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ABSTRACT

Nickel molybdenum oxide catalysts with different chemical compositions have been synthesized
and tested for the oxidative dehydrogenation of n-hexane. The co-precipitation method was used
for the synthesis and several methods were used to characterize these catalysts. These include
inductively-coupled plasma optical emission spectroscopy, Raman spectroscopy, infrared
spectroscopy, energy dispersive X-ray spectroscopy, scanning electron microscopy, temperature
programmed reduction, temperature programmed desorption, X-ray photo-electron spectroscopy
and X-ray diffraction spectroscopy techniques as well as the Brauner-Emmet-Teller technique for
surface area determination. The phase composition of the catalysts was largely dependent on the

chemical composition.

Catalyst testing on n-hexane feed was done with a fixed bed continuous flow reactor and
experiments were performed with feed/air ratios above and below the flammability limit. Varied
reaction conditions were used for the catalytic testing. Prior to the catalytic testing, blank
experiments were performed. Analysis of the products were done both online and offline in

conjunction with gas chromatography employing FID and TCD detectors.

The influence of the catalyst on the conversion of n-hexane and selectivity to dehydrogenation
products is reported. Products observed were the carbon oxides (CO and CO,), isomers of hexene
(1-hexene, 2-hexene and 3-hexene), cyclic C¢ products (cyclohexene and benzene), cracked
products: alkanes/alkenes (propane/ene, butane/ene) and oxygenates (ethanal, acetic acid and
propanoic acid). f-NiMoO, was most selective to the hexenes, especially, 1-hexene and a reaction

scheme is proposed.
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DEFINITIONS AND CALCULATIONS

1. % Hexane conversion:

(NHin - NHout) X

Hin

X, = 100

(where X = conversion, N = moles of hexane, y;, and y,, referring to concentration of hexane

in the feed and concentration of hexane in product stream)

2. % Selectivity to specific product:

(where S = selectivity of product, Np = moles of carbon product, Nyi-Nyo,: = Hexane
conversion)

S, = N 00
(N _NHout)

Hin
3. % Yield of a specific product:

(where Y, = yield of product, Sp = selectivity of product, X = conversion)

Y, =—e 100
S -X

P P

4. Contact time (s):

CT = Volume of catalyst (mL)
flow rate of gaseous feed (mL/hr)

60(s)

5. % Carbon balance: (3;NC,)/NCy;, x 100

(where NC, = mol carbon product x carbon number, Ny;, = moles hexane in feed x carbon

number)

> NG,
NC, ==—"x100

Hin
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CHAPTER 1
INTRODUCTION

Catalysis is a concept that is associated with pioneers of modern physics and chemistry [1, 2] and
can be considered a multidisciplinary science and one of the most important research frontiers in

chemistry [3].

1.1 Economic aspects

Catalysis is of great importance for developing revolutionary new technologies for the chemical
industry as well as for many other industries [3]. More than 90% of chemical manufacturing
processes worldwide are catalyzed reactions [1]. Catalysis has been applied in many fields, but
the two most popular areas are in energy conversion and in the production of hydrocarbon
feedstocks. Table 1.1 refers to the present and future processes used to produce energy sources
and hydrocarbon feedstocks [4]. Other uses include production of foodstuffs, pharmaceuticals and

other manufactured goods [1].

Catalysis also plays a role in atmospheric pollution control such as in the abatement of industrial
odours, NO, abatement and the control of motor vehicle exhaust gases [4]. All this underlies the
fact that catalysis is of central importance and will remain so in the foreseeable future, especially
in generating environmentally benign products and as a key to safer and cheaper manufacture of

desirable products [1].

1.2 Heterogeneous catalysts

Heterogeneous catalysts or contact catalysts [2, 5] are favoured industrially because reactants and
products are easily separated from the catalyst. These catalysts have been utilized in the medical,
fabric, building and food industry [1]. Many heterogeneous catalysts are currently under research
and development for paraffin oxidation processes [6, 7]. Selective oxidation by heterogeneous
catalysis is an important chemical process for the production of fine chemicals, bulk organic

chemicals and for environmental applications [8].



Table 1.1: Present and future routes to organic chemicals and hydrocarbon fuels [4].

Source Treatment Chemical product Fuel product

Crude oil Refining Alkenes High octane petrol
Reforming Aromatics Aviation gasoline
Hydrodesulphurization Diesel oil

Fuel oil

Natural gas Natural gas
Oxidation Methanol Alkenes and aromatics
Dehydrogenation Alkenes, alkynes

Steam reforming

Synthesis gas

Coal Distillation Aromatics, phenols Coke
Water gas reaction Synthesis gas
Water gas shift Hydrogen
Liquefaction to crude oil
substitute

Biomass Hydrolysis Ethanol Ethanol
Fermentation
Hydrogenolysis Alkanes Alkanes

1.2.1 Classification of heterogeneous catalysts

In heterogeneous catalysts the chemical properties of the surface of a chosen substance reflect its
ability to act as a catalyst in a specified system. It is important to know the capabilities of various
classes of substances to select an effective catalyst for a desired application. Table 1.2 shows the
classification of solids according to their catalytic abilities. For catalysis to take place there must
be a chemical interaction between the catalyst and the reactant-product system and the
transformation of reactant molecules must occur without any alteration in character or quantity of

the catalyst [4].




Table 1.2: Classification of heterogeneous catalysts [4].

Class Functions Examples

Metals hydrogenation Fe, Ni, Pd, Pt, Ag
dehydrogenation
hydrogenolysis

Semiconducting oxides and | oxidation NiO, 7ZnO, MnQO,, Cr,0;,

sufides dehydrogenation Bi,03-Mo0O;, WS,
desulphurization

Insulator oxides dehydration AlLOs;, Si0,, MgO

Acids polymerization H;PO,, H,SO,, SiO,-Al,03,
isomerization zeolites
cracking
alkylation

Transition metals are good catalysts for reactions involving hydrogen and hydrocarbons because
they readily adsorb at the surfaces of metals. Base metals are not attractive for oxidation because
at necessary temperatures they are rapidly oxidized throughout their bulk. Many oxides are
excellent oxidation catalysts because they interact with oxygen and other molecules. Alumina,

silica and magnesia oxides do not interact much with oxygen and are poor oxidation catalysts [4].

1.3 Kinetics of catalyzed reactions

The two different modes in which catalyzed reactions can be studied are the static mode or the
dynamic mode. In the static mode the reaction is monitored by measuring the decrease in
concentration or pressure of reactants or corresponding increase in the products with time. In this
mode reactants are confined within a particular volume of space. The dynamic mode forms the
basis of the continuous flow reactor, where gaseous reactants flow through a bed of catalyst
particles. There are many varieties of these two basic types of catalytic reactors. With the
continuous flow reactor, there are practical limits to the upper and lower flow rates which can be

measured and the desired conversion [4].




1.4 Other features of heterogeneous catalysts

1.4.1 General requirements for catalysts employed for industrial processes

An ideal catalyst is one that has high activity, long term stability and, more importantly, high
selectivity to a desired product. Depending on the type of catalyst employed, product selectivity
generated from a particular reactant varies [2]. The current trends in applied catalysis are ‘green
catalysis’, extension of pure research, and the general need to produce useful products from
precursors that are widely available. The most important considerations for industrial catalysts are
activity and durability and the prime requirements are: firstly, the catalyst must be able to effect
the desired reaction at an acceptable rate under conditions of temperature and pressure that are

practicable and secondly, have a long lifetime [4].

1.4.2 Catalytic reactors
The type of reactor employed is determined by the choice of reactants and dictates the physical
form of the catalyst used (Table 1.3) [4]. It is of crucial importance to predict the performance of

commercial reactors to help improve the success of an industrial process [3].

Table 1.3: Compatibility between reaction systems, reactor types and catalyst forms [4].

Reaction system | Reactor types Catalyst forms
Gases only Fixed bed Coarse particles or monolithic structure
Fluidized-bed Fine particles
Gas + Liquid Batch reactor Fine particles
Bubble column reactor Fine particles
Continuous stirred-tank Coarse particles
reactor
Trickle column reactor Coarse particles or monolithic structure

A fixed bed reactor is basically a tube packed with porous solid catalyst through which reactants
can flow [3, 4]. It may consist of a single cylindrical vessel or assemblies of smaller diameter
tubes [3]. Usually a pressure drop occurs across the bed as a result of obstruction of gas flow by
the particles. The pressure drop is dependent on the flow rate, bed length and particle size. The
form of catalysts used in fixed bed reactors may vary in size and shape. Since many catalyzed
reaction are exothermic, fixed bed reactors usually have facilities for removing the enthalpy of
the reaction. One way of doing this is by flowing cooling gas or liquid between the reactor tubes,

as in the case of multi-tubular reactors. Another way is to split the bed into sections and pass




cooling gas in the spaces between them [4]. Fig. 1.1 shows diagrams of fixed bed catalytic

reactors.

Reactants in Reactants in
Reactor Catalyst
PO oo O = tubes beds
Coolant y
ouf
Coolant
out
Coolant
—=— Coolant in
(a)
'
Products out Products out

Fig. 1.1: Diagram of fixed bed catalytic reactors a) multi-tubular, b) sectioned bed reactor [4].

1.4.3 Choice of oxidant

For paraffin activation a good oxidant must have the ability to limit undesired consecutive
reactions under relatively mild conditions and hence a very active, but selective oxidizing species
is required. The most preferred oxidant to date is molecular oxygen because of its affordability
and due to lower environmental issues [9, 10]. N,O is also becoming a popular oxidant from an
environmental perspective since it is considered to be a greenhouse gas [10]. It is produced as a
co-product in the industrial synthesis of adipic acid. The use of N,O has been reported for the
selective oxidation of ethane over a silica supported molybdenum catalyst [11] and for the
selective oxidation of methane to methanol and formaldehyde over molybdenum and vanadium

catalysts [12-14].



1.5 Oxidation catalysis

1.5.1 Non selective oxidation reactions

There is much difficulty in finding correlations between the catalytic activity of oxides and their
chemical and physical properties. Many transition metals have variable valency and therefore
many oxides are possible, each with distinctive structure, stability and catalytic ability. P-type
oxides are usually better catalysts for oxidation reactions than n-type oxides because the adsorbed

oxygen species are more reactive than the lattice oxide ions [4].

1.5.2 Selective oxidation reactions

Selective oxidation is a reaction in which C-H bonds in the organic substrate are ruptured and
oxygen insertion occurs to yield the corresponding aldehyde, ketone and carboxylic acid [8]. In
the modern petrochemical industry, selective oxidation is one of the most widely used reactions
and products derived from crude oil are converted into a multiplicity of useful products [4].
Majority feed stocks are made from aromatics to alkenes and are used for the plastic and polymer
industry and are selectively oxidized to a range of useful products [4, 8]. Since these products are

largely available and cheap there has been major growth of the petrochemical industry [4].

Selective oxidation of organic compounds produces more than sixty percent of the chemicals and
intermediates [10]. It is estimated that forty billion US dollars worth of organic chemicals are

produced annually by selective oxidation [10, 15].

Pure oxides catalyze deep oxidation reactions yielding carbon dioxide and water as products and
this is of little practical interest except in the control of environmental pollution. Selective

oxidation requires catalysts of a more complex nature.

The main classes of selective hydrocarbon oxidation reactions are given in Table 1.4. In reactions
belonging to Class I the hydrocarbon is oxidized by dehydrogenation, either intramolecularly to
give a diene or a cyclic molecule or intermolecularly to give a dimer. It is possible to use a metal
catalyst for dehydrogenation but the high temperatures needed to obtain appreciable product
yields may cause the hydrocarbon to decompose completely, giving carbon on the surface. If,
however, the thermodynamics allow the reaction at a sufficiently low temperature, then the

process may be successful.



Table 1.4: Classification of catalyzed reactions of hydrocarbons with oxygen.

Class I: Oxidative dehydrogenation
1. Dimerization of propene to hexadiene or benzene
2. Dehydrogenation of butane or butene to butadiene

3. Dehydrocyclization of hexane to cyclohexane

Class II: Formation of oxygenated products without carbon-carbon bond fission
Oxirane from ethene

Acetaldeyde from ethene

Acrolein and acetone from propene

Allyl alcohol from propene

A

Acrylic acid from propene

6. Maleic anhydride from butadiene, phthalic anhydride from o-xylene

Class III: Formation of oxygenated products with carbon-carbon bond fission
1. Acetaldehyde and acetic acid from propene

2. Maleic anhydride from benzene, phthalic anhydride from naphthalene

Class IV: Deep oxidation

The reaction of a hydrocarbon and oxygen produces a highly unsaturated molecule plus water,

e.g.
2C,H; + O, — 2CH; + 2H,0

This is thermodynamically favoured because of the high enthalpy of formation of water. This
reaction is typically called oxidative dehydrogenation. A suitable selective catalyst would give
good yields to butadiene at lower temperatures than would be possible with dehydrogenation [4].

The reaction is exothermic and coke and cracked product formation are very low [9, 16].

The oxidation of olefins (Class II) involves the incorporation of one or more oxygen atoms and it
is usually preferable to preserve the original unsaturation and activate one of the carbon-hydrogen
bonds instead. This is usually a challenge, since the double bond is usually the most reactive part

of the molecule.

In Class III reactions (Table 1.4) it is necessary to oxidize the double bond in order to achieve the

desired products. These reactions, however, have low selectivities and are wasteful as a fraction



of the carbons is lost to carbon oxides [4]. Generally, catalysts known to be effective for reactions

in Class I and II contain either molybdenum or antimony and for Class III, vanadium [4].

The formation of nitriles through oxidative coupling with ammonia (ammoxidation) is another
example of a selective paraffin catalytic oxidation reaction, and the direct conversion of propane

to acrylonitrile is a reaction that is at the pilot stage of development [10, 17].

Bismuth molybdate was the first selective oxidation catalyst discovered in the 1950’s by Sohio
laboratories [4, 10]. This catalyst gave an exceptionally high selectivity to acrolein in the
oxidation of propene. The principal features of the mechanism and role of the catalyst in this
reaction are well understood. The only industrial application of selective paraffin oxidation by
heterogeneous gas-solid catalysis is the production of maleic anhydride from butane. This is the
most well-known and understood oxygen insertion reaction which uses vanadium phosphorous

oxide catalysts where vanadylpyrophosphate being the active phase [4, 10, 18].

1.6 The mechanism for catalytic oxidation

The catalytic oxidation of hydrocarbons was proposed to take place in two steps. Reaction
between the oxide and the hydrocarbon results in the oxide being reduced and the hydrocarbon
oxidized, and the reduced oxide then reacts with O, to restore to its initial state. The ability of the
oxide to donate its structural oxygen (electrical conductivity) determines the efficacy of a
selective oxidation catalyst, i.e. its selectivity and activity. Thus it is a balance between ease of
loss of oxygen from the solid and the ability to incorporate gaseous oxygen into the bulk oxide, as
well as the mobility of the entities in the solid [1]. The catalyst must have a viable redox couple
(M,"" and M,™). This mechanism is referred to as the Mars -van Krevelen mechanism (Fig. 1.2)

[19].
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Fig. 1.2: The proposed Mars -van Krevelen mechanism [19].

1.7 The role of acid-base properties in catalytic oxidation

The behaviour of catalysts is dependent on the acid-base characteristics of oxide catalysts. They
influence either activation of the hydrocarbon or the rate of adsorption and desorption of reactants
and products. The effect of acid-base properties and the proposed mechanism on the activation of
paraffins is reaction specific [10]. Heterolytic breaking of the carbon-hydrogen bond is
preferable, usually, since radical sites needed for homolytic activation may cause the appearance
of radical oxygen species, which may lead to total oxidation [16, 20]. The strength of interaction
of products with the surface is dependent on the strength of Lewis acid and base sites on the
catalyst. There is an increased probability of a product being totally oxidized to carbon oxides by
a basic catalyst if the product possesses strong acidic properties. To enhance selectivity it is better
to use an acidic catalyst to favour desorption of an acidic product. Likewise it would be better to
use a basic catalyst to favour desorption of basic products such as olefins. It is important to have a
balance between acid and base sites on the surface of the catalyst to optimize the productivity of a

catalyst [21].

1.8 Reactivity of paraffins in oxidation

In terms of reactivity of alkanes, propane and butane are more reactive than ethane because
secondary carbon-hydrogen bonds are more reactive then primary ones. Allylic carbon-hydrogen
bonds formed from the oxidative dehydrogenation (ODH) of paraffins with three or more carbons
are susceptible to further oxidation. Alcohols, aldehydes, ketones, carboxylic acids, ethers and
carbon oxides may also form from oxygen insertion into the paraffin molecule and further ODH

of the paraffin may also occur. The stability of partially oxidized products is dependent largely on
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reaction conditions and residence time on the catalyst surface which is influenced by the basicity
of the catalyst, as discussed previously. Longer length carbon chain olefins are more basic, hence

it is expected that they will spend less time on the surface of a basic catalyst [22].

1.9 Paraffins as feedstocks

There is a great demand for aromatics and olefins such as ethylene, propylene and isomers of
butene and butadiene in the domestic and worldwide chemical industry [23]. Steam cracking of
naphtha and fluidized catalytic cracking in oil refining produces the majority of these feedstocks.
However, this is only profitable on a very large scale due to high operational and environmental
costs. The increasing demand for such feedstocks has led to research into alternate sources.
Paraffins, being cheap and easily available, are good potential substitutes for olefinic and
aromatic feedstocks. Paraffins are also cheaper to use and store than olefins and many toxic

aromatics.

Paraffins are obtained from natural gas and petroleum and considerable amounts are produced
from the Fischer-Tropsch process [24]. With the increasing development of gas to liquid plants
worldwide, the supply of higher paraffins is expected to rise considerably, which further

encourages hydrocarbon functionalization for the production of important chemical intermediates.

1.10 Advantages of oxidative dehydrogenation

Paraffin oxidation (ODH) provides an alternative route to the manufacture of important organic
chemicals. The process of ODH can offer high yields of olefins through the conversion of smaller
volumes of alkanes. In comparison to the conventional steam-cracking method of
dehydrogenating alkanes to olefins and current catalytic dehydrogenation processes, ODH offers
the advantages of reducing costs, lower greenhouse gas emissions and saving energy. Capital and
operational efficiencies are gained by eliminating the need for a furnace and for decoking
shutdowns, lowering operating temperatures, lessening material demands, conducting fewer
maintenance operations and using a greater proportion of alkanes in the olefin conversion process

[10, 25].

1.11 Catalytic systems for oxidation
Nickel molybdates, unsupported vanadium pentoxide, vanadia supported on silica, alumina or

titania have been reported for the oxidative dehydrogenation of the lower paraffins [9, 16].
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Lower alkane (methane, ethane, propane and butane) oxidation has been widely studied. There
have been reports regarding the oxidation of methane to syngas [26-28] and its use as a source of
hydrogen for fuel cell applications and internal combustion engines [29-31]. More importantly
the conversion of methane to methanol and formaldehyde has been of considerable interest [32,

33].

Ethane was successively converted to ethylene using vanadium phosphorous oxide (VPO)
catalysts [34] and TiO,-anatase supported vanadium-molybdenum phosphorous catalysts was
used to convert ethane to acetic acid [34, 35]. A later report shows the oxidation of ethane to
ethylene and oxygenates under catalytic and non-catalytic conditions using vanadium magnesium

oxide (VMgO) catalysts [36].

VM_gO catalysts were also reported for the oxidation of propane [37]. With propane, propene was
the most selective product. Magnesium vanadium phases and y-Al,O; supported vanadium oxide
catalysts were studied in propane ODH [38-40]. The oxidation of propane to acrylic acid and
isobutene to methacrylic acid over Keggin type heteropolymolybdates was also found [41-43].
Metal vanadium oxide catalysts were also investigated for the oxidative dehydrogenation of

propane [44].

Butane oxidation with various catalysts results in the production of isomers of butane, butadiene,
methyl vinyl ketone, methyl ethyl ketone, crotonaldehyde and maleic anhydride [10, 34, 45, 46]
depending on the catalyst used. The most well understood linear alkane process is the conversion

of butane to maleic anhydride.

VMgO catalysts were reported for the ODH of C,4 alkanes to alkenes [37]. Promoters such as
MoO;, Cr,0,, TiO; [46], Mg and Zr [47] were also added to the system to improve the selectivity
particularly for the ODH of n-butane to butadiene.

There are fewer reports for the oxidation of hydrocarbons above Cs. n-Pentane oxidation yielded
maleic anhydride and pthalic anhydride [7, 48-50]. Pt single gauze reactors were investigated for
the partial oxidation of C, s alkanes, yielding mainly oxygenated products [51]. Pentane oxidation
with VMgO catalysts gave pentenes and promotion with antimony improved the selectivity to this

product [52, 53].



12

The oxidation of n-hexane was reported with VPO catalysts yielding maleic anhydride, phthalic
anhydride, benzoic acid, cracked products and carbon oxides as respective products [54]. n-
Hexane hydrogenolysis with Pd/Al,O; and Pt/Al,O; catalysts gave methylpentanes,
methylcyclopentanes and hydrogenolysis products as major products, and benzene and
cyclohexane as the minor products [55]. More recently the partial oxidation of n-hexane to Cg
oxygenates in a single gauze reactor [56] and n-hexane to CO and H, on Rh-coated alumina
monoliths in short contact time reactors were reported. For stoichiometric C/O ratios 100%
conversion was achieved for the hydrocarbon [29]. Most recently the oxidation of n-hexane using
Mn-exchanged zeolites was reported [57, 58]. The nature of ROOH-mediated kinetically
relevant steps in alkane oxidation on Mn zeolites showed that terminal selectivity for linear
alkane-O, oxidation is strongly influenced by three factors: ROOH regeneration, spatial
constraints around Mn cations, and competitive oxidation between heterogeneous and unselective
noncatalytic pathways. Synthesis rates for hexanols (ROH), hexanal/hexanones (R(—H)=0), and
acids were proportional to hexylhydroperoxide (ROOH) concentrations on all Mn-zeolite
catalysts, except Mn-ZSM-58, on which products formed exclusively via noncatalytic
autoxidation because of restricted access to Mn cations present within small channels (0.36 nm)
[57]. Titanium silicate molecular sieves as catalysts were found to be selective for the liquid-
phase selective oxidation of n-hexane to secondary alcohols and ketones [59, 60]. The kinetics of
n-hexane total oxidation has also been investigated using LaCo(1-x)FeOs perovskites [61] and
Pt/Al,O; catalysts [62]. n-Hexane has been selectively oxidised to n-hexanoic acid and adipic

acid using aluminophosphates (AIPO) molecular sieves [63, 64].

n-Octane, n-decane and n-hexadecane, which are important components of gasoline and diesel
fuels, were studied over rhodium-coated monoliths to obtain maximum syngas yields [65] and
contributions of heterogeneous and homogeneous chemistry for the catalytic partial oxidation of
n-octane was further investigated [66]. The partial oxidation of n-decane to H,, ethylene and
higher a-olefins, over rhodium, platinum and platinum-rhodium alloys in monolith autothermal

reactors at short contact times was also reported [67].

The advantage of using paraffins as feedstocks for producing high value products has been
highlighted in Section 1.9. The aim of this work was to investigate the oxidative dehydrogenation
of longer chain paraffins using a heterogeneous catalytic system for the production of high value
olefins. In the area of paraffin activation, a small yet growing interest has been placed on the

molybdate-based systems. In particular, the NiMoO, system may provide a promising route to
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these high value products. This catalyst based system shall be discussed in detail in the following

chapter.
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CHAPTER 2
NICKEL MOLYBDATE CATALYSTS

2.1 Introduction

Nickel molybdates, NiMoQ,, are classed as molybdates because they belong to a group of
minerals consisting of the molybdate radical, MoOs, and a metallic element [1]. Alternatively
molybdates are naturally occurring inorganic compounds that are salts of molybdic acid, H,MoO,
[2] and chemically these are compounds containing an oxoanion with molybdenum in its highest
oxidation state of 6 [3]. Minerals of this chemical class fall mainly into two isostructural groups:
the wolframites or scheelites. Depending on temperature or pressure conditions, NiMoO, may
have a wolframite or scheelite structure. NiMoO, is more likely to have a scheelite structure,
since it was reported that compounds with the formula AMoO,4 (where A is a metal cation)
normally have the scheelite structure, whereas pressure is required to form molybdates with the
wolframite structure [4]. In the scheelite structure, the A cation has a coordination number of
eight, while the Mo cation is in an approximately tetrahedral coordination to oxygen. The
wolframite structure has hexagonally closed-packed oxygen with some octahedral sites occupied

by the A and Mo cations [4].

2.2 Transition of phases

Three different structures can exist for NiMoOy, of which only two are stable at atmospheric
pressure [5]. These are called the a-NiMoO, and B-NiMoO, phases. The structural type depends
on the conditions of synthesis, as well as the temperature and pressure [6]. a-NiMoOQy is stable at
room temperature and has molybdenum in the octahedral configuration. f-NiMoO, is the high

temperature phase, which is metastable, and has molybdenum in the tetrahedral configuration [6].

The two polymorphs were first identified by Plyasova et al. in 1973 and were found to have a
monoclinic crystalline network with the a-phase initially termed the P-phase and the B-phase,
then termed the N-phase. Both the P- and N-phases were reversible. The P-phase when heated to
a temperature of 650 °C converted to the N-phase and the N-phase when cooled reverted back to

the P-phase [7].

Thermal analysis was used to confirm the a-f transition [8, 9]. Fig. 2.1 shows a DTA cycle for a

catalyst with a Ni:Mo ratio of 1 having two transitions, an endotherm at 720 °C due to conversion
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of the low temperature phase to the high temperature phase when the catalyst was heated, and an
exotherm at 200 °C when the catalyst was cooled was attributed to the reverse transformation of

the N-phase to the P-phase [8].

