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Summary

Bismuth molybdates have long been known as active catalysts for selective
oxidation of olefins. There are several phases of bismuth molybdates but only three
of them are known to be active for partial oxidation of propylene to acrolein, namely,
o, B and y bismuth molybdates. A significant amount of work has been carried out
and reported in the literature, aiming to understand the reaction mechanisms so as to
control the reaction process. It has been revealed that the oxidation reaction follows
the redox mechanisms and lattice oxygen plays a key role as the main oxygen source
for the reaction and controls the catalyst performance. The properties of the lattice
oxygen are influenced by the bulk crystalline structure of the catalyst. Therefore, it is
possible that the crystal structure influences the performance of the catalyst in
promoting the partial oxidation reaction. However, there appears to be a lack of
detailed reports in the literature on the relationship between the bulk crystal structure

and the activity and selectivity of the catalyst for the partial oxidation reaction.

The work reported in this thesis has been designed to achieve an improved
understanding of the catalyst structure in relation to the activity and selectivity of the
catalyst for the partial oxidation of propylene to acrolein. In order to fulfil the
objectives of this study, several investigation steps have been taken, namely 1)
acquiring and analysing the catalyst structural parameters under real reaction
conditions as well as at room temperature by means of neutron diffraction and X-ray
diffraction, 2) obtaining kinetics from experimentation using a packed-bed reactor
operating under differential reactor mode so as to eliminate the mass diffusion effect,
and 3) developing and proposing reaction mechanisms which contain events that
occur on the crystalline structure of the catalysts, particularly lattice oxygen, during

the reaction.

Characterisation of the structure of the catalysts has been carried out by

means of In-situ neutron diffraction, which has the ability to probe the crystal
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structure at atomic level. The structure is characterised under simulated reaction
conditions to investigate the dynamics of the crystal structure, particularly lattice

oxygen, during the reaction.

The In-situ diffraction studies have uncovered the relationship between the
crystal structure of bismuth molybdates and their selectivity and activity towards the
catalytic partial oxidation of propylene to acrolein. The possible active lattice oxygen
in the bismuth molybdate structures has been identified. The active lattice oxygen
ions are responsible for maintaining redox balance in the crystal lattice and thus

control the catalyst activity and selectivity.

Mobile oxygen ions in the three bismuth molybdate crystal phases are
different. The mobile oxygen ions are O(1), O(11), and O(12) in the a phase; O(3),
O(11), O(16), and O(18) in the B phase; and O(1) and O(5) in the y phase. The
mobile lattice oxygen ions are proposed to be the source of the oxidising oxygen
responsible for the selective oxidation of propylene to acrolein. One common feature
of all mobile oxygen ions, from a catalyst crystal structure point of view, is that they
are all related to molybdenum ions rather than bismuth ions in the lattice. By
modifying the physical and chemical environment of the molybdenum oxide

polyhedra, it is possible to modify the catalyst selectivity and activity.

The diffraction diagnoses have also shown that molybdenum oxide polyhedra
in all bismuth molybdate are unsaturated. In contrast, the bismuth oxide polyhedra
are over charged. The co-existence of molybdenum ions that are co-ordinately
unsaturated with bismuth ions that are over valence-charged promote the formation
of allyl radical such as those found in the partial oxidation of propylene to acrolein.
The molybdenum ions become propylene-adsorbing sites while the bismuth ions are
the active sites to attract hydrogen from the adsorbed propylene, leading to the

formation of the allyl intermediate.

Oxygen ions from the mobile lattice oxygen are a more moderate oxidant
than molecular oxygen. With their mild activity, the partially oxidised products are
the main products such as acrolein and formaldehyde when oxygen ions react with
the allyl intermediate while more complete combustion products such as carbon

oxides and organic acids become the side products.
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Investigation into the kinetics and reaction mechanisms has revealed the
aforementioned evidence to support the role of the mobile lattice oxygen ions in the
partial oxidation of propylene to acrolein. The kinetic experiments have employed
the power rate law to model the kinetic data. The model shows that the reaction
orders in propylene and oxygen concentrations are a function of the reaction
temperature. The reaction order in propylene increases with reaction temperature,
from 0.6 at 300°C to 1.0 at 450°C for all the bismuth molybdate catalysts, while the
reaction order in oxygen decreases from 0.6 at 300°C to 0 at 450°C. The activation
energies are 99.7, 173, and 97.7 kJ.mol™! for a-Bi,M030,, B-BixMo0,0y, and v-
Bi,MoOg, respectively. The changes in reaction orders with respect to propylene and
oxygen indicate that the reaction occurs through the redox mechanisms, using the

mobile lattice oxygen.

