CARDIFF UNIVERSITY

School of Chemistry

Propane oxidative dehydrogenation to propene using
molybdenum phosphate catalysts

THESIS SUBMITTED IN ACCORDANCE WITH REQUIREMENT OF
THE UNIVERSITY OF CARDIFF FOR THE DEGREE OF

Doctor of Philosophy

BY

FLAIYH FARHAN N. AL-ANAZI

May 2006



UMI Number: U584805

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U584805
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



In the Wl:me qf' ;%rffa/t: the 27522” g‘racz'ou.f, the
512:“ az:rczfuf



Dedication

This work is dedicated to the memory of my father. I pray to ALLAH to give him

mercy and forgiveness. | also pray to ALLAH to gather me with him in paradise.

This work is also dedicated to:

My dearly loved mother and step-mother
My wife and my beloved sons, Zeaad and Mohannad

My brothers and sisters



DECLARATION

This work has not previously been accepted in substance for any degree and is not

being concurrently submitted in candidature for any degree.

Signed....... % .............................. (Candidate)

Statement 1

This thesis is the result of my own investigations. except where otherwise stated.
Other sources are acknowledged by giving explicit references. A bibliography is

attached in the thesis.

Signed......./, 7 2P U (Candidate)

Statement 2

[ hereby give consent for my thesis. if accepted. to be available for photocopying and

for inter-library loan. and for the title and summary to be made available to outside

organisations.

Signed...... ‘//// ................................. (Candidate)
Date 09/0—{/2 C?Oé ..............



Abstract

Molybdenum based catalysts have been used successfully as catalysts for the
oxidative dehydrogenation of propane to propene. Metal phosphate catalysts have also
been reported to exhibit high yields of propene in the oxidative dehydrogenation of
propane to propene. Therefore, MoO,HPO4.H-O was used as a precursor to prepare
different bulk and supported molybdenum phosphate phases based on the
methodology used in the preparation of vanadium phosphate (VPO) catalysts which
are used commercially for selective butane oxidation. The materials obtained were
tested as catalyst for propane oxidative dehydrogenation.

MoOPO, was prepared by a novel procedure. The unsupported molybdenum
phosphates were not active for propane oxidative dehydrogenation to propene.

However, the activity of the molybdenum phosphates was significantly enhanced after
being impregnated on the supports (Al>O3, S10,, TiO; and Nb-Os). The enhancement
of the activity was attributed to the enhancement of the reducibility of the supported
molybdenum phosphates. The more reducible the catalyst the more active it is.
Moreover, these supported catalysts exhibited high selectivity at the initial reaction
temperature. However, the selectivity decreases as the reaction temperature increases,
which was attributed to a consecutive oxidation of formed propene. No crystalline
phase has been detected by XRD in all supported molybdenum phosphates, which is
attributed to a strong interaction between the impregnated molybdenum phosphate
material and the supports.

Niobia-supported molybdenum phosphate (heated in nitrogen at 500°C)
exhibited the highest alkene selectivity of 51.7% (propene selectivity = 42.5% and
ethene selectivity = 9.2%) at a propane conversion as high as 20%. Therefore, the
propene and total alkene yield are 8.5 and 10.3%, respectively, which are comparable
to that reported in the literature. Therefore, supported molybdenum phosphate
catalysts are promising for propane oxidative dehydrogenation to propene. The
relative performance of molybdenum phosphate supported on different supports at
500°C (heated in nitrogen to 500°C) is as follows:

20% MoPO/ TiO»> 20% MoPO/ Al,03=20% MoPO/ Si0,>20% MoPO/ Nb,Os
While the selectivity to propene is as follows:
20% MoPO/ Nb>Os> 20% MoPO/ Si0>>20% MoPO/ Al,03>20% MoPO/ TiO,

This indicates that the higher the activity the lower the selectivity, except for the
silica-supported molybdenum phosphate and the alumina-supported molybdenum
phosphate. They exhibited the same activity, but the silica-supported molybdenum
phosphate was more selective to propene.