/\ o—=f transformation
exo CE q
endo /\/—"f\__m__, Ul

=

f —= a transformation

200 400 600 800
Temperature /°C

Fig. 2.1: DTA cycle of stoichiometric NiMoO , phase transitions [§].

Coordination of the molybdenum atoms was confirmed by Rietveld refinement of XRD and DFT
measurements, which showed Mo atoms are in a tetrahedral environment in 3-NiMoO,, however,
in the case of a-NiMoQOy, Mo is in a pseudo-octahedral environment with two very long Mo-O
distances (2.35-2.40 A) [9], unlike what was previously thought to be an octahedral environment

[10]. Factors influencing the phase transition were recently reported [11].

2.2.1 Structural properties: crystal and magnetic structure of a-NiMoQ4

a-NiMoQ, is composed of Ni and Mo ions in oxygen octahedra (Fig 2.2) and crystallizes in the
monoclinic space group C2/m. Below 19K anti-ferromagnetic ordering is observed. The magnetic
unit cell has a doubled c-axis and the magnetic space group is Cp.2/m'. Ni ions occupy two
different sites and therefore two sub-lattices are distinguished. By neglecting the small canting
angle between these sub-lattices the magnetic structure is collinear and all moments within one
chemical cell are parallel. The magnetic structure can be described as a sequence of such cells

with alternating signs along the c-direction [12].

2.3 Stability of the phases
Density functional theory calculations have shown that the a-phase is ~9 kcal/mol more stable
than the B-phase [9] and an energy barrier of ~50 kcal/mol for the o-f transition [9]. Time

resolved-XRD measurements indicated an activation energy of ~80 kcal/mol [10].



Fig. 2.2: Arrangement of the oxygen
octahedra in a-NiMoO,[12]

2.4 Synthesis of NiMo0Oy4

There are several ways of synthesizing NiMoOy, catalysts but the most commonly used method is
co-precipitation [13]. This method, however, lacks reproducibility since both the chemical and
phase composition of the precipitate is strongly dependent on the precipitating conditions, such as
concentration of reactant ions in solution, pH, duration of aging of the precipitate in the mother
liquor, temperature of filtration and temperature of precipitation [14]. There were several attempts
to improve the method of co-precipitation and perhaps the most successful of these was the
patented procedure [15]. Changes in experimental parameters in the precipitation process can lead
to different precursors with the general formula: xNiO yMoO; nH,O mNHj; [15-18]. When
equimolar solutions of ammonium molybdate and nickel nitrate were mixed with stirring at 85 °C
and a pH of 5.6, a yellow precursor was obtained, which, after drying at 120 °C for 5 hours and
then thermal decomposition for 2 hours at 550 °C, yielded the NiMoQ, catalyst [15]. The effect

of precipitation conditions on the type of precursor obtained is illustrated in Fig. 2.3.

Other techniques have been developed for the preparation of catalysts which allow better control
of contact between the phases and to control the thickness and structure of the superficial layer.
For instance, the advanced reactive sputtering technique produces NiMoO4-MoQ; catalysts with
controlled compositions and structures which can be easily characterized. Thin films of MoO;,
NiMoO, and combinations of both were prepared over different supports. This technique revealed
that the multilayer films of NiMoO, on o-MoOj; included the interfacial f-NiMoOyin the bilayer

structures at low temperatures [19].
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pH <54 5.6 >6.0
Molarity ’ 0.1

Precipitation temperature 25° 85° -
Fitration temperature 25°: 65° _ 85° >
Precursor obtained B E S G

B (blue) = (NH4)4HsNiMogOp4.nH,O.mNH;
E =S + B (S= stoichiometric)
S (yellow) = NiMo0O,.nH,0.mNHj;
G (green) = Ni;,sM00O,.H,O.mNH;
Fig. 2.3: Effect of precipitation conditions on the type of precursor obtained [16].

Physical mixing, impregnation, the sol-gel method, synthesis from organic salts and the use of
natural polymers or substances can also be used to prepare these catalysts. The advantage of using
organic salts (such as oxalic acid) is that it allows for lower crystallization temperatures [20]. A
recent cheap and simple method involving the use of polymers to prepare the catalyst involves
creating a polymer network containing ions of the active catalyst of appropriate concentrations in
aqueous solution inside the organic matrix (for instance agar-agar gel) [21]. The sol-gel technique
is a low-temperature method which is also cheap and simple and allows control of the catalysts

composition [21, 22].

2.4.1 Doped and supported catalysts

To enhance the catalytic performance of Ni-Mo-O systems in the selective oxidation of alkanes,
several metal ions were used as dopants [23-31]. For n-butane ODH, alkali [24] (lithium, sodium,
potassium or caesium) or alkali-earth [23, 24] (calcium, strontium and barium) metals were used.
These catalysts were prepared through the wet impregnation of o-NiMoO, using different
loadings of nitrate salts. Filtration, drying, crushing and calcination in air for 2 hours at 550 °C

gave rise to the final form of the catalyst.

For propane ODH, promoters such as K, Ca, and P were used and also synthesized by the wet

impregnation of pure a-NiMoOy [8, 25, 26].
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Elements such as phosphorous, antimony, bismuth or arsenic were also effective as dopants in the
oxydehydrogenation process leading to a higher quantity of unsaturated products [27]. Methods
for preparation included co-precipitation, impregnation and dry mixing. The impregnation
method results in dopants on the catalyst surface, while the sol-gel method produces surface and

structural modifications. This allows for compositional homogeneity.

Tellurium and phosphorous were also used to improve the application of Ni-Mo catalysts in the
direct oxidation of propane to acrolein and acrylic acid. Mechanical mixing of Te,MoO; or
telluric acid with NiMoO4,-MoO; and impregnation of nickel molybdate with ammonium
telluromolybdate were reported techniques for the preparation of Te-doped catalysts [28-30]. For
P-doped catalysts the wet impregnation technique of (NH,),HPO,4 was used [28, 29]. Antimony

was also reported as a promoter for NiMoQ, in n-butane oxidation [31].

The use of supported nickel molybdate catalysts in ODH reactions is rare. However, there were
reported investigations using TiO, (anatase) [32] and SiO, [33-36] to support the active phase.
TiO,-supported catalysts were prepared either by wet impregnation of the support with an
aqueous suspension of NiMoO, or the direct precipitation of NiMoO, on the support surface
using solutions of nickel nitrate and ammonium heptamolybdate [32]. SiO,-supported catalysts
were also prepared by wet impregnation [36], by direct precipitation of NiMoO, on the support or

by sol-gel routes [34, 35].

Hydrotreatment catalysts make use of y-Al,O; as supports which are prepared by depositing
transition metals salts onto the support, followed by calcinations to produce oxidic materials that

are stable and must be sulfided prior or during the start up of the hydrotreatment process [37].

2.5 Characterization

NiMoO, catalysts have been characterized by techniques which include infrared spectroscopy, X-
ray diffraction, Raman spectroscopy, scanning electron microscopy, BET surface area
measurements, X-ray photo-electron spectroscopy, X-ray fluorescence spectroscopy, temperature
programmed reduction, temperature programmed desorption, differential thermal analysis,
electron spin resonance spectroscopy, X-ray absorption near-edge spectroscopy and density

functional theory calculations.
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2.5.1 X-ray diffraction
X-ray powder diffraction is one of the most diagnostic tools for the identification of phases in

crystals of NiMoO, catalysts.

There are distinct differences in the XRD patterns between the precursor and a-NiMoO, (Fig.
2.4) [24].

20

Fig. 2.4: XRD patterns for the NiMoO, precursor (A) and a-NiMoO, (B) [24].

Both phases of the stoichiometric nickel molybdate catalyst also show a different X-ray pattern
(Fig. 2.5). The characteristic peak of the a-phase is at 20 = 28.7° and for the B-phase at 26 =
26.4° [38].

Fig. 2.5: X-ray diffractogram for the o-NiMoO, and -NiMoO, phases [38].

The XRD technique was also used to study the composition of the NiO-MoO; system with a wide

range of Ni:Mo ratios [7, 39, 40]. Four phases were identified: nickel oxide, molybdenum
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trioxide, normal nickel molybdate and nonstoichiometric nickel molybdate [40]. Samples with
Ni:Mo ratio < 1 presented the two phases, 0-NiMoO, and MoO3, whereas species with a ratio of
1 were composed mainly of the NiMoO,. Catalysts with Ni:Mo > 1 consisted of a mixture of
nickel oxide, normal nickel molybdate and nonstoichiometric nickel molybdate phases [40].
However, when the Ni:Mo > 1.6, then only NiO and nonstoichiometric nickel molybdate was

detected [7].

When catalysts with Ni:Mo ratios > 1 were heated to 650 °C, and then cooled back to room
temperature, instead of observing peaks characteristic of the o-phase and NiO in the XRD, the
existence of the B-phase at room temperature was observed. This was because the [-phase reacts
with excess nickel to form a solid solution of nonstoichiometric composition that is stable at room
temperature [7]. The solubility limit for the solid solution formed in nickel is at Ni:Mo = 1.1-1.2
in catalysts containing excess nickel relative to the stoichiometric NiMoQO, [39]. A solid solution
of the vacancy type is formed i.e. the excess of dissolved Ni ions occupies the normal octahedral

positions in the B-phase, while some tetrahedral positions of the Mo remain empty [39].

In another study of Mo- and Ni-rich catalysts, the identification of phases was confirmed [41]. In
Ni-rich catalysts only a solid solution of nickel and both phases of nickel molybdate were
detected but not nickel oxide [41]. It was concluded that the B-phase is stabilized at room
temperature due to the incorporation of excess of nickel in the crystalline lattice of the molybdate
[41, 42]. Formation of a nickel-rich solid solution increases the lattice parameters and leads to an

increase in the reducibility of the system [42].

Nickel-rich samples, when heated to 550 °C and cooled to room temperature, show the B-phase.
The longer the treatment lasts, the higher the percentage of this phase and the smaller the
percentage of the NiO phase, however, when the temperature is increased the opposite effect is
observed. At very high temperatures the solid solution separates. X-ray data have shown that at
800 °C much NiO is present, at 900 °C contraction of the -phase occurs and the sample
comprises, after being heated to 1000 °C and cooled to room temperature, only of o-NiMoO,4and

NiO [42].
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2.5.2 IR spectroscopy and Raman spectroscopy
Vibrational spectroscopy of NiMoO, was studied to understand the nature of the metal-oxygen
coordination and the structural transformations of the system as well as the stoichiometry. Fig.

2.6 shows the tetrahedral and octahedral coordination of Mo in the two NiMoO, phases [43].

O O plane above
‘ O plane below

Structure B

Fig. 2.6: Representation of the tetrahedral and octahedral coordination in NiMoQO,
[43].

The IR spectrum of a-NiMoO, exhibits bands at 600, 935 and 960 cm’ (Fig. 2.7) [7, 44]. When
the B-phase is stabilized due to presence of NiO at room temperature, a strong band at 950 cm’™
and two new characteristic bands at 800 and 880cm™ (Fig. 2.7) are observed due to a change in
Mo coordination from 6 to 4 and the possibility of absorption of a second metal. A strong

absorption at 945 cm™ is typical of molybdenum in the octahedral configuration [44].

Characteristic bands of MoOjin the FTIR spectra are at 980 cm’, attributed to the vibration of the
Mo=0 bond, and at 870 and 812 cm’, attributed to the Mo-O bond [44]. Both these and the
absence of bands characteristic of the B-phase are a good indication if there is an excess of either
Ni or Mo [41, 44]. Any shifting of the Mo=0 band to lower frequencies implies a decrease in the

double bond characteristics, and an increase in labilization of the double bond [45].
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Fig. 2.7: I f-NiMoO, stabilized with excess NiO,
II pure a-NiMoO,, III NiMoO +5MoO; [44].

No specific correlations between the infrared absorptions and catalytic activities in oxidative
dehydrogenation of alkanes has been reported for a-NiMoO, [44], unlike the V,05/MgO catalytic
system in which the presence of V=0 bonds found in pure V,0Os cause the formation of oxygen
containing products [44]. The band at ~ 930 cm™ has been found to be due to lattice oxygen [23].
For B-NiMoO,, a multifunctional Ni-O-Mo linkage nature of the active site was postulated in

propane oxidative dehydrogenation [44].

Raman spectroscopy is a particularly useful technique for characterizing stoichiometric NiMoO,
catalysts or those with a Ni:Mo < 1, as small amounts of segregated phases such as MoOj in the

Ni-Mo-O system can be determined since MoOs is an excellent Raman scatterer [24, 46].

A Mo-O-Mo deformation mode band around 260-230 cm™ and a band around 390 cm™ could be
associated with the Mo-O bending mode. The major feature is the Mo-O stretching mode at
around 962 cm™. Raman bands around 965-944, 880, 390 and 240-210 cm™ are consistent with
octahedrally coordinated polymolybdates [24].
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The Raman microprobe technique together with SEM allows the differentiation between the two
crystallite shapes of NiMoO4 and MoOs and indicates the existence of two separate phases.
Spectra obtained for catalysts with Ni:Mo < 1 show the presence of NiMoQO, on the surface of
individual MoO; particles [46].

2.5.3 SEM

The SEM technique provides an understanding of the nature of the active form of NiMoO,
catalysts by giving information about the morphological structure of the surface. Two crystallite
forms have been identified. MoO; crystallites have well-defined easily recognized hexagonal
shapes (Fig. 2.8a) and NiMoQO, crystallites are of porous, round and irregular form (Fig. 2.8b).
The NiMoO, particles appear to cluster together forming a "sponge-like" structure. With non-

stoichiometric Ni/Mo ratios the phase characters are apparent, i.e. have distinct particle identity.

Separate NiMoO, and MoQOj; are easily identified. The surface of MoOj; is covered with NiMoO,
[46].

Fig. 2.8a: SEM of pure MoO;[46] Fig. 2.8b: SEM of pure NiMoO,[46]

2.5.4 Surface area measurements

BET surface areas for stoichiometric catalysts varied among the different reports [23, 46]. The
surface areas for catalysts with Ni:Mo < 1 decrease when the percentage MoO; excess increases,
varying between 37 m%/g for the pure NiMoO, and 3 m*g for pure MoO; [46]. Catalysts with
NiMoOy, as the dominant phase exhibited the largest surface areas. When NiO and particularly

MoO:; increased, the surface area decreased [47].
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Promoters such as alkali and alkali-earth metals affect NiMoQ, surface areas [23, 24]. The
surface area of the promoted catalyst was found to be smaller than that of the unpromoted
catalyst. Also, the surface area of the NiMoO, catalyst decreases with increase in the ion size and

concentration of the promoters [23].

2.5.5 Temperature programmed methods

2.5.5.1 Temperature programmed reduction

The widespread application of nickel molybdate in hydrodesulfurization of petroleum has
encouraged studies on the reducibility of this system [48]. The mechanism of NiMoO, reduction
by hydrogen was determined by temperature programme reduction [49]. The profile is shown in
Fig. 2.9. It shows two maxima, one at 545 °C and one at 725 °C. Reduction was proposed to start
at low temperatures, resulting in metals Ni and Ni;Mo and amorphous MoO,. Ni**, after being
reduced to metallic nickel, activates molecular hydrogen which favours Mo®" reduction to Mo*
which accounts for the first TPR peak. The second peak is attributed to Mo* reduction. Metallic
nickel activates molecular hydrogen and induces molybdenum reduction with formation of
metallic Mo and a Ni-Mo alloy and thus at 725 °C a mixture of Mo, Ni-Mo alloy and Ni;Mo were
found [49]. Reducibility of the catalysts decreases with Cs loading [49].

sumption (a.u.)

H, con:

Temperature (° C)

Fig. 2.9: TPR profile of unpromoted (A) and Cs-promoted o NiMoQO,, 1% Cs (B); 3% Cs (C)
and 6% Cs (D) [49].
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2.5.5.2 Temperature programmed desorption
CO,-TPD was used to characterize the basicity of the surface of Cs-doped catalysts. The TPD
profiles for the doped NiMoO, shows that doping increases the surface basicity and that an

overdoping effect was found for catalysts with a 6% Cs promoted NiMoO, [50].
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Fig. 2.10: TPD profile of CO, adsorbed at 30 C [50].

2.5.6 X-ray photo-electron spectroscopy (XPS)

XPS was used to determine variations in oxidation states of samples with nonstoichiometric
compositions. Band positions and bandwiths are identical for samples with or without excess
MoO;, irrespective of the preparation method. Mo 3d binding energies for NiMoO, are the same
as those of MoO;. The Ni 2p band positions are similar for Ni-Mo-O catalysts, but are very
different from those of NiO. Oxidation states in samples with different Ni:Mo ratios do not

change unless the NiO phase is present [46].

XPS was also used to quantify the promoter found on the surface of doped NiMoO;, catalysts
since alkali and alkali-earth metals are commonly used as promoters of mixed oxides and these

were found to remain on the catalyst surface as in the case of alkali metal salts [24].

2.5.7 Electrical conductivity measurements

Both a-NiMoO, and B-NiMoO, are n-type semiconductors. The values obtained from electrical
conductivity measurements indicate that the main surface defects are in accordance with the
model of doubly ionized vacancies for the a-phase and singly ionized vacancies for the pB-phase

which can be described by the following equilibria [44, 51]:

(Oo)s > 120, (g) + Vo (1)
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Vo= Vol +¢e 2)
Vo Vo + e 3)
Where
(Oy)s = surface anion
V, = anion vacancy with the two electrons trapped
V°, = singly ionized anionic vacancy

V,°° = doubly ionized anionic vacancy

The o-phase has two conduction regimes, the one at 450-650 °C is a p-type semiconductor and at
higher temperatures an n-type semiconductor is observed. The B-phase also behaves as a p-type
semiconductor in the temperature range 450-650 °C [52]. It was concluded that the electrical
transport for both nickel molybdate phases takes place via a classical intrinsic band conduction

mechanism [52].

2.6 Applications of NiMoQOy4

Nickel molybdenum catalysts have been applied to many industrial processes ranging from
hydrodesulfurization of petroleum distillates [37, 53-60], hydrodenitrogenation of petroleum
distillates [60, 61], steam reforming of hydrocarbons, reforming, hydrogenolysis and cracking of
n-butane [62], water gas shift reactions [63], oxidative coupling of methane [64], hydrogenation

[65] and other hydrotreating reactions [48, 66, 67].

2.7 NiMoOy in selective oxidation reactions

The oxidation reactions in which Ni-Mo-O catalysts are involved include dehydrogenation,
isomerization, oxidation with oxygen insertion, partial oxidation and total oxidation. Their
catalytic behaviour in oxidative dehydrogenation and partial oxidation processes is influenced by

their physicochemical properties.

2.7.1 Oxidation of hydrocarbons

2.7.1.1 Unpromoted Ni-Mo-O catalysts

Selective oxidation of C,-hydrocarbons with simple NiMoO, catalysts was found to be most
effective in the presence of excess MoQ; [17, 46]. This was particularly true for the production of
maleic anhydride from 1-butene [68], butadiene and furan [69] which showed high selectivities

with catalysts with a specific excess of MoQ;. It was established that carbon oxides and maleic



30

anhydride formation occur via competing processes which occur at different MoO; sites. The
NiMoO, phase is responsible for 1-butene ODH which selectively blocks MoOs sites that lead to
total oxidation, allowing selective oxidation to maleic anhydride [69]. In the presence of the pure
NiMoO, high selectivity to butadiene was achieved. This was due to defects on the Ni-O-Mo sites
[13].

Pulse feed experiments have shown that ODH of 1-butene to butadiene involves the intervention
of reticular oxygen, while different forms of adsorbed oxygen are responsible for the formation of
partial and total oxidation products. Mo™ sites that exist in catalysts when MoOs is present in the
NiMoO, matrix are able to activate the oxygen molecule resulting in high selectivity to maleic

anhydride [17].

Mazzocchia et al. [41], from their investigation involving the oxidation of butane to butadiene
and maleic anhydride, obtained significantly different results by changing the reaction conditions
such as temperature, contact time and the fuel: oxygen ratio. They found that Mo-enriched
compounds gave a higher activity, but reduced formation of dehydrogenation products and
increased selectivity to carbon oxides. The butane pulse experiment revealed that the yield of
butene was the same when the number of pulses was increased. From this, it was concluded that
dehydrogenation occurs without the intervention of lattice oxygen, whereas maleic anhydride is
formed by activated oxygen at specific centers that disappear on strong reduction and can be

regenerated by reoxidation. These sites were thought to correspond to Mo™ sites [41].

The effect of the Ni:Mo ratio on Ni-Mo-O catalyst was also examined for the oxidation of
propene. Catalysts containing excess MoOj; produced acrylic acid in better yields because MoO;
increases the superficial acidity which allows the formation of this product. B-NiMoO, has the
ability to convert propene to acrylic acid and oxidizes acrolein to acrylic acid, while 0-NiMoOQy is

not very reactive in both these reactions [18].

Although excess MoQOj is the key ingredient for oxidation reactions, the preparation method of
the precursor affects the properties of the catalyst and its performance. For instance, preparation
using the coprecipitation method yields a catalyst with a smaller electrical conduction activation
energy and is more active than one prepared by physical mixing of the two components NiMoO,

and MoOQO; [70].
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2.7.1.2 Promoted Ni-Mo-O catalysts

Catalytic properties of Ni-Mo-O systems were found to improve with use of promoters. Ni-Mo-
based catalysts formed from one or two crystalline phases and at least one promoter proved
effective in the oxidation of propene. When one of the phases was the B-form, a conversion of
95.3% and a selectivity of 95.6% for acrolein and acrylic acid resulted at the relatively low

temperature of 370 °C [31].

Binary NiMoO, and MoO; systems promoted with tellurium showed enhanced catalytic
performance in propene oxidation, which was attributed to both the synergetic effects generated
by the combination of the Mo- and Te-oxides with NiMoQ,. Tellurium was found to decrease
conversion yet increase the selectivity to acrylic acid, while the selectivity and activity of
NiMoO, increased due to the presence of molybdenum oxide. The decrease in the activity
observed with tellurium, may be due to tellurium molybdate accelerating the o~ to B-NiMoO,
transformation [71]. The surface coverage of NiMoO, on MoO; was confirmed by the large
amount of Ni found on the surface of the catalyst as determined by XPS suggesting the synergism

of the two phases [46].

The role of tellurium as a promoter is to keep Ni and Mo in a high oxidation state (eg. Mo’* +
Te™ — Mo® + Te®*) which is necessary to facilitate the desorption of acrolein, whose formation
is assumed to be the rate-determining step [13]. Further studies suggest that the oxygen partial
pressure rather than lattice oxygen plays a role and that the presence of tellurium increases the
catalyst reducibility [29]. In this case the proposed redox mechanism does not exist and the yields
of acrolein can be improved by lowering propene and increasing the oxygen partial pressures

[29].

Rather than using propene as the starting material for acrylic acid production, a direct route via
propane was established using a phosphorous doped Ni-Mo-Te-O catalyst. The reaction pathway
proposed for propane oxidation to acrylic acid is given in Scheme 2.1. A variety of intermediate

products are observed, however, the yields obtained are low [28, 30].
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[CH,====CH===CHO] — CH,=——=CHCHO —> CH,=— CHCOOH

/7

C3Hg—>C3Hg >CO,

N

CH;CHO + CO4

Scheme 2.1: Reaction pathway proposed for propane oxidation with Ni-Mo-O based systems
[28].

Sb-doped Ni-Mo catalysts were prepared with the aim of producing maleic anhydride from n-
butane oxidation. These catalysts proved to be selective and stable and had a long lifetime [72].
The search for new catalysts in this area is ongoing and in this light a process using nickel-
molybdenum-based oxides to produce maleic anhydride from n-butane oxidation was patented

[73].

There are other important oxidation processes in which Ni-Mo-containing catalysts have been
used. These include the oxidation of toluene [74], propene and isobutene oxidation to acrolein
and methacrolein [75] and the ammoxidation of olefins (propene and isobutene) to unsaturated

nitriles [76].

2.7.2 Oxidative dehydrogenation of hydrocarbons

2.7.2.1 Unpromoted NiMoOQy catalysts

Ni-Mo catalysts have been used in the oxidative dehydrogenation of the light alkanes ethane [77],
propane and butane [78-80].

There are several diverse reports for the production of mono-olefins (butenes) and diolefins
(butadienes) through the ODH of butane. The compositions of the preferred catalysts varied and

there appear to be differences regarding the postulated active component [78-80].

Stepanov et al. found that catalysts with a molybdenum:nickel ratio of 1:2 were most effective,
providing a 4.5% yield of butenes and 21.6% of butadiene at 590 °C with a molar ratio of n-
butane to oxygen to steam of 1:0.25:10 and a 100 hr’' space velocity of n-butane [78]. Pilipenko
et al. found that catalysts with a Ni:Mo ratio of 1.92-1.28 had the greatest selectivities to
butadiene [79]. For a molar ratio of C4H;p:0,:H,O = 1:0.25:20 mole% the overall yield and
selectivity of butadiene and n-butenes was 22.6% and 70.5%, respectively. They concluded that
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the catalyst with the three phases: nickel oxide, normal and nonstoichimetric nickel molybdate
were most effective for the ODH of butane and that an oxygenated nickel oxide compound that
exists in different forms was responsible for the catalytic activity. Furthermore, it was proposed

that nickel oxide is also responsible for the butane to butenes conversion step [79].

When the ODH of butane was studied by Itenberg et al., catalysts with a Ni:Mo ratio 1.0-1.2
showed maximum selectivity to olefins [80]. Both MoO; and NiO showed poor activity and
selectivity to the dehydrogenation products in this reaction. It was concluded that these oxides are
not responsible for the catalytic activity of NiMoO, catalysts. Instead the active ingredient was
nickel molybdate or a solid solution of nickel oxide in the molybdate lattice. For Ni:Mo ratios
lower than 1.0 or greater than 1.2 a decrease in selectivity was observed, probably due to the
presence of the individual oxides. These authors also reported that the o- and B-nickel molybdate
phases presented the same catalytic behaviour [80]. Thus the crystalline modification of the

molybdate lattice does not affect its performance [80].