The structural dynamics identified earlier explains the decrease in the acrolein
selectivity at high temperatures (ca above 390°C). At these temperatures, the mobile
oxygen becomes more mobile and more active. As a result, as the mobility of the
oxygen ions increase, their reactivity also increases. The increase in the oxygen
reactivity leads to unselective, complete oxidation reaction, forming the complete
oxidation products CO, and H,O. The reduction-reoxidation of bismuth molybdate is
controlled by the diffusion of oxygen ions in the lattice, because the reduction sites
do not have to be adjacent to the oxidation sites. The oxygen diffusion rate is in turn
controlled by how mobile the lattice oxygen ions are. Hence, the mobile oxygen ions
discussed earlier control the catalyst activity in catalysing the reaction of propylene

partial oxidation.

The examination of several reaction mechanism models has given further
evidence that the propylene partial oxidation to acrolein occurs via the redox
mechanism. In this mechanism, the rate of acrolein formation depends on the degree
of fully oxidised sites in the bismuth molybdate. The oxidised sites affect the
apparent reaction orders in propylene and oxygen and thus control the kinetics of
partial oxidation of propylene to acrolein. The more easily the reduced catalysts are
reoxidised, the more active the catalysts in converting propylene to acrolein. A set of
reaction steps has been proposed, which adequately reassembles the reaction
mechanism. Side product reactions are also identified and included in the

mechanisms.
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The present thesis has revealed a much detailed insight into the role of lattice
oxygen in the catalytic partial oxidation of propylene to acrolein over bismuth
molybdates and established the relationship between structure and activity and
selectivity of the catalyst. This work has laid a foundation for future catalyst design

to be based on structural knowledge of the catalysts.
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Chapter 1

INTRODUCTION

More than one third of worldwide chemical products, are produced by
catalysed reactions with oxides types of catalysts (Centi & Perathoner 2001). Among
the catalysts, selective oxidation can be considered the most typical example of metal
oxide-type materials as heterogenous catalysts, which produce around one quarter of

total organic chemicals worldwide.

The use of metal oxide catalysts began with the realisation of the need to
convert low molecular-weight hydrocarbons, such as natural gas and refinery off-gas,
to larger molecules of higher value. It was Hearne and Adams (Adams & Jennings
1963) in 1948 who first reported that cuprous oxide could selectively oxidise
propylene into acrolein. Acrolein has broad industrial and agricultural applications
and had been produced by silica supported sodium catalysing vapour-phase
condensation of acetaldehyde and formaldehyde at temperatures between 300°C and
320°C (Takahasi Ohara et al. 1987). Large-scale production of acrolein process was
later commercialised by SOHIO (Standard Oil of OHIO) in 1950s using the Hearne
and Adams’ catalytic process. Later, Veatch and co-workers (Veatch et al. 1960)
discovered that bismuth molybdate-based catalysts (bismuth phosphomolybdates) are
more superior to cuprous oxide. The bismuth molybdate-based catalysts have since
become the major catalysts in commercial processes worldwide to produce acrolein
(Bielanski & Haber 1991; Callahan et al. 1970; Cullis & Hucknall 1981; Hock Seng
Tan 1986).

Since the discovery of the process, a huge amount of reports of studies on the

process have been published, mainly focusing on reaction mechanisms and catalyst
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characterisation to reveal the mystery behind the selective oxidation. The most
important findings are the fact that the acrolein was formed via the formation of allyl
intermediate on the catalyst surface and the reaction uses lattice oxygen. In terms of
bismuth molybdate, it was also found that only three phases of pure bismuth
molybdate, namely alpha, beta, and gamma phases (Bi,M030;,, Bi;M0,0y, and

Bi:MoOg, respectively) are active and selective for the reaction.

While catalyst characterisation and reaction mechanisms have been relatively
well studied, perhaps in qualitative terms, no sufficient attention has been paid to the
reaction kinetics. Among a limited number of kinetic studies, the most
comprehensive one has been that performed by Krenzke (Leonard David Krenzke
1977), which covers a wide range of temperature and composition and uses pure
phases of bismuth molybdates (alpha and gamma bismuth molybdate, bismuth iron
molybdate, and uranyl-antimony oxide). Another report using pure bismuth
molybdate phase was by Keulks et al. (Keulks, Rosyneck & Daniel 1971). Other
kinetic reports were mainly written for a supported, mixture or multi phase bismuth

molybdate-based catalysts that make the data less universal.