The in situ XRD confirmed the formation of a stable amorphous phase of
molybdenum phosphate when the molybdenum precursor (MoO,HPO4.H,0) was
heated in nitrogen up to 400°C. Moreover, heating the amorphous phase formed up to
500°C resulted in the formation of a stable crystalline phase at 500°C. According to
the JCPDS data this crystalline phase was molybdenum pyrophosphate
((M00,),P,09).
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Chapter 1 Introduction I

Chapter

1. Introduction

1.1 Introduction

In this study, MoO,HPO4.H,0 was used as a starting material to prepare different
phases of unsupported molybdenum phosphate solids and different supported
molybdenum phosphate materials as well. The materials obtained were
characterised using numbers of technique and tested as catalysts for the oxidative
dehydrogenation of propane to propene. The experimental work will be described
in the in the experimental chapter (Chapter-2). In this chapter an overview of
molybdenum phosphates properties. preparation and crystals structure will be
illustrated in addition to a summarised literature review on oxidative

dehydrogenation of propane to propene.
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1.2. Molybdenum phosphates

Recently. a considerable interest in the molybdenum phosphates compounds has
been shown by solid state researchers [1]. These compounds have promising
potential application. specially in heterogeneous catalysis and ionic exchange
domains [2. 3]. due to the ability of the molybdenum to assume different
oxidation states (+ VI to +III) and the formation of anionic framework with high
level of chemical. mechanical and thermal stability. which is favoured by
reasonably high charge in PO;* tetrahedra. Furthermore. the great ability of
phosphate frameworks to stabilise reduced oxidation state of molybdenum might
play an important reason for testing molybdenum phosphate as a replacement for
molybdenum oxide catalyst in a reaction. which is known to be active for such as

propane oxidative dehydrogenation.

1.2.1. Preparation of molybdenum phosphates

Most of the molybdenum phosphate compounds are prepared by heating mixture
of alkali metal molybdates or molybdenum oxide and phosphate sources such as
phosphoric acid or ammonium phosphate at high temperature (> 800 °C). The
solid state reaction is usually conducted in the absence of air and using metallic

molybdenum as a reducing agent.
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1.2.1.1 Preparation of MoOPOQ;,

According to Kierkegaard and Westerlund [4] . MoOPQO, was prepared by mixing
appropriate amount of molybdic acid and concentrated phosphoric acid to form a
viscous mixture. Then the mixture was heated up to 1000°C in a platinum crucible
and maintained at this temperature for about 20 minutes. After cooling and

washing with hot water the air dried sample contained yvellowish crystals.

Furthermore. it was reported by Lezama ¢/ «/ [1] that MoOPOy was prepared by
mixing and grinding MoO3; and (NH4)HPO, together with the molar ratio of
IMo:1.3P. The mixture was calcined in an alumina crucible in air at two
sequential temperatures. The first temperature was about 250°C to decompose the
ammonium phosphate and then the sample was heated at 800°C. After cooling.
the resultant dark blue solid was dissolved in a large amount of hot water and

yellowish microcrystals were recovered by filtration.

In this study MoO;HPO,;.H,O was used as a precursor to investigate the
preparation of different molybdenum phosphate phases using comparable methods

of that used in the preparation of vanadium phosphate (VPO) catalysts.

A novel method was successfully attained to prepare MoOPOy by using
MoO-HPO4.H,0 as a starting material and hydrogen as a reducing agent. This
method will be discussed in details along with the precursor and the other

molybdenum phosphate phases in the next chapter (Experimental chapter).
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1.2.2. Structure of molybdenum phosphates

These compounds are built up from PO; tetrahedra and MoOg octahedra. giving a
large diversity of structural phases. which make them an interesting candidate to
study the relationships between structural and catalytic properties. In this part a
summarised structural description of all the crystalline molybdenum phosphates,
which were investigated in this work will be reported. All the structural

information is based on that reported in the literature.

1.2.2.1. The crystal structure of MoO,HPO,.H,0

The structure of MoO-HPO, H-O was described by Kierkegaard [5]. who
suggested this formula Mo(OH);PO, rather than  MoO,HPO,.H,0. In the
structure, molybdenum octahedra are joined together by phosphate tetrahedra thus
every MoQy octahedra is in contact with three POy tetrahedra and every POy
tetrahedra with three MoQO, octahedra. Therefore. the crystals are built up of
double chains extending to [010] as shown in Figure-1.1. The chains so obtained
are then held to gather by the hydrogen atoms situated between neighbouring

oxygen atoms from different chains.
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Figure-1.1. Schematic drawing showing
the structure of
(MOO:HPOJ.HzO)