In contrast, Mazzocchia et al. found that the two phases of NiMoO, had quite different catalytic
behaviour. The a-phase was found to be more active and the B-phase was more selective in
butane ODH [23]. Evidence to further support the behaviour of these two phases was found from
their work on propane ODH [15, 44]. The selectivity varies because of the different types of
oxygen bonds at the active sites. The presence of M=0O bonds is usually associated with the
formation of oxygen-containing compounds. In the B-phase the character of this bond is weaker
than in the a-phase and therefore higher selectivity to dehydrogenation products is expected [44].
The different behaviour of the two phases was also accounted for by the reducibility of the two
phases [29]. The relationship between this factor and catalytic behaviour indicates that lattice

oxygen plays a critical role in ODH, i.e. it is governed by a redox mechanism [81].

In the oxidative dehydrogenation of propane with catalysts with a Ni:Mo < 1, it was found that
the a-form was the active phase and that these catalysts have better catalytic performance than
the B-form. An interfacial synergetic effect between the planes, (010) of NiMoO, and (102) of
MoO;, was found [22].

Another report on propane ODH has shown that catalysts with excess molybdenum had a better
activity and were five times more efficient than those with excess nickel although they had lower

surface areas. Measurement of the change in kinetic constants for propene formation during
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propane ODH counterbalances lower surface areas, and the existence of Mo atoms in interstitial

positions accounts for this effect [82].

Stern and Grasselli have studied the conversion of propane to propene over molybdate catalysts
supported on SiO, which showed that the reaction is catalytic and is not initiated by free radicals
in the gas phase. The rate-determining step is the breaking of a C-H bond by abstraction of
hydrogen from the methylene group of the propane molecule [83]. Of the simple molybdates
tested (AMoO, with A = Ni, Co, Mg, Mn or Zn), the nickel containing catalyst gave the best
activity. The molybdenum-oxygen bonds are influenced by the nature of the A metal and is
assumed to be responsible for the activation of propane and therefore Ni-O-Mo-O bonds were

considered to be the most active [83].

2.7.2.2 Promoted catalysts

The use of doped Ni-Mo catalysts in the ODH of butane was also extensively studied to try and
meet the demand for butenes and butadienes. In this area several promoters were explored. With
work involving bismuth, antimony and arsenic as promoters, arsenic gave the best yield under
similar conditions [27]. More efficient was the Ni-Mo-O catalyst containing cobalt as the third

metal [84].

Extensive work was carried out using alkali and alkaline-earth metals as promoters [23, 24]. It
was shown that the alkali metals Li, Na, K and Cs significantly improve the selectivity of butenes
and butadienes with both o and [ phases of NiMoO, catalysts and this effect increases in the
order unpromoted < Li-doped < Na doped < K-doped < Cs-doped. With Cs-doped B-molybdate
catalysts the yield of the C, olefins was 14.5% at a 28.2% conversion level [23]. This has
encouraged further studies on the promotional effects of caesium [50, 51]. The increase in
selectivity of ODH products observed when catalysts were doped can be explained by the fact
that alkali metals increase the basicity of the surface. This facilitates desorption of nucleophilic
olefins/diolefins from the surface of the catalyst preventing overoxidation to carbon oxides. A
good correlation between surface basicity and selectivity of C4 products exists. The dopant is

effective only up to a certain concentration, thereafter overdoping is observed [50].

When alkaline earth promoted catalysts (Ca, Sr and Ba) were studied, they revealed a much lower
increase in selectivity to the C, olefins as opposed to the alkali promoters and this was accounted

for by their less basic nature compared to the alkali promoters. However, it was interesting to note
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that a very high selectivity to butadienes was achieved. In fact these catalysts exhibited selectivity
to the butadienes twice that of the unpromoted catalysts [24]. Again an overdoping effect was
observed for the 9% (Ba: Mo) barium-doped catalysts [24]. Similar observations were made when
these catalysts were tested in propane ODH. The selectivity to propene increased from 1-9 barium
loading % (9% loading giving a 30.5% yield to propene) and then decreased from 12-15% barium
loading.

It was found that although alkali and alkaline earth metals improve the selectivity of
dehydrogenation products from the ODH of butane with NiMoQO, catalysts, the conversion
decreases as the promoter loading or size increases. This may be due to the decrease in the BET

surface area after doping [23, 24].

Some ternary molybdate catalysts with the formula NijsAosMoO, (with A = Co, Mg, Mn or Zn)
were tested in propane ODH. These catalysts were not as effective as NiMoQOy, but from all of

them Niy5CogsMoQO, was the most active and selective [83].

K-, Ca-, and P-doped nickel molybdate catalysts have also been used for propane [8, 25, 26] or
isobutene conversion [26]. Propane conversion decreased and propene selectivity increased when
calcium and potassium were used as dopants, indicating that basic sites are extremely important
for the ODH process. Doping with phosphorous (acidic metal) resulted in an increase in
conversion, probably due to increased adsorption on the more acidic catalyst surface [8, 25]. It
was suggested that catalytic activity of Ni-Mo-O based catalysts for the ODH of light alkanes is
related to catalyst reducibility, while selectivity to dehydrogenation products is dependent mainly
on the acid-base character of the catalyst surface [8, 25]. Promoters significantly increase the
reduction resistance of nickel molybdate, suggesting that the mobility of the lattice oxygen is not
as important. It was proposed that selectivity also depends on the degree of catalyst reduction,
since propene formation is improved with the pulse period in a periodic-flow reactor operation

[25].

The catalytic performance of stoichiometric nickel molybdate in isobutane ODH was reported to
be improved by the addition of potassium oxide which avoids subsequent overoxidation of the
reactive isobutene formed, however, methacrolein formation is negatively affected [26]. By using
low partial pressure of oxygen and avoiding the use of the promoter, isobutene selectivity was

improved due to decreased formation of carbon oxides.
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2.7.2.3 Supported catalysts

There are only a few reports using supported catalysts in the oxidative dehydrogenation of light
alkanes. These include ODH of isobutene using TiO, [32] and SiO, as supports [33, 36]. These
catalysts were shown to be more selective to isobutene than the unsupported catalysts and this
may be due to the acid-base properties of the catalyst surface [36] or to 3-phase stabilization at a
low temperature [32, 33]. This route to obtain stable B-phase catalysts is very attractive since the
phase is metastable at room temperature and for industrial interest it is not practical to keep the
reactor operation above 250 °C to avoid the transition to the o-phase. Also, incorporation of
excess nickel to stabilize the -phase at low temperatures favours competitive side reactions. It
was found in some cases that catalysts supported on silica, prepared by the sol-gel method, when
tested in isobutene ODH, gave no significant yield to dehydrogenation products [34, 35]. The
oxidative dehydrogenation of i-butane was recently investigated using nanostructured silica

supported NiMoQ, catalyst [85].

2.7.2.4 Effects of coke deposition

It was observed in butane ODH that when coke was deposited on NiMoOQO, catalysts no
deactivation occurred. Instead, conversion increased, as did the selectivity to dehydrogenation
products, particularly butadiene. These effects were thought to be due to the stabilization of the

more selective B-phase at the low temperature and the presence of catalytically active coke [38].

2.7.2.5 Kinetics and mechanism

Few kinetic and mechanistic studies have been performed with Ni-Mo-O catalysts. The use of
Niy5C0psM004/Si0O, catalysts in propane oxydehydrogenation showed that the reaction proceeded
through ODH and that propene was the primary and exclusive product [86]. The propene formed
was first oxidized to acrolein which was then oxidized to carbon oxides and acrylic acid. Smaller
amounts of CO were also formed directly from propene. The selective oxidation of propane to
propene and of propene to acrolein are both zero-order in oxygen, which is commonly found in
the oxidation of hydrocarbons over metallic oxides and consistent with the redox mechanism of
Mars-van Krevelen [81]. These reactions are first order with respect to the hydrocarbon, which is
consistent with a rate limiting reaction between the hydrocarbon and an active site on the catalyst
surface. The deep oxidation of propane into CO and CO, is half order in oxygen and is first order
with respect to propane, while deep propene oxidation has a rate-limiting step involving a surface

species that is in adsorption equilibrium with the gas phase and has a half order in oxygen.
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Another study showed that partial and deep oxidation of the hydrocarbons on the Ni-Co-Mo-O
system can be described through two different mechanisms [86]. The partial oxidation of propane
to propene and of propene to acrolein occurs by the Mars -van Krevelen mechanism, in which the
hydrocarbon reacts with the lattice oxygen (nucleophilic). Deep oxidation of propene to CO, on
the other hand occurs by a Langmuir-Hinshelwood mechanism in which the adsorbed
hydrocarbon reacts with adsorbed and dissociated oxygen (electrophilic). Isotopic studies with
propane and propene showed that hydrogen abstractions from a methylene group and in an allylic

position (a-hydrogen) are the respective rate-controlling steps [86].

A detailed kinetic study on the ODH of propane to propene was performed to clarify some
important aspects of the reaction mechanism [87]. It was found that the propene formation rate
had partial orders close to one or zero with respect to propane and oxygen which suggests that
gaseous oxygen is not directly responsible for ODH, which is typical of a Mars -van Krevelen
type mechanism. Over ®-NiMoO, it was found that a change in oxygen partial pressure does not
affect propene formation, which is instead dependent on the propane partial pressure. Continuous,

transient and periodic operating systems showed the involvement of lattice oxygen [88].

It was proposed for the B-phase that the following reaction takes place in six steps [87]:

C3Hg + 1 02 4 C3H6 + HQO (4)

1) propane adsorption on the catalyst surface

2) oxidation of adsorbed propane by oxygen of the NiMoO, lattice

3) ,4) desorption of the products propene and water

5) , 6) oxygen adsorption on the catalyst surface and filling of the oxygen vacancies

in the solid

It was concluded that the rate-limiting step that controls the overall reaction rate can either be step

1 or step 2.

The surface of the nickel molybdate lattice has anionic vacancies as mentioned previously.
Formation of propene was proposed to occur via the reaction of propane with anionic vacancies
created by reaction with O surface anions Eq. (5). Regeneration of the oxygen species occurs

through the spontaneous reoxidation of the surface by gaseous O, consistent with the Mars -van
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Krevelen mechanism [44]. It was then suggested that differences in propene selectivity may be
accounted for by the different O, environments on the active catalytic sites at the surfaces of both

phases [44].
C3Hg + 0%, — C3Hg + HyO + V,°° + 2¢” (5)

Where 02'S = 0% surface anions

V,°° = doubly ionized anionic vacancies

A kinetic study for ethane ODH was reported with the B-molybdate phase. The o-phase was both
more active and selective than the B-phase [77]. For the B-phase that the overall rate of ethane

conversion can be described by:

rCoHg = d[CoHg]/dt = k[CoHe] ' [0,]%2 ©

with a reaction order of 0.16 for C,H, formation with respect to oxygen [77]. It was found that
lattice oxygen does not guide the reaction towards dehydrogenation, unlike propane ODH.
Instead the mechanism involves the intervention of surface O species for the abstraction of

hydrogen from the ethane molecule to give ethyl radicals [77].

A kinetic study on the selective oxidation and degradation of n-butane over unpromoted and Cs-
promoted nickel molybdates showed that Cs doping only affects the partial order with respect to
butane, which increases for dehydrogenation products and decreases for CO,, while the partial
order with respect to oxygen is almost unaffected in both undoped and Cs-doped NiMoQ,, again

suggesting the existence of a Mars -van Krevelen mechanism [49].

Evidence for the existence of the Mars -van Krevelen mechanism operating in nickel molybdate
for n-butane ODH includes: 1) the zero order dependence on the oxygen partial pressure for C,
formation [49], 2) the relationship between catalytic activity and reducibility of several Cs-doped
catalysts [49], 3) the similar apparent activation energies for butane conversion with and without
gas phase oxygen [89], 4) the fact that no oxygen adsorption was observed by O,-TPD [90] and
5) catalytic tests without oxygen in the feed, which showed that butane can be converted to C,

products with high selectivity even without gas phase oxygen [89].
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Experiments conducted without oxygen showed that lattice oxygen plays an important role for
selectivity in both propane and butane ODH. Low butane conversion levels indicate that alkane
conversion is limited by the reducibility of the catalyst or by lattice oxygen availability and
mobility [88]. Low conversion levels (< 1%) are usually consistent with oxygen consumption that
corresponds to a small percentage of the mobile oxygen content of the catalyst monolayer [88].
Thus the ODH reaction appears to be controlled by the reducibility of the catalyst (oxygen

diffusion within the solid).

Electrical conductivity measurements of nickel molybdate catalysts provided further evidence of
a redox mechanism in n-butane ODH [91]. When catalysts were exposed to a sequence of
gaseous atmospheres of the type: oxygen-butane-oxygen, a reversible redox process was observed
for both undoped and Cs-doped catalysts [91]. The sharp increase in electrical conductivity (o)
observed when pure butane is introduced into the cell is due to the release of electrons into the

conduction band during surface reduction:

C4Hjo + (O,)s = C4Hg + H,O + Vo + 2¢ @)

Where (O,)s = surface oxygen anion

V,°° = doubly ionized anionic vacancies

When oxygen is reintroduced o reversibly decreases and virtually returns to its initial value. This
corresponds to the filling of the lattice vacancies by gas phase oxygen in accordance with the

following equation:

Vo™ +2¢ + %5 05 (g) — (Oo)s )

Where V,°° = doubly ionized anionic vacancies

(Oo)s = surface oxygen anion

Under steady state conditions, the electrical conductivity of the NiMoOy catalyst in the reaction
mixture is much closer to the oxidized state than of the reduced state, which is in agreement with

faster reoxidation as compared to reduction of the catalyst [91].
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In the recent investigation of the kinetics and mechanism of NiMoO, in the ODH of isobutane it
was deduced that isobutene is formed through a redox mechanism with participation of lattice
oxygen, while the formation of carbon oxides occurs with participation of chemisorbed oxygen

[92].

2.7.2.6 Nature of Active sites

The nature of the active catalytic sites in molybdenum containing catalysts and their role in
selective oxidation was investigated [93]. Surface-sensitive techniques such as ESR deserve
special attention for their use in studies involving changes in Mo’ species upon contact with

propane [94].

Mo’ is the active species, as was suggested in Mg-Mo-O catalysts in propane ODH [95, 96].
Several characterization techniques, particularly XPS and EPR showed that the active site would
be a co-ordinatively saturated form of Mo™*, which could be generated on the surface by propane

reduction.

It was proposed that active sites in molybdenum based catalysts are coupled pairs of Mo * and

Mo®" species which are responsible for the redox mechanism [13].

Although there is some agreement with regard to the active species in molybdenum-containing
catalysts, there are possibilities of other active species. One claim is that the active oxidation state
of the molybdenum in the dehydrogenation of n-butane, is either Mo’* or Mo*, which on

reduction to lower oxidation states leads to cracking or coke formation [97].

For Ni-Mo-O catalysts it is generally accepted that Mo * species are the active species. During
butane oxidation to butadiene and maleic anhydride it was suggested that butane dehydrogenation
occurs without the intervention of lattice oxygen [41]. It seems that maleic anhydride formation is
related to gaseous oxygen activation over sites that disappear by deep reduction and that can not
be regenerated by reoxidation. These sites were assumed to correspond to Mo™* sites. There is no
conclusive proof that establishes the nature of the active or selective sites involved in selective
oxidation reactions, however other authors seem to think that the redox couple Mo®/ Mo™* is

necessary for the ODH step, especially in propane conversion [22].



41

2.8 Summary and conclusion

There are two stable structures at atmospheric pressure for NiMoQO,. These are the - and f3-
NiMoQ, phases. o-NiMoO, has molybdenum in the octahedral coordination sites and -NiMoO,
has molybdenum in the tetrahedral coordination sites. These phases undergo reverse

transformation on heating and cooling.

Several methods can be used to synthesize NiMoO, catalysts ranging from physical mixing to
impregnation and the sol-gel method. The most common method, however, is co-precipitation.
These catalysts were characterized by various instrumental techniques. X-ray diffraction
identified phases in NiMoQ, catalysts of varying ratios. Phases that could be present include
molybdenum trioxide, nickel oxide, normal nickel molybdate (o- and p-phases) and
nonstoichiometric nickel molybdate. Infrared and Raman spectroscopy confirmed the phases
present, the metal oxygen coordinations and bonds typical of these phases. Scanning electron
microscopy gave information on particle structure, showing that MoOj; is hexagonal in shape and
NiMoO, is porous and round. Surface areas were dependent on the chemical composition,
nonstoichiometric catalysts having a smaller surface area due to excess molybdenum.
Temperature programmed reduction showed two reduction peaks and temperature programmed
desorption showed the presence of two acid sites. Metal dopants can increase the basicity of the
catalysts. X-ray photoelectron spectroscopy showed the same band positions and bandwiths for
catalysts with an excess of molybdenum relative to the stoichiometric catalyst, and these were
different from those with NiO present. Electrical transport for both nickel molybdate phases
operate via an intrinsic band mechanism. Both a- and B-phases are p-type semi-conductors but at
temperatures higher than 450-650 °C they become n-type semi-conductors. The a-phase has

doubly ionized vacancies and the B-phase singly ionized vacancies.

NiMoO, catalysts have been used for many industrial processes, particularly selective oxidation
reactions. For butane oxidation to maleic anhydride NiMoO, catalysts were most effective in the
presence of excess MoQj;. Catalytic results were dependent on the reaction conditions. Different
types of oxygen were responsible for the formation of different products. Also, in propane
oxidation, it was found that catalysts with excess molybdenum were better for selective product
formation. Promoters, such as tellurium, phosphorous and antimony were used to enhance the

catalytic properties of NiMoQO, in propane, propene and butane oxidation.
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NiMoO, catalysts were also used extensively for the ODH of light alkanes, ethane, propane and
butane. There were several discrepancies regarding the postulated active component in butane
ODH and catalysts of varying ratios were selective. Some authors reported that the catalyst with
nickel oxide, normal and nonstoichiometric nickel molybdate were preferred catalysts, while
others believed that either nickel molybdate or a solid solution of nickel oxide in the molybdate
lattice was most effective. Also, regarding the two pure phases, some considered that both had
similar behaviour, while others disagreed. In propane ODH, for catalysts with Ni:Mo < 1, the a-
phase was better than the B-phase in terms of product activity and selectivity and catalysts with

excess molybdenum were good catalysts.

Promoted catalysts showed a marked improvement in catalytic performance in butane ODH. Of
the promoters studied, antimony and arsenic, arsenic was the preferred dopant. With alkali and
alkali-earth metals, alkali metals proved to be better for butene selectivity because of their more
basic nature. However, alkaline-earth metals showed higher selectivity to butadienes. Potassium,
calcium and phosphorous doped catalyst were reported for propane or isobutene ODH and

potassium oxide for isobutene ODH.

Supported catalysts were also applied to propane and isobutene ODH. Isobutane ODH with TiO,
and SiO, supported NiMoO, catalysts were found to be more selective to isobutene than

unsupported catalysts.

Coke deposition on NiMoQ, in butane ODH showed an improvement in catalytic activity and

selectivity to dehydrogenation products.

Of the few kinetic and mechanistic studies performed with Ni-Mo-O catalysts most showed a
common redox mechanism of Mars -van Krevelen for the oxidation of hydrocarbons over
metallic oxides. Experiments carried out without oxygen showed that lattice oxygen is important
for selectivity in both propane and butane ODH. Alkane conversion seems to be limited by
catalyst reducibility or lattice oxygen availability and mobility. Most reports show that Mo>*/

Mo®" are active species of Ni-Mo-O catalysts.
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2.9 Aims and objectives of this project

Nickel molybdenum oxide catalysts have been reported as a potential oxidative dehydrogenation
catalysts for converting low value lighter paraffins like propane and n-butane to high value
products such as olefins. To date there have been no reports for the ODH of higher paraffins with

these catalysts. Hence the aim of this study was to:

1) Synthesize and characterize NiMoO, catalysts

2) Investigate the catalytic oxidation of NiMoQ, catalysts in the ODH of n-hexane, an example of
a higher paraffin

3) Optimize the selectivity to dehydrogenation products by changing reaction conditions

4) Enhance the catalytic performance by promoting the catalyst

5) Investigate the effect of non-catalytic oxidation
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CHAPTER 3
EXPERIMENTAL

3.1 Reactor setup

For heterogeneous catalyzed reactions performed on laboratory-scale, fixed bed continuous flow
micro-reactor systems are appropriate because they are cost effective and relatively simple to set
up; hence this system was chosen. Non catalytic and catalytic evaluation was performed using a
test rig which consisted essentially of three parts: 1) the feed delivery system, 2) the reactor and

3) the analytical system.

Two setups were designed and constructed for our work. One was for testing n-hexane above the
upper flammability limit (UFL) and the other for testing n-hexane below the lower flammability

limit (LFL).

3.1.1 The feed delivery system

Feed gas was made up of high purity air and hexane. Gas mixtures were further diluted with
nitrogen from a separate cylinder for feed compositions requiring an excess of nitrogen.
Individual gas flows were monitored and controlled with needle valves, pressure regulators,
gauges (100 kPa) and flow controllers in the form of rotameters which were mounted on a control

panel.

Upper flammability limit

The set up for testing above the UFL is shown in Fig. 3.1. n-Hexane, a liquid at room
temperature, was introduced into the system from a reagent bottle placed on a balance with a high
performance liquid chromatography (HPLC) pump which works isocratically. This feed was
vaporized in heated stainless steel lines maintained at 160 °C before mixing with the air and

nitrogen.

Feed lines to the reactor and outlet were made up of 1/8 inch stainless steel tubing. These lines
were connected to the reactor with stainless steel Swagelok fittings. A regulator before the reactor
was used to monitor any build up of pressure in the reactor and the pressure relief valve (set at 0.3

psi) served as a safety device to remove back pressure build-up in the reactor. The product line
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from the reactor was connected to a 75 ml stainless steel sampling vessel cooled at 5 °C to trap

the condensates.

Off-gas from the reactor continuously flowed through a wet gas flow meter which was used to
record the volume of gas leaving the reactor. These gaseous products were then diverted using a
three-way ball valve to a gas sampling box containing two rotary valves that operated
pneumatically. In this way a sample of gas was sent to a Varian 3700 gas chromatograph
equipped with a TCD detector, while another was sent to a Perkin-Elmer Autosystem gas

chromatograph equipped with a FID detector.

isocratic pump
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Fig. 3.1: Diagram of the test rig above the upper flammability limit.

Lower flammability limit
n-Hexane was fed from a premix cylinder containing 0.517% hexane in air. The pressure and

flow rate of this gaseous mixture was controlled with a pressure regulator (100 kPa) and
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rotameter before entering the reactor. A separate cylinder of instrument grade air was also

connected to the system to activate the B-phase.

The inlet line to the reactor was made of copper tubing, while outlet lines were made of stainless

steel, all tubing was % inch in diameter.

The three-way valve immediately after the reactor was to direct the flow of gas either to the
bubbler for venting the gas or to the wet gas flowmeter. Fig. 3.2 shows the set up for testing

below the LFL.
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Y Y
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Hexane/air  Air
premix Vent
en
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SAMPLING
4% VALVE BOX
—GC2——FID
Fig. 3.2: Diagram of the test rig below the lower flammability limit.
3.1.2 Reactor

The reactor tube was a %2 inch stainless steel (grade 316) tube, 32.5 cm in length with inner

diameter 15 mm. The reactor tube was positioned in a 300 mm diameter copper block. This block
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operates via circular constructed heating elements and was used to heat the reactor. The heating is
controlled and monitored using a CB-100 temperature controller with a solid state relay. The
block was placed in a metal casing and insulated with glasswool. The block temperature was
monitored with a fixed type K thermocouple, whereas the actual temperature inside the reactor
tube was monitored with a movable thermocouple inside a closed thermowell imbedded in the

reactor tube itself.

3.1.3 The analytical system

The analytical system consisted of a heated gas sampling valve box and two gas chromatographs
employed for the analysis of products from the reactor. An isothermally operated Varian 3700
GC was used to separate and monitor air, methane, CO and CO, and a Perkin Elmer XL

Autosystem GC was used to separate and monitor all other products.

The Varian 3700 GC was equipped with a chromosorb WHPSP pre-column (specifications given
in the appendix pp 143) which was used to trap non-gaseous products. Thus only CO, CO, and air
was allowed to pass through to the Carboxen ™ analytical column (specifications given in the

appendix pp 143) and the thermal conductivity detector.

The Perkin Elmer Autosystem GC was equipped with a CP-Sil 24 CB column (specifications
given in the appendix pp 143) used to separate paraffins, olefins, aromatics and oxygenates and a

flame ionization detector.

The gas sampling box contained two automated Valco rotary valves: a 10 port valve sampled
effluent to the Varian 3700 GC and a 6 port valve sampled effluent to the Perkin Elmer GC. Each
valve consisted of a 500 pl sampling loop which was heated at a constant temperature of 160 °C
to prevent condensation of reactant effluent. The Perkin Elmer GC electronically and

pneumatically controlled both these valves. Pressurized air was used to turn the valves.

Fig. 3.3 and Fig. 3.4 illustrate the operation of the 6 port valve [1]. In the sampling mode sample
flows through the sampling loop, while the carrier flows directly to the FID detector. In the
standby mode the sample in the sample loop is flushed directly into the analytical column in the

Perkin Elmer GC.
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Fig. 3.3: 6 port rotary valve in standby
mode [1].

Fig. 3.4: 6 port rotary valve in sampling
mode [1].

A schematic for the operation of the 10 port valve [1] is shown in Fig. 3.5 and Fig. 3.6 and

operates similarly to the six port valve except that modification is made to allow only carbon

oxides and air to pass through the analytical column, while other components are trapped in the

pre-column and flushed to the wasteline. In the standby mode the sample is loaded onto the

sample loop and when the valve is switched to the sampling mode the sample in injected onto the

pre-column. Once carbon oxides pass through the analytical column, the valve is switched back to

the sampling mode to back flush the pre-column for venting during the analysis.
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Fig.3.5: 10 port rotary valve in standby
mode [1].

Fig.3.6: 10 port rotary valve in sampling
mode [1].
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Product analysis

This was done in two ways: Online analysis and offline analysis.

Products obtained from the sampling vessel for the test rig used for reactions above the
flammability limit consisted of two layers, one organic and the other aqueous. These were
separated and weighed. A sample of each layer was injected into the GC to identify the
components present and then subjected to Karl Fischer analysis to determine the water content.
The gaseous products were monitored online and at a later stage, due to inconsistencies with this

method, this was also done offline.

Analysis of the products obtained from the rig used for testing below the lower flammability limit

was only done offline and there was no accumulation of liquid products.

3.2 Catalyst preparation

3.2.1 Preparation of nickel molybdate precursors
Reagents used:
- Ammonium dimolybdate, (NH4),M0,07, > 95% ACS reagent, Sigma Aldrich
Nickel nitrate, Ni(NO3),-6H,0, > 98% May and Baker
- Ammonium hydroxide, NH,OH, 25%, Rochelle Chemicals
- HNOs3, 70%, Riedel de Haen

Procedure:

Nickel molybdate catalytic precursors were synthesized by modifying the co-precipitation method
reported by Mazzocchia et al. [2]. 0.5 M solutions of Ni(NO3),.6H,O (14.5 g, 0.05 mol made up
with 100 ml distilled water) were mixed with 0.25 M (NH,;),Mo0,0; solutions (8.5 g, 0.05 mol
also made up with 100 ml distilled water). Both solutions were added dropwise with continuous
stirring and heating maintaining a temperature below 44°C. The respective pH of the solutions
(~5.7) and temperatures were monitored with a pH controller and temperature probe and the pH
was adjusted with ammonium hydroxide and nitric acid. The solution was heated to 85 °C and

then filtered hot under suction using a buchner funnel.

The synthesised NiMoO, precursors were dried at 100 °C in the oven for a minimum of 2.5 hours

(Fig 3.7).
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NiNO3.6H20 + (NH4)2M0207

pHS5.7 stirring
NH,4OH or HNO; ~ 85°C
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100 °C for 2.5 hours
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calcine in air
550°C for 2 hrs
o -NiMoOy,
heat in-situ
700°C under air

[3 -NiMOO4

Fig. 3.7: Flow chart showing synthesis of catalysts.

3.2.2 Catalyst activation

a-NiMoQ, catalysts were obtained after calcining the precursors in airflow at 550 °C for 2 hours.

The calcined catalysts were pelletized and then sieved to particle size 300-600 pm.

The B-NiMoO, catalysts were prepared by heating the 0-NiMoQ, in the reactor to 700 °C under
air, then maintaining the temperature for 5-15 minutes before cooling down to the reaction

temperatures, which were always above 300 °C.
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3.2.3 Preparation of pure MoO; and NiO catalysts

Reagents used:
- Molybdenum(VI)oxide, MoOs, ACS reagent, Aldrich, 99.5% purity
- Nickel(II) oxide, NiO, 99%, Sigma Aldrich
- H1 Sasol Wax

Procedure

Catalytic powders that are too fine in nature may be mixed with substances known as binders and
compressed into pellets or as a moist paste through a die and dried to give extrudate. The pellet
may need to be calcined to oxidize the binder [3]. Due to the particles of the pure oxides being so
fine, pure NiO powders were mixed with 5% Sasol wax and then pressed to form pellets, sieved
to the appropriate particle size and finally calcined at 550 °C for 2 hours, as was done for the

other catalysts.

MoO; had to be tested in powder form since attempts to pelletize, even in the presence of the

binders, failed.

3.2.4 Preparation of caesium-promoted molybdates
Reagents used:
- caesium nitrate, 99% purity, Aldrich

- pure 0-NiMoOj, catalyst

Procedure

The wet impregnation technique was employed [4]. Pure NiMoO, (~3 g) was mixed with 30 mL
deionized water containing the appropriate concentration of dissolved caesium nitrate, depending
on the promoter loading required (atomic ratio of metal/ Mo). For instance, a 3% loading requires
4.12 mmol caesium (~80.22 mg caesium nitrate). The resulting slurry was then stirred at 80 °C

overnight (15 hours), filtered and dried at 120 °C for 4 hours [4].

The impregnated catalysts were then calcined in air for 2 hours at 550 °C and also pelletized and

sieved to a particle size of 300-600 pm.

All catalysts were pelletized with a KBr die set pelletizer.
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3.3 Catalyst characterization

Brunauer-Emmet-Teller (BET) surface area measurements, inductively-coupled plasma optical
emission spectroscopy (ICP-OES), powder X-ray diffraction (XRD), high temperature X-ray
diffraction (HT-XRD), Fourier-transform infrared (FTIR) spectroscopy, attenuated total reflection
(ATR), Raman spectroscopy, scanning electron microscopy (SEM), energy dispersive X-ray
(EDX) analysis, X-ray photo-electron spectroscopy (XPS), temperature programmed reduction
(TPR), temperature programmed oxidation-mass spectrometry (TPO-MS) and temperature

programmed desorption (TPD) were employed to characterize the catalysts.

3.3.1 Brunauer-Emmet-Teller (BET) surface area measurements

The BET equation developed by Brunauer, Emmet and Teller [S] was used for determining the
surface area of the catalysts using a Tristar (Micromeritics) instrument at Sasol Technology,
Sasolburg, South Africa and using a Gemini Micromeritics instrument at the University of
KwaZulu-Natal. The method is based on the non-specific physisorption of nitrogen onto the
sample at -196 °C, the condensation temperature of the adsorbing nitrogen gas. A sample of
catalyst was degassed overnight at 200 °C under nitrogen flow. The sample was then cooled to

room temperature and re-weighed.

3.3.2 Inductively-coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES was used to determine the elemental composition of the bulk. The instruments used
were a Jobin-Yvon (JY 24) and a Perkin Elmer DV 5000. Multi-element standards of nickel,
molybdenum and caesium were prepared over the appropriate concentration range to obtain a
good calibration which was used for quantification purposes. Samples were digested with a small
amount of HCI. In most cases the samples were not very soluble and so they were heated before

dilution.

Nickel ICP Standard Solution, Fluka, ¢ (Ni) = 1.000 g/I; in 0.5 M HNO;
Molybdenum ICP Standard Solution, Fluka, ¢ (Mo) = 1.000 g/I; in 0.5 M HNO;
Caesium ICP Standard Solution, Fluka, ¢ (Cs) = 1.000 g/lI; in 0.5 M HNO;

3.3.3 X-ray diffraction (XRD)
Phase identification was done by comparing the sample XRD pattern to the library of data

(JCPDS cards 33-948, 45-01142, 5-508 and 4-835). Spectra were recorded on a Philips PW
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1730/10 diffractometer using cobalt Ko, radiation source of wavelength 1.78897 A at the School

of Geology, University of KwaZulu-Natal.

3.3.3.1 High temperature X-ray diffraction (HT-XRD)

High temperature XRD experiments were performed to characterize the B-phase and to monitor
any phase changes during catalytic testing. The samples of the synthesized catalyst were analyzed
in air using a Panalytical X’Pert Pro powder diffractometer with X’Celerator detector with
variable divergence and receiving slits with Fe filtered Co-Ka radiation and Anton Paar HTK16
heating chamber. The phases were identified using X’Pert Highscore plus software. The sample
of the commercial molybdate was characterized using a Bruker AXS D8 X-ray diffractometer
with a Vantec-ldetector with an Anton Paar TCU 750 temeprature control unit. A Cu-Ka

radiation source was used.

3.3.4 Fourier-transform infrared (FTIR) spectroscopy

FTIR was another diagnostic tool used for the identification of phases of the catalyst. IR spectra
were recorded on a Nicolet 410 Impact Fourier-Transform Infrared spectrometer. The sample was
introduced into a small quantity of KBr powder, a disc was pressed, and then analyzed from 370
— 1400 cm™. To prevent moisture from being absorbed by the sample, the preparation was done in
the presence of an IR lamp. A background scan was done on a blank KBr pellet as a further

precaution.

3.3.5 Attenuated total reflection (ATR)

IR spectra of catalysts were also recorded with a Perkin Elmer Spectrum 100 series on a diamond
crystal using the attenuated total reflection technique. A powdered sample was placed to
completely cover the crystal. Then pressure was applied to the sample by tightening a pressure

plate to ensure intimate contact between the sample and crystal.

3.3.6 Raman spectroscopy

Laser Raman spectroscopy was further used to identify the phases of the catalyst. Raman spectra
were recorded with a 180° configuration in a System 1000 Renishaw Raman spectrometer
equipped with a microscope and a Renishaw CCD detector. The light source was an argon-ion

laser giving incident radiation of 514 nm.
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3.3.7 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)
analysis

Scanning electron microscopy contributed significantly to understanding the nature of the active
form of the NiMoO, catalysts. The technique provided information about the morphological
structure of the surface and about the elemental composition with the use of energy dispersive X-

ray analysis.

Samples were stuck onto metal stubs with double sided carbon tape and coated with gold in the
Polaron SEM coating unit ES100 to prevent charging by the incident electron beam. The analysis
was performed using a Leo 1450 scanning electron microscope fitted with a Link ISIS energy
dispersive X-ray analytical system and the software used to capture the images was a Leo-32

SEM UIF version 3.02.09.

3.3.8 X-ray photo-electron spectroscopy (XPS)

XPS measurements were carried out using a VG Escalab 200 MKII spectrometer. An aluminum
anode (K, = 1486.6 eV) was used to generate the X-ray radiation (240 W (20 mA; 12kV)).
Measurements were carried out with a 0.1 s dwelling time; 0.1 eV step for the selected regions.
To obtain sufficient signal-to-noise ratio, the Ni 2p region was scanned 50 times (i.e. making the
total measurement time approximately 2 hours). Peak deconvolution (Gaussian-Lorentian
mixture) was carried out with Casa XPS software and the spectra were charge corrected to the
contaminant C 1s signal at 284.5 eV. XPS analysis was also carried out at an ambient temperature
of 20 °C £ 5 °C and a relative humidity of a 50% RH * 25% RH using a Physical Electronics
Quantum 2000 Scanning ESCA microprobe. The X-rays were 20 W Al Ko monochromated
radiation. The pass energy was set to 117.4 eV with a resolution of 1 eV for wide scans and 0.25

eV for narrow scans.

3.3.9 Gas chromatography-mass spectrometry (GC-MS)

Gaseous and liquid products (aqueous and organic products) were analyzed by GC-MS to
determine the composition of products. Analysis was done with a Perkin Elmer Autosystem XL
GC fitted with an Elite 5 ms column at the University of KwaZulu-Natal, Howard College
campus and with a HP 6890 model GC-MS fitted with a PONA Column at Sasol Technology
(Pty) Ltd. Standard compounds that were identified by GC-MS were then injected into the GC’s

linked to the reactor to verify the retention times of the products.
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3.3.10 Temperature programmed reduction (TPR)
TPR determines the number of reducible species present in the catalyst and the temperature at
which reduction occurs. This analysis was performed with an Autochem II 2920, automated

catalyst characterization Micromeritics system.

The analysis starts by flowing the reducing gas (5% hydrogen in argon) though the sample (50
mg) at ambient temperature. While the gas flows, the temperature of the sample is raised linearly
at a rate of 5 °C/min” to a temperature of 850 °C or 900 °C with time and the consumption of

hydrogen by adsorption is monitored.

3.3.11 Temperature programmed oxidation-mass spectrometry (TPO-MS)

In each TPO-MS experiment a 100 mg sample of the catalyst was loaded into a quartz reactor (4
mm internal diameter) followed by purging in helium for 30 min. The reactor was heated under a
10% Oy/He flow of 20 ml/min to 900 °C at 10°C/min. The evolution of product was monitored

with a Balzers QMA 400 quadrupole mass spectrometer.

3.3.12 Temperature programmed desorption (TPD)

TPD which determines the number of sites present in the catalyst was performed with an
Autochem II 2920, automated Micromeritics system. The sample was saturated with ammonia
basic probe molecule at 10 ml/min for 60 min. The sample was then purged with 75 ml/min
helium for 60 min and the analysis was performed by heating the sample at 10 °C/min from room

temperature to 550 °C.

3.4 Catalytic testing

Non-catalytic and catalytic reactions were carried out in the stainless steel reactor (32.5 cm)
mentioned previously (Fig. 3.8.) For the catalytic testing, catalyst charge was made up of 1ml
catalyst diluted with caborundum of 80 grit size (1:4). All void space in the reactor was filled
with carborundum. The catalyst bed was separated from the carborundum with quartz wool plugs

which also served to keep the catalyst bed in place.
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Fig. 3.8: Reactor packing for catalytic testing showing location of glass wool, carborundum

and catalyst bed.

Non-catalytic testing comprised of blank experiments performed with an empty reactor and
carborundum-packed reactors. For the carborundum-packed reactors, carborundum of varying

sizes was used (24 grit, 80 grit and 300-600 um (~30-50 grit)).

Testing was done in the temperature range 300-500 °C, with varying fuel/air ratios and flow rates
for non-catalytic testing. For the catalytic testing varied contact times or gas hourly space
velocities and dilution with nitrogen as well as varied fuel/air ratios were used. Steady state
testing procedures used for evaluating the catalytic performance were defined by the equations

given in the definitions and calculation section pp viii.

3.5 Startup procedure
Safe testing and operation of oxidation catalysts is of great importance and therefore a good

knowledge of the flammability limits for combustible-oxidant mixtures is essential.

Homogeneous combustible gas-air mixtures are flammable i.e. they can propagate a flame freely,
only within a limited range of compositions. The more dilute mixture is called the lower
flammability limit (LFL) and the more concentrated mixture is called the upper flammability
limit (UFL). Each combustible has its own flammability limit which is affected by temperature,

pressure, direction of flame propagation and the surroundings.

Generally, the flammability limits widen as temperature and pressure are increased and become
narrower as inert gases, such as carbon dioxide or nitrogen, are added. Oxidation of n-hexane was

studied below the LFL and above the UFL.
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Before experiments, the reactor was heated progressively from ambient temperature to the desired
temperature under nitrogen and then the feed was introduced. Depending on whether the nitrogen

was required (as diluent) the flow was maintained after which the air was introduced.

3.6 Materials used

3.6.1 The feed

Properties of n-hexane

Molecular formula: C¢H 4
Molecular weight: 86.18 g/mol”
Boiling point: 68.7 °C

Melting point: -95 °C - 100 °C
Density: 0.659

Flammability range: 1.7- 7.7% in air

3.6.2 Chemicals and reagents

Table 3.1 lists the chemicals and reagents used for compound identification and quantification

Table: 3.1: Chemicals and reagents used for compound identification and quantification.

Chemical: Company: Purity:
Cyclohexane Lab-Scan AR, 98%
Benzene ACE AR, > 89%
2-Hexene (cis) Aldrich AR, 85%
2-Hexene (trans) Aldrich AR, 85%
3-Hexene Aldrich AR, 99%
1-Hexene Acros AR, 97%
Hexane Acros 99.99%
2,5-Dimethyltetrahydrofuran Aldrich GC, 99%
2,5-Hexandione Aldrich GC, 99%
Acetic acid Associated Chemical Enterprises AR, 99.5%
Acetaldehyde Fluka GC, 99%
Propanoic acid Aldrich 99%
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CHAPTER 4
CHARACTERIZATION: RESULTS AND DISCUSSION

4.1 Introduction

Catalytic behaviour is influenced by the crystalline structure and chemical nature of catalysts. In
order to study the physicochemical properties of the catalyst system, which influence their
activity and selectivity in oxidative dehydrogenation and partial oxidation processes, a detailed
characterization of the catalyst needs to be done. This project considers a study of the structural
and compositional properties in conjunction with the catalytic testing. In this chapter the focus is

on one aspect of the project, namely the synthesis and characterization of NiMoQ, catalysts.

4.2 Catalyst synthesis

A range of NiMoO, precursors were synthesized by the co-precipitation method. It was found
that the pH of the reaction medium, as well as parameters such as precipitation temperature and
temperature at filtration strongly affected the stoichiometry of the catalyst and purity of the
phases. Although the reaction conditions were kept constant, there was difficulty in obtaining
catalysts with a Ni:Mo ratio of 1. The precipitates obtained from the co-precipitation method that
were used in the testing (catalysts A-C) are described in Table 4.1. The colour of the precipitates
obtained varied from yellow to green and darkened after calcination. Catalyst D was B-NiMoO,
which was prepared in-situ from its precursor a-NiMoQO,. Catalysts E and F were the pure oxides,

NiO and MoO; respectively.

Table 4.1: Labelling of synthesized precursors.

Name of precursor Colour of Colour of catalyst
precursor
Catalyst A green dark green
Catalyst B yellow-green light yellow
Catalyst C green brown
Catalyst E green dark green
Catalyst F white light blue
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4.3 Catalyst characterization

4.3.1 Chemical composition: ICP and EDX

The bulk elemental composition of the catalysts was determined by ICP (Table 4.2). EDX was
used in this project as a complementary technique to the ICP to compare metal composition
results. EDX analysis, however, depends on depth of beam penetration, which is usually
unknown, hence whether EDX results give the surface composition or bulk composition cannot
be stated with confidence. Furthermore, EDX is a single point technique, which means there is
higher degree of error in EDX analysis and these results are not shown. This technique however

did confirm the elements present.

Table 4.2: Atomic ratios of catalysts synthesized (ICP).

Uncalcined (precursor) Calcined (catalyst)
Ni/Mo ratio Ni/Mo ratio
Catalyst A 0.81 0.85
Catalyst B 0.99 1.00
Catalyst C 1.38 1.41

The ICP results have shown that there is slight increase in Ni/Mo ratio when comparing the
precursor to the calcined catalyst (Table 4.2). This is possibly due to molybdenum loss due to

MoO; sublimation that occurs during calcination.

4.3.2 BET surface area

Surface area measurements (Table 4.3) show that the chemical composition of the catalysts
strongly affects the surface area and that there is a direct relationship between the two parameters.
Surface areas of the catalysts were found to increase as the Ni:Mo ratios increased. The surface
area of the catalyst with a Ni/Mo ratio of 1 was in agreement with that expected for a
stoichiometric catalyst [1]. The catalyst with Ni:Mo < 1 had the lowest surface area of the

molybdates, as was expected, due to the presence of excess molybdenum in the form of MoO;[1,

2].

The surface areas of the spent catalysts A, B and C were greater than those of the fresh catalysts
(Table 4.3). This was attributed to the coking phenomena that were found to occur under the
conditions at which these catalysts were tested. Coke particles act as cement between catalyst

particles blocking the void spaces [3] between them and contribute their own surface area.
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Table 4.3: BET surface areas of catalysts synthesized.

SA BET (m*/g) | SA BET (m‘/g)
Fresh Used
Catalyst A (0-NiMoO,, MoO3) 16.8 30.0
Catalyst B (a-NiMoQO,) 353 40.9
Catalyst C (a-NiMoQy, 3-NiMoO,, NiO) 50.8 68.2
Catalyst E (NiO) 4.79 4.5
Catalyst F (MoOs3) 3.89 3.8

4.3.3 XRD

X-ray diffraction patterns were used to determine the phase composition of the catalysts and the
d-spacings of all six catalysts were compared to JCPDS cards 33-948, 45-01142, 5-508 and 4-835
for a-NiMoQ,, B-NiMoQO,, MoO; and NiO respectively (Fig. 4.1). For catalyst A peaks are
assigned to both the o-NiMoOQO, (20 = 16.86, 27.98, 38.07, 45.61 51.39, 57.91°) and the MoO; (20
= 14.87, 27.26, 31.89, 39.43, 41.55, 65.98°) phases suggesting excess molybdenum due to the
MoO; phase. For catalyst B, major peaks characteristic of o-NiMoO,at 20 =16.62, 29.50, 33.60,
38.02, 38.29 and 51.42° are observed.

The XRD pattern of catalyst C shows the presence of the peak at 20 =33.61°, characteristic of o-
NiMoO,, and overlapping peaks at 20 = 31.01 and 31.16°, which correspond to B-NiMoOy [4].
NiO was also identified by the peak at 20 = 51.26°. Although a-NiMoQ, is stable at room
temperature and the B-NiMoOQ, is stable only at higher temperatures (> 250 °C), it is possible for
the B-NiMoQO, to be stabilized at room temperature, if there is excess nickel relative to the
stoichiometric NiMoQO, requirement [5]. This is because a solid solution of the vacancy type is
formed when dissolved Ni ions occupy the normal octahedral positions in the structure of the -
phase, while some tetrahedral positions of the Mo remain empty. The solubility limit for the solid
solution formed with nickel is at Ni:-Mo = 1.1-1.2. Since the ratio of Ni:Mo is 1.41 for catalyst C

characteristic peaks of B-NiMoQ, are observed in the XRD pattern of this catalyst.
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Fig. 4.1: XRD patterns for catalyst A, catalyst B, catalyst C, catalyst E and catalyst F at room

temperature.

The distinct differences in the XRD patterns between the uncalcined catalyst (precursor) and -
NiMoO, were observed as reported in literature (Fig. 4.2) [6]. The intensity and resolution of the

peaks improve after calcination due to increased crystallinity of the catalyst.



68

150

oo

Lson4

[eounts]

-
=
=
=

WU

LS S LA L L I B B TT T T[T 111
1 in 40 1] i
[2f]

Fig. 4.2: X-ray diffraction pattern for catalyst B calcined (A) and uncalcined (B).

4.3.4 FTIR

FTIR spectra were used to confirm the phases of the catalysts. The bands at 820 and 880 cm™ are
due to MoO; phases, whereas the bands at 970, 930 and 580 cm’ are due to the o-NiMoO, phase
for catalyst A (Fig 4.3A). Catalyst B (Fig.4.3B) only showed bands due to the o-NiMoO, phase.
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The IR spectrum of catalyst C (Fig. 4.3C) shows two peaks at 597 and 963 cm’', which are
similar to those of catalyst B, but it has two more peaks at 881 and 807 cm™, which correspond to
the B-NiMoO, phase. These peaks are used to distinguish between the two phases as a result of
the structural change from six coordinate molybdenum in the o-phase, to four coordinate

molybdenum in the B-phase [7].

Thus analysis by FTIR and XRD shows that the catalysts examined were of three different types:
catalyst A was NiMoO, with excess MoQO;, catalyst B was the pure ®-NiMoO,, and catalyst C

was the B-NiMoOj stabilized with excess NiO.

T

1000 00 200 ] a00 500 380

cm-1

Fig. 4.3: FTIR spectra of catalyst A, catalyst B and catalyst C.
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4.3.5 HT-XRD
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Fig. 4.4: XRD patterns for the precursor to catalyst D at 25 °C (A), catalyst D at 650 °C (B)
and catalyst D at 300 °C (C).



71

Catalyst D, the pure B-NiMoO, phase which was prepared in-situ, was characterized with high
temperature XRD experiments. High temperature scans were compared to JCPDS card 45-01142.
As seen in Fig. 4.4, the precursor to catalyst D has the a-phase at room temperature and when
heated to 650 °C it transforms to the B-phase. This phase was stable when cooled down to 300 °C
and at the temperature range 300-500 °C at which the catalytic testing was performed, as shown

by the overlapped XRD patterns (Fig 4.5).

P osition ["2 Theta]

Fig 4.5: XRD patterns for catalyst D prior to activation (25 °C) and in-situ activation under air.

High temperature XRD was also performed on a sample of commercially obtained molybdate.
The a-NiMoO, phase is evident at room temperature at 20 = 27.2° and 29.7° as evidenced by the
XRD of the uncalcined sample (Appendix, Bavani [001]). The phase transition to the B-phase
occurs at 650 °C (Appendix, Bavani [009]) as shown by overlapping peaks at 6 = 27.2°. This
structure is maintained at the testing temperature, 300-500 °C (refer to the chromatogram at 300

°C in the Appendix, Bavani [013]).

4.3.6 SEM
Scanning electron micrographs showed that the stoichiometric catalyst was homogeneous with
respect to the distribution of a-NiMoO, particles, having a sponge-like appearance (Fig. 4.6a).

Metal clusters were observed for the non-stoichiometric catalysts (Ni:Mo ratios lesser or greater
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than one), since there are free metal oxides that are not part of the Ni-Mo-O system. A cluster of
well defined crystallites attributed to MoO; distinctly different from that of the pure a-NiMoO,
particles is seen in Fig. 4.6b [1]. The higher magnified image of catalyst A shows the distinct
particle identities of the two phases (Fig 4.6d).

1ym

H NiMo0O, 1.1 uncalcined - L . M:g’ 50? KX J
Fig. 4.6a: SEM image of catalyst with Fig. 4.6b: SEM image of catalyst with
Ni:Mo = 1. Ni:Mo < 1.

AccV  SpotMagn Det WD ——————————— 10um
25.0 kv 3.7 6500x GSE 10.0 0.9 Torr
s, SO

Fig.4.6d: SEM image of catalyst with
Ni:Mo > 1. Ni:Mo < 1 at higher magnification.

4.3.7 XPS

XPS was performed on catalysts A, B and C to evaluate the possible variation in oxidation states
and environments of the metals. The samples have binding energies (Table 4.4) characteristic of
Ni-Mo-O bonds as previously reported [8]. The results indicated that the Mo 3d binding energies
for the NiMoO, catalysts are identical to the MoO; and the Ni 2p binding energies are similar for
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the Ni-Mo-O catalysts and different to those of NiO. It can be concluded from this that the
oxidation states of Mo and Ni do not change in samples with different Ni:Mo ratios (catalysts A
and B). The Mo3ds, and Ni2p;, binding energies (Table 4.4) are typical of Mo™ and Ni**
oxidation states. Hence in samples containing excess MoO; exclusion of entirely new compounds
being formed can be confirmed. Used catalyst A showed no nickel or molybdenum, only a strong
carbon signal as expected due to the large amount of carbon. It is evident from the binding
energies of the used catalyst B (Table 4.4, Fig 4.7c and Fig 4.7d) that the oxidation states of the
metals do not change after testing. The Ni/Mo atomic ratios were in agreement to those obtained

from ICP analysis.

Table 4.4: XPS data for NiMoO, samples used in catalytic testing (eV) [8].

Sample Mo3d 5, Mo3d 3, Ni 2p s Ni 2p 1
MoOj; 232.7 235.8
NiMoO, 232.6 235.7 855.7 873.3
NiO 853.3 871.3
Catalyst A 232.2 235.5 855.6 873.2
Catalyst B 232.1 235.3 855.4 873.2
Catalyst C 231.5 234.7 855.0 872.5
used cat A - - - -
used cat B 232.6 235.8 855.8 873.5

150

145 |

CPS

45 140

135 |

130

L B e e o e e e e B B B e e e

T T T T T T T
242 240 =8 “;3.6 . lef:‘, €N 2 =0 228 226 900 890 880 870 860 850 840
inding 3 Binding Energy (eV)

Fig. 4.7a: XPS of cat B Mo 3d region. Fig. 4.7b: XPS of cat B Ni 2p region.
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Fig. 4.7¢c: XPS of used cat B Mo 3d region. Fig. 4.7d: XPS of used cat B Ni 2p region.

4.3.8 TPR
TPR was performed to get some information on the reactivity of the catalyst’s surface and
adsorption properties. It is of particular importance to understand the behaviour of this phase

under reduction conditions, since this catalyst is known to operate via a redox mechanism.

The TPR profile for a-NiMoOQy is clearly similar to that reported previously [9]. There are two
reduction peaks for the synthesized pure nickel molybdate catalyst. These occur at 613.7 °C and
815.0 °C (Fig. 4.8). The positions of the peaks differ, however, from the catalyst prepared from a
commercially obtained molybdate sample which has maxima at 699.7 °C and 829.7 °C (Fig. 4.8).
The positions of the maxima for both these catalysts differ from literature, and this is possibly due

to different reaction conditions used in the TPR analysis and/ or synthesis.

The first step in the mechanism involves the low temperature reduction of NiMoO, to a number
of possible products (metallic nickel and possibly Ni;Mo, and amorphous MoQO,). The second
peak is due to the high temperature reduction of Mo* leading to metallic molybdenum,

intermetallic Ni3Mo and a Ni-Mo alloy [9].

For the mixed phase catalyst, C, three maxima are observed. These are at 504.6 °C, 569.3 °C and
761.6 °C (Fig. 4.9). Catalyst E, NiO, showed a reduction peak at about 457.4 °C (Fig. 4.9) due to
the reduction of NiO to metallic nickel. For MoOj; two reduction peaks are observed, one at 695.2
°C and the other at 836.8 °C (Fig. 4.9). The first peak is assigned to MoOj; reduction to MoO,
which begins at low temperature and the second peak is due to MoO, reduction to metallic

molybdenum [10].
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Fig. 4.8: TPR profiles of A) synthesized a-NiMoO, catalyst B) a-NiMoO, commercial catalyst
with 5% H; in Argon.

4.3.9 Raman spectroscopy

NiMoO, catalysts are suitably characterized by Raman spectroscopy and this technique can be
used to detect small amounts of segregated phases, such as MoQs, in the Ni-Mo-O system. For
catalysts with Ni:Mo < 1, catalyst A, the Raman spectrum (Fig. 4.10b, Table 4.5) showed bands
due to the a-NiMoO, phase and additional bands typical of MoO; were found. The stoichiometric
catalyst B only showed characteristic Raman peaks due to the a-NiMoO, phase (Fig. 4.10a,
Table 4.5).
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Table 4.5: Assignment of Raman bands (cm™) for catalyst A and B.

Catalyst B Catalyst A
Raman bands (cm™) Phases Raman bands (cm™) Phases
962 vs NiMoO, 996 s MoO;
914 s NiMoOy 962 s NiMoO,
707 s NiMoO, 915 s NiMoO,
491 m NiMoOy, 819 vs MoO;
418 m NiMoOy 708 s NiMoO,
387 m NiMoO, 666 s MoO;
370 m NiMoO, 469 m MoO;
329 m NiMoOy 420 m NiMoO,
416 w NiMoO,
337m MoO;
70000 30000
6(IXX) 7 ZS(XX] E
" 50000 « 20000
foo f
© 20000 | < 10000 |
10000 - 5000 1
0 7 T T T 0 T T T T
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Raman shift (cm-1) Raman shift (cm-1)

Fig. 4.10a: Raman spectrum of catalyst B.

4.4 TPO-MS

Coke is a carbonaceous deposit that has the ability to deactivate a catalyst. This may occur due to
an impurity in the reactant or may be generated as a reaction by-product, such as carbon
deposition during a reaction of a hydrocarbon. Its effect may be either of a temporary or

permanent nature. Metallic catalysts are particularly sensitive to poisons such as coke. Some of

the used catalysts tested above the UFL were hard and black in appearance, such as used
catalyst D. When a sample of this catalyst was monitored with TPO-MS the evolution of CO,
(m/z = 44), which is a gasification product of carbon (C + O, — CO,) was found. This confirmed
carbon in the form of coke. The carbon weight % determined by TPO was 0.7%. Fig. 4.11 shows

the TPO profile of used catalyst D which suggests carbon deposits of different reactivity were

present.

Fig. 4.10b: Raman spectrum of catalyst A.
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Fig. 4.11: TPO profile of used catalyst D.

The surface area was found to be 48.9 m*/g, much greater that that of the fresh catalyst.

4.5 Promoted catalysts
The NiMoOy, precursors were doped with different loadings of the alkaline metal caesium. These
catalysts were characterized with ICP to check the metal/Mo molar ratios, which are shown in

Table 4.6.

Table 4.6: Chemical composition and surface of areas of Cs-promoted catalysts.

ICP (Cs/Mo) | SA BET (m’/g)
Catalyst unpromoted - 35.3
Catalyst 3.5% Cs promoted 0.035 30.2
Catalyst 5.7% Cs promoted 0.057 28.4

Differences in the surface areas for the promoted and unpromoted catalysts were observed with
BET analysis. The surface area of the Cs-promoted catalyst was found to be lower with respect to
the unpromoted catalyst. Alkali promoters such as caesium block active sites which reduces their
surface area. It was found that higher promoter loadings lead to a greater decrease in Sggr (Table
4.6). The decrease in surface area of the NiMoQ, catalysts suggests a change in surface properties

[11].
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There are no significant shifts in the ATR bands of the Cs-promoted catalysts relative to the
unpromoted catalysts (Fig. 4.12) and neither is there any significant difference in the XRD
patterns of the alkali promoted catalysts when compared to the unpromoted catalysts (Fig. 4.13).

The XRD patterns are for the unsintered catalysts. This was also observed previously [11].
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Fig. 4.12: ATR FTIR spectra of unpromoted (A), 3.5% Cs-promoted (B) and 5.7% Cs-
promoted (C) catalysts.

The binding energies for Ni 2p and Mo 3d shown from XPS measurements (Table 4.7) are
indicative of nickel and molybdenum atoms in their regular environments. However, the
promoters have shifted the Mo 3d band to lower frequencies which would increase the average

electron density of the molybdenum ions with respect to the nucleophilicity of their oxygens.

Table 4.7: XPS data for unpromoted and promoted NiMoO , samples.

Sample Mo3d 5 Ni 2p 3 Cs3d
(ev) (ev) (ev)
unpromoted 232.5 855.9
3.5% Cs-NiMoO, 231.9 855.6 724.1
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All these techniques suggest that the promoter does not alter the structure of the catalyst and no
segregation of phases occurs. The influence of the promoter changes the surface characteristics

only [11].
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Fig. 4.13: XRD patterns of unpromoted catalyst (A) and 3.5% Cs-promoted (B) and 5.7% Cs-
promoted catalysts (C).
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4.6 NH;-TPD

To investigate the acid-base nature of nickel molybdate NH;-TPD was performed. Fig. 4.14
shows the NH;-TPD profile. A maximum is shown around 209.3 °C with a shoulder peak at 239.2
°C which decreases very quickly. A second maximum forms at 593.6 °C but could not completely
be determined because the experiments were performed only up to 600 °C to avoid the o to 8
transition. These results suggest that the catalyst exhibits some acidity involving possibly 2 or 3
types of sites [12]. The colour of the catalyst had changed from the original light-green to purple-
black suggesting a nitrogenated compound was formed. Hence, using a different adsorbate to
estimate the acidity or alternatively using CO, as a probe for TPD is necessary. This experiment,
however, could not be performed due to the lack of expertise and access to this facility. The effect

of Cs doping on surface basicity of nickel molybdate was proven by this method [6, 12, 13].
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Fig. 4.14: NH;-TPD profile for catalyst B.

4.7 Conclusion

NiMoO, precursors were synthesized by the co-precipitation method (catalysts A-C). These
catalysts before and after calcination varied in chemical composition as determined from ICP.
XRD and IR spectroscopy showed that these catalysts also varied in phase composition: catalyst
A (MoOj; and a-NiMoO,), catalyst B (pure 0-NiMoO,) and catalyst C (a-NiMoOQ,, -NiMoO, and
NiO). High temperature XRD showed that catalyst D, after in-sifu activation, was composed of
pure B-NiMoO,. Raman spectroscopy was further used to show the phase composition of
catalysts A and B. XPS was further used to confirm the chemical composition of the catalyst B
and also showed that the Mo3ds, and Ni2p;, binding energy are typical of Mo and Ni**

oxidation states. BET surface areas were found to be influenced by the chemical and phase
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composition of the catalysts. TPR showed the reduction potential for all catalysts. The used

catalysts that had coked were analyzed by BET surface area measurements, XPS and TPO-MS.

Caesium-doped NiMoO, catalysts showed a reduction in surface area as measured by BET. No

significant changes in the ATR FTIR spectra and XRD pattern were noted for these catalysts.

The NH;-TPD profile suggested that the catalyst exhibits some acidity involving possibly 2 or 3
types of sites. However, due to the formation of nitrogenated compounds an alternative method

for analysis of acidity is required.



83

References

[1] U. Ozkan and G. L. Schrader, J. Catal., 95 (1985) 120.

2] N. Fujikawa, K. Wakui and K. Tomita, Catal. Today, 71 (2001) 83.

[3] F. J. Maldonado-Hodar, L. M. Madeira and M. F. Portela, J. Catal., 164 (1996) 399.

[4] F. J. Maldonado-Hodar, L. M. Madeira, M. F. Portela, R. M. Martin-Aranda and F.
Freire, J. Mol. Catal. A: Chem., 111 (1996) 313.

[5] L. M. Plyasova, 1. Ivanchenko, M. M. Andrushkevich, R. A. Buyanov, L. S. Itenberg, G.
A. Khramova, L. G. Karakchiev, G. N. Kustova, G. A. Stepanov, A. L. Tsailingol’d and
F. S. Philipenko, Kinet. Catal., 14 (1973) 882.

[6] L. M. Madeira, R. M. Martin-Aranda, F. J. Maldonado-Hodar, J. L. G. Fierro and M. F.
Portela, J. Catal., 169 (1997) 469.

[7] C. Mazzocchia, C. Aboumrad, C. Diagne, E. Tempesti, J. M. Herrmann and G. Thomas,
Catal. Lett., 10 (1991) 181.

[8] U. Ozkan and G. L, Shrader, J. Catal., 95 (1985) 120.

[9] L. M. Madeira, M. F. Portela, C. Mazzocchia, A. Kaddouri and R. Anouchinsky, Catal.
Today, 40 (1998) 229.

[10]  J. L. Brito, J. Laine and K. C. Pratt, J. Mater. Sci., 24 (1989) 425.

[11] R. M. Martin-Aranda, M. F. Portela, L. M. Madeira, F. Freire and M. Oliveira, Appl.
Catal. A, 127 (1995) 201.

[12] F. J. Maldonado-Hodar, L. M. Madeira, M. F. Portela, R. M Martin-Aranda and F. Freire,
J. Mol. Catal. A: Chem., 111 (1996) 313.

[13] L. M. Madeira, J. M. Herrmann, F. G. Freire, M. F. Portela and F.J. Maldonado, Appl.

Catal. A, 158 (1997) 243.



84

CHAPTER 5
NON-CATALYTIC STUDIES ON n-HEXANE

Alkane activation in the presence of oxygen proceeds at relatively high temperatures because of
the stability of paraffins. Metal surfaces when hot can generate heat necessary to initiate reactions
and form active intermediates which promote partial oxidation via homogeneous reactions [1] as
in the case of the stainless steel reactors used in this study. Apart from experimental parameters
such as temperature, reactor design, gas composition and flow rates affecting the conversion of
hexane and product selectivity in catalytic systems, it is recognized that gas phase radical
reactions affect the product distribution. Homogeneous pathways may form a major route in the
production of desired products [2] or they may result in non-selective oxidation. A comparison of
catalytic and non-catalytic oxidative dehydrogenation of hexane has been made to determine

contributions from heterogeneous versus homogeneous reaction systems.

Some comparisons of homogeneous and heterogeneous systems have been reported previously [1,

3-10].

In studies involving the non-catalytic and catalytic conversion of ethane over VMgO catalysts,
non-catalytic ODH of ethane gave higher activity and selectivity at high temperatures than at low
temperatures especially when a large fraction of the reactor was occupied by inert silica granules.
It was postulated that the activation mechanism of ethane over the catalysts is dependent on
temperature. Heterogeneous processes occur at low temperatures, whereas heterogeneous-

homogeneous ones account for the behaviour of catalysts at higher temperatures [3].

An investigation of contributions of both homogeneous and heterogeneous systems for propane
ODH with oxide catalysts showed that selectivity to propene was higher in the absence of the
catalyst. With a purely heterogeneous catalysed reaction there was a limit for the yield of propene
but in combination with a homogeneous system the yield of the desired product could be further

improved [4].

The significance of gas phase chemistry in catalyst systems was further suggested with noble
metal gauze reactors tested with short contact times for the oxidative dehydrogenation of ethane

and propane. At low conversions, homogeneous reactions gave better selectivity to olefins due to
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lower O, consumption. Higher conversions were obtained with the catalyst due to combustion.

The Pt gauze increased reaction rates compared to the empty reactor [5].

It was further proposed, in the partial oxidation of linear C;-Cs alkanes in a single gauze reactor
under fuel rich conditions at short contact times, that coupled heterogeneous initiated
homogeneous systems exists with total combustion primarily catalysed by the Pt surface and
oxygenates and olefins are formed by gas-phase reactions [6]. With butane ODH using the Pt
gauze reactor, the study showed that the gauze does not play an important role, since reactions

occur in the void space of the catalyst possibly via an alkylperoxy intermediate [1].

The reported study on n-hexane oxidation in a single gauze reactor also proceeded via free radical
mechanisms [11]. In the partial oxidation of n-hexane over Pt-coated alumina foam monoliths
homogeneous reactions contributed to cracked product and Cg olefins formation [12] depending
on the fuel/air ratios. A further investigation on the effect of voids and dilution on n-hexane has
been reported [13]. Voids in the catalyst packing and dilution of catalysts effect the conversion of
feed as well as selectivity towards thermodynamically favored products. Voids contribute to

cracked-product formation [14].

Detailed homogeneous reaction mechanisms were simulated to support the hypothesis that olefins
were made through gas phase chemistry for the partial oxidation of octane isomers and mixtures

on rhodium coated foams [10].

5.1 Testing above the upper flammability limit (UFL)

Homogeneous gas-phase reactions were monitored in blank experiments with empty reactors and
reactors packed with carborundum. It was shown that the presence of quartz chips in the reactor
tube reduces conversion. This is due to the high surface area to volume ratio being reduced which
terminates chain reactions of free radicals [15]. To interpret the contributions made by
homogeneous gas phase reactions, reactor tubes were packed with inert SiC (carborundum). The
particle size of the carborundum affects the conversion of feed under non-catalytic conditions,
because the smaller the particle size, the higher the surface/volume ratio which results in even
lower homogeneous reaction contribution. Size 80 grit carborundum was used. This resulted in a
small pressure differential across the reactor (~5 kPa). Comparisons were done using the same

feed/air ratios to investigate the effect of this packing on homogeneous reactions.
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Table 5.1 shows the % fuel/air and fuel/O, ratios used for the non-catalytic testing performed.

Table 5.1: Actual % fuel/air and fuel/O, ratios used in experiments.
% Hexane/Air 13.7 31.8 56.8
Hexane/O, ratio 0.76 2.22 6.25

The product profile for both the empty and carborundum-packed reactor was, more or less the
same, comprising of cracked products (propane, propene, butane, butene, ethanal), benzene,
cyclohexene, hexenes and CO,. This of course depended entirely on the parameters that were

used in the investigation. Water was also produced from the ODH process or the combustion.

5.1.1 The effect of flow rates on n-hexane above the UFL

The rate at which the gas flows through the reactor affects residence time of the feed. For this
reason experiments were conducted at different flow rates using a fuel/O, ratio of 2.2 and a
temperature of 300 °C to monitor the effect of the flow rate on the conversion of the feed as well

as the selectivity to the various products in an empty as well as a carborundum-packed reactor.

5.1.1.1 Empty reactor above the UFL

In an empty reactor, increasing the flow rate decreases the conversion of the feed. This is
expected because shorter residence time reduces the number of free radical reactions that occurs
in the void space of the reactor. In terms of product selectivity, CO, and cracked products are
favoured at all flow rates. This is due to hexane contacting onto the walls of the reactor and
forming free radicals which promotes cracking mechanisms and allows the complete
decomposition to CO,. As the flow rate is increased a decrease in CO; is clearly seen because of
insufficient time for the combustion reaction to occur. With the cracked products, a less distinct
pattern is observed. The decreased flow rate from 99 ml/min to 66 ml/min resulted in a decrease
in cracked product selectivity, possibly due to the increase in the hexene and cyclic Cy product

selectivity.

Hexene formation is only seen at 33 ml/min and 66 ml/min because the mechanism supporting
the formation of this product is only possible at longer residence times. Cyclic Cg products
production decreases with increasing flow rate suggesting that its formation can be non-catalytic.

These results are shown in Fig. 5.1.
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Fig. 5.1: Effect of flow rate on n-hexane conversion and selectivity to products in an empty

reactor for fuel/O; ratio 2.2 at 300 °C.

5.1.1.2 Carborundum-packed reactor above the UFL

Fig. 5.2 shows the effect of flow rate on n-hexane conversion and selectivity to products in a
carborundum-packed reactor at a fuel/O, ratio of 2.2 at 300 °C. In the carborundum-packed
reactor conversion seems to increase with increasing flow rate but it must be noted that margin of
error is large since overall the conversion is small (< 0.5%) so this may not be an external mass
transfer control effect. Conversion in the carborundum-packed reactor was lower than in the
empty reactor at lower flow rates because the gas phase reaction is rapidly quenched. By the time
the void space is of the same dimensions (volume) as found for a typical catalyst bed, then
conversion has been typically reduced by two orders of magnitude and no hexene is detected at

the slower flow rates.

CO, formation decreases with increasing flow rate due to decreased residence time and while
cracking seems to increase with increasing flow rate. Hexene formation is only observed at the
fastest flow since the faster the flow rate the better that chance of the hexene being removed from

the reactor preventing further reactions.
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Fig. 5.2: Effect of flow rate on n-hexane conversion and selectivity to products in a

carborundum-packed reactor for fuel/O, ratio 2.2 at 300 °C.

5.1.2 The effect of fuel/air ratio on n-hexane in an empty reactor above the UFL
The paraffin in air mixture can be introduced to the reactor in three different ways:(i) high alkane

to oxygen ratio, (ii) stoichiometric ratio of alkane to oxygen and (iii) low alkane to oxygen ratio.

The low paraffin to oxygen ratio is not usually favoured because it gives high paraffin
conversion, low selectivity to desired products and high selectivity to carbon oxides because of

the oxygen rich environment.

Operating at high paraffin to oxygen ratios has the main advantage in that it favours high
selectivities. However, due to oxygen starvation catalyst deactivation is highly probable. For a
stoichiometric ratio of paraffin to oxygen, the alkane is in excess when the oxygen is consumed in
side reactions such as combustion. After these considerations it is more appropriate to work
above the flammability range, i.e. in a hydrocarbon rich environment. Hydrocarbon conversion is
low and better selectivity to desired products can be achieved. Also carbon oxide production is

lowered due to less oxygen being available [16].

Both catalytic and non-catalytic testing was then carried out mostly below the stoichiometric
value of n-hexane to oxygen in this thesis. Usually for processes like this it is desirable to use
pure oxygen as the oxidant [16], however air replaced oxygen as a source of the oxidant since it is

cheaper than a pure oxygen source for both laboratory scale and industrial scale processes.



89

5.1.2.1 Empty reactor above the UFL

Oxygen limitation is another variable that may affect the mechanism supporting gas phase
reactions in an empty reactor. From Fig. 5.3, which shows the effect of % fuel/air in an empty
reactor at 33 ml/min at 300 °C, conversion decreases with increasing % fuel/air [2]. This is
because the higher the fuel/oxygen ratio the lower the oxygen availability which reduces the
number of oxygen radicals forming and hence one expects a decrease in conversion. By
increasing the oxygen content in the reaction mixture a greater number of gas phase reactions can

occur [4].

B COx == HEX 1 CRACKED ——1 CYCLIC C6 —%— % X
50 50
E 40 140 E
% 30 130 é’
= 20 120 ;
2 10 t10 8
® 9 : : 0 ¥
13.7 31.8 56.8
% FUEL/ AIR

Fig. 5.3: Effect of % fuel/air on n-hexane conversion and selectivity to products in an empty

reactor at 33 ml/min at 300 °C.

Cracking increased with increased fuel/O, ratios, which suggests that an oxygen-deficient
environment promotes this type of mechanism. Combustion, however, increases with decreased
fuel/air % as expected, due to more oxygen forming radicals. Provided that there is sufficient
oxygen available CO,’s will dominate. The cyclic Cg products seem to increase or decrease
relative to the hexenes suggesting that these types of products may arise from the same

mechanism non-catalytically. The amount of cyclic C¢ products produced is quite significant.

5.1.2.2 Carborundum-packed reactor above the UFL

By varying the fuel/O, % (Fig. 5.4) in a carborundum-packed reactor operated at 33 ml/min at
300 °C, only significant conversion (2.8%) is observed for 56.8% fuel/O, %. At lower feed ratios,
the feed may be the limiting reactant hence almost no conversion is observed. The only products

observed in the carborundum-packed reactor are the CO,’s.
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Fig. 5.4: Effect of % fuel/ air on n-hexane conversion and selectivity to products in a

carborundum-packed reactor at 33 ml/min at 300 °C.

5.1.3 The effect of temperature on n-hexane above the UFL

5.1.3.1 The effect of temperature on n-hexane in an empty reactor above the UFL

Fig. 5.5 shows the effect of temperature on non-catalytic conversion of n-hexane in an empty
reactor for different fuel/air ratios at 33 ml/min. Non-catalytic conversion increases with
temperature for all fuel/air % except for 13.7% where there is a leveling off after 375 °C. For all

feed/air % there is a leveling off for conversion due to the oxygen limiting conditions [4, 13].

Below ~ 400 °C conversion is higher for the fuel/air % in the order 13.7% > 31.8% > 56.8%. This
can be predicted due to more oxygen being available that will promote free radical formation.
Above this temperature, however, the trend is reversed for the different fuel/air ratios. It can be
assumed that above this critical temperature the feed becomes the limiting reactant due to the
thermodynamics. Due to larger exotherms being generated at the higher temperatures, and less
free radicals being available, the demand is not met to the same degree as when there is more feed

available for consumption in these homogeneous gas phase reactions [10].
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Fig. 5.5: Effect of temperature on non-catalytic conversion of n-hexane in an empty reactor
for different fuel/air % at 33 ml/min above the UFL.

Mainly 2-hexene was produced in an empty reactor suggesting that its formation is non-catalytic
(Fig. 5.6). A drop in trans-2-hexene selectivity from 400°C to 500 °C is due to possible

decomposition.
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Fig. 5.6: Effect of temperature on the selectivity to hexenes for the non-catalytic conversion of

n-hexane at flow rate 33 ml/min for fuel/O, ratio 2.2.

The selectivity to CO appears to be higher than that of CO, (Fig. 5.7) at all temperatures and this
is characteristic of homogeneous oxidation processes that proceed via peroxy-type radicals [2, 9].
It must also be noted that CO selectivity increases from 400 °C to 500 °C confirming the

decomposition of trans-2-hexene.
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Fig. 5.7: Effect of temperature on CO, selectivity for non-catalytic conversion of n-hexane at

Sflow rate 33 ml/min for fuel/O; ratio 2.2.

High selectivity to cracked products is observed in an empty reactor (Fig 5.8) and these products
dominate over dehydrogenation products [2]. It is also further suggested from the increase in
cracked alkane selectivity from 400°C to 500°C that at the higher temperatures frans-2-hexene

decomposes to either CO or cracked alkanes.

60
o 50 | —e— CRACKED
& - +—o——° PRODUCTS
= 40 -
S 30 - ./'\._/- —=— CRACKED
= ALKANES
= 20 -
7 ‘\*/‘_’\i
® 10 - —a&— CRACKED
0 | | OXYGENATES
250 350 450 550

T/ °C

Fig. 5.8: Effect of temperature on the selectivity to cracked products for non-catalytic

conversion of n-hexane at flow rate 33 ml/min for fuel/O; ratio 2.2.

Considerable amounts of cyclic C¢ products were produced at 400 °C though gas-phase chemistry
(Fig. 5.9). This suggests that void spaces in the reactor propagate free radicals in the reactor for
the formation of aromatics but increased temperatures favour cracking and complete combustion,

as a result a decrease in benzene selectivity is observed at temperatures above 400 °C.



93

25
Z 20 -
= —e—CYCC6
2] 15 i
3 —m CYCLHEXENE
= 10
2 —a— BENZENE
& O

0 ‘ ‘

250 350 450 550
T/ eC

Fig. 5.9: Effect of temperature on the selectivity to cyclic Cs products for non-catalytic

conversion of n-hexane at flow rate 33 ml/min for fuel/O, ratio 2.2.

5.1.3.2 The effect of temperature on n-hexane in a carborundum-packed reactor above
the UFL

Below 400 °C (Fig. 5.10) the conversion for all three fuel/air ratios are more or less the same i.e.
less than 5%. Above this temperature the conversion increases sharply. The amount of feed
converted decreases for the fuel/air % in the order 13.7% < 31.8% < 56.8%. Thermodynamic
factors influence bond homolysis of the feed to generate free radicals. Hence, at the lower
temperatures the carborundum (SiC) manages to quench the free radical propagation resulting in
lower activity, however, the sudden increase in conversion from 400 °C implies that beyond this
temperature greater numbers of free radicals are generated due to the thermodynamics and the

effect of the caborundum is less effective.
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Fig. 5.10: Effect of temperature on non-catalytic conversion of n-hexane in a carborundum-

packed reactor for different fuel/air % at 33 ml/min above the UFL.
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Since an empty stainless steel tube leads to conversion of hexane to products and that a
carborundum-packed tube favours CO, formation, it implies that the stainless steel tube provides
a reactive surface for hexane conversion. Whereas previous work on the effect of reactor material
on hexane conversion has shown that higher conversions were obtained in a stainless steel tube
than a pure quartz tube (Si0,), at temperatures above 400 °C the products from both types of
tubes were the same [13]. These findings showed that carborundum packed stainless steel and
quartz reactors do indeed provide reactive surfaces for hydrocarbon conversion, but conversions

for both were low.

5.2 Mechanism of homogeneous reactions
Stainless steel reactors are composed of Co, Mn, Fe and Cu. These metals have the ability to

initiate free radicals in oxidation reactions by their involvement in a redox cycle [17].

The formation of free radicals begins with the abstraction of hydrogen from the paraffin to form
an alkyl radical. Addition of O, directly to the paraffin results in an alkyl radical and a
hydroperoxy radical or else a radical such as the hydroxyl radical may desorb from the
catalyst/metal surface and abstract a hydrogen atom from the paraffin [11]. The alkyl radical can
either dehydrogenate oxidatively to form an olefin (Fig. 5.11) or directly add an oxygen molecule
to produce an alkylperoxy radical. This radical rearranges by internal H-atom abstraction
proceeding via a cyclic peroxide intermediate. Loss of the hydroxyl radical accounts for the

formation of oxygenates.

RH — > R

RH + Op — R- + HOO-

RH + OH-—— R- + H0O

Fig. 5.11: Formation of the alkyl radical.

The other products that were observed from the non-catalytic reactions were the carbon oxides
and aldehydes. Carbon oxides observed in stainless steel reactors may arise from two sources,

benzene and aldehydes as previously reported. The mechanism involves hydroxylation of
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benzene to a dihydoxy-derivative, rupture of the ring and then rapid decomposition to CO and
CO, [18]. Carbon monoxide is favoured over carbon dioxide [19].

Aldehydes were reported to be the first stable products from hydrocarbon oxidation with one less
carbon than the initial hydrocarbon. Further oxidation of the aldehyde results in degradation into

shorter chain aldehydes and carbon monoxide or carbon dioxide [20].

5.3 Conclusion

Blank reactor studies on n-hexane have shown that non-catalytic reactions are quite significant in
stainless steel reactors. Filling the reactor tubes with carborundum greatly reduces homogeneous
gas phase reactions and therefore helps in studying the effect of the catalyst.

Parameters such as flow rate, fuel/air % and temperature play a significant role in the conversion

and product distribution for both the empty and carborundum-packed reactor.

Since homogeneous gas phase reactions still exist, although to a small degree with the
carborundum-packed reactor, a homogeneous-heterogeneous system must be considered in this

study for the oxidative dehydrogenation of n-hexane over nickel-molybdenum oxide catalysts.
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CHAPTER 6
TESTING NiO-MoO; CATALYSTS ON n-HEXANE

Nickel molybdenum oxide catalysts with different chemical compositions that were synthesized
and characterized (Chapter 4) were investigated for the oxidative dehydrogenation of n-hexane.
Previous work on this catalyst system showed promise for the lower hydrocarbons C,, C; and C,
and to date no work was reported on n-hexane. The influence of phase composition of NiMoO,
catalysts on their catalytic activity and selectivity to dehydrogenation products was studied. The
optimum phase was then further investigated with changing reaction conditions such contact time
variation, fuel/O, ratios, nitrogen dilutions. This chapter reflects the catalyst tests performed on n-
hexane feed with a fixed bed continuous flow reactor with feed/air ratios above and below the
flammability limit using air as the oxidant. The optimum phase was then promoted and tested.

Finally a plausible reaction pathway was proposed based on the experimental findings.

6.1 Testing above the upper flammability limit (UFL)

6.1.1 The effect of phase composition of NiO-MoOj catalysts on n-hexane oxidation

The oxidative dehydrogenation of n-hexane was investigated with the six catalysts, catalyst A: a-
NiMoO, with excess MoOs; catalyst B: a-NiMoQy; catalyst C: a-NiMoO, with B-NiMoO, and
NiO; catalyst D: pure -NiMoOy; catalyst E: NiO and catalyst F: MoO;. Products observed for all
six catalysts were the carbon oxides (CO and CQO,), isomers of hexene (1-hexene, 2-hexene and
3-hexene), cyclic Cy¢ products (cyclohexene and benzene), cracked products: alkanes/alkenes
(propane/ene, butane/ene) and oxygenates (ethanal, acetic acid and propanoic acid). Considerable
amounts of 2,5-dimethyltetrahydrofuran and 2,5-hexanedione were observed for catalysts A and
C. As expected for the ODH reaction, water was also produced as a by-product for all reactions
and it is also a product of combustion. These products were similar to those obtained in studies
involving gas phase and catalytic reactions of n-hexane with VMgO catalysts and also in a single

gauze reactor [1, 2].

The experiments were performed in the temperature range 300-500 °C using the fixed bed reactor

setup as described in Chapter 3.
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Fig. 6.1: Product distribution at equal conversion levels (13%) below 400 °C for NiO-MoO;

catalysts.

A comparison of all six catalysts at constant conversion (13%) showed that catalyst D gives the
highest selectivity to the hexenes, 32%, of which greater than 50% is due to the 1-hexene isomer.
Catalyst E gives the highest selectivity to CO,, catalyst C the highest total cracked product
selectivity, and for the cyclic Cq products, catalyst A is the best (Fig. 6.1).

The selectivity to CO, is much higher for catalyst B than for catalyst D, and catalyst D is much
more selective towards the hexenes than catalyst B. A correlation between CO, and butenes
selectivity was also observed between the two phases, 0-NiMoO, and B-NiMoOy, in propane and
n-butane oxidation [3, 4]. The difference in hexene selectivity for the two phases may be related
to the difference in the reactivity of lattice O> anions with the hydrocarbon present on the surface
of both phases. The different oxygen environments (octahedral versus tetrahedral) on the active
catalytic site i.e. the metal-oxygen bond strength, is responsible for this, as seen in the shift in

frequencies of the Mo-O absorptions band in the IR spectra (Section 4.3.4, [3]).

Catalyst A contains the two phases: a-NiMoO, and MoO;. Separately these catalysts, catalyst B
and catalyst F respectively, showed lower selectivity to cyclic Ce products and higher selectivity
to CO,. In combination (catalyst A), these two phases favour cyclic C¢ formation and seem to
inhibit decomposition to CO,. If catalyst F produces hexenes which are possible intermediates to
benzene, then the formation of benzene and CO, will take place at different catalytic sites and the
purpose of catalyst B will be to selectively block the complete oxidation sites promoting the
formation of cyclic compounds. A known synergetic effect, further discussed later, that exists
between the two oxide phases is responsible for the better catalytic activity of catalyst C. The

MoO; can act as an oxygen source for NiMoO, preventing the irreversible deep reduction of the
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pure phase to NiO and MoO,. Mo’ produced from Mo®" by reduction with hydrocarbons was
reported as the active oxidation state for dehydrogenation by metal molybdates. If this species

were preserved then better catalytic performance would result [5, 6].

Catalyst C contains the three phases: 0-NiMoQO,, B-NiMoO, and NiO. When these phases were
tested separately, they showed a high selectivity to the CO,’s and lower or no selectivity to the
cracked products and the combination of these phases results in reduced selectivity to the CO,’s
and increased selectivity to the cracked products, suggesting inhibition of combustion products.
This mixed phase catalyst shows low selectivity to the dehydrogenation products. This suggests

no beneficial synergetic effects between the three phases.

The effect of temperature on conversion and selectivity to the various products was investigated
for catalysts A-F and the results for three temperatures 300 °C, 350 °C and 400 °C are given in
Table 6.1 for all catalysts.

When expressing the results in terms of hexane conversion and hexene selectivity the B-phase
should be better because its active surface area is lower compared to the a-phase (Table 4.3,
Section 4.3.2) and this is what is observed (Table 6.1). The increased hexene selectivity for the
B-phase is accounted for by the lower CO, selectivity which is related to the structural oxygen-
molydenum co-ordination but it also has a higher reduction rate (the rate at which lattice oxygen
is consumed) relative to the a-phase [7]. Consistent with the ODH of other alkanes, lattice oxygen
plays a crucial role in the ODH of hexane and is governed by a redox or Mars-van Krevelen
mechanism [8]. Based on isothermal reduction data for the f-phase small amounts of oxygen can
be removed from the catalyst and restored in less time compared to the a-phase. This gives a

better redox cycle than the a-phase and a more effective catalyst [7].

Catalyst A appeared to show the highest activity (47.1% conversion at 400 °C) as seen in Table
6.1 and Fig. 6.2. This may be attributed to a synergetic effect between the MoO; and a-NiMoO,
phases [9]. For the synergetic effect the important condition is that the interface between the two
crystalline phases in contact must be coherent [9]. Both catalyst B and F are crystalline phases as
inferred by XRD. If the crystallographic lattice misfit is small, the surface energy barriers are
lowered and the electrons and oxygen ions cross the interface more easily. In this way a redox co-
couple modifies the active redox couple in NiMoQO, and explains why a mixed oxide is better than

a single oxide [9]. The higher conversion results in increased selectivity to secondary products
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(CO; and cracked products) characteristic in the oxidation of light alkanes [10]. However, the
selectivity to the cyclic C¢ products is high. When MoOj is present the irreversible reduction of

the NiMoOQO, to MoQO, and Ni is inhibited as discussed above.

Table 6.1: Catalytic results for hexane oxidation over NiO-MoOj catalysts at CT = 1.8 s.

Selectivity
T/°C X (%) CO, Hexenes | T-cracked Cyc Cg | Others
CATA 300 26.9 24.7 1.5 26.3 20.0 27.5
350 45.8 37.8 7.8 30.7 15.1 8.6
400 47.1 43.7 7.9 10.5 22.4 15.5
CATB 300 4.0 35.7 5.3 29.0 0.0 30.0
350 9.3 40.6 6.2 23.9 0.0 29.3
400 13.0 51.1 7.8 7.4 8.6 25.1
CATC 300 8.3 15.1 15.8 28.5 5.0 35.6
350 14.5 4.0 222 379 8.3 27.6
400 19.1 6.7 20.4 39.3 12.4 21.2
CATD 300 9.0 24.5 353 22.3 0.0 17.9
350 13.9 28.7 32.8 21.1 2.5 5.8
400 15.4 38.0 31.6 19.7 4.3 5.5
CATE 300 44 87.9 5.2 0.0 0.0 6.9
350 14.6 69.1 16.5 0.0 0.0 14.4
400 22.3 42.8 33.2 0.0 8.4 15.6
CATF 300 0.0 0.0 0.0 0.0 0.0 0.0
350 1.5 0.0 26.3 0.0 0.0 73.7
400 13.1 359 17.7 11.7 14.2 20.5

Feed: 31.9% hexane, 14.3% O,, 53.9% N,, atmospheric pressure, 1 ml catalyst

Although the pure NiO phase is active it gives the highest selectivity to the carbon oxides at
comparable conversions relative to the other catalysts (Fig. 6.1). NiO has a high reduction rate
and therefore higher production of carbon oxides is expected [7]. However with increasing
temperature hexene selectivity increases but this due to mostly the 2- and 3-hexenes. Although
this catalyst became discoloured during the testing, coking was less evident as seen from the BET
data of the spent catalyst (Chapter 4, Table 4.3). It is possible that NiO is not completely
reduced to metallic nickel at 400 °C so the thermodynamics at increased temperatures favour

these products over combustion products.
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2,5-Dimethyltetrahydrofuran and 2,5-hexanedione were significantly produced with catalyst A
and catalyst C and it can be assumed that the combination of phases was responsible for their
formation due to the synergetic effect [9]. For catalyst F the dominant product was
methylcyclopentane, ~55%, falls under “others” in Table 6.1. The selectivity profiles for all
catalysts appear to be different; therefore we can assume that the phase composition of these

catalysts is responsible for their behaviour.

According to the mechanism for the selective ODH of alkanes the hydrocarbon is activated by
abstraction of an H atom to form an adsorbed alkyl radical and a surface OH group [5]. The
oxidation reaction is initiated by highly reactive surface oxygen species. The hydrocarbon
adsorption bond strength to the surface is influenced by the metal oxygen bond and hence the
product distribution would differ for the catalysts. From all products formed over all the catalysts
studied it can be proposed that the ODH process exists because abstraction of a C, hydrogen atom

from hexane occurs.
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Fig. 6.2: The influence of temperature on n-hexane conversion with NiO-MoOjs catalysts at CT

=1.8s.

As was expected, for all six catalysts, conversion increased with temperature then remained
constant (Fig. 6.2). This can be explained by the reaction being conducted under fuel-rich
conditions. The O,:hydrocarbon ratio requirement for total combustion is 9.5 and only a 0.45
ratio was supplied. Thus at higher temperatures the limiting reactant, oxygen, is exhausted and,
because the demand is more rapid, conversion remains constant [1, 11]. All catalysts remained
stable up to 500 °C, except catalyst A which deactivated at 400 °C. Deactivation was due to
coking which is common for catalysts when no oxygen is available [12]. This was evidenced by

the catalysts becoming hard and black. When this occurred the feed no longer passed freely and
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there was a build up of back pressure in the reactor. The coke was confirmed with BET (Chapter
4, Table 4.3), TPO (Chapter 4, Fig. 4.11) and XPS (Chapter 4, Table 4.4) analysis of the used

catalysts.

The highest selectivity to total hexenes was obtained with catalyst D, namely 35.3% at 300 °C
(Table 6.1, Fig. 6.3). Of this, 24.8% was due to the 1-hexene isomer, and the remaining 10.5%
was due to 2-hexenes and 3-hexenes. Since 1-hexene is favoured at the lowest temperature and
the internal isomers are favoured at the higher temperatures one can conclude that increasing the
temperature favours isomerization (Fig. 6.3). Based on the thermodynamic data [13] the ratio of
the internal isomers favoured is in the order trans-2-hexene > cis-2-hexene > cis-3-hexene > 1-
hexene. It is therefore possible that an isomerization equilibrium among the three linear isomers

is established: which limits the isomers at each temperature.
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Fig. 6.3: Effect of temperature on the selectivity of hexenes for catalyst D at CT = 1.8 s.

A comparison of carbon oxides selectivity of catalyst D with temperature shows that CO, was
dominant over CO at all temperatures (Fig. 6.4). It is known that CO, is produced as a result of
heterogeneous combustion [2]. The opposite trends shown by carbon oxides and hexene
selectivity with temperature indicate that these products may be produced by competing
mechanisms or that hexene is decomposed to carbon oxides. Hence there are two different

pathways to CO,.
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Fig. 6.4: Effect of temperature on CO, selectivity for catalyst D at CT = 1.8 s.

Cracked oxygenates are favoured over the cracked alkanes/alkenes. Overall, however, the
selectivity to the cracked alkanes/alkenes is low. From the oxygenates, ethanal is dominant (Fig.

6.5).
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Fig. 6.5: Effect of temperature on the selectivity of cracked products for catalyst D at CT =
1.8s.

The overall trend for cyclic C¢ products changes with temperature. The selectivity to benzene
increases with temperature up to 400 °C, then drops, whilst cyclohexene selectivity decreases
with increasing temperature to 400 °C and then increases. This trend indicates that cyclohexene
and benzene are competing products (Fig. 6.6). The thermal stability of benzene decreases from
400 °C because it is subsequently oxidized to CO, (Fig. 6.4). Cyclohexene selectivity is possibly

observed to increase because it is slightly more resistant to further oxidation than benzene.
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Fig. 6.6: Effect of temperature on the selectivity of cyclic Cs products for catalyst D at CT = 1.8

S.

Comparison of the NiMoO, catalysts with different nickel-molybdenum ratios has shown that
their chemical composition and structure affects their catalytic activity in the oxidative
dehydrogenation of n-hexane. Catalyst D showed that the pure B-NiMoO, phase, at a contact time

of 1.8 s, gave a total hexene selectivity of 35.3% at 300 °C and a 1-hexene selectivity of 24.8%.

It was clear from the comparison of the different phases of the nickel molybdate catalysts that the
two different modifications of NiMoO,, which differ in the molybdenum coordination, show
different activity and selectivity. The pure B-phase appears to be more active and significantly
more selective toward the hexenes than the a-phase. However, the o-phase with MoO; was more
active than both the pure phases. This suggests that the synergetic effect plays an important role
in modifying catalytic activity and the B-NiMoO, form is significantly more selective to hexenes

than the a-phase.

Based on results from the effects of NiMoQ, catalysts on n-hexane oxidation, B-NiMoO, shows
good potential for high value hexenes. Hence further investigations were focused on testing the [3-
NiMoO, phase to optimize selectivity to hexenes. To improve selectivity to dehydrogenation
products, reaction conditions were optimized and the following parameters were investigated: the
effect of contact time over B-NiMoQ,, the effect of n-hexane dilution with nitrogen over [-

NiMoQ, and the effect of the fuel/air ratio over 3-NiMoO,.

Since alkanes are far less active when compared to the desired products (e.g. alkenes and
aldehydes), the conditions under which paraffin activation can occur is important. One of the

main challenges in paraffin oxidation is to carefully control the temperature and oxygen content
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so that it is adequate to convert alkanes to desired products but not lead to complete combustion

of these products.

The flammability range for hexane in air is 1.7- 7.7 v/v % at room temperature and the range
widens with temperature and pressure [14]. All the experiments mentioned were done above the
upper flammability range since high fuel/air ratios result in an oxygen deficient environment

which reduces the possible over-oxidation of alkanes.

6.1.2 The effect of contact time on 3-NiMoOy above the UFL
Experimental data are shown in Fig. 6.7 for B-NiMoO, tested above the upper flammability limit
using n-C¢H;4/O, = 2.2 at 300°C. The contact time was varied by changing the flow rate of feed

while keeping the volume (1 ml) of catalyst constant. The range of contact times tested was 0.61-

2.4s.

‘ B COx = HEX —— CRACKED ——CYCLIC C6 —%— % X

60 8
> z
= {e S
E 40 Z
= =
= 20 Z
=2 12 ©
[75) Q
® ) ‘ ‘ 0 ¥

0.61 1.04 1.47 1.82 2.4
CONTACTTIME (S)

Fig. 6.7: Effect of contact time on n-hexane conversion and selectivity to products (fuel/O,

ratio 2.2, T = 300 °C).

As expected, the amount of n-hexane converted increases with increasing contact time due to
increasing residence time of the feed over the surface of the catalyst (Fig. 6.7). The maximum
conversion is 6.8%. The selective oxidation of hydrocarbons over NiMoQ, catalysts involves the
dynamic interaction of the gas-phase with the surface of the catalyst (redox mechanism of Mars-
van Krevelen) [15, 16]. Under fuel-rich conditions the gas phase has a low oxidizing potential
and will influence the oxidation state of the active species of the catalyst. A less oxidized
catalytic surface is expected to give less active catalysts when operating above the UFL [15]. This

may explain why B-NiMoO, shows low activity.
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Very little or no selectivity to the cyclic Cq products (< 1.5%) was observed at all contact times. It

is possible that these products are not thermodynamically favoured at this low temperature.

The selectivity to hexenes increases with increasing contact time until 1.82 seconds and then
decreases. The drop in hexene selectivity at contact time 2.4 seconds can be accounted for by the
rapid increase in carbon oxides produced, since a longer residence time of hexenes on the catalyst
surface would favour consecutive oxidation, hence over oxidation. The highest selectivity to total
hexenes is 34.4%.

At the longest contact time (2.4 seconds) carbon oxides are the dominant products. At the shortest
contact time (0.61 seconds) there are almost equal selectivities to both the cracked and carbon
oxide products suggesting that the reaction time is too short for the cracked products to totally
oxidise to carbon oxides. The trend for the selectivity to total decomposition products appears to
be the inverse to the selectivity to hexenes. It is suspected that the amount and type of
decomposition product formed depends on the stability of the hexenes at the different contact

times.

Tables 6.2- 6.6 shows selectivity, yield and conversion values for the B-NiMoO;, catalyst above

the UFL for different contact times.
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Fig. 6.8: Effect of contact time on hexene selectivity (fuel/O; ratio 2.2, T = 300 °C).

1-hexene is only formed at the intermediate contact times between 1.04 and 1.82 seconds (Fig.
6.8). The highest selectivity to 1-hexene is 24.8% at the longer contact time. Usually 2-hexene is
preferred over 1-hexene because the rate of hydrogen abstraction from a 2° carbon is twice as fast
as from a 1° carbon, but in paraffin ODH the activation and rate determining step is the

irreversible abstraction of hydrogen from a secondary carbon to give an adsorbed alkyl radical.
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The removal of another hydrogen from either carbon one or three results in olefin formation. At
this contact time it is possible that 1-hexene forms over the catalyst and is stabilised under these
conditions and does not undergo isomerization to the 2-hexenes on the catalyst. No selectivity to
1-hexene is observed at a contact time 0.61 seconds since the residence time of the feed in the
reactor is too short. Since the operation is above the UFL, the surface of the catalyst is saturated
with adsorbed species [15] and there is a possibility that intermediate olefinic species, probably 1-
hexene that has been desorbed into the gas phase, transform to the 2-hexene isomers. At a contact

time of 2.4 s the 1-hexene has possibly isomerized.

6.1.3 The effect of nitrogen dilution

A diluent such as nitrogen is reported to have a ‘simple’ or inert diluent effect on catalytic
cracking [17]. This diluent lowers the concentration of reactant in the gas phase, hence there is a
lower population of carbenium ions on the surface of the catalyst and lower gas-phase
concentrations of reactants. As a result both initiation and propagation reactions are slowed down.
This effect may change the conversion and selectivity of products obtained from n-hexane
oxidation since this system probably endures some free radical initiation on the catalyst surface
and propagation due to the reaction mixture being in the gas-phase [17]. Dilution of the feed with

nitrogen also promotes thermal quenching and suppresses the rate of gas-phase reactions [2].

From the contact time study, a contact time of 1.82 seconds gave the highest selectivity to total
hexenes (i.e. 34.4% of which 24.8% was due to 1-hexene and 9.5% was due to the 2-hexenes at a
6.2% conversion. When this feed was diluted with 43% nitrogen only a slight improvement in
hexene selectivity was obtained. However, when the catalyst was tested at a contact time of 1.04
seconds, the dilution with 43% nitrogen showed great improvement compared to the undiluted
feed. Hence, using the same n-CgH;4/O, ratio of 2.2 at 300 °C and a contact time of 1.0 seconds,
the feed was diluted with nitrogen using dilutions between 31 and 60% (diluted portion of feed).
Fig. 6.9 compares the results from these nitrogen dilution experiments. There was a small
improvement in conversion ~ 1.5% when the undiluted (0%) and diluted (31%) feed was
compared. Carbon oxide selectivity was reduced from 52.6% to 21.7% and hexene selectivity
improved from 32.0% to 49.9%. Nitrogen dilution, however, also caused cracked product

formation up to dilutions of 43%.
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Table 6.2: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over -NiMoO, above the UFL

for a CT of 0.61 s.
% SELECTIVITY % YIELD

T/ % | CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC

°C X ALKANES | OXYGENATES | HEXENES Cs CO, | ALKANES | OXYGENATES | HEXENES Cs CO,
300 | 1.9 29.9 0.0 28.9 1.2 28.8 0.6 0.0 0.5 0.0 1.5

350 | 4.5 19.9 2.2 23.6 2.9 29.9 0.9 0.1 1.1 0.0 1.5

400 | 10.6 11.8 2.3 20.4 10.9 354 1.3 0.2 2.2 0.0 3.6

450 | 13.7 7.6 4.8 20.1 2.7 43.6 1.1 0.7 2.8 0.2 9.8

500 | 15.9 6.9 4.6 19.3 5.3 46.7 1.2 0.8 33 0.5 8.1

Table 6.3: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over f-NiMoO , above the UFL

fora CT of 1.04 s.

% SELECTIVITY % YIELD

T/ % | CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC

°C X | ALKANES | OXYGENATES | HEXENES Ce CO, | ALKANES | OXYGENATES | HEXENES Cs CO,
300 | 2.5 0.0 0.0 32.0 1.0 52.2 0.0 0.0 0.8 0.0 1.4
350 | 6.5 0.0 0.0 325 0.5 62.7 0.0 0.0 1.5 0.0 4.0
400 | 8.0 0.0 0.0 33.6 0.7 67.4 0.0 0.0 2.7 0.1 54
450 | 11.6 0.0 0.0 31.0 19.8 32.2 0.0 0.0 3.6 23 3.7
500 | 25.6 48.2 2.6 16.9 4.0 24.8 12.3 0.7 4.3 1.0 6.3
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Table 6.4: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over f-NiMoO, above the UFL

for a CT of 1.47 s.
% SELECTIVITY % YIELD
T/ % CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC
°C X ALKANES | OXYGENATES | HEXENES Cs CO, | ALKANES | OXYGENATES | HEXENES Cs CO,
300 | 3.4 13.5 20.8 33.9 0.0 20.6 0.5 0.7 1.2 0.0 0.7
350 | 5.2 10.6 18.0 29.8 3.1 29.3 0.6 0.9 1.6 0.2 1.5
400 | 16.8 11.5 9.1 27.1 32 34.0 1.9 1.5 4.6 0.5 5.7
450 | 204 20.7 5.6 15.8 3.9 45.1 4.2 1.2 3.2 0.8 9.2
Table 6.5: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over f-NiMoO , above the UFL
fora CT of 1.82 s.
% SELECTIVITY % YIELD
T/ % CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC
°C X ALKANES | OXYGENATES | HEXENES Cs CO, | ALKANES | OXYGENATES | HEXENES Cs CO,
300 | 9.0 2.9 194 35.3 0.0 24.5 0.3 1.8 3.2 0.0 2.2
350 | 13.9 4.0 17.1 32.8 2.5 28.7 0.6 2.4 4.6 04 4.0
400 | 154 4.0 15.7 31.6 4.3 38.0 0.6 2.4 4.9 0.7 5.9
450 | 19.9 4.2 12.8 28.1 1.2 53.6 0.8 2.5 5.6 0.2 10.7
500 | 21.4 7.5 12.9 20.4 3.0 54.7 1.6 2.8 6.5 0.6 9.6




110

Table 6.6: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over -NiMoO, above the UFL

for a CT of 2.40 s.
% SELECTIVITY % YIELD
T/ % CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC
°C X ALKANES | OXYGENATES | HEXENES Cs CO, | ALKANES | OXYGENATES | HEXENES Cs CO,
300 | 6.8 0.0 0.0 19.3 0.0 56.9 0.0 0.0 1.3 0.0 3.9
350 | 7.8 0.0 0.0 19.7 0.1 60.0 0.0 0.0 1.5 0.0 4.7
400 | 12.3 0.0 0.0 9.1 0.5 74.5 0.0 0.0 1.1 0.1 9.1
450 | 32.8 0.0 0.4 5.7 13.5 60.2 0.0 0.1 1.9 4.4 19.7
500 | 37.5 16.0 0.0 5.3 3.0 58.0 6.0 0.0 3.9 1.1 2.2
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Conversion increased with increasing nitrogen dilution up to 43% then dropped and this trend
was observed previously. Dilution of the feed with too much nitrogen uses more energy for
heating up the nitrogen molecules than overcoming thermodynamic barriers [2]. The maximum
conversion at this dilution (Fig. 6.9) was 7.1%. Hexene selectivity also improved with nitrogen
dilution up to 43% and then dropped. The highest selectivity to hexenes was 54.7%. The drop in
hexene selectivity was matched by the concurrent increase in carbon oxide selectivity. These
results suggest that nitrogen dilution much beyond 43% is not advantageous, possibly due to there
being too few reactant molecules in the gas phase and the probability of reaching an active site is
correspondingly small, causing a drop in activity. Since there are no competing reactants, there is
a greater chance of adsorbed molecules undergoing further oxidation. With increasing nitrogen
dilution beyond 43% there is a reduction in cracked products and a corresponding increase in

carbon oxide production.
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Fig. 6.9: Effect of nitrogen dilution on n-hexane conversion and selectivity of products (fuel/O,
ratio 2.2, T = 300 °C).

Looking at the separate hexene isomers (Fig. 6.10), there was an increase in the selectivity of the
trans-2-hexene isomer with increasing dilution. The difference in selectivity to frans-2-hexene
between the undiluted and 60% diluted feed was 22%. 1-hexene also improved in selectivity but
only up to 43% dilution and then disappeared completely. This was probably due to isomerization
to the internal isomers (2-hexene) at the highest dilution and consecutive decomposition. The
highest selectivity to 1-hexene was 27.4%. Cis-2-hexene selectivity showed a less regular trend.
Very little 3-hexene was produced which co-eluted with frans-2-hexene. The ratio between the

two 1somers was ~ 3:1.
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Fig. 6.10: Effect of nitrogen dilution on hexene selectivity (fuel/ O, ratio 2.2, T = 300 °C).

With increasing temperature, the overall selectivity to hexenes decreases and 1-hexene decreases

relative to the 2-hexenes which further suggest an isomerization pathway for these isomers.

6.1.3.1 Comparison of the a- and B-NiMoO, catalysts after nitrogen dilution

From the data obtained from dilution experiments conducted on 3-NiMoOy, the best conditions to
obtain good selectivity to hexenes were a fuel/O, ratio of 2.2, a contact time of 1.04 s and dilution
with 43% nitrogen operating above the UFL. The other polymorph was then tested under these
conditions and Fig. 6.11 shows a comparison of the a- and B-phases of nickel molybdate at equal
conversions. Catalyst B (a-NiMoQO,) gives the higher selectivity to carbon oxides and catalyst D
(B-NiMoO,) gives the higher selectivity to hexenes. This observation was also made when the
two catalysts were compared under different conditions (without dilution) mentioned earlier in

Section 6.1.1.
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Fig. 6.11: Comparison of a- and BNiMoO, catalysts at equal conversion levels (25%) at 385
°C, CT 1.04 s and 43% nitrogen dilution.
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Fig. 6.12: Effect of temperature on conversion for a- and -NiMoO, catalysts at CT 1.04 s,
43% nitrogen dilution.

Comparison of the conversion profiles (Fig. 6.12) for both catalysts indicate that above 385 °C,
catalyst B is more active than catalyst D. These results may suggest that, although it was earlier
found that a difference in molybdenum co-ordination was responsible for differences in the
catalysts activity, temperature also plays an important role. At T = 500 °C the activity catalyst B
is more or less equivalent to catalyst D because the activity of catalyst B has decreased. This is

possibly due to the coking of a-NiMoO,.

6.1.4 The effect of fuel/O, ratio on B-NiMoO,

Selective oxidation of hydrocarbons depends on the availability of oxygen species on the surface
of the catalyst. These are either oxide ions (O™) or oxygen atoms doubly bonded to the metal
atoms/ ions. Since gaseous oxygen supplied to a catalytic system affects the oxidizing potential of
the catalyst, the effect of fuel/O, ratio for n-hexane oxidation over 3-NiMoO, was investigated.
Using the conditions that gave best selectivity to hexenes from the contact time and nitrogen
dilution experiments i.e. contact time 1.0 seconds, nitrogen dilution of 43% and temperature 300
°C, the fuel/O, ratio was varied. Fuel/O, ratios of 0.76, 2.22 and 6.25 n-C¢H /O, were
investigated (Fig. 6.13).

At a fuel/O, ratio of 6.3 no conversion occurred. As this ratio was reduced an increase in
conversion was observed as expected due to increased oxygen availability. The best conversion
was achieved at the lowest fuel/O, ratio (0.8). As expected, the feed with the lowest fuel/O, ratio

is more oxidizing and would be more active but less selective.
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Fig. 6.13: Effect of fuel/O, ratio on n-hexane conversion and selectivity to products at 300 C,
CT 1.04 s and 43% nitrogen dilution.

There was a decrease in selectivity to the hexenes from 54.7% to 28.9% when the supply of
oxygen relative to the fuel was increased, i.e. ratios from 2.2 to 0.8 (Fig. 6.13). CO, selectivity
was similar for both a fuel/O, ratio of 2.2 and 0.8 and the cracked product selectivity was
significantly higher for a fuel/O, ratio of 0.8 than a fuel/O, ratio of 2.2. Changing the
paraffin/oxidant ratio would result in a restructuring of the catalyst surface [18] and different

products selectivity may be expected.

6.1.5 Comparison of the commercially obtained NiMoQ4 with the synthesized j-
NiMoOy catalysts at CT 1.8 s

Since NiMoO, can be obtained commercially, it was decided to compare the synthesized catalyst
to the commercially obtained NiMoQy. Thus the commonly obtained molybdate was calcined
and thermally activated to form the B-phase using the same procedure as that of the synthesized
catalyst (catalyst D). A 31.8% hexane/air feed and a contact time of 1.8 seconds was used. Fig.
6.14 compares the conversion with temperature for both catalysts. Below 400 °C the commercial
catalyst (catalyst G) has low activity, thereafter conversion reaches 25% but the catalysts cokes.

The synthesized catalyst shows much higher activity and was stable up to 500 °C.

Comparison of the product selectivity for the two catalysts at equal conversion at 438 °C showed
that the commercial catalyst had higher cracked product selectivity, lower carbon oxide
selectivity, lower hexene selectivity and higher cyclic C¢ product selectivity than the synthesized
catalyst (Fig. 6.15). The difference in performance may be due to different methods of

preparation of the nickel molybdate catalysts, which affects the catalytic performance.
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The difference in catalytic behaviour observed for the two catalysts was reflected in the
characterization results such as the TPR profiles (Chapter 4, Section 4.3.8). The BET surface
area for the two catalyst precursors also differed. The precursor to catalyst D had a surface area of
35.3 m* g and for the precursor to catalyst G it was 30.0 m*/ g. Since catalyst surface area is
related to activity this may contribute to the poorer activity of the catalyst derived from the
commercially obtained molybdate. Also, although the XRD’s of the synthesized (Chapter 4,

Section 3.4.5) and commercial molybdates (refer to the Appendix) are similar, there are small
differences in the shifts and relative intensities of the relevant peaks characteristic of the B-phase

for both these catalysts.
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Fig. 6.14: Comparison of n-hexane conversion with temperature for the f-phase of the

commercial catalyst and synthesized catalyst at CT 1.8 s and a fuel/O; ratio of 2.2.
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Fig. 6.15: Comparison of selectivity for the activated fi-phase commercial catalyst and the
synthesized catalyst at equal conversion (19%) at 438 °C, CT 1.8 s and a fuel/O, ratio of 2.2.

6.2 Testing below the lower flammability limit (LFL)
Most catalytic testing was done above the upper flammability limit (UFL), because the over-

oxidation of products can be reduced by restricting the availability of oxygen. To confirm the
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validity of the assumption experiments below the LFL to determine what happens in an oxygen

rich environment were conducted. For these tests a n-CgsH;4/O, ratio of 0.02 was chosen.

6.2.1 Effect of contact time on B-NiMoO, below the LFL
To investigate the effect of contact time on the B-NiMoOj, catalyst below the LFL, the flow rate
of the feed (33, 49, 66 and 150 ml/min) was changed and the volume of catalyst was kept

constant. This gave contact times of 1.8, 1.2, 0.9 and 0.4 seconds.

The products observed were the carbon oxides (carbon monoxide and carbon dioxide), the cyclic
Cs products (cyclohexane, cyclohexene and benzene), cracked products (propa/ene and buta/ene)

and the hexenes (2- and 3-hexenes). No 1-hexene was found under these conditions.
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Fig. 6.16: The influence of temperature on n-hexane conversion for fNiMoO, catalysts tested

at different contact times below the LFL (n-C4H /0, ratio of 0.02).

The data obtained for the effect of temperature on conversion for B-NiMoO, at different contact
times below the LFL (Fig. 6.16) showed a similar trend to those obtained above the UFL, which
was an increase in conversion with temperature and then stabilization. An increase in conversion
with increased contact time was also observed at all temperatures. Very high conversions are
observed below the LFL. In fact at the longest contact time (CT 1.8 s) 100% conversion was

achieved at 500°C.

Tables 6.7- 6.10 show the full data for the results obtained below the LFL in terms of product
selectivity and yields at different contact times for B-NiMoO,. These also reflect the high yields

obtained for CO, (due to high conversions and selectivities) at the highest temperatures.
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Table 6.7: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over f-NiMoQO, below the LFL

for a CT of 0.40 s.
% SELECTIVITY % YIELD
T/ % CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC
°C X ALKANES OXYGENATES | HEXENES Cs CO, ALKANES OXYGENATES | HEXENES Ce CO,
300 3.0 0.2 0.0 68.6 10.2 0.0 0.0 0.7 2.7 0.4 0.0
350 5.3 2.8 0.0 68.0 104 0.0 0.0 1.3 3.7 0.6 0.0
400 20.2 3.0 0.0 11.7 5.2 63.8 0.0 2.6 2.4 1.0 8.6
450 53.0 3.4 0.0 3.1 2.9 67.4 0.0 7.9 1.7 1.5 22.2
500 87.6 3.8 0.0 0.5 1.9 69.3 0.0 21.1 0.5 1.9 40.1
Table 6.8: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over f-NiMoO, below the LFL
for a CT of 0.91 s.
% SELECTIVITY % YIELD
T/ % CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC
°C X ALKANES OXYGENATES | HEXENES Cs CO, ALKANES OXYGENATES | HEXENES Cs CO,
300 6.6 0.0 5.5 68.0 12.4 0.0 0.0 0.3 3.6 0.7 0.0
350 10.2 0.6 0.0 28.0 6.0 57.7 0.0 0.0 0.0 0.0 5.2
400 28.7 1.2 0.3 12.2 3.0 81.3 0.0 0.1 34 0.0 22.5
450 81.2 3.0 5.2 33 2.1 79.4 0.6 3.8 2.6 1.9 57.0
500 99.4 3.3 4.7 0.0 24 84.9 0.2 5.6 0.2 2.5 84.9
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Table 6.9: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over f-NiMoQO, below the LFL

Jora CT of 1.2 s.
% SELECTIVITY % YIELD
T/ % CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC
°C X ALKANES OXYGENATES | HEXENES Cs CO, ALKANES OXYGENATES | HEXENES Cs CO,
300 18.1 1.9 24.3 2.1 3.1 67.1 0.3 4.4 0.4 0.6 12.1
350 | 46.0 5.7 13.1 0.0 5.9 74.6 2.6 6.0 0.0 2.7 343
400 | 83.8 2.6 0.0 0.0 2.3 95.9 2.2 0.0 0.0 1.9 80.4
450 | 97.7 1.8 0.0 0.0 0.0 95.3 1.7 0.0 0.0 0.0 93.1
500 | 99.9 0.8 0.0 0.0 0.0 98.3 0.8 0.0 0.0 0.0 98.3

Table 6.10: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over ;-NiMoO, below the LFL

fora CT of 1.8 s.
% SELECTIVITY % YIELD
T/ % CRACKED CRACKED CYCLIC CRACKED CRACKED CYCLIC
°C X ALKANES OXYGENATES | HEXENES Cs CO, ALKANES OXYGENATES | HEXENES Cs CO,
300 8.0 5.6 35.8 16.6 16.9 0.0 0.4 2.9 1.3 1.7 0.0
350 194 2904 16.4 11.0 144 18.0 5.7 3.2 1.3 2.8 3.5
400 | 535 46.6 0.0 0.6 33 40.8 25.0 0.0 0.3 1.8 21.9
450 | 93.6 49.4 0.0 0.0 1.9 47.5 46.2 0.0 0.0 1.8 44.5
500 | 97.6 45.8 0.0 0.0 0.9 51.8 44.7 0.0 0.0 0.8 50.6
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A comparison of the effect of contact time on conversion and selectivity for f-NiMoQO, at 300 °C
(Fig. 6.17) clearly shows the increase in conversion with increasing contact time, due to the

increased residence time of the feed. At this temperature the highest conversion is 18.1%.

Regarding the selectivity to the various products, hexenes selectivity decreases with increasing
contact time. The highest selectivity to the hexenes is 68.6%. No 1-hexene is observed as
previously mentioned. Cracked product formation increases up to a contact time of 1.22 seconds
then drops due to carbon oxide formation. A long contact time is thus required for complete
combustion to occur. The cyclic Cg¢ product selectivity initially increases with increased contact

time but also drops after a contact time of 1.22 seconds due, possibly, to decomposition.

At this low fuel/O, ratio, the number of adsorbed species on the surface of the catalyst is low,
chances of the adsorbed intermediates desorbing into the gas phase are low [18] and fewer
products should be observed if the contact time is short and this is as observed here. Also, the

temperature is low enough to not allow other products to form thermodynamically.
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Fig. 6.17: Effect of contact time on conversion and selectivity with BNiMoO, for n-CsH /0, =
0.02, T =300 €.

6.2.2 Comparison between the a- and B-NiMoQO, catalysts below the lower

flammability limit

The two phases of NiMoO, (a- and B-) were compared below the LFL as was done above the
UFL. In terms of conversion, catalyst D was slightly more active than catalyst B only above

400°C (Fig. 6.18). These results showed an opposite trend to what was observed above the UFL
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(Fig. 6.2 and Fig. 6.12). This suggests that operating conditions for the catalyst may affect the
activity of the different forms of nickel molybdate. Both catalysts showed very high conversions.

At temperatures above 400°C over 83% conversion is observed for both catalysts.
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Fig. 6.18: The influence of temperature on n-hexane conversion for catalyst B and catalyst D

below the LFL at CT 1.8 s.

In terms of product selectivity (Fig. 6.19), catalyst D showed a greater selectivity to CO, but
lower selectivity to the cracked products than catalyst B at comparable conversion. At this high
conversion (83%) no hexene is observed, reflecting its instability at elevated temperatures.
Thermodynamically, cyclic C¢ products are favoured and are more stable at 400 °C than the 2-

and 3-hexene isomers.
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Fig. 6.19: Product distribution at equal conversion levels (83%) at 400 °C for catalyst B and
catalyst D.

6.3 Comparison of B-NiMoO, above the UFL and below the LFL
Here the catalytic results reported for f-NiMoO, below the lower flammability limit (LFL) are
compared to the results of an experiment above the UFL under the same conditions to determine

whether operation above and below the flammability range affects the catalytic results.
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Comparison of conversion for f-NiMoQ, above the UFL (31.79% hexane/air) and below the LFL
(0.52% hexane/air) at the same contact time (Figs. 6.20-6.23) showed that the catalysts had
different activity under these conditions at all temperatures. Below the LFL the feed is much
more oxidizing and, since the catalyst surface is in dynamic equilibrium with the gas phase (i.e.
operating with the Mars -van Krevelen mechanism) [15, 18], much higher activity is expected and

observed.

Comparing CO, selectivity (Fig. 6.20) for B-NiMoO, above the UFL and below the LFL at all
temperatures, total oxidation is favoured below the LFL as expected due to high oxygen
availability. Except at 300°C, higher cracked product selectivity (Fig. 6.21) is obtained above the
UFL than below the LFL. Thus one may assume that operating the catalyst above and below the
flammability limit results in two different pathways of decomposition, one in which a cracking
mechanisms dominates, while the other favours a combustion mechanism. Operating below the
LFL, catalytic sites are accessible and adsorbed species do not readily desorb into the gas phase,
so over-oxidation of intermediate products is high. However, above the UFL cracking is more

likely to occur due to the surface of the catalyst being over saturated with adsorbed intermediates.

Hexene production is highly favoured above the UFL at this contact time of 1.8 s and is produced
at all temperatures, unlike below the LFL, where hexene production is only favoured at 300 °C

(Fig. 6.22) and with no 1-hexene found.
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Fig. 6.20: Comparison of CO, selectivity with temperature over -NiMoO, above the UFL and
below the LFL at CT 1.8 s.



122

‘—LFL == UFL % X LFL % X UFL
40 100
s Z
= 30 T80 =
5 20 1o &
—
o s
@ 10 | 12 8
& 0 | ; - | ; i | 0 53
300 350 400 450 500
T °C

Fig. 6.21: Comparison of cracked product selectivity with temperature for -NiMoO, above the
UFL and below the LFL at CT 1.8 s.

Under these conditions, benzene is the only cyclic C¢ product produced below the LFL (Fig.
6.23). Its selectivity increases from 300 to 350 °C, then drops at 400 °C due to the thermal
instability of benzene at elevated temperatures [1]. The trend for cyclic C¢ products above the

UFL was discussed previously (Fig. 6.6).

‘_LFL == UFL % X LFL % X UFL

= 40 100
E 30 ’_‘ 180 %

160 &
2 20 =
= T40 Z
% 10 o | bl 8
S S I I I O [N

300 350 400 450 500
ToC

Fig. 6.22: Comparison of hexene selectivity with temperature for -NiMoO, above the UFL
and below the LFL at CT 1.8 s.

When operating under fuel lean conditions it was observed that the catalysts did not deactivate as
was the case using fuel rich conditions although nitrogen dilution delayed the onset of coking. It
seems that the availability of gaseous oxygen plays an important role in catalyst lifetime and the

operating conditions definitely influence this.

Due to the risk involved in operating with feed compositions in the flammability range, especially

with oxidation processes, no reactions were performed under these conditions.
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Fig. 6.23: Comparison of cyclic Cs product selectivity with temperature for NiMoO, above
the UFL and below the LFL at CT 1.8 s.

6.4 Effect of promoters on -NiMoO,

Promoters are substances which are not catalytically active on their own but are added to an
active phase to allow it to function at its maximum capacity. They are added in small quantities to
enhance the activity, selectivity or stability of the catalyst. These promoters may function
differently and they have been divided into four classes [19, 20]. Textural promoters inhibit the
growth of small particles of the active phase during use. Electronic promoters alter the electronic
character by changing the chemical binding strength of catalysts. Structural promoters change the
active metal surface, thereby altering specific reaction pathways. Promoters that protect the active
phase against poisoning by impurities in the reactants and side-reactions are known as poison-

resistant promoters. A promoted catalyst must comprise at least 75% active phase [19, 20].

Alkali and alkaline-earth metals were successfully employed [4, 21] as promoters to significantly
improve the selectivity of butenes and butadienes of both the o and [ phases of NiMoO,
catalysts. A more detailed discussion on how these promoters’ function is given in Chapter

2.7.2.2.

NiMoO, catalysts were promoted with different loadings of caesium. Preparation of these
catalysts is given in Chapter 3.2.4 and their characterization is given in Chapter 4.5. These
promoted catalysts were tested using the optimized conditions that were used for best hexene
selectivity obtained with the unpromoted B-NiMoO, catalysts i.e. fuel/O, ratio of 2.2, dilution
with 43% nitrogen and a contact time of 1.04 seconds. The temperature range investigated was

300-500 °C.
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6.4.1 Caesium doped catalysts

From the alkali metals used, caesium promoted B-NiMoQ, catalysts gave the highest selectivity to
butenes [4] when tested on n-butane and the same pattern for testing on n-hexane was expected.
The precursors to B-NiMoO, with 3.5% and 5.7% caesium loadings were prepared and activated
in-situ as for the unpromoted catalysts. Tables 6.11-6.13 show the catalytic data obtained for the

undoped and doped catalysts.
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Fig. 6.24: Effect of temperature on n-hexane conversion with undoped and doped NiMoO,

catalysts.

The incorporation of caesium reduced the activity of f-NiMoO, which is observed from the drop
in conversion between the unpromoted and promoted catalysts (Fig 6.24). This may be accounted
for by the decreased BET surface area of the catalysts due to doping [4, 21] suggesting that the
dopant affects surface properties. Higher loadings of the alkali metal resulted in lower
conversions correlated to further decreases in the surface areas. The decreased activity occurs
because active sites that bind hexane are blocked by the caesium. If this is the case then limited

catalysis can occur which reduces the activity of the catalysts.
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Fig 6.25: Effect of Cs loading on n-hexane conversion and selectivity to products at 400 °C.
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Table 6.11: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over undoped f-NiMoO, for CT 1.04 s.

% SELECTIVITY % YIELD
T/ % CRACKED CYCLIC CRACKED CYCLIC
°C X PRODUCTS | HEXENES Cs CO, | PRODUCTS | HEXENES Cs CO,
300 | 7.1 2.3 54.7 0.1 31.7 0.2 39 0.0 23
350 | 11.7 16.3 52.0 10.8 10.3 0.2 6.1 1.3 1.2
400 | 13.5 1.7 48.1 11.3 19.9 0.2 6.5 1.5 2.7
450 | 15.3 1.8 40.3 3.8 29.7 0.3 6.2 0.6 4.5

Table 6.12: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over 3.5% Cs doped f-NiMoO, for CT 1.04

S.

% SELECTIVITY % YIELD
T/ % CRACKED CYCLIC CRACKED CYCLIC
°C X | PRODUCTS | HEXENES Ce CO, | PRODUCTS | HEXENES Cs CO,
300 | 0.2 46.5 39.6 0.0 0.0 0.1 0.1 0.0 0.0
350 | 0.2 41.7 40.1 0.0 0.0 0.1 0.1 0.0 0.0
400 | 0.5 30.0 299 0.0 20.5 0.2 0.2 0.0 0.1
450 | 0.9 25.9 28.3 0.5 26.9 0.2 0.2 0.0 0.2

Table 6.13: The effect of temperature on conversion, selectivity and yield of products for the ODH of n-hexane over 5.7% Cs doped p-NiMoO, for CT 1.04

S.

% SELECTIVITY % YIELD
T/ % CRACKED CYCLIC CRACKED CYCLIC
°C X PRODUCTS | HEXENES Cs CO, | PRODUCTS | HEXENES Cs CO,
300 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
350 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
400 | 0.2 71.9 16.4 0.0 0.0 14.4 0.0 0.0 0.0
450 | 0.3 57.9 16.6 0.0 28.1 0.2 0.2 0.0 0.1
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Comparison of the unpromoted catalyst to the promoted catalyst shows that the promoter also
affected the selectivity of dehydrogenation products (Fig. 6.25), particularly selectivity to the
hexenes. The selectivity to this desired product decreased with doping. The purpose of the alkali
metal, however, was to increase the basicity of the catalyst surface to favour desorption of olefins
which are more basic than the paraffin itself, which should reduce deep oxidation i.e. carbon
oxide formation [22]. Since hexenes are considered to be nucleophilic, due to having high
electron densities in their pi bonds, they should have weak interactions at the catalyst active site
and be less reactive and increase in selectivity [4]. This was not the case in this study. NH;-TPD
showed that the catalyst is slightly acidic involving possibly two or three active sites. CO,-TPD
shows that the number of sites increases and they become more basic with doping. Alkali metal
loading becomes disadvantageous beyond an optimum loading because the overdoping effect
occurs [23]. Hence an explanation of these results is that, apart from the acid-base character, the

concentration of the promoter ion also plays a significant role in the catalyst behaviour [24, 25].

In butane ODH selectivity to butenes improved up to 3% caesium loading only. This was
correlated to increased electrical conductivity of the n-type semiconductor NiMoO, due to
contribution of additional surface ionic conductivity from mobile Cs* which is associated with
labile O* species. Beyond this metal loading the increase in caesium oxide particles leads to a
loss in dispersion and a decrease in selectivity. Hence basicity, electrical conductivity and

selectivity to dehydrogenation products are related [26].

TPR studies for n-butane showed that the reducibility of the catalyst decreases with increasing Cs
loading [27]. If an oxide is difficult to reduce it will have low activity as is the case here and this

suggests that the reaction occurs via the Mars -van Krevelen mechanism [8, 28, 29].

It is interesting to note that CO, selectivity decreased as the selectivity to the cracked products
increased with increasing promoter loading. This suggests that total decomposition is hindered by
increasing surface basicity. The selectivity may also be related to its reducibility because if the
metal-oxygen bond is strong (high reduction potential) it would be more difficult to remove
oxygen to form oxygen containing compounds because it is more difficult for the catalyst to

undergo redox cycles.

Cracked product selectivity is much higher for 5.7% caesium loading than for the 3.5% loading,

which was compensated for by the decreased CO, selectivity. Carbon oxides are products of deep



127

oxidation of hexane. The interaction of hexane with the catalytic surface is weaker for a more
basic surface which reduces over-oxidation. This is true for the comparison of the promoted and

unpromoted catalyst and increased promoter loading.

6.5 Reaction mechanism

n-hexane — > n-hexenes — » cyclohexene ———> benzene ——» CO,
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Scheme 6.1: Reaction pathway for the products from n-hexane.

Scheme 6.1 shows the pathways for the various products formed ending with the final
decomposition products CO,. Since the NiMoQO, catalyst is only slightly basic, the surface of the
catalyst favours a limited desorption of olefins and there is some interaction of the desorbed
olefin and the catalyst surface. Depending on the residence time of the olefins on the surface,
oxygen insertion is also possible. As mentioned in Chapter 2, the oxidative dehydrogenation of

paraffins and NiMoQ, in particular operates via the Mars -van Krevelen mechanism.

6.5.1 The pathway of 1, 2 and 3-hexene formation

n-Hexane is symmetric with one primary and two secondary carbon sites. In paraffin ODH it is
well known that the activation and rate-determining step is the irreversible abstraction of
hydrogen from a secondary carbon to give adsorbed radicals [29-32]. This adsorbed radical is
very reactive and after removal of a second hydrogen from carbon 1 or 3 leads to 1- or 2-hexene,

respectively. Isomerization of 2-hexene will lead to 3-hexene (Scheme 6.2).

N
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Scheme 6.2: Pathway of hexene formation.



128

6.6 Proposed reaction pathway for the ODH of n-hexane

Scheme: 6.3 shows the possible reaction mechanism for the ODH of hexane. Based on the data
(Chapter 6, Figs. 6.3-6.6), 1-hexene selectivity decreases as the 2- and 3-hexenes selectivity
increases. This is due to the possible isomerization equilibrium that exists between these isomers.
Also as 1-hexene decreases there was an increase in benzene production. It can not be assumed
however, that 1-hexene is the origin of benzene only because cyclohexene is already present
initially. Three possible reaction mechanisms may exist for benzene formation, I) from 1-hexene
via ring closure and ODH to benzene [33], II) 1,6 ring closure to cyclohexane followed by ODH
to benzene and III) 1,5 ring closure followed by ring expansion to cyclohexane and ODH to
benzene [34]. Since no cyclohexane was observed under these conditions, I is the most likely

pathway with NiMoO,. CO, may arise from any intermediate since it increases with temperature.
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Scheme: 6.3: Possible reaction pathway for the ODH of n-hexane.

6.7 Summary and conclusion

Nickel molybdate catalysts of different phase composition were tested for the ODH of n-hexane
above the UFL and all were found to be active. The product profile included CO,, 1-hexene, 2-
hexene, cyclohexene, benzene, propane/ene, butane/ene, ethanal, acetic acid, propanoic acid, 2,5-

dimethyltetrahydrofuran, 2,5-hexanedione and water.
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The six catalysts tested were catalyst A: a-NiMoO, with excess MoQs; catalyst B: a-NiMoOy;
catalyst C: a-NiMoO, with $-NiMoO, and NiO; catalyst D: pure B-NiMoOy; catalyst E: NiO and
catalyst F: MoQ;. At equal conversion, it was found that catalyst A gave the highest selectivity to
cyclic C¢ products, catalyst E gave the highest CO, selectivity, catalyst C gave the highest total
cracked product selectivity and catalyst D gave the highest hexenes selectivity. The most

favoured product for MoO; was methylcyclopentane.

The catalyst with excess molybdenum in the form of MoO; showed the highest activity at 400 °C
(31.9% hexane/air, at a contact time of 1.8 s), giving a conversion of 47.1%; however, selectivity
to hexenes was poor. Catalyst D, the pure B-NiMoO, phase, at a contact time of 1.8 seconds gave

a total hexene selectivity of 35.3% at 300°C and a 1-hexene selectivity of 24.8%.

Further testing of the B-NiMoO, phase to optimize selectivity to hexenes was performed above
the UFL by varying the reaction conditions to improve the selectivity to dehydrogenation
products. Changing the contact time at a constant temperature of 300 °C resulted in an increase in
conversion. The highest conversion though was 6.8% at a contact time of 2.4 seconds. Hexene
selectivity increased with increasing contact time, the highest being 34.4% of which 24.8% was

due to 1-hexene. Above this contact time the CO,’s dominated.

When the feed was diluted with nitrogen there was an improvement in conversion up until 43%
dilution. After this dilution the nitrogen uses more energy for heating than overcoming
thermodynamic barriers. The hexene selectivity increased to 54.7%, while there was a drop in

CO; selectivity with the 43% dilution. The highest 1-hexene selectivity was 27.4%.

Changing the fuel/air ratio does affect hexene selectivity. The optimum condition in terms of
hexene selectivity (particularly 1-hexene) was a fuel/O, ratio of 2.2, dilution with 43% nitrogen

and a contact time of 1.04 seconds at 300 °C.

When the other polymorph, a-NiMoO, was compared to the B-NiMoO, above the UFL under the
optimum conditions for hexene selectivity, at equal conversions, the B-phase again gave better
selectivity to hexenes than the a-phase. The a-phase was shown to be more active above 385 °C.
Hence it can be assumed that both the molybdenum coordination as well as temperature plays a

role in terms of molybdate catalyst activity.
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Comparison of the commercially obtained molybdate with the synthesized catalyst shows that
both catalysts perform differently, due to the different methods of preparation. This was further

confirmed by the different characterization data obtained for both catalysts.

When the hexane contact time was varied for -NiMoO, below the LFL, the same product profile
was observed as that when the catalyst was tested above the UFL except that no 1-hexene was
observed. Conversion increased with temperature, then stabilized. Very high conversions were
observed, up to 100%, and also very high selectivity to carbon oxides. The highest selectivity to

hexenes exclusively composed of 2-hexenes is 68.6% at a conversion of 3%.

Comparison of the two NiMoO, phases below the lower LFL showed that f-NiMoO, was more
active than a-NiMoOy below 400 °C. Hence we can conclude that the operating conditions (i.e.

fuel rich or fuel lean) also play an important role.

Comparison of the B-phase above and below the flammability range suggests that both the
conversions and selectivity profiles for the catalysts change due to the different oxidizing

environments.

B-NiMoO, catalysts were doped with 3.5 and 5.7% caesium and tested using the optimized
conditions for best hexene selectivity obtained with the undoped catalysts. Incorporation of
caesium reduced the activity of B-NiMoO, and higher loadings of the alkali metal resulted in
further reduction in activity. The decreased activity was probably due to blockage of active sites

on hexane by the caesium, which is reflected by the reduced surface areas of these catalysts.

Comparison of the unpromoted catalyst to the promoted catalyst showed that the promoter also
reduced the selectivity to dehydrogenation products. Although the purpose of the dopant was to
increase the basicity of the catalyst to improve the selectivity to the olefins by causing weak
interactions between the hydrocarbon and catalyst surface, the overdoping effect is significant in
having the opposite effect. This is because beyond a certain metal loading the increase in caesium
oxide particles leads to a loss in dispersion instead of contributing to additional surface ionic
conductivity which is associated with labile O* species and a decrease in hexene selectivity.

Apart from basicity, electrical conductivity affects the selectivity to dehydrogenation products.

Finally it was proposed that the possible pathways for n-hexane ODH over NiMoOQO, are via 1-

hexene, followed by ring closure and ODH to benzene or isomerization to 2- and 3-hexene.
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CHAPTER 7

SUMMARY AND CONCLUSION

Nickel molybdenum oxide catalysts were synthesized and tested for oxidative dehydrogenation of
n-hexane for feed/air ratios above and below the flammability limit. Two vertical fixed bed

continuous flow reactors were designed and constructed for the catalytic testing.

The six catalysts tested were catalyst A: a-NiMoO, with excess MoOs; catalyst B: a-NiMoOy;
catalyst C: a-NiMoO, with B-NiMoO, and NiO; catalyst D: pure -NiMoOy; catalyst E: NiO and
catalyst F: MoO;. The co-precipitation method was used to synthesize NiMoO, precursors
(catalysts A-C) and several techniques were used to characterize these catalysts. ICP determined
the chemical composition and XRD and IR spectroscopy showed the variation in phase
composition. High temperature XRD showed that catalyst D after in-situ activation was
composed of pure B-NiMoO,. XPS showed that the Mo3ds, and Ni2ps, binding energy are
typical of Mo® and Ni** oxidation states. BET surface areas were found to be influenced by the

chemical and phase composition of the catalysts.

Products observed for all six catalysts were the carbon oxides (CO and CO,), isomers of hexene
(1-hexene, 2-hexene and 3-hexene), cyclic Cg products (cyclohexene and benzene), cracked
products: alkanes/alkenes (propane/ene, butane/ene) and oxygenates (ethanal, acetic acid and

propanoic acid).

When the effect of phase composition of NiMoO, catalysts on their catalytic activity and
selectivity to dehydrogenation products was studied in the temperature range 300-500 °C, it was
found that at equal conversion, catalyst A gave the highest selectivity to cyclic C¢ products,
catalyst E gave the highest CO, selectivity, catalyst C gave the highest total cracked product

selectivity and catalyst D gave the highest hexenes selectivity.

The two different modifications of NiMoQO,, which differ in the molybdenum coordination,
clearly show different activity and selectivity. The pure B-phase was more active and selective
toward the hexenes than the o-phase, whereas the o-phase with MoOj; is more active. This
suggests that the phase cooperation between the two phases (synergetic effect) plays an important

role in modifying catalytic activity.
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Hence the most selective catalyst for the synthesis of hexenes was the pure f-NiMoO,4, which
gave 25% selectivity to 1-hexene and 10% selectivity to 2-hexenes and 3-hexenes at 9%
conversion. Further experiments varying reaction conditions were performed in order to optimize
the selectivity to hexenes. Changing the contact time at a constant temperature of 300 °C resulted
in an increase in conversion. The highest conversion though was 6.8% at a contact time of 2.4

seconds. Above this contact time the CO,’s dominated.

When the feed was diluted with nitrogen conversion increased until 43% dilution. The hexene
selectivity increased to 54.7%, while there was a drop in CO, selectivity with the 43% dilution.
The highest 1-hexene selectivity was 27.4%. Changing the fuel/air ratio did not show
improvement in hexene selectivity. The optimum condition in terms of hexene selectivity
(particularly 1-hexene) was a fuel/O, ratio of 2.2, dilution with 43% nitrogen and a contact time

of 1.04 seconds at 300 °C.

B-NiMoO, when tested below the LFL gave the same product profile as that when the catalyst
was tested above the UFL except that no 1-hexene was observed. Very high conversions and very
high selectivity to carbon oxides were observed. The highest selectivity to hexenes exclusively 2-

hexenes, is 68.6%.

BET surface area measurements, XPS and TPO-MS showed that used catalysts had coked and
was the main reason for catalyst deactivation. This is also dependent on the oxidizing

environment and N, dilution extended the onset of coking.

It can be concluded from comparison of the B-phase above and below the flammability range that
the operating conditions (fuel rich or fuel lean, temperature, contact time, nitrogen dilution) all

affect the catalytic performance.

Caesium-doped NiMoO, catalysts with different loadings were synthesized via the wet
impregnation method. Catalytic results showed reduced activity of B-NiMoO, was due to
incorporation of caesium which was correlated to the reduced surface area as measured by BET.
The dopant also reduced the selectivity of dehydrogenation products and the possible reason for

this was the overdoping effect.
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The existence of homogeneous gas phase reactions, although significantly reduced in a
carborundum-packed reactor must still be considered especially for the formation of cyclic
products at elevated temperatures. Homogeneous-heterogeneous systems were considered in this

study for the oxidative dehydrogenation of n-hexane over nickel-molybdenum oxide catalysts.

It was proposed the mechanism for n-hexane ODH over NiMoO, proceeded through 1-hexene via

ring closure and ODH to benzene or isomerization to 2- and 3-hexene.
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EQUIPMENT USED DURING THE CATALYTIC TESTING

Karl Fischer Analysis

The determination of water in the liquid samples was done with the Karl Fischer method
using a Mettler Karl-Fischer titrator DL35 (Fig A). The Karl Fischer reagent which is
specific for water is composed of iodine, pyridine, methanol and sulfur dioxide. This
method is based on the following principle: water reacts with iodine and a reactive
component formed from the reaction of sulfur dioxide with an alcohol (methanol) in the

presence of a suitable base.

Fig A: Karl Fischer apparatus used for water determination.

Fig. B: High performance liquid pump (HPLC) used for feeding n-hexane into the

reactor.
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Fig C: Wet gas flow meter to measure total volume of gas.

Specs for the wet gas flow meter (Fig C) are

Apparatus: Drum-type Gas Meter, TG1-PVS-PVC

Type: TG 1/5

Model: Casing of Polyvinlychloride, Measuring drum of Polyvinylchloride
Serial-no: 0.524.1 BJ

Fig D: Ohaus Adventurer™ balance

used for determining mass of hexane feed.



Fig F: Perkin Elmer Autosystem XL GC used for the quantification of hydrocarbons.
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Fig G: Varian 3700 GC used for carbon oxide separation and quantification.

Fig H: Reactor set up used for testing n-hexane below LFL.
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Fig J: Control board containing various components (pressure regulators, rotameters,

pressure gauges, temperature controllers).
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MSDS DATA FOR n-HEXANE!

General

Synonyms: n-hexane, normal hexane, hexyl hydride
Molecular formula: C¢H 4

Physical data

Appearance: colourless liquid
Melting point: -95 °C

Boiling point: 69 °C

Vapour density: 3 (air = 1)

Vapour pressure: 132 mm Hg at 20 °C
Specific gravity: 0.659

Flash point: -10 F

Explosion limits: 1.2% - 7.7%

Autoignition temperature: 453 F

Stability

Stable. Incompatible with oxidizing agents, chlorine, fluorine, magnesium perchlorate. Highly
flammable. Readily forms explosive mixtures with air. Note low flash point.

Toxicology

May cause impaired fertility. Harmful by inhalation. Irritant. May cause CNS depression.

Prolonged exposure may cause serious health damage.

Environmental information
Harmful in the environment - may cause long-term adverse effects.
Personal protection

Safety glasses. Effective ventilation. Remove sources of ignition from the working area.

1. Site: http://msds.chem.ox.ac.uk/HE/hexane.html
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MSDS DATA FOR 1-HEXENE?

General

Synonyms: butyl ethylene, hex-1-ene
Molecular formula: C¢ H,»

CAS No: 592-41-6

EINECS No: 209-753-1

Physical data

Appearance: colourless liquid

Melting point: -141 to -139 °C

Boiling point: 62 to 63 °C

Vapour density: 2.9 (air = 1)

Vapour pressure: 412 mbar at 38 °C
Density (g cm™): 0.673

Flash point: -25 °C (closed cup)
Explosion limits: 1.2 - 6.9 % by volume
Autoignition temperature: 272 °C

Water solubility: 54 mg/1

Stability

Stable. Highly flammable - note low flash point. Incompatible with strong oxidizing agents,

strong acids, combustible material.

Toxicology
May cause lung damage if swallowed or inhaled. Skin, eye and respiratory irritant.
Personal protection

Safety glasses, good ventilation.

2. Site:http://msds.chem.ox.ac.uk/HE/hexane.html
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GAS CHROMATOGRAPHY PARAMETERS

1. GC 1: Perkin Elmer Autosystem (FID)

Carrier parameters:

Carrier gas: N, (HP grade), Supplier: Afrox

Vacuum compensation: OFF

Split control mode: FLOW Set point: 50.2 ml/min
Initial set point: 2 PSIG Initial hold: 8.00 min

Heater zones:

Injector: PSSI

Initial setpoint: 220°C Initial Hold: 999.0 min
Detector: 250°C

Oven Programme:

Initial Temp: 40°C Maximum Temp: 300°C
Initial Hold: 8.00 min Equilibration Time: 0.2
Ramp 1: 7.0°C/ min to 200 °C, hold for 2.00 min

Total run time: 32.86 min

2. GC 2: Isothermal Varian 3700 with TCD
Detector temperature: 130°C

Column temperature: 220°C

Injector temperature: 150°C

TCD filament temperature: 150°C

Output: Negative

Range: 0.5 mV

Carrier gas: Helium (instrument grade), Supplier: Afrox
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GC COLUMN SPECIFICATIONS

1. Perkin Elmer Autosystem (FID)
Chromopak capillary column
Coating: CP Sil 24 CB
Dimensions: Length: 30 m
Inner diameter: 0.32 mm

Outer diameter: 0.45 mm

Maximum allowable temperature 225°C

2. Varian 3700 isothermal GC (TCD)
Pre-column
Stainless steel
Support: Chromosorb WHPSP
Dimensions: Length 1m
OD 1/8”
ID: 2.2 mm
Mesh range: 80/100
Liquid phases: OV-225 weight 10 %
Temperature range 20-275°C

Analytical column
Stainless steel
Support: carboxen ™ 1000
Dimension: Length 2.5 m
OD: 1/8”
ID: 2.2 mm
Mesh range: 60/80

Maximum temperature: 225°C
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CALCULATION OF THE CARBON MOLE BALANCE

In these studies a carbon balance was always calculated. The error for the results reported was
always = 5 %. The carbon balance was calculated as follows:

The hexane feed fed into the reactor was recorded on a balance and was used to calculate the
moles of feed in.

To account for the products of oxidative dehydrogenation coming out of the reactor both
online and offline analysis was performed.

All products from the gas stream including feed were calibrated on the GC with standards.
This gas had to pass through an online 500ul sample loop before entering the GC’s FID (for
organic products) and TCD (for the carbon oxides). The total moles of gas from reaction were
quantified by scaling up to the volume recorded by the wet gas flow meter which measured
the total volume of gaseous products produced during the reaction leaving the reactor.

The other source of products was from the sampling pot which contained organic and
aqueous products which had condensed from the reaction. The mass of each sample was
recorded and then subjected to Karl Fischer analysis to determine the amount of water that
was present to determine the true mass of organic product.

Due to greater number of products contained in the liquid samples, instead of using
calibration graphs for quantifying the product, response factors were used. The percentage
areas from the GC trace were taken as representative of the mass percent of components in
the organic and aqueous samples.

For the total number of moles of products produced, moles calculated from the gas stream
was added to those calculated from the liquid stream for each product, followed by

multiplying by the appropriate carbon numbers for each and then summed up.
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MASS OF ORGANIC
PRODUCT MASS OF PRODUCT KARL FISCHER %
ORGANIC 091 1.01 10.19
AQUEOUS 0.14 0.61 76.87
% AREAS
CYCLO- ACETIC | PROPANOIC
PROP BUT ETHANAL | HEXANE 1-HEX 2-HEX (t) 2-HEX (c) HEXENE | BENZENE ACID ACID 2,5-THF
ORGANIC 0 0 97.51 0 0 1.61 0 0 0 0.01
AQUEOUS 0 0 0 19.48 6.79 0 0 59.99 0 0
*CORRECTED AREAS
CYCLO- ACETIC PROPANOIC 2,5-
PROP | BUT | ETHANAL | HEXANE 1-HEX 2-HEX (T) | 2-HEX (C) HEXENE BENZENE ACID ACID THF TOTAL
RF 0 0.35 1 1.09 1.1 1.1 0.8 1.2 0.24 0.3 0.5
ORGANIC 0 0 97.51 0 0 1.6905 0 0 0 0.003 99.2
AQUEOUS 0 0 0 21.3 7.5 0 0 73.0 0 0 101.8
*CORRECTED AREAS =% AREA x RF
*NORMALISED AREA
CYCLO- ACETIC | PROPANOIC
PROP BUT ETHANAL | HEXANE 1-HEX 2-HEX (T) 2-HEX (C) HEXENE BENZENE ACID ACID 2,5-THF TOTAL

ORGANIC | 0.00E+00 0.00E+00 0.00E+00 9.83E-01 0.00E+00 0.00E+00 1.70E-02 0.00E+00 0.00E+00 | 0.00E+00 3.02E-05 0.00E+00 1.00E+02
AQUEOUS | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.09E-01 7.35E-02 0.00E+00 0.00E+00 7.17E-01 0.00E+00 0.00E+00 0.00E+00 1.00E+02

*NORMALISED AREA = CORRECTED AREA/ TOTAL CORECTED AREA
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*NO OF MOLES
CYCLO- ACETIC PROPANOIC
PROP BUT ETHANAL HEXANE 1-HEX 2-HEX (T) 2-HEX (C) HEXENE BENZENE ACID ACID 2,5-THF
MM 44.10 58.12 44.05 86.17 84.16 84.16 84.16 82.00 78.11 60.05 74.08 100.00
ORGANIC 0.00E+00 0.00E+00 0.00E+00 1.04E-02 0.00E+00 0.00E+00 1.84E-04 0.00E+00 0.00E+00 0.00E+00 0 1.10E-05
AQUEOUS 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.49E-04 1.22E-04 0.00E+00 0.00E+00 1.29E-03 0.00E+00 0.00E+00 0.00E+00
*NO MOLES = (NORMALISED AREA OF EACH COMPONENT/ TOTAL NORMALISED AREA) x MASS OF ORGANIC) MOLAR MAS OF EACH COMPONENT
OFF GAS
FLOW/ ml 14950
FID TCD
CYCLO- ACETIC | PROPANOIC
PROP BUT ETHANAL | HEXANE 1-HEX 2-HEX (C) | 2-HEX (T) HEX BENZENE ACID ACID 2,5-THF Cco Cco2
RT 6.1 6.3 6.5 6.8 7.1 7.2 75 8.9 9.6 10.1 11.40 10.2 2.6 18.6
PEAK
AREAS 0.49 0.19 133.59 451804.18 3168.98 4697.59 8768.81 130.57 527.23 179.17 0.00 0.00 34.98 27.13
EQUATION | y=1.86e+10 | y=25le+11x | y=1.28E+10x | y=4.37E+l1x | y=649E+10x | y=6.07e+10x | y=6.07e+10x | y=4.5TE+10x | y=7.58e+10x | y=5.52e+10x | y=4.73e+10x | y=9.96E+10X | y=5.29E+7x | y=6.09E+7x
MOLES IN
INJECTION
VOL 2.63E-11 7.57E-13 1.04E-08 1.03E-06 4.88E-08 7.74E-08 1.44E-08 2.85E-09 6.95E-09 3.24E-09 0.00E+00 0.00E+00 6.61E-07 4.45E-07
ACTUAL
MOLES 7.88E-07 2.26E-08 3.12E-04 3.09E-02 1.46E-03 2.31E-03 4.32E-04 8.53E-05 2.08E-04 9.70E-05 0.00E+00 0.00E+00 1.98E-02 1.33E-02
*ACTUAL MOLES = (MOLES IN INJECTION VOLUME x TOTAL GAS VOLUME (ml))/ 0.5 mL
TOTAL MOLES
CYCLO- ACETIC PROPANOIC
PROP BUT ETHANA;L | HEXANE 1-HEX 2-HEX (C) 2-HEX (T) HEXENE BENZENE ACID ACID 2,5-THF CO CO,
7.88E-07 2.26E-08 3.12E-04 4.13E-02 1.81E-03 2.44E-03 6.16E-04 8.53E-05 1.49E-03 9.70E-05 3.71E-07 0.00E+00 1.98E-02 1.33E-02
HEXANE FID TCD
MASS ENTERING MOLES ENTERING
MASS 1 MASS 2 REACTOR (g) REACTOR MOL CIN MOL C OUT* MOL C OUT* TOTAL C % C
1142.62 1137.86 4.76 0.055 0.33 0.29 0.033 0.32 96.69

*MOLE CARBON OUT = MOLE OF EACH PRODUCT X CRABON NUMBER FOR PRODUCT
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TYPICAL GC TRACE FROM THE FID
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Fig K: GC trace from the Perkin Elmer Autosystem
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LIST OF ENGINEERING SYMBOLS

filter

Q isocratic pump

K4

X

@
XD

O

non return valve

release valve

pressure gauge

ball valve

rotameter

cylinder
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@ wet gas flow meter

]

X
P

GC

sampling vessel

needle valve

three way valve

gas chromatograph

% pressure regulator

heated line

hexane bottle

reactor
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