Research into partial oxidation of propylene to acrolein in the past decades
has been focused on more fundamental understanding of the mechanisms at
molecular levels, particularly the events that take place on the surface of catalysts.
Several surface characterisation methods, particularly under in-situ or near in-situ
conditions have been employed, such as in-situ XPS and UPS (Ayame et al. 2000;
Ayame et al. 2002; R. Grzybowska et al. 1976), in-situ NMR (Bemis, Douskey &
Munson 1997; Douskey & Munson 1997) and FT-IR (Carrazan et al. 1996a). The in-
situ research has proven the previous hypotheses of surface formation of allyl
intermediates, interaction of allyl species with surface species such as Mo, Bi, and O,
and the state of the surface species, etc. The most important finding is that the lattice
oxygen has been shown as the oxygen source (Han, Ueda & Moro-Oka 1999) and the
activity of catalysts depends on how they effectively provide selective oxygen to the
reactions and transfer oxygen from the bulk of the catalyst to its surface (D. J.
Buttrey, Jefferson & Thomas 1986). In addition, Keulks and co-workers (Hoefs,
Monnier & Keulks 1979), after studying the bismuth molybdate catalysts using IR
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and Raman spectroscopy and '*0O, labelling, found that all types of lattice oxygen

ions participated in propylene oxidation.

Despite the fruitfulness of surface analysis, all surface spectroscopic
techniques (e.g., infrared, Raman, EXAFS, XANES) would only provide bulk
structural information due to extremely low surface areas of these oxides (typically
~0.1 to 1.0 m>.g"'). The small contribution of the surface component to the
spectroscopic signal will generally be overshadowed by the significantly stronger
contribution of the bulk component (Arora et al. 1996). Arora et al (Arora et al.
1996) revealed that attempts to characterise the surface of metal oxide using the well
known surface analysis means such as XPS, AES, and ISS actually did not
characterise the surface, but the thin layers of bulk at the surface since the surface
information is averaged over an escape depth of approximately 30-50 A. With that
depth, very little is actually known about the outermost layer of bulk metal oxides
and essentially no molecular level structural information is available about this layer
from XPS. Consequently, most of the researchers have assumed the last layer to be

just an extension of the bulk structure and composition.

All the aforementioned work has aimed to understand the reaction
mechanisms so as to control the reaction process. However, further research is still
required to be able to better understand the working of the catalysts so that the design
of new catalysts can be based on sound science and their performance can be well

predicted and controlled.

The research in this thesis is designed to achieve an improved understanding
in the catalyst’s structure characteristics, reaction mechanisms and kinetics. The aim
of structural characterisation is to explain the role of the bulk catalyst structure in the
catalytic activity for the partial oxidation of propylene to acrolein and to investigate
which oxygen in the bulk structure actually plays the key role in the catalyst’s
selectivity and how the differences in the crystal structure affect the catalyst’s

selectivity and activities.

Diffraction is known as one of the best techniques to look at the details of the
crystal structure, particularly the movement of all oxygen species in the catalyst

crystal. There are three main diffraction techniques, namely, x-ray diffraction
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(XRD), neutron diffraction (ND), and electron diffraction (ED), each of which has its
own advantages and disadvantages, depending on their interaction with the materials.
XRD is very good in looking at the crystal structure and the atomic position of heavy
atoms, and the instrument is easily available in most major physics laboratories. ND,
on the other hand, is the best diffraction instrument to look at atomic position in the
crystal structure for almost all elements, including light elements such as oxygen,
nitrogen, and even hydrogen. However, the instrument can only be found in certain
specialised laboratories. Electron diffraction is a good technique to determine the
unit cell and the characterisation can be done simultaneously with electron

microscopy in investigating the catalyst’s morphology and microstructure.

Kinetic studies can yield rate equations to quantify the performance of
bismuth molybdate catalysts for partial oxidation of propylene to acrolein. A
differential reactor system, which gives direct kinetic parameters in the power rate
law model, is employed to study the kinetics. The kinetic parameters obtained
experimentally can also help interpreting the reaction mechanisms by comparing and

fitting the experimental data with alternative hypotheses of the reaction mechanisms.