1.2.2.2. The crystal structure of (M00,),P,0,

The structure of (M00,),P>07 was described by Kierkegaard [6]. as built up of
MoOs octahedra and P,O; groups as shown in Figure-1.2. The P,O; groups are
formed from two PO, tetrahedra sharing an oxygen atom. Every MoQ octahedra
1s linked by shared corners to two other MoQO,, octahedra forming zigzag chains.
These chains are joined to gather by P2O; groups. Each one of the P,0O7 groups is

in contact with three chains giving a three dimensional network.
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Figure-1.2. Schematic drawing showing
the structure of (M00Q,),P,0-

1.2.2.3. The crystal structure of MoOPQO,

According to Kierkegaard and Westerlund [7]. the crystal of MoOPOj, are built up
of chains of distorted MoOy, octahedra linked to gather by sharing corners. These
chains are linked to gather by PO; tetrahedra groups. so each one of MoOq
octahedra share corners with four POy tetrahedra and cach one of POy tetrahedra
shares corner with four MoO, octahedra, giving a three dimensional network. A

schematic drawing is shown in Figure-1.3.
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Figure-1.3. Schematic drawing showing
the structure of MoOPQ;,

1.3. Propane oxidative dehydrogenation

The dehydrogenation of alkanes to alkenes is an important route to convert low
value alkane feedstocks especially propane and butane into more valuable and
useful chemicals. Despite the fact that steam cracking is the most important route
to light alkenes. this process has limitations. mainly in the production of propene
and higher alkenes. The current commercial catalytic process is direct
dehydrogenation of alkanes to alkenes and hydrogen. Several technologies are

already developed such as Catofin. Oleflex and STAR. The disadvantage of the
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direct dehydrogenation route is that it is a strongly endothermic and equilibrium
limited reaction. and the severe conditions required. high temperature and low
pressure and a low hydrogen to hydrocarbon ratio. which lead to coke formation
on the catalyst. These features govern the reactor design. which has to allow for a
good heat transfer as well as for easy and fast decoking and regeneration of the
catalyst. The oxidative dehydrogenation (ODH) of lower alkanes is an interesting
alternative to the conventional dehvdrogenation of light alkanes. due to the
possibility of working at lower reaction temperatures. This reaction is not limited
by the thermodynamic equilibrium. since the formation of water make the reaction
exothermic. Moreover. catalvst deactivation is usually not a problem since coke
and its precursors can be cftectively removed by oxygen. Nevertheless. since the
total oxidation products (combustion) are more favourable thermodynamically
than the formation of alkenes. it is necessary to design catalysts able to work at
temperature as low as possible to avoid the total oxidation of the initial products.
A great variety of catalytic systems have been studied for this reaction, which are

being presented in the following section:

1.3.1 VMgO Catalysts

A great variety of catalytic systems have been studied for this reaction. Among
these catalyst is the VMgO system which is reported to give the best performance
(typically 60 % of propene selectivity at 15% of propane conversion). Chaar e¢f dl.
[8] studied the oxidative dehydrogenation of propane over to propene VMgO
catalyst and found that  the active component is magnesium orthovanadate

(Mg3V,0g). The reaction is suggested to be probably proceeding by first breaking
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a methylene C-H bond to form an adsorbed alkyl-radical. No oxygenates were
detected and that was attributed to the absence of V=0 in the VMgO catalyst and
to the basic propertics of these catalysts. However. oxidative dehydrogenation of
propane over VMgO catalysts was also studied by Volta ¢f a/. [9] and proposed
that the active phase is magnesium pyrovanadate (aMg>V.04). Magnesium
pyrovanadate has short bond of V=0 which could initiate a H abstraction and the
bridging O of the V-O-V bond which could participate in the oxydehydrogenation

mechanism for the formation of water.

Gao et al. [10] studied the effect of coexistence of magnesium vanadates phases
in the selective oxidation of propane to propene. The citrate method was used to
prepare catalysts with the Mg/V atomic ratio varyving from 1/4 to 9/1.Three pure
Mg vanadates and the corresponding biphasic catalysts were obtained from very
homogeneous Mg-V-citrate precursors after calcination at 550°C. The citrate
method is a good technique to prepare VMgO catalysts with controlled phase
formation. The specific activity of VMgO catalysts were found to be dependent
on the vanadium content which confirms that the vanadium ions act as active sites
for propane oxidation. The catalytic performance of the biphasic VMgO catalysts
are much different from that of the corresponding purc phases. The selectivity of
the Mg orthovanadate phase can be improved by the coexisting pyrovanadate
phase or excess Mg and Mg oxide phases. suggesting that some synergetic effect
might exist between the phases. When the Mg pyrovanadate phase coexisted with
metavanadate phasc. the overall catalytic performance was more typical of
metavanadate. The results obtained suggest that the phase purity affects the

catalytic behaviour of the Magnesium vanadate phase. The presence of one phase
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is not sufficient to elucidate the catalytic performance of the VMgO catalysts. The
influence of the preparation method of VMgO catalyst on their catalytic properties
in the oxidative dehydrogenation of propane has been studied by Corma et al. [11]
. It was found in this study that the catalytic propertics of VMgO catalysts for the
oxidative dehydrogenation of propane depend on the catalyst preparation
methods. The activity and selectivity was found to be higher for samples with low
V/Mg surface atomic ratios and it was suggested due to the presence of isolated
VOy, species on the catalyst surface and its higher selectivity could be related with
the lower nucleophilic character of the oxyvgen species on the catalyst surface. The
role of acid-base. redox and structural propertiecs of VMgO catalysts in the
oxidative dehydrogenation of propane were investigated by Pantazidis er a/. [12].
It was established in this study that an acid/base balance is needed for effective
catalytic performance in the oxidative dehydrogenation of propane. Too high
basicity or absence of basicity favours the unselective route at the expense of the
selective one. and that was observed at very low or very high V content,
respectively. In contrast. a mostly acidic surface without basicity would deter key
activation steps such as H abstraction and also propene desorption. which was
observed for the very high V loadings in this study. The highest propene yields
were observed for samples with low to medium V contents (around 14 wt%). This
composition would ensure the fast redox turn-over which involved in the propane
to propene oxidation process. The influence of vanadium content on the
performance of VMgO catalysts for the oxidative dehydrogenation of propane to
propene was also investigated by Chanho ef /. [13]. In this study a series of
VMgO catalysts have been prepared by impregnation of OV(O'Bu); onto high-

surface-area MgO, which was prepared by hydrolysis of Mg(OCHs;),. After
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calcination at 550°C. these catalysts have surface areas ranging from 307 m*/g for
5 W% VMgO to 187 m™/g for 30 wit% VMgO. Structural characterization of the
dispersed vanadium shows evidence for isolated VO, >~ anions for V-Os loadings
below Swt%. With increasing V->Os loading. small domains of Mgi(VOy), were
obscerved. but there is no evidence for cither polvvanadate specics or V,Os
domains. The area-based activities of the catalysts prepared in this study were
significantly higher than those of VMgO catalysts prepared by conventional
methods involving aqueous impregnation of MgO. where propene selectivities
were comparable to or slightly better than those previously reported. The rate
coefficient for ODH, k. increased with increasing apparent surface density of
V>0s, reaching a plateau at a surtace density of about 4 VO/nm?®, which

corresponds closely to the surface density of VO, in Mgi(VO4),.

k
Propane ————I——i Propene

cO

\
Correspondingly, the apparent activation energy for propane oxidative
dehydrogenation decreased from 102 kl/mol for the lowest surface loading of
V,0:s and reached a plateau of 80 kJ/mol at a surface loading of about 4 VO./nm”.
Consideration of the structural characterization data indicates that the most active
form of the catalyst is that in which the structure of the MgO support is covered
by small domains of Mg;(VOy)a. The formation of bulk crystallites of Mg;(VOy),
is undesirable. since it is found that the area-based activity of the pure phase is
approximately 40 times lower than that of the domains of Mg;(VOy), formed on

the surface of MgO. The values of k2/k1 and k3/k1 decrease with increasing V,0s
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surface density but reached a nearly constant value for surface densities above 4
VO./nm?. These trends show that the activities of VMgO catalysts for propane
and propene combustion relative to propane oxidative dehydrogenation decline
with increasing surface loading of V2Os. The value of kao/k; changes very little
with increasing temperature, whereas the value of kj/k; decreases. These trends
indicate that the apparent activation ecnergies for propane oxidative
dehydrogenation and combustion are virtually identical. but the activation energy
for propane oxidative dehydrogenation is higher than that for propene
combustion. The influence of the incorporation of Ca > into MgV,0q. Mg>V,0,
and Mg V,0ys on the catalytic activities for the oxidative dehydrogenation and the
mobility of the lattice oxygen in those catalysts has been investigated by
Sugiyama et al. [14]. It was found that the mobility of the lattice oxygen in those
catalysts is strongly influenced by the amount of Ca® incorporated. resulting in
significant effects on the activities for the oxidative dehydrogenation of propane.
Silica-supported vanadium magnesium mixed oxides were tested as catalysts for
the oxidative dehydrogenation of propane and butane by Solsona er al. [15].
According to this study. silica-supported VMgO catalysts are active and selective
in oxidative dehydrogenation of propane and n-butane to corresponding olefins. In
this way, silica-supported catalysts can be considered as an alternative to
unsupported ones for the oxidative dehvdrogenation of propane reactions,
especially those with a high Mg/V atomic ratio. However, it was found that the
amount of silica influenced the type of Mg-vanadates and SiO; can partially react
with MgO forming Mg,SiOy. The partial loss of MgO favours the achievement of
Mg-vanadates with Mg/V atomic ratio lower than those obtained in the

corresponding unsupported VMgO catalysts. For this reason, higher Mg/V ratio is
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required in order to obtain selective SiOa-supported VMgO catalysts. The effect
of the presence of tetrachloromethane (TCM) on the oxidative dehydrogenation of
propane on VMgO catalysts was examined by Shigeru er al. [16]. It was
illustrated that TCM controls the removability of lattice oxygen in MgV,04 and
Mg>V,07 that is. redox behaviour of these catalysts. This results in the
enhancement of the activities of both catalysts for the oxidative dehydrogenation
of propane. It is generally accepted that formation of surface chlorinated species
contributes to the enhancement of the activities for the oxidation of alkanes in the
presence of TCM. However. the presented results  reveal that control of
removability of lattice oxygen in the catalysts with TCM seems to be important
for activity improvement. The publications in the preparation and characterization
of VMgO catalysts for the oxidative dehydrogenation of propane have advanced
the understanding of this catalytic system. The desirable feature of this catalytic
system is the strong interaction of MgO with V.Os. resulting in the formation of
Mg-vanadates. In these compounds. the isolated or small VOx units formed are
desirable for high dehydrogenation selectivity. because they can supply only a
limited number of oxygen atoms for reaction with adsorbed hydrocarbon species.
While some other supports could also form isolated VO, units, they could do so

only at low V concentration.

1.3.2 Supported vanadium oxide Catalysts

The structure and the catalytic properties of supported vanadium oxides were
investigated by Khodakov ¢r al. [17]. The supports which were tested in this study

were AlO;. Si0>, HfO>. TiO> and ZrO,. It was found that the structure and



Chapter 1 Introduction 14

dispersion of VO, species depend on their surface density and on their interaction
with a given support. Support surfaces predominantly covered with polyvanadate
structures or small V>Os clusters containing V-O-V or V=0 linkages lead to high
oxidative dehvdrogenation rates and selectivities. The composition of the support
influences the speciation of VOX species into monovanadate. polyvanadate. and
V>0s clusters and thus the catalytic behaviour of supported vanadia in oxidative
dehydrogenation reactions. The concentration of polyvanadate structures increases
with increasing VOx surface density. Raman and UV-visible spectra give an idea
about an excellent correlation between oxidative dehydrogenation rates and the
density of polyvanadate species on all supported surfaces. Oxidative
dehydrogenation rate coefficients increase initially with increasing VO, surface
density on all supports. concurrently with the increased density of isolated
monovanadates into polvvanadate domains. but ultimately decrease as the latter
evolve into V,0s crystallites with low specific surface area. Ratios of rate
coefficients for oxidative dehydrogenation of propane to those for secondary
propene combustion are relatively insensitive to structural modifications caused
by changes in VO, surface density or support composition. This suggests that sites
required for oxidative dehydrogenation also catalyse the undesired combustion of
propene. In addition, the oxidative dehydrogenation of propane over vanadia
catal