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Summary

A range of Ga;03/MoO; and Co3;04 catalysts have been prepared and tested for the
oxidative dehydrogenation of propane to propene. The Ga,03;/MoOj; physical mixture
demonstrated appreciable activity for propane conversion, with selectivity to propene
comparable to existing known catalysts. The major products were propene and carbon
dioxide with trace amounts of acrolein in some cases. The bulk Co304 catalyst was
active for the conversion of propane at temperatures as low as ambient. The
conversion at such low temperatures was very low but the selectivity to propene was
near 100%. At temperatures lower than 100°C the catalyst showed rapid deactivation
but at temperatures nearing 140°C the catalyst was capable of steady state conversion.
Further study led to the creation of a high surface area nano-crystalline Co30, catalyst
that was more active and selective than the original Co3;0O4 sample. The catalyst
activity was probed by varying the reaction conditions and it was demonstrated that
the selectivity and activity could be improved by varying the flow rate, feed
composition and catalyst preparation method. Further studies looked into combining
the low temperature Co30;, catalyst with an acid hydration catalyst for the one step
selective oxidation of propane to iso-propanol. The nano-crystalline sample was
tested alongside various heteropolyacids and supported phosphoric acid catalyst. Co-
feeding water had a negative effect on the activity of the nano-crystalline Co3;04
catalyst but trace amounts of iso-propanol were found in the reaction product
indicating that the process investigated was possible.



Abstract

The oxidative dehydrogenation of propane to propene has becn studied over a series
of Ga;03/Mo0O; and Co3;04 catalysts in an attempt to find a suitable catalyst that can
be used in conjunction with an acid hydration catalyst for the direct one-step catalytic
selective oxidation of propane to iso-propanol. The catalysts were created as a result
of using a design approach recognising that the suitable catalyst should be able to
activate the alkane and facilitate the desorption of the alkene without over oxidation
to COy at temperatures low enough to allow the subsequent conversion of the product
propene to iso-propanol. It has been demonstrated that the Ga,03;/MoOj; catalyst
synergistically combined the alkane activation properties of Ga,Oj3 with the selective
oxidation function of MoOj3 producing appreciable propene yields in the temperature
range 300-500°C. Studies have probed the influence of varying the Ga/Mo ratio.
Catalysts with a 1/1 and 1/3 ratio showed similar catalytic activity, whilst reducing the
ratio to 1/10 significantly reduced the propene yield. Comparison of the 1/1
Ga,03/Mo0; catalyst with a 6 wt% V,0s/Ti0; catalyst. which is known to be active
for selective propane oxidation, showed that the propene yields were greater for
Ga;03/Mo0s;.

A series of bulk Co30O4 catalysts were prepared by various methods including
precipitation from the nitrate and solid-state reaction. Propane conversion was
observed at temperatures as low as 25°C. and this was a highly significant result as
the low temperature activation of short chain alkanes is highly desirable. The catalyst
prepared by solid-state reaction was more active than the catalyst prepared by
precipitation. The selectivity to propene was near 100% at temperatures lower than
80°C but rapid deactivation of the catalyst occurred at these low temperatures. Steady-

state activity was possible at 140°C but at the expense of propene selectivity which



was found to decrease with increasing reaction temperature. Comparison of propane
conversion was made with a commercial sample of Co30s., and it was clear that the
prepared catalysts were significantly more active. The commercial cobalt oxide
catalyst was not active below 120°C.

The nano-crystalline Co304 catalyst was tested in conjunction with a number of
different acid catalysts in an effort to probe the ability of a dual functioning catalyst
for the direct one-step conversion of propane to iso-propanol. The best results were
found over a phosphomolybdic-Co304 catalyst operating in the 100-140°C
temperature range. The co-feeding of water had a negative effect on the Co3;04
activity resulting in a lower than average propane conversion. However iso-propanol
was present in trace amounts in the product distribution indicating that the process
was feasible. At this stage. no attempt has been made to optimise the reaction
conditions to increase iso-propanol yield.

All catalysts tested have been characterised by a range of techniques including BET.
powder XRD, TPR/TPO, SEM and Raman spectroscopy the results of which are

presented and discussed along with the catalytic data.



Abstract (Microfiche)

The oxidative dehydrogenation of propane to propene has been studied over a series
of Ga;03/Mo0; and Co30y4 catalysts in an attempt to find a suitable catalyst that can
be used in conjunction with an acid hydration catalyst for the direct one-step
catalytic selective oxidation of propene to iso-propanol. Both the Ga,03;/MoQOj; and
Co304 catalyst were active and selective for the reaction. The Ga,03/MoQO; was
prepared by physically mixing the component oxides and was found to be active and
selective for the reaction in the temperature range 300-500°C. A series of Co;04
catalysts were prepared by both precipitation and solid-state reaction with the latter
preparation method resulting in a nano-crystalline sample that was highly active and
selective. The nano-crystalline Co304 was active at temperatures as low as ambient
with a selectivity to propene near 100%. Combination of the catalyst with a
phosphomolybdic acid catalyst resulted in a dual functioning catalyst capable of
converting propane to iso-propanol in trace quantities. The catalysts developed were

characterised using a wide range of techniques.
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Abbreviations/Nomenclature

GHSV = Gas Hourly Space Velocity

BET = Brunauer Emmet Teller (Surface area analysis)
HC = Hydrocarbon

ODH = Oxidative Dehydrogenation

SEM = Scanning Electron Microscopy
TCD = Thermal Conductivity Detector

FID = Flame lonisation Detector

TPO = Temperature Programmed Oxidation
TPR = Temperature Programmed Reduction
XRD = X-Ray Diffraction

GC = Gas Chromatograph

i.d. = Internal Diameter

Iso-propanol = Propan-2-ol

Acrolein = Propenal

Propylene = Propene
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Chapter 1




Chapter 1

Introduction

1. Introduction to catalysis

1.1 Catalysts and catalysis

A catalyst may be defined simply as a substance, which increases the rate at which a
chemical reaction approaches equilibrium, without itself undergoing a chemical change or
being consumed in the process. A more precise definition states that ‘a catalyst is a
substance which increases the rate of attainment of equilibrium of a reacting system

» 1 Berzelius

without causing any great alteration in the free energy changes involved
first used the word ‘catalysis’ in 1836 to describe a series of observations and discoveries
made by others; Thenard (1813) discovered that metals could decompose ammonia and
Dobereiner (1825) found that manganese oxide affected the rate of decomposition of
potassiu'm chlorate. Berzelius suggested that the surface of some solids possessed a
‘catalytic force’ 21,

Catalysts fall into two main classes: homogeneous and heterogeneous. A catalyst is
described as ‘homogeneous’ when the reaction takes place in any one phase and
‘heterogeneous’ when the reaction occurs at an interface. Examples of the two systems
are given in table 1.1. Homogeneous catalysts usually operate in the liquid-liquid phase
and involve soluble metal complexes in solution. The selectivity is typically high with
moderate activity and the reaction temperatures are usually low (<250°C). Limitations to

homogeneous methods include product separation and catalyst recycling which can be

problematic and expensive.



In heterogeneous catalysis the reactants are typically gaseous or liquid and pass over a
solid catalyst. Catalytic activity is usually high but selectivity to the desired products can
be quite low, the reaction temperatures are relatively high (250-600°C). Recycling of the
catalyst is quite simple and product separation can be easier but the high temperatures of

reaction make the process energy intensive and environmentally unsound.

Table 1.1 Examples of homogeneous and heterogeneous catalysts

Catalytic system Phase Example
Homogeneous Liquid + Liquid Acid/base catalysed hydrolysis of esters
Gas + Gas Oxidation of sulphur dioxide catalysed by nitric oxide
>
SOZ NO SO?
Heterogeneous Liquid + Gas Phosphoric acid catalysed polymerisation of olefins

CoHa yirod™ -(-CH.CH,-),-

Solid + Liquid Gold catalysed hydrogen peroxide decomposition
H0:  a” H:0+ 120,

Solid + Gas Iron catalysed production of ammonia (Haber process)

No+3H, .~ 2NH;

1.2 Basic principles of catalysis

A catalyst works by providing another route for the reaction i.e. providing an alternative

reaction mechanism with a lower energy of activation (figure 1.1).



Reactants

Adsorbed Surface
reactant reaction

Products

Adsorbed product

Reaction coordinate

Figure 1.1 Potential energy profile of an exothermic reaction: red line, uncatalysed; blue line,

catalysed

A catalyst can only alter the rate at which the reaction attains equilibrium; it cannot alter
the position of equilibrium in a reversible reaction. This can be easily shown. The Gibbs
free energy AG°® is a state function, and for any reaction there can be only one value for

the standard Gibbs free energy change AG°. Since:

-AG°=RTIn K

where K is the equilibrium constant, there can be only one value for K

Given that the equilibrium attained in a catalysed reaction must be the same as the
corresponding uncatalysed reaction it follows that the catalyst must equally affect the rate
of both the forward and reverse reactions. The equilibrium constant K of the uncatalysed

reaction:



k;
Reactants =———"Products

kg
can be defined as:

K=K,

Where k; and k» are the rate constants for the forward and reverse reaction respectively.

The corresponding catalysed reaction can be given as:

k!
Catalyst + Eeactant =——= Products + Catalyst

;Cg f

and
-k
K= %2'
Given
-AGO]‘ =RT ln(k]/kg)
and
-AG’ =RT In (k; /k2")

By definition

-AG°y = -AGY

where -AG®y is the standard free energy change at T® Kelvin, and so

(ki/kz) = (ki /ka")

It is therefore apparent that a catalyst can only accelerate the rate of a chemical reaction
that is already thermodynamically feasible i.e. a reaction that involves a decrease in free

energy 1.



1.3 Heterogeneous catalysis

Many industrial processes are now carried out by heterogeneous catalysts, some of the
most important being the Haber process for the production of ammonia. the Bosch
process for hydrogen, the contact process for sulphuric acid. the refining of petroleum and
the synthesis of vinyl chloride. aldehydes, butadiene, styrene. phenol. alcohols and many
other important organic compounds. One of the earliest observations of such catalysis was
Paul Sabatiers observation that nickel hydrogenated ethene giving ethane (1900) . Many
more industrial applications followed. A number of materials are used for heterogeneous
catalysis and they can be divided into two distinct groups: (i) metals and (ii) non-metals.
Table 1.2 highlights some of the more important reactions with examples of catalysts
used. The metallic and supported metallic catalysts are some of the most important
catalysts and are used in dehydrogenation. hydrogenation. hydrogenolysis and in some
cases oxidation. Metal oxides and sulphides such as NiO, Cr,O; and WS, are proven
catalysts for oxidation, reduction, cyclisation and desulphurisation reactions. Ceramic
metal oxides such as MgO, Al,O3 and SiO; are often used as supports for metals because
of their high stability and inactivity, and are also used in dehydration and isomerisation
reactions. Zeolites are important catalysts for the catalytic cracking of petroleum fractions
to C,-Cy4 hydrocarbons. Zeolites H3;PO4 and H>SOy are examples of acid catalysts and as
well as catalytic cracking reactions are also useful for polymerisation. isomerisation and

alkylation reactions 131,



Table 1.2 Typical catalysed reaction

Reaction Catalyst Type of reaction
CH;CH=CH,— CH;(CH,);CH=CH, NiO/SiO,/Al, 0, Polymerisation
Petroleum fractions — C,-C,- hydrocarbons Al04/SiOs Hydrocarbon cracking

But-1-ene — Buta-1,3-diene MoO;/V,05 Oxidation
Ethylene— H,C(O)CH, Ag
CO + H, — alcohols, aldehydes, acids, Fe. Co. Ni Synthesis
hydrocarbeons
Olefines— Paraftins Pd, Pt. Ni. Rh, Os, Reduction

Acetylenes — Olefines

Ni, Rh, Pd, Pt

But-1-ene — cis/trans but-2-ene

Ni, Pd. Pt, Ru. Rh

Isomerisation

CO+ 3Hz—* CH4 1 H20

Ni

Shift reactions

CO + H:O — CO: + Hz Fe;().;/CrzO;

1.4 The petrochemical industry and the production of propene

Many materials and chemical intermediates are derived from propene, some of the most
important materials include: propene oxide. acrylonitrile, cumene. polypropene,
oxoalcohols and iso-propanol. In turn, each of these chemicals is an important precursor
in the manufacture of consumer products. Propene oxide is a precursor to polyurethane
resins and propene glycols, which are used in flame-retardants and synthetic lubricants.
Acrylonitrile is converted to acrylic fibres and coatings. Dimerization of acrylonitrile
affords adiponitrile, which is used in the synthesis of nylon. Cumene is used to make

epoxy resins and polycarbonate and is also a constituent of vinyl floor tiles, carpets, foam



insulation and other rubber floor/wall coverings. Polypropene is an important
thermoplastic polymer with countless applications in areas such as food packaging,
textiles, plastic parts and containers to name but a few. High-grade polypropene is used in
various fabrication processes such as injection moulding, thermoforming. blow moulding
and laminating. Iso-propanol is typically used as a solvent and disinfecting agent as well
as being an additive in fuels. Oxo-alcohols are used in coatings and plasticers 151,

Propene is produced primarily as a by-product of petroleum refining and of ethene
production by the steam cracking of hydrocarbons. For example it is estimated that
66% of the total amount of propene produced in 2003 was obtained as co-product in
ethene manufacture by steam cracking processes. Fluid catalytic cracking (FCC) units
supply around 32% with propane dehydrogenation and metathesis estimated to account
for only 2% of the market %1 The current demand for propene is primarily driven by the
high growth rate of propylene for the plastics industry and it is estimated that future
demand will increase by 5% annually. With the demand for olefins ever increasing the
principle methods of steam cracking and FCC may not have the capacity to meet future
needs. Indeed, with an increasing demand for all alkenes the operating conditions in many

steam and catalytic cracking processes are being optimised for ethene production at the

expense of propene yield 7,

1.4.1 Steam Cracking

Although a number of modern processes use catalysts. steam or naptha cracking is an
example of one that does not. The process works by naptha being vaporised with super
heated steam and cracked to smaller molecules via free radical mechanisms in the absence

of a catalyst. Oil or gas fired burners are used to heat the reactor tubes to 750-900"C with



temperatures up to 1100°C (high severity cracking). Light olefins are formed in the
gaseous state before the reaction mixture is cooled and quenched. The effluent is then
passed through a series of heat exchangers before primary fractionation and compression.
The gasoline and fuel oil steams are separated into liquids and gas fractions with the
products at this stage being uncrude fuel oil. aromatic gasoline. tolucne, benzene and
xylene. The final stage is product recovery where the products are separated by
distillation, refrigeration and extraction. Cz compounds are removed in a depropanizer
stage with consequent splitting of the alkane and alkene ! ®.

The steam cracking of ethane is similar to naptha cracking and gives rise to propene as a
by-product. Cracking is a massively energy intensive process and is estimated to be the
single most energy intensive process in the chemical industry, it is estimated that the

pyrolysis stage of the steam cracker consumes 65% of the total process energy alone 7).

1.4.2 Catalytic cracking

Since its early beginnings research into catalytic chemistry has been stimulated by the
needs of industry. The use of catalysts has led to better reaction control and product
selectivity as well as improved process efficiency and ecomomics. Indeed. a number of
existing processes may well become obsolete as the development of catalytic processes
increases. The first major catalytic cracking processes were introduced in 1940°s
America and originally used clay catalysts operating at 500°C. Since then development
has seen the introduction of newer processes such as modern fluidised-bed catalytic
cracking (FCC) and hydrocracking.

Fluid Catalytic Cracking (FCC) is an acid cracking process that uses acidic ZSM

catalysts and heavy feedstocks. By using a zeolite catalyst the process is less energy



intensive than steam cracking and typically operates in the 450-600°C temperature range.
Efficient heat transfer is managed by good contact between the catalyst and reactant along
with the moving/riser reactor technology. The low temperatures mean that excess heat can
be recycled and used as a source of process energy. The use of a catalyst also means that
the reaction is more selective towards the desired product.

The hydrocracking process is less efficient and more expensive than the FCC process
and operates at about 450°C and 150-200 atm hydrogen. The catalyst used is usually a

zeolite-supported palladium "),

1.4.3 Alkane dehydrogenation

The direct catalytic dehydrogenation of alkanes provides a selective way of alkene
production from abundant alkane feedstocks and was first commercialised in the 1930°s.
Areas such as the Middle East where alkane feedstocks are in good supply have been
paying a lot of attention to propane dehydrogenation for propene production 7191 " Alkene
production via catalytic dehydrogenation takes up only a small portion of total alkene
production but offer more selective routes to the desired product. Current industrial

processes in or near operation include:

(1) The Catofin or Houndry process licensed and developed by Sud-Chemie and
Lummus is a cyclical process using an adiabatic fixed bed reactor comprising
alkali promoted CrOy/Al,O5. The operating temperature is around 590-650°C

and converts alkanes to alkenes with 85% selectivity /',



(i) The STAR process (Steam Active Reforming). under licence from Philips uses
a cyclical dehydrogenation and oxydcehydrogenation process with a Pt/Sn on
7ZnAlO4/CaAl,O4 The STAR reactor uses a combination of dehydrogenation

and oxydchydrogenation processes giving selectivity to alkenes of around 90%

[10-11]

(ii1)  The UOP Oleflex process for C3 and C4 production uses and alkali promoted

Pt/Sn/Al,O; catalyst and achieves a selectivity to alkenes of around 91% "1,

(iv)  FBD (Fluidised Bed Dehydrogenation) operates under licence from
Snamprogetti/Yarsintiz and uses an alkaline promoted CrO,/Al,Oj; catalyst for

the production of alkenes. Process gives selectivity to propene of around 90%

Due to the relative stability of ethane and hence the vigorous reaction conditions
required for dehydrogenation, there is as yet, no commercial ethane dehydrogenation
process. Indeed one of the main problems with catalytic dehydrogenation processes is that
the conversion and selectivity are restricted thermodynamically and high temperatures are
necessary to supply energy to the strongly endothermic main reaction. In turn. the high
temperatures can lead to a number of unwanted side reactions resulting in irreversible
catalyst deactivation. Even when there isn’t complete deactivation it is still necessary to
regenerate the catalyst, sometimes after only minutes online. The high temperatures also

make the process energy and capital intensive '),



1.4.4 Alkane oxidative dehydrogenation

The oxidative dehydrogenation of alkanes provides an alternative route for the production
of alkenes, which overcomes the thermodynamic restrictions, allows operation under
relatively mild conditions and avoids the necessity of continuous catalytic regeneration.
Dioxygen can facilitate the conversion of molecular hydrogen into water and thus shift
the equilibrium towards the formation of dehydrogenated products. Oxygen acts as a
hydrogen acceptor which gives rise to an exothermic reaction and overcomes the

thermodynamic limitations of a reversible endothermic reaction.

Cnl’{:n+2 - Cnl 12n + }12
0.50;+ H> — H,0O

Overall:

CnHoniz +0.502 — C Hy, + HO

The oxidant also prevents coking by burning off any carbonaceous deposits that can
decrease catalyst lifetime. However, there are a number of drawbacks. Controlling
selectivity can be difficult due to the possibility of a large number of oxygenated products

such as aldehydes and acids (figure 1.2).

11



2-propenol

CH;COH=CH,

Acetone
CH;COCH;

/

Propanc

CH:CH,CH;

Acrylic acid

H;C=CHCO,H

The other major problem is controlling the consecutive oxidation to carbon oxides: figure
1.3 shows the reaction network for the oxidative dehydrogenation of propane. Propene is
formed from the oxidative dehydrogenation of propane (k). and COy is formed as a result
of the direct combustion of propane (k) or the subsequent total oxidation of propene (k3).
For a selective reaction the ky/k, ratio is usually low (~0.1). but with incrcasing
conversion there is usually a decrease in alkene yield corresponding to an increased ky/k,
ratio (~10-50). The large k3/k; ratio occurs as a result of the weaker allylic C-H bond in

propene and the fact that alkenes are more strongly bound to oxide surfaces. The strongly

Propence _ Acrolein
CH;CH=CH; H,C=CHCHO
2-propanol
CH;CHOHCH;3

Figure 1.2 Oxygenated products of propene 2

[13]

bound alkene is susceptible to further oxidation ' .

12



Figure 1.3 Reaction network in the ODH of propane

Other difficulties include the flammability of the reaction mixture and controlling the
heat produced. due to the exothermic reaction the process can be auto-thermal, but this
can also lead to a runaway reaction. [t is therefore necessary to operate within the
flammability limits and to carefully control the feed mixture. With oxygen in excess there
is an increased conversion, but also the increased likelihood of total combustion resulting

in poor selectivity to the desired product.

There is a general agreement that propane oxidative dehydrogenation involves redox
cycles whereby the organic molecule is oxidised by lattice oxygen resulting in a reduced

I i.e the Mars-van Krevelen mechanism. When

centre which is then reoxidised by O, """
in equilibrium with the gas phase the surface is populated by short lived oxygen species
capable of removing the methylene C-H in the propane molecule. A second hydrogen

abstraction then takes place before desorption of the propene molecule and subsequent

reoxidation of the reduced site (figure 1.4).

13



+0s) +01(s) /
O\‘

Figure 1.4 Proposed reaction mechanism for the ODH of propane (t1 denoted surface vacancy) '

Propane oxidative dehydrogenation remains a viable route for the production of propene
but as yet no catalyst has been developed which meet the requirements of industrial
processes. Also the problem of propene stability towards consecutive unselective
oxidative attack makes finding a suitable catalyst for the oxidative dehydrogenation of

propane a difficult task.

1.5 Aims of project

The overall aim of this project is to find a catalyst capable of the direct conversion of
propane to iso-propanol, which historically has not been extensively studied. A vast
portion of the research will focus on the initial propane oxidative dehydrogenation step in
an effort to find a catalyst capable of activating propane at temperatures low enough to
allow the subsequent hydration step to take place. One of the main problems will be the
incompatibility of the reaction conditions for the two different processes. To date the best
catalysts found for the ODH of propane usually operate in the 400-600°C temperature

range at atmospheric pressure. Even the most active catalysts can only operate at

14



temperatures not less than 350°C and this is usually at the expense of propane conversion
and propene yield. Such reaction conditions are too severe for the hydration of propene: a
process that is thermodynamically limited by the reverse reaction at high temperatures.
Current propene hydration processes operate in the 100-300°C temperature range and at
pressures typically between 25-250 atms.

Based on this, two possible approaches are possible. One is to develop a range of
multi-component catalysts that possess both oxidative dehydrogenation and acid catalytic
properties combined synergistically. Simplistically, it can be imagined that synergistic
combinations may exist in which one component is principally responsible for propane
activation and the other for oxygen insertion. As an example it has been shown previously
that Ga,03/Mo0O; is a selective catalyst for methane oxidation to methanol U7 Even if
the reaction proposed for this investigation is very different, such materials represent an
excellent starting point, since they contain redox elements (Ga,Mo). The acid function
could then be introduced by direct impregnation of the ODH catalyst e.g. by the addition
of a strong acid such as phosphoric acid.

A second possible approach would be to keep the oxidative dehydrogenation and
hydration catalyst separate but in contact i.e. by layering the catalyst beds or creating a
mechanical mixture. Such an approach would prevent modification of the individual
functions by addition of one catalyst to the other e.g. impregnation of the ODH catalyst
with a strong acid such as phosphoric acid may increase the acid character of the catalyst
but at the expense of its selectivity to propene.

Either way, one of the most difficult problems will be finding an oxidative
dehydrogenation catalyst capable of operating at such low temperatures. Although it is
theoretically possible to convert propane to propene with 100% selectivity at ambient

temperature using an oxidative dehydrogenation process, this has not yet been realised.
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Conversion is limited at such low temperatures, so in order to achieve appreciable yield
the propene selectivity would have to be near 100%. Catalyst selectivity is of vital
importance in the production of olefins and in the cases of large-scale applications it can

often be more important than activity.

1.6 Literature review

1.6.1 Vanadium based catalysts

Vanadium oxide based catalysts are active and selective for a number of catalytic
reactions including: the selective oxidation of short chain alkanes and alkenes such as o-
xylene, 1,3-butadiene and methane; the oxidation of methanol; the oxidation and
ammoxidation of aromatic hydrocarbons; the decomposition of iso-propanol, as well as

(18231 " Industrial processes currently in operation

the selective catalytic reduction of NOy
using vanadia based catalysts and short chain alkane feedstocks are n-butane to maleic
anhydride on VPO and propane ammoxidation on VSbO/AIl,Os3. Vanadium catalysts for
alkane oxidative dehydrogenation have also been the subject of much research and to date
there has been a number of reviews detailing the current state of the art 2%, Bulk V,0s
is a proven catalyst for alkane oxidation but not a good catalyst for propane oxidative
dehydrogenation. Propane conversions of 22% at 540°C have been reported in the
literature but the selectivity to propene was low at 18% ¢/, Other groups found similar

29

results ! However, the spreading of the oxide onto a suitable support leads to

modification of the vanadia properties resulting in a highly active and selective catalyst.
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Supported V,0s5 catalysts are very active and selective catalysts for the ODH of propane
to propene. Some of the earliest work was done on V-Mg-O catalyst with interesting
results. Early work by Chaar ef al on V impregnated MgO showed how it was capable of
10% propane conversion at 540°C with a propene selectivity of 65% 1261, Interestingly. the
only products formed were propene, COy and ethane(ene) with no other oxygenates found
in the feed. The absence of oxygenated products was attributed to the absence of V=0
bonds in the orthovanadate (Mg3;V,03) system which are believed to cause over-oxidation
of the hydrocarbon. In a similar study Sew et al assigned the activity to the pyrovanadate
phase (a-Mg>V,05) and stated that it was the orthovanadate phase that was responsible
for the total oxidation *’!. Further work confirmed the pyrovanadate phase to be the most
selective and reducible with the reactivity of each phase found to decrease in the order
Mg,V,07 > MgV,0¢ > Mg3V,0s. Gao suggested that the phases work in a cooperative
manner with the selectivity to propene over Mg3V,04 (orthovanadate) being promoted by
the presence of the a-Mg,V,0; (pyrovanadate) phase or excess MgO in intimate contact
(28291~ Overall there is a general agreement that the reaction proceeds via abstraction of
hydrogen from the alkane with the reduction of tetrahedrally co-ordinated V** species.
The influence of the preparation methods of V-Mg-O catalysts on their catalytic
properties has been studied and, again, an Mg enriched surface was found to be beneficial
[30]

More recent studies have looked into altering the activity of the established V-Mg-O by
modification of the active site or the addition of certain promoters. Solid state catalysts
prepared by mechanical mixing of the two component oxides have been investigated but

B The significant

the results were poorer than those over the impregnated sample
increase in the selectivity over the impregnated sample has been related to the highly

dispersed Mg in the meso-VMg. The addition of Mg to vanadia has been found to
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increase the activity by the formation of VO tetrahedra with the activity of the catalyst
being related to the presence of VO, tetrahedra and the absence of exposed V=0 bonds
from V,0s crystallites 132-33] "Certain recent studies have focused on the preparation of
magnesium vanadates with higher concentrations of these VO, tetrahedra. The
preparation method studied was found to inhibit the formation of the less selective double
V=0 bonds resulting in a more active Mg;V,0; . It appears that the strong interaction
of the acidic and basic MgO is an important factor for the formation of active magnesium
vanadates, the formation of isolated or clustered VO units is necessary to prevent over
oxidation of the alkane: many groups support the theory that the high selectivity is as a
result of the limited oxygen availability within these systems.

Supporting vanadia on other metal oxides also results in an active catalyst. VO
supported on Al,O3, SiO; and MgO has been the subject of a number of catalytic and
structural studies. Silica supported catalyst have received a lot of attention over the last

739 The oxidative

few years, primarily for the oxidation of ethane and butane
dehydrogenation of propane over SiO; supported vanadia has received less attention but
certain studies have shown it to be an active catalyst for the production of propene.
Parmaliana e al '*”' found that V,0s greatly enhanced the performance of pure SiO, for
the production of propene. However, the temperature of the reaction was relatively high,
typically operating in the 500-655°C temperature range. At lower temperatures of 450°C
the conversion is relatively poor at 2.8% with selectivity to propene of 66%. although,
with an alkane rich reaction feed the conversion was increased to 3.3% with a propene
selectivity of 73%. The catalyst also showed traces of other oxygenates in the feed
(ca.<5%). At higher temperatures (>500°C) the conversion is increased but at the expense

of selectivity as methane, ethane and carbon oxides become the dominant products. Other

groups found similar results with higher temperatures being necessary for appreciable
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conversion of propane 41 The best propene yields were achieved at 550°C but again, at
these temperatures traces of ethane, ethene and methane were found. The higher reaction
temperature required for the activation of propane on VSiO, catalysts is consistent with
the evidence that the V species is highly dispersed over the acidic silica surface.
Increasing the vanadia loading results in an increase in conversion due to the formation of
polymeric vanadium species which, although more active. cause over oxidation of the
alkane. Silica supported VMgO catalysts are active and selective for the oxidative
dehydrogenation of both propane and n-butane 1421 but as with other silica supported
catalysts tend to show low selectivity to oxygenates at higher reaction temperatures. in
this case acrolein. Higher Mg/V ratios were required for better selectivity due to the loss
of Mg within the system to the formation of Mg;SiO4. As with previous studies the
presence of ortho-Mg3;V,03 and pyro-Mg,V,0; are necessary to obtain the most selective
catalyst.

In studies by Lemonidou ef a/ V,0s impregnated TiO, and Al,O3; were found to be
more active and selective than V-Mg-O catalyst !, The activity was related to the
reducibility and structure of the V species on the surface. Under the conditions tested the
activity and  selectivity was  found to  decrease in  the  order
VALO3;>VTiO»>VZrO,>VMgO. The VAI,O; catalyst was 60% selective to propene at
8% conversion at 450°C, results comparable to those over Mg-vanadates. The addition of
alkali metals (Li, Na and K) was found to increase the selectivity to around 80% but at the
expense of decreased conversion. Recently V,0s/Al,03/Si0; catalysts have been shown
to activate propane in the 400-500°C temperature range **. Propane conversion over the
catalysts were quite high at around 20% but the selectivity to propene was below average
at <50%. The addition of Ni, Cr, Mo, and Nb to V-SiO, catalysts was found to increase

the overall activity and selectivity 43 at 500°C, and with conversions of 10%., a
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selectivity to propene of around 40% was achieved. The selectivity to propene was found
to decrease with the increasing electronegativity of the additive. The addition of an alkali
potassium promoter increased the selectivity but decreased the activity. Interestingly the
addition of K to VO, MgO resulted in a decrease of both activity and selectivity.

Alumina-supported basic vanadates containing ZnO are also active for propane
conversion but the selectivity to propene is very low !*°). As with previous work it was
found that good interaction of the active phase with the support was necessary for
increased propene selectivity. Interestingly the temperature of the reaction was relatively
low at 350°C. This is some 50-100°C lower than many of the other V containing catalysts
reported in the literature. The addition of Mg modifiers to V,0s/Al;03 and V.0s/ TiO;
catalyst was investigated by Machli er al'’! Addition of Mg to V,0s/ TiO, almost
doubled the selectivity of the catalyst. The effect on V,05/Al,0; is less pronounced. This
increased selectivity was related to the beneficial effect of Mg in the rate of primary
formation of propene from propane. The specific surface activity of the catalyst was
found to be related to the acidity; the higher the acidity the higher the activity.

Vanadium phosphates are well known to be active and selective in the oxidation of n-

[48] [43]

butane to maleic anhydride as well as the selective oxidation of ethane to ethane
The ability of VPO to catalyse the ODH of propane is generally quite poor. Vanadyl
phosphates give predominately carbon oxides with very low concentrations of propene,
ethane, acrylic acid and acrolein ***%). The highest propene selectivity reported is 12.5%
over a-VOPOy although a selectivity of up to 75% has been reported when the reaction is
carried out in the presence of ammonia *'!. Higher propane selectivity has been obtained
over vanadium aluminophosphates. VAPO catalysts containing small amounts of vanadia
were very selective, and this selectivity was attributed to the increased concentration of

VO, tetrahedra on the surface *%).

20



Vanadium oxide containing catalysts are active and selective materials for the oxidative
dehydrogenation of propane, as well as ethane and butane. The spreading of the catalyst
over various supports and carriers is found to greatly increase the activity of the V
species. The activity and selectivity of the catalyst is found to be influenced by a number
of factors including: the preparation method. presence of dopants, vanadia loading, the
nature of the support and hence the nature of the surface V species. Acidic supports give
a highly dispersed vanadia monolayer whereas basic supports tend to form stable mixed
oxidic phases. Although vanadium containing catalysts show some of the highest
conversion and propene selectivity the temperature of the reaction is typically in excess of

500°C.

1.6.2 Molybdenum based catalysts

Molybdenum oxide based catalysts are active for a number of reactions including the
selective oxidation and ammoxidation of propene. Bismuth molybdates and vanadyl
molybdates have proven to be active in the (amm)oxidation of propene to acrolein, acrylic
acid and acrylonitrile"™ but it is only recently that significant attention has been paid to
molybdenum based catalysts for the oxidation and oxidative dehydrogenation of propane.
Some of the earliest reported work was done in 1978 on cobalt molybdates that showed
high selectivity to propene (77.9%) at temperatures in excess of 500°C but the reported
propane conversion was very low at just 4.1% 54 1t s only in the last 10 or so years that

serious effort has been directed towards the study of various metal molybdates for the
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ODH of propane and although promising results have been seen one of the major
problems with molybdenum oxide based catalyst is the high temperature required for
activation of the alkane. Indeed the majority of molybdenum catalysts studied are only
active at temperatures greater than 450°C with few exceptions.

Yoon et al %! studied propane oxidation over a series of metal molybdate catalysts
and found that most of the catalysts predominately promoted the ODH of propane to
propene. Each catalyst attained 80% selectivity but with varying activity. The most
active catalysts were found to be those containing Mg, Ca, Ni, Al and Cr but selectivity at
these conversions was relatively low. The most active and selective catalyst was
Coo9sMoO,, which gave 60% selectivity at 20% conversion at 450°C, these results are

comparable to those obtained over V,0s/MgO catalysts 1571,

Precipitated magnesium
molybdates such as Mgg9sMoOy are active at temperatures as low as 400°C but with low
conversion. The authors report a maximum conversion of 22%, with a selectivity to

1581 Bulk and supported magnesium molybdates have also displayed

propene of 61%
promising results. Cadus and co-workers 159) teported an MgMoO4-MoO;s catalyst, which
displayed high catalytic performance in the ODH of propane to propene. The maximum
selectivity observed was 91% at 10% conversion at 550°C. The activity was attributed to
a synergistic cooperation between the two phases in the MgMoO4-MoO3 mechanical
mixture. Bulk MoOj; shows little activity for propane oxidation but when used in
conjunction with MgMoOj there is an overall increase in the conversion and selectivity
158-39] ' The activity was found to be strongly dependent on the acidity of the catalyst.

Further studies indicated that excess MoQOj in the MgMoOy system plays an important

part in the ODH reaction with surface MoOy clusters contributing to the overall activity

[60]
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The selectivity to propene over certain MgO-MoO; systems is influenced by the
presence of promoters. The addition of K and Sm to a MgO/y-Al,O3-supported
molybdenum catalyst resulted in an increase in selectivity but a decrease in conversion
1611 Addition of Cs, K and Li to a MoO/ZrO, catalyst resulted in a similar decrease in

162) " The increased propene selectivity of

activity with subsequent increase in selectivity
ODH catalysts with alkaline addition is well known. with the effect being attributed to
modification of the acid sites responsible for activity. Similar results were found over
alkali modified VO,/TiO, for the ODH of propane to propene !%*!.

A number of studies have focused on supported molybdenum catalysts with a lot of
attention paid to the effect of various supports on catalytic activity. Desikan and co-
workers (¢4 investigated propene oxidation over MoOj3 supported on SiO;, Al,O; and
TiO,. The oxidation products formed were found to be dependant upon the support used
(acetone on MoQ3/Ti0,, acrolein on MoQj3/Si0; and acetaldehyde on MoO3/Al,03). The
activity for propene oxidation increased in the order SiO,< Al,03<TiO, and was found to
correlate with the interaction of MoOj3 with the support.

1631 Propane

Other groups found similar results for the ODH of propane to propene
conversion was tested over MoOj; supported on Nb,Os, TiO;, Al,O3, SiO,;, MgO and
Zr0,. Of these, the MoO3/Ti0O; catalyst was the most selective at iso-conversion with a
propene selectivity of 77% at 5% conversion. The rate of the reaction over the

MoO3/TiO; catalyst was increased by the addition of vanadia and niobia promoters which

gave a catalyst with activity similar to that of NiMoOj: one of the better catalysts reported

[66] (67-69]

for the reaction "™'. An extensive study conducted by Grasselli et al showed how
silica-supported NipsCopsMoO4 was capable of 67% selectivity to propene at 20%
propane conversion. The maximum propene yield was found to be 16% at 34%

conversion.
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Molybdena-manganese catalysts have been shown to be highly effective for propane

70711 A Mo-Mn-O system prepared from dry

ODH, especially at low temperatures
impregnation of Mo on Mn,03 was active at temperatures as low as 350°C. The propene
yield was 1.5% with a selectivity to propene of 76%:; the only other product was CO,.
This temperature was reported to be 100°C lower than other more commonly tested
catalysts. It is interesting to note that Mn,O; and CuMn;04 are proven catalysts for
combustion of CO and small chain olefins "*7°!, Mn;QOy4 has also been shown to activate
propane and propene at temperatures as low as 100°C "l Combination of the highly

active Mn,O3 with the relatively stable MoOs led to a selective catalyst that was active at

a lower than average temperature.

1.6.3 Gallium based catalysts

Catalysts based on gallium oxide have been proven for a number of catalytic reactions.
These include gallia exchanged or impregnated ZSM-5, gallium in mordenite or ferrierite,
gallium with sulfated zirconia or sulfated ZSM-5, and combinations of gallium with
zirconium on sulfated and unsulfated ZSM-5 which are all active for the reduction of NO,
by methane and hydrocarbons 51 Recently Choudry et al showed that MCM-41
supported Ga,O3 was active for Friedel-Craft benzene benzylation and acylation of
aromatic compounds 761,

One of its most important applications is in the Cyclar process where a Ga-ZSM-5

catalyst is used for the aromatization of propane and butane. Early work by Chen and

Cattanach showed ZSM-5 was an effective catalyst for the conversion of alkanes to
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(77-79]

aromatics . Subsequent research and improvements led to the development of the

[80] (81-82)

Cyclar process using gallium modified ZSM-5 The reaction is generally
recognised to involve the synergistic interaction between the zeolite and the active
gallium species. It is believed that the reaction follows a bi-functional process whereby
the gallium catalyzes the dehydrogenation reaction and the zeolite acid sites facilitate the
oligomerisation and cyclization of the propene ',

Since its initial beginning continuing efforts have been made to improve the activity of
the catalyst and also to probe the nature of the active sites. Buckles and Hutchings 183-84)
tested the effect of co-feeding NO, O, and H; on the activity of Ga-ZSM-5 for the
activation and conversion of propane and found that the addition of NO resulted in a
decrease in overall conversion and methane yield, the propene yield however, remained
constant. The addition of H; to the system was also found to decrease the activity and
aromatic yield. Interesting results were found when the Ga,O3 was kept separate from the
zeolite or was combined as a mechanical mixture. By having Ga,0; separate from the
ZSM-5 a propane conversion of around 34% was achieved with a selectivity to propane
of 9%. Again the temperature of the reaction was high at 550-600°C. Pre-treatment of the
catalyst with H; resulted in a decrease in both conversion and selectivity for catalysts with
higher concentrations of Ga;0;. Combination of the Ga,0O3; and ZSM-5 in a physical
mixture gave promising results for the conversion of propane to propene. Increasing the
concentration of Ga,Os within the mixture resulted in an increase in propane conversion
and propene selectivity. Methane, ethane and aromatic selectivity decreased. The addition
of H; to the reaction mixture increased the activity of the physically mixed catalyst
relative to having N, in the feed. A 100% Ga,0; catalyst at 600°C with H; in the feed

achieved 21.8% conversion with a propene selectivity of 71.9%. With N, in the reaction

mixture the conversion decreases to 8.8% with a selectivity to propene of 74%. The
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authors attribute the higher activity of the physical mixture to contact synergy within the
Ga,03/ZSM-5 system. They suggest that the propane molecule is activated at the interface
between the Ga,O; and the zeolite. In related studies on the conversion of methane to
methanol, deuterium exchange experiments showed how at 500°C the rate of CHy/D>
exchange was greatest over Ga;0;3 (4.71 x 10" molecules s') #3*¢ This would support
the theory that the key role of Ga,0; in these catalysts is to aid C-H bond activation via
heterolytic cleavage caused by bond polarisation induced by the Ga,0O;,
Gallium oxide based catalysts have also been considered for the conversion of propane to
propene via alkane dehydrogenation, typically in the presence of CO; 87481 " Work by
Michorczyk et al showed how both propane conversion and propene selectivity could be
increased by the use of CO; as a mild oxidant. The temperature of the reaction was very
high in comparison to those typical for oxidative dehydrogenation using O; but the results
are quite interesting. At 600°C the propane conversion and propene selectivity over bulk
Ga;03 was 33 and 93% respectively 87 The use of CO; in this process allows the
reaction to be run at relatively low temperatures with a high selectivity to CsHe. Yue et al
studied the same reaction and found that due to its stability. the promotional effect of CO;
was only evident above 550°C 891 However, at 500°C the selectivity to propene over f3-
Gay03 was >95% with a propane conversion of 25%. this is better than the chromium
oxide catalyst typically used in this reaction.

Gallium promoted zeolites have also been tested for the oxidative dehydrogenation of
propane. The rate of propane conversion over a faujasite catalyst was found to
significantly increase with the addition of a few gallium ions, lowering the temperature of

9991 " very few studies have focused purely on bulk

activity compared to the bare zeolite
Ga;0; for the ODH of propane with the majority focused in mixed metal oxides

incorporated with gallium. Pérez Pujol er a/ found interesting results in studying V-Ga-O

26



921 " The catalysts tested were active at very low temperatures, showing 5%

catalysts
conversion at 350°C. The main reaction products were propene CO and CO, with no
partial oxidation products. Although the pure Ga,O; show some activity, it was not as
active as the vanadia-impregnated sample, the activity of which increased with increasing
vanadia loading. The selectivity to propene was in range of 60-80% and increased with
decreasing O, feed concentration. The V-Ga-O catalyst showed the highest activity at the
lowest temperature out of all of the catalyst with the best reported results of 3.3% propane

conversion at 300°C, with a selectivity to propene of 70%. The performance of the

catalyst is comparable to that of the best V-Mg-O catalyst.

1.6.4 Cobalt oxide based catalysts

Cobalt oxides have a wide range of industrial applications and are used in rechargeable

batteries, CO sensors and magnetic materials >\ Cobalt oxide catalysts are of great

[97-98] 199-102]

interest due to their high activity in hydrocarbon oxidation and CO oxidation .
There has been little research into bulk or supported cobalt oxide catalysts for the
oxidative dehydrogenation of propane. The few catalysts that have been studied usually
contain cobalt as a promoter within an established catalytic system. CoMoOj catalysts are
particularly good at converting propane and outperform other metal molybdates [103-104]
with addition of Co to bulk MoO; found to increase both activity and selectivity !'"* and
[106]

its addition to V-Mg-O systems has been found to increase propane conversion

Cobalt impregnated MCM-41 catalysts are also active and selective in the ODH of
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propane but with a lower than average conversion and selectivity 197! One of the most
interesting aspects of Co30y is its activity at low temperatures. In the oxidation of CO,
Co30; is found to be active at temperatures as low as -63°C (1081, Cunningham ¢t al found
a light-off temperature of -54°C 199 Such high activity at low temperatures has been
linked to the interaction of Co3;0O4 with oxygen in the gas phase. Studies have shown
Co0304 to have the highest rate of oxygen exchange with the gas phase, giving rise to high
concentrations of chemisorbed and physisorbed electrophilic (O, O ~ and 0,”) and
nucleophilic (O%) oxygen species on the surface '*l. Haber and Turek proposed that
propene was activated on the surface by electrophilic oxygen species giving rise to

surface oxygenates which break down to CO; and H,O (figure 1.5)

0,0, CH-CH—CHjg CH, + CH—CH;
CHy=CH—CHy ———= 3= | l il I

0—O0 — >0 O

l l

HCOOH CH3;COOH

N/

C02 + Hgo

Figure 1.5. Proposed mechanism for propene oxidation on the surface of Co;0, """

There is no evidence in the literature of cobalt oxide being capable of propane conversion
to propene at these low temperatures. However work by Finocchio ef al attempted to

determine the reaction mechanism for propane activation by FTIR. It was found that
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Co304 was more active than other oxides tested, giving rise to substantial conversion of
propane at ca. 250°C """ although the primary product was COs. Its activity in the total
oxidation of pro