This thesis is written in seven chapters which are interlinked with each other
as depicted in Figure 1.1. The present chapter (Chapter One) establishes the overall
scope of this thesis and the need for further research into the catalytic partial
oxidation of propylene to acrolein. Chapter Two reviews the current state of
knowledge on this subject, the techniques previously used for catalyst
characterisation and reaction kinetic studies, and identifies the gaps in the literature,
some of which form the objectives of the present effort. The review also provides
foundation for experimental arrangements and result discussion. Chapter Three
describes the general experimental techniques, arrangements and procedures, while
the specific procedures are described in more detail in relevant discussion chapters.

The results and their analysis and interpretation are presented in three
chapters. The physical characterisation of the catalysts is discussed in length in
Chapter Four, which covers global characterisation such as surface area, particle size,
catalysts morphology, microstructure, and crystal structure at room temperature and

discusses the structure dynamics under in-situ conditions.
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Chapter Five presents the results of kinetic experiments using the differential
reactor system and develops the rate equations using the power rate law model. The
kinetic results are used to fit with the theoretical model in Chapter Six.

Several reaction models are proposed and employed to reveal the reaction
mechanisms by fitting with the experimental results. The models are derived from
four main models, namely, the Langmuir-Hinshelwood, the Eley-Rideal, Redox, and
the stationary adsorption models.

The final chapter (Chapter 7) provides a concise account of the conclusions

and recommendations for future research and development.
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Chapter 2

LITERATURE REVIEW

Following the general scope of the present research provided in Chapter 1,
this chapter considers in detail the underlying theories behind catalytic partial
oxidation of propylene to acrolein over bismuth molybdate catalysts. It contains
historical background of the reaction discussion in depth of the bismuth molybdates,
how they work in catalysing partial oxidation of propylene to acrolein and the

background of the kinetic and the mechanisms of the reaction.

2.1 Acrolein

Acrolein is a chemical that is widely known as a biocide. Due to its biocidal
activity, acrolein is commonly applied as an aquatic herbicide and slimicide
(International Agency for Research on Cancer 1995). It is also an important
intermediate for many industrial chemicals such as D,L-methionine (Takahasi Ohara
et al. 1987), acrylic acid, 1,3 propanediol, and glutaraldehyde. According to the
report from Occupational Safety and Health Administration of US Department of
Labour, 50% of acrolein production is for glycerine, 25% for methionine, and the

rest for other applications (U.S Department of Labor 1989).

The molecular structure of acrolein is shown in Figure 2.1. Note that acrolein
has two conjugative unsaturated carbon bonding, one from the vinyl group and the
other from aldehyde group. Due to the existence of these groups, acrolein undergoes

reactions characteristic of both an unsaturated and an aldehyde compounds. Some
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examples of reaction characteristics of acrolein are Diels-Alder reaction between two
acrolein molecules, addition to carbon-carbon double bond, polymerisation, and

reaction with amine compounds (Takahasi Ohara et al. 1987).

MO

Figure 2.1 Molecule structure of acrolein

The activity of the aldehyde group to attack an amine-containing molecule
makes it reactive to a protein molecule. The reaction underlies the activity of acrolein
as an anti microbial and biocide, where the reaction of acrolein with protein on a cell

wall can cause damage to the cell and kill it.

Acrolein is very toxic and flammable. It also undergoes polymerisation easily
and exothermally. The polymerisation can be initiated by light, heat, air or peroxides.
It is also polymerised in the existence of alkaline solution such as amines, ammonia,
and caustic soda or by mineral acids such as sulphuric acid. Acrolein polymerisation,
initiated by alkaline or acids, is very exothermic and no inhibitors can stop the
polymerisation once it is initiated. Acrolein reacts with water and therefore addition
of water to stored acrolein must be avoided, as the acrolein-containing water layer is
particularly prone to polymerisation. Acrolein vapour polymerises upon

condensation (Takahasi Ohara et al. 1987).

2.2 Partial Oxidation of Propylene to Acrolein

Acrolein occurs naturally in foods and is formed during combustion of fossil
fuels, wood and tobacco and during the heating of cooking oils (International Agency
for Research on Cancer 1995). For industrial applications, acrolein is commercially
produced by heterogeneously catalysed gas-phase oxidation of propylene (Takahasi

Ohara et al. 1987).
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The catalytic partial oxidation of propylene to form acrolein follows the
reaction equation below. The reaction is exothermic and produces 340.8 kJ of heat
per mol of reacted propylene. The Gibbs free energy (AG) shows that the reaction

will spontaneously occur, once the reaction is initiated.

CH;CH=CH, + O, — CH,=CHCHO + H,0O R1
AH® =340.8 kJ mol!
AG° =-180.19 kJ mol™

Although the reaction is energetically spontaneous, acrolein is not the only
product when propylene is reacted with oxygen. Several other products such as COs,
CO, acetaldehyde, formaldehyde, carboxylic acids etc can also form. Some possible

products and their thermodynamic parameters are listed in Table 2.1.

Table 2.1 Thermodynamic parameters of the formation of other propylene

oxidation products.
. AG 70 * AH 08
Reactions . 1
kJ mol kJ mol
CsHe(g) +4.502(g) — 3COx(g) + 3H,0(1) -1942.089 -2058.43
C3He(g) + 30,(g) — 3CO(g)+ 3H,0(1) -1276.765 -1209.48
C;3Hg(g) + Oa(g) — CsH4Ox(1) + HO(1) -550.2293 -404.21
C3He(g) + O2(g) — CsH4O(1) + H2O(1) -338.7959 -426.24

* data taken from Grasselli (Robert Karl Grasselli 1982)

The thermodynamic parameters shown in Table 2.1 reveal that
the formation of side products (such as CO;, and CO) is more thermodynamically

favourable than the formation of acrolein.
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2.3 Acrolein Production

Commercial production of acrolein by heterogenous catalytic partial
oxidation of propylene started in 1948, when Hearne and Adams patented cuprous
oxide catalysts for Shell Chemical Company (Hearne, Cerrito & Adams 1948). The
acrolein yield from the patented process, however, was less than 50% from the total
input of propylene, which left enormous opportunity to develop better catalysts than

cuprous oxide.

In the 1950s, SOHIO (Standard Oil of Ohio) initiated an extensive research
into catalytic vapour phase oxidation of unsaturated hydrocarbons to produce useful
products such as acrolein, acrylonitrile, methacrylonitrile, and acrylic acid (Callahan
et al. 1970). The research was developed based on the Lewis concept (Lewis,
Gilliland & Reed 1949), in that lattice oxygen of reducible metal oxide would serve
as a better oxidant for hydrocarbon partial oxidation than the gas phase oxygen.
Several catalysts, either single metal oxide or a mixture of two or more metal oxides

were tested for their activity towards acrolein formation from propylene.

In the early stages of the development, the catalytic activity was tested using
fluidised bed reactors where the propylene was flushed to the reactor without
oxygen, followed by steps of catalyst regeneration cycle by allowing oxygen to flow
through the catalyst without propylene. Precaution had to be maintained to avoid
reaction between propylene and molecular oxygen because it can lead to undesired
oxidation products such as carbon dioxide and carbon monoxide. With the fluidised
bed reactor system, SOHIO found that some mixtures of metal oxides gave good
selectivity as well as yield of acrolein. However, the catalysts did not work properly

in the existent of molecular oxygen in the feed stream.

The extensive research led the SOHIO team to discover bismuth-molybdate,
which had better selectivity for acrolein than cuprous oxide (Takahasi Ohara et al.
1987), even when the feed stream contained molecular oxygen. Since then, the
bismuth-molybdate system has been significantly improved by adding some metal
oxides to form multicomponent catalysts. These catalyst systems have even better
activity and selectivity for the oxidation of propylene to acrolein. Some examples of

bismuth-molybdate based multi-component catalysts are presented in Table 2.2.

10
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Table 2.2 Some examples of multi-component BiMo based catalysts

T ion| Conversion SIGLEE *
Catalyst composition l(‘(fg)"’“ %) Yield Ref.”
¢ (mol %)

MO]zBil,2F61.2C04.5W2,4Ko,078i1,62 325 96 79 1
MO]zBil_2F61,2C05,8K0_05C61_2Nb0.5 Si1.(,2 325 96 77.8 1
M012Bi1FelNi10.5P1 300 98 71.0 2
M012Bi1F62C03Ni1P2Ko_2 305 96 88.0 3
M010Bi1F€1C04W2K0.06Si1.35 320 97 90.2 4
MO12Bi11n0,4F62Ni8C00.3W0,1P1 350 89 74 5

“Reference 1 (Tanimoto, Nakamura & Kawajiri 2003), Reference 2 (Yamaguchi &
Takenaka 1969), Reference 3 (Takenaka et al. 1973), Reference 4 (Takashi Ohara et
al. 1974), Reference 5 (Krabetz et al. 1977)

2.4 Active Catalyst Systems

As mentioned above, the catalysts are the supplier of oxygen for the partial
oxidation of propylene, where the oxygen comes from the lattice. To meet this
requirement, the catalysts must have the ability to perform internal oxidation-
reduction processes. Copper oxