all the
samples. Figure 7 shows the expanded view of (200) peak which clearly shows the
diffraction angles of samples are in between that of MgO (200) and NiO (200). The

20 values given in Table 2 clearly indicate the formation of solid solution.
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Table 2. Diffraction angles of MgO, NiO and calcined catalysts

dhi MgO NiO  Ni-M-A-¢ Ni-M-B-¢ Ni-M-C-¢ Ni-M-D-c

(111) 37.003  37.453 37.102 36.996 37.146 37.058
(200) 42901 43454 42985 42.961 43.075 43.025
(220) 62.325  63.010  62.425 62.360 62.455 62.462
(311) 74.576 75510  74.778 74.750 74.885 74.755
(222) 78.616  79.503 78.670 78.700 78.900 78.764

An XRD pattern was recorded at high 26 (120° to 130°) and the results are
shown in Figure 8. For Ni-M-D-c, the MgO (200) peak has been shifted to 127.58°
which clearly indicate diffusion of Ni*" to MgO lattice. No peak of NiO(420) could
be detected indicates the absence of the free NiO or the formation of a complete
solid solution. The peak height shows the sample is well crystalline. For Ni-M-B-c
sample, the MgO (420) peak occurs at the theoretical value but the NiO (420) peak
has shifted to lower angles (128.84°). This indicates the migration of Mg*" ions to
NiO lattice. Such a structure is termed as NiO based NiO-MgO solid solution [12].
Samples Ni-M-A-c and Ni-M-C-c show intermediate values indicating formation of

free N1O and MgO based NiO-MgO solid solution.

The thermal decomposition studies of Ni-M-B-d have shown that the nickel
complex decomposes earlier than hydrated magnesia. The hydrated magnesia
decomposes over the formed NiO forcing some of Mg*" ions to enter in to the NiO
lattice. The high temperature decomposition of Ni-M-D-d has facilitated the NiO-

MgO solid solution formation.
8.3 TPR and H; chemisorption studies

When NiO and MgO are contacted together and allowed to react, different
types of interactions can occur depending up on the heat treatment. Reducibility of
Ni*" in NiO-MgO solid solution depends on the position of Ni*" in MgO lattice and
the interaction between Ni*" and MgO [13]. Reduction peak of NiO generally occurs

181




Structure and Reactivity of Ni/MgO Catalysts.

in the range 400 °C to 450 °C under hydrogen atmosphere with a heating rate of 10

°C min™. As Ni*' ions migrate to MgO lattice, its reduction temperature increases.
g g p

The TPR patterns of the four calcined samples are shown in Figure 9. The
peaks were deconvoluted to have an idea of the different species present in the
samples. Reduction patterns indicate that reduction is not complete even at a high

temperature of 950 °C.

The percentage of ‘reducible nickel’ present on samples were calculated at
950 °C and 550 °C from the peak areas (after TCD calibration). The summary of
TPR results is given in Table 3. The reduction temperatures of different species are

tabulated.

Species 1 1s ‘free NiO’, or bulk NiO crystallites with negligible interaction
with MgO. The reduction temperature corresponds to that of bare NiO [7]. As some
Mg ions enter in to the NiO lattice, the reduction temperature of NiO increases as
Mg”" retards the reduction of NiO by its electropositive character [14]. This species
can be termed as NiO based NiO-MgO solid solution and is named as species 2. The
species 3 corresponds to small NiO crystallites supported on MgO. Zecchina et al.
assigns this species as 5 coordinated square pyramidal Ni ions [15]. When the NiO
crystallites are small in size the interfacial area between NiO and MgO will be high
resulting in high interaction between them. The peak maxima of this species give an
idea of size of nickel crystallites. The results from Table 3 and Figure 9, implies that
Ni-M-B-c contains a large number of smaller NiO crystallites, when compared to

other catalysts.

During impregnation Ni*"ions can diffuse in to MgO lattice and form solid
solution. When Ni*" moves in to the sub surface region of MgO, Ni*" is surrounded
wholly by Mg ions and the reduction temperature increases. This species assigned as
species 4 corresponds to MgO based NiO-MgO solid solution. Its reduction happens
between 800 °C and 900 °C. At high temperatures of calcinations, the above solid
solution changes to almost crystalline and can be termed as complete or true solid

solution (species 5).
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The description of different species and the temperature ranges of their

reduction can be given as follows.

Description ‘Free or ‘11:18 K/il sgi ‘surface ‘11\\1’1%) Bl/)[asgd ‘true solid
p Bulk NiO’ 1= . 8 NiO’ - . 8 solution’
solution’ solution’
Ni species Type 1 Type 2 Type 3 Type 4 Type 5

Temp range | 300-500 °C  500-600 °C ~ 600-800 °C ~ 800-900 °C > 950 °C

The Ni** corresponding to this species are situated deeply inside the MgO

lattice and high reduction temperatures are necessary for hydrogen gas to reach these

Ni*" ions. Based on the above discussion the highlights of TPR results can be

summarized as follows.

vi.)

vii.)
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The percentage reducibility is more for Ni-M-B-c.
Species 1 (free or bulk NiO) is almost absent in Ni-M-B-c.

The presence of reduction peaks above 500 °C is an indication of solid

solution formation [12].

The formation of NiO based NiO-MgO solid solution (species 2) is
evident for Ni-M-B-c which is in agreement with the XRD results.

A large number of smaller NiO crystallites (species 3) are formed on Ni-

M-B-c.

Ni-M-D-c has very low reducibility, and its reduction peaks indicate
formation of true solid solution (species 5). This result is also in

accordance with XRD results.

Species 4 (MgO based NiO-MgO solid solution) is present in all catalysts.
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Figure 9. TPR patterns of calcined catalysts

Table 3. Reducibility of catalysts and peak maxima of different species

Reducibility  Reducibility Nickel species
Catalysts at 950 °C at 550 °C 1 3 5
(%) (%)
Ni-M-A-c 64 48 463 624
Ni-M-B-c 75 60 710
Ni-M-C-c 67 36 407 658
Ni-M-D-c 32 21 488 602 >950
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The results of H, chemisorption on the reduced (550 °C for two hours)

catalysts are given in Table 4.

Table 4. H, Chemisorption results on reduced catalysts

Catalyst pmols of H, % Ni dispersion  Ni surface area m’ gm'1
Ni-M-A-r 38 2.2 3.0
Ni-M-B-r 73 4.2 5.7
Ni-M-C-r 28 1.6 2.2
Ni-M-D-r 15 0.86 1.2

Ni dispersion and Ni specific surface area were high on Ni-M-B-r catalyst.
The high BET surface area, high reducibility and large amount of supported NiO
crystallites (species 3) are the reasons for the high Ni specific surface area of this

catalyst.
8.4 TPD of CO; - basicity determination

Studies had already revealed that MgO surface contains Lewis basic sites
with different electron pair donor (EPD) strength [16]. Three types of basic sites
namely, low strength, medium strength and high strength, are classified on MgO
surface depending on the adsorption modes of carbon dioxide. Adsorbed CO, forms
bicarbonate species on low strength basic site, while bidentate carbonate and mono
dentate carbonate are formed on medium and high strength basic sites respectively
[17]. The TPD spectra of the support (MgO) and samples are given in Figure 10 and

the results are summarized in Table 5.

In general the pattern consists of two peaks, (i) a low temperature peak
corresponding to desorption of bicarbonate species and (ii) a high temperature peak
corresponding to desorption of various carbonate species. The amount of CO,
desorbed is high on Ni-M-B-c catalyst, which may be because of its high surface

arca.
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Figure 10. TPD Spectra of support and calcined catalysts
Table 5. Results of CO, - TPD studies
; mmol CO -2
Sample Low l:eonép High l:(i]gp 2 pmol CO» m
|t L) gm1 (surface basicity)
MgO 128 439 0.57 22.8
Ni-M-A-c 127 436 0.38 17.3
Ni-M-B-c 127 398 0.78 19.0
Ni-M-C-c 137 438 0.28 8.2
Ni-M-D-c 94 420 0.19 12.7

The density of basic site is better expressed as surface basicity (umols of

CO, desorbed per m?). Introduction of NiO has reduced the surface density of basic

sites on all samples. The high temperature peak of Ni-M-B-c has been shifted

considerably (from 439 °C of MgO to 398 °C). TPR studies had revealed that on this

sample, NiO is covered with MgO particles (see TPR Figure 9 and Table 3). The

reducibility is also high for this sample, which indicates that NiO is near to the

surface. The large number of Ni*" ions under the MgO surface can perturb the

electronic structure of MgO and reduce the strength of basic sites [18].
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The incoming Ni*" ions on the surface of MgO, not only reduces the number
of basic sites but also reduces the basic strength. Thus on Ni-M-B-c, large number

low strength basic sites are present.

8.5 SEM images

Figure 11 (SEM images) shows the morphology of samples differ

considerably.
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Figure 11. Scanning Electron Micrographs of the calcined catalysts
The particle size of sample Ni-M-D-c is considerably lower than others.
Sheet like structure has been formed on Ni-M-A-c and Ni-M-C-c, while the sample
Ni-M-B-c the structure has been formed by build up of irregularly shaped small
particles (amorphous). The difference in the decomposition properties of the

precursors should be the reason for the difference in morphology.
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8.6 Cyclohexanol decomposition

Cyclohexanol decomposition proceeds selectively to cyclohexanone
formation on MgO catalysts [19]. The basic sites present on MgO direct the reaction
towards formation of cyclohexanone. Literature reports [19, 20] reveal that NiO is
highly active for this decomposition reaction; but selectivity towards cyclohexanone
is relatively low. Although metallic nickel is more active for the reaction, by
products like phenol and benzene are formed on nickel metal [21]. The results of

cyclohexanol decomposition are given in Table 6.

Table 6. Results of cyclohexanol decomposition on reduced catalysts

Catalyst ORI 0] cycls(:;:z)c(:lil‘lii)tl)lfeto("/o)
Ni-M-A-r 33 83
Ni-M-B-r 48 85
Ni-M-C-r 19 08
Ni-M-D-r 14 60

Reduction = 550°C for four hours; Reaction temperature = 350°C; Time on stream = two hours;

WHSV = 2.7 hr'"; N, flow = 20 ml min™

The only byproduct formed was cyclohexene on the catalysts. Ni-M-B-r
exhibits high activity and selectivity for the reaction. The percentage conversion on
these catalysts shows a direct relationship with the BET surface areas and nickel
specific surface areas. Cyclohexanol decomposition to cyclohexanone is a reaction
which depends on the % dispersion when studied on supported Cu catalysts [22, 23].

Our studies establish that same relation exists for these Ni/MgO catalysts.
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8.7 Reactions of n-butanal in presence of hydrogen

2-Ethyl hexanol is an important chemical used world wide as plasticizer.
Current industrial syntheses of this chemical is a multistage process which involves
liquid phase aldol condensation of n-butanal to 2-ethyl-2hexenal and further
hydrogenation of c=c and c=o to yield 2-ethyl hexanol. The replacement of liquid
bases for aldol condensation by solid base catalyst would provide environmental
advantages to industrial processes. The use of solid base catalysts would result in
decreased reactor corrosion, easier separation of product and catalyst, and the
process could be continuous [24]. Aldol condensation of normal aldehydes to higher
o~ unsaturated aldehydes on solid base catalysts has been studied in detail [25, 26].
Introduction of a hydrogenating component to the catalyst and the presence of
hydrogen can direct the reaction to form saturated aldehyde and then to alcohol. 2-
Ethyl hexanal was obtained in good selectivity on Pd supported on basic zeolites
from a mixture of n butanal and hydrogen [27]. One pot synthesis of 2-ethyl hexanal
and 2-ethyl hexanol starting from syngas has been reported by Srivastava et al. [28].

In the present study, the hydrogenating function of the nickel metal and
aldolization (basic properties) function of MgO has been coupled to form the
Ni/MgO bifunctional catalyst. The details of the reaction procedure are given in
chapter 5. The product mixture after the reaction was analyzed by GC and the
composition is given in Table 7. The major products obtained are n-butanol, 2-ethyl-
2-hexenal, 2-ethyl hexanal and 2-ethyl hexanol. Nickel metal can hydrogenate both

n-butanal and also the aldol condensation products (scheme 1).
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Scheme 1. Major reactions of n butanal on Ni/MgO catalysts

It can be seen that (from Table 7) the product mixture contains high amounts
of hydrogenated aldol products (or low n-butanol- direct hydrogenated product)

when Ni-M-B-r was used as the catalyst.

The reason for this behaviour can be correlated from the structure of Ni-M-
B-c. TPR studies indicate formation of bulk NiO on all catalysts except on Ni-M-B-
c. Up on reduction the free NiO forms exposed nickel crystallites which are active
for direct hydrogenation. n-butanol was formed (by direct hydrogenation of n-
butanal) in higher percentages on these catalysts. Where as, on Ni-M-B-c, Ni*" ions
are covered with MgO. On reduction nickel metal crystallites are formed inside the

MgO particles. During reaction the incoming n-butanal feed has to meet the basic
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sites of MgO first, and undergo aldol condensation. The aldol product then gets
hydrogenated on the Ni sites. Figure 12 shows a pictorial representation of catalysts

structure and their role in the reaction. CO,-TPD study has shown that Ni-M-B-c has

a high basicity.
Table 7. Analysis of product mixture.
Products MgO Ni-M-A-r Ni-M-B-r Ni-M-C-r Ni-M-D-r
n-butanal 45.5 46 38.1 36.2 62.6
n-butanol 0.8 26.7 17.3 343 14.6
4-heptanone 0.2 0.8 0.3 0.4 0.8
butyl ether 0.2 1.7 0.5 2.2 3.5
2 ethyl hexanal 0.5 16.5 293 14.8 9.1
2ethyl2hexenal 47.1 1.4 0.1 2.6 0.4
2 ethyl hexanol nd 2.2 10.8 3.6 0.3
butyl butanoate 0.8 0.3 nd 1.7 3
Butanoic acid 0.3 2.1 0.8 1.6 2.7
Trimer 4.6 23 2.8 2.6 3

MgO — aldol reaction sites N hydrogenation sites

MgO — aldol reaction sites Ni_ hydrogenation sites

Ni-M-B-r

Figure 12. Pictorial representation of reactive sites on Ni/MgO catalysts
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Recent study by Chen et al. has indicated that reduced Ni/MgO catalysts

exhibit higher basicity than that of unreduced NiO/MgO catalysts [29]. As Ni-M-B-c

had a high reducibility, upon reduction the basicity would have increased

considerably favoring aldol reaction.

8.8 Conclusions

Vi)

vii)

The sequence of decomposition of hydrated magnesia and the Ni
complex is very important in determining the final physicochemical

properties of NiO/MgO catalysts.

The early decomposition of the nickel complex (as in case of Ni-M-B-c)
results in formation of high surface area catalysts, which are also highly

reducibile and devoid of free NiO.

XRD studies indicate formation of NiO based NiO-MgO solid solution

on Ni-M-B-c sample. True solid solution was detected on Ni-M-D-c.

The complex with chloride counter ion leads to the sample (Ni-M-D-c)
with lowest surface area and bulk NiO-MgO solid solution formation due

to the high temperature required for the decomposition.

For cyclohexanol dehydrogenation, high rate was observed on Ni-M-B-r

because of high reducibility, basicity and surface area.

For n-butanal reactions, hydrogenated aldol products are formed more on

Ni-M-B-r because of its different structure.

The decomposition properties of the complexes having counter ions are
very important in deciding the final structure and performance of the

catalysts.
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9.1 General conclusions

The general conclusions arrived from the previous chapters are discussed

here.

The literature survey conducted in Chapter 1 indicates the importance of
supported nickel catalysts in the chemical industry. Some new areas of application
for supported nickel catalysts are discussed. Previous investigations which indicate
the importance of ‘selections of precursors’ are cited. The effect of chelating
ethylenediamine precursors in catalyst preparation is discussed in detail. The chapter

ends with the significance of the present work.

The work presented in Chapter 2 shows that the counter ions can influence
the decomposition properties of the complexes. The products obtained (nickel or
nickel oxide) also depends on the counter ions. Phase pure nickel metal obtained by
the decomposition of [Ni(en),(H,0),](NOs), was characterized and its oxidation
properties were discussed. The structural and morphological properties of the nickel
oxides were different. In general, the results indicate that, the complex with fast

decomposition at low temperatures gives high surface area, while the sample with
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slow decomposition at high temperature gives low surface area and high crystallite

size.

Chapter 3 gives the details of kinetics of temperature programmed reduction
of nickel oxides obtained from thermolysis of the complexes. The kinetic triplets
were obtained by following procedure of non isothermal analysis and Malek’s
procedure. Crystallite size has a strong influence on the reduction mechanism.
Increase of crystallite size leads to increase in reduction temperature and increase in
activation energy. The NiO sample with chlorine impurity reduces at higher
temperature but with low activation energy. In general as the precursors are changed,

the product’s reduction properties change.

The four metal complexes were used to impregnate y-Al,O; spheres. The
macrodistributions obtained after wet impregnation and pore volume impregnation
are discussed in Chapter 4. Nearly uniform profiles were obtained for
ethylenediamine complexes. The low strength of adsorption of ethylenediamine
complexes and high viscosity of the impregnating solution are the reasons for
achieving uniform profiles. As the counter ions are changed, the viscosity changes
which affects the impregnation depths. The prepared egg shell and uniform pellets

gave different product distributions for cyclohexanol decomposition reaction.

Details the preparation of supports and supported metal complexes are
presented in Chapter 5. The details on instruments and procedures used to
characterize the supported catalysts are also given. The ethylenediamine complexes
of nickel were used to prepare catalysts and the supports used were a-Al,Os, y-
Al,O3; and MgO. The influence of the counter ions on the structure and activity of

the catalysts are discussed in the remaining chapters.

The use of different counter ions results in formation of different nickel
species on a-Al,Os. Details of the structure and reactivity of Ni/a-Al,Os catalysts
are given in Chapter 6. The catalyst formed by decomposition of metal complex
with nitrate counter ion had high surface area and intermediate metal support

interaction. The different nickel species formed after reduction gave different

197




General Conclusions and Suggestions for Further Research

reactivity for the model reactions studied. The decomposition properties of the
precursors are identified to be the main factor determining the final properties of the

catalysts.

Structure and reactivity of Ni/y-Al,Os catalysts are discussed in Chapter 7.
The precursor having chloride counter ion decomposes at high temperature. This
high temperature decomposition forced the nickel ions to migrate to y-Al,O; lattice
leading to formation of nickel aluminate. The low temperature, sudden exothermic
decomposition of ethylenediamine precursor having nitrate counter ion gave catalyst
with high surface area. Different nickel precursors gave different nickel species as
identified by UV-DRS and TPR. The product distribution of cyclohexanol

decomposition depends up on the different species formed on the catalysts.

The counter ions influence the extent of NiO-MgO solid solution formation,
when the precursors were used to prepare Ni/MgO catalysts. The details of this
study are presented in Chapter 8. The sequence of decomposition of hydrated
magnesia and the nickel precursors is the major factor determining the final structure
of the catalyst. The nitrate counter ion results in the early decomposition of
precursor leading to formation of highly reducibile catalyst. This catalyst gave more
hydrogenated aldol products for the reactions of n-butanal and hydrogen because of

its different structure.
9.2 Outcome of present work

One of the important parameters which determines the final properties of the
catalysts are the decomposition properties of the catalyst precursors. The counter
ions present on the metal complexes influences their decomposition. They can
accelerate or decelerate the decomposition, make the reaction exothermic or
endothermic and can shift the decomposition temperatures. These properties can
influence the location of nickel on the support (metal migration to support). The
activity and selectivity of the catalyst depends upon this location as metal support
interactions are crucial for the supported metal catalysts. The nickel complex,

[Ni(en),(H20),](NO3), exhibits lowest temperature of decomposition in both the
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supported and unsupported form. Furthermore, the exothermic decomposition of this
complex occurs at a fast rate (before reaching high temperature). As the exothermic
events are limited to a small time period, the sintering of particles is avoided
resulting in materials with high surface area. If the decomposition happens in a wide
temperature range (as in case of [Ni(en),(H,0),](Cl),), the particles are subjected to
high temperature while forming the final phase. This creates sintering and also

migration of metal ions to the support structure.
In final I would like to end the discussion with a single sentence

“The selection of the catalyst precursor with suitable decomposition properties

is an important step in determining the final properties of the catalyst”
9.3 Suggestions for further research

1.) Nickel oxides with different morphologies are formed by the
decomposition of the complexes having different counter ions(Chapter 2).
The catalytic activities of these nickel oxides having different

morphologies will be an interesting subject for further studies [1].

11.) The EGA (Evolved gas analysis) and EXAFS (Extended X-ray
Absorption Fine Structure) studies of the decomposition can give further

details about the precursor decomposition.

iii.)  Only three counter ions were selected for the present study. The work can
be extended to other water soluble metal complexes with different
counter ions. In future a database containing the decomposition
properties and the extent of metal migration to the support may be
prepared, which would certain help in better design and development of

new catalysts.

iv.)  The bimetallic or trimetallic catalysts of nickel are an emerging field of
research [2-4]. The chelating ligands can be used to prepare bimetallic
complexes. The alloy formation in such catalysts will definitely depend

on the decomposition properties of the precursors.

199




General Conclusions and Suggestions for Further Research

References

[1] M.M. Natile, A. Glisenti., Surface Reactivity of NiO: Interaction with Methanol.,
Chem. Mater. 14 (2002) 4895-4903

[2] J.A. lvarez-Rodriguez, M. Cerro-Alarcon, A. Guerrero-Ruiz, I. Rodriguez-Ramos, A.
Arcoya., Effect of nickel precursor and the copper addition on the surface properties
of Ni/KL-supported catalysts for selective hydrogenation of citral., Appl. Catal. A:
General 348 (2008) 241-250

[3] B. Bridier, J. Perez-Ramirez., Cooperative Effects in Ternary Cu-Ni-Fe Catalysts lead
to enhanced alkene selectivity in alkyne hydrogenation., J. Am. Chem. Soc. 132 (2010)
4321-4327

[4] S.K. Singh, Q. Xu., Bimetallic Ni-Pt nanocatalysts for selective decomposition of
hydrazine in aqueous solution to hydrogen at room temperature for chemical

hydrogen storage., Inorg. Chem. (2010). doi: 10.1021/ic1007654

200




List of Publications

1. P.P. Robinson, V. Arun, S. Manju, C.U. Aniz, K.K.M. Yusuff, “Oxidation kinetics
of nickel nano crystallites obtained by controlled thermolysis of diaqua-
bis(ethylenediamine)nickel(Il) nitrate” J. Therm. Anal. Calorim. 100 (2010) 733-
740

2. P.P. Robinson, V. Arun, S. Manju, C.U. Aniz, K.K.M. Yusuff, “The active phase
distribution in  Ni/y-Al,O; catalysts prepared by impregnation of
bis(ethylenediamine)nickel(Il) complexes” (under review: Chemical Engineering

Communications)

3. * V. Arun, N. Sridevi, P.P. Robinson, S. Manju, K.K.M. Yusuff, “Ni(IT) and Ru(II)
Schiff base complexes as catalysts for the reduction of benzene” J. Mol. Catal. A:

Chem. 304(1-2) (2009) 191-198

4. * V. Arun, P.P. Robinson, S. Manju, P. Leeju, G. Varsha, V. Digna, K.K.M.
Yusuff, “A novel fluorescent bisazomethine dye derived from 3-
hydroxyquinoxaline-2- carboxaldehyde and 2,3-diaminomaleonitrile” Dyes and

Pigments. 82(3) (2009) 268-275

* Not related to the thesis



@’ FLoud, 9bwaxsxqoodbémme/t0/su#m/,

(Psalm 119:71). The Pible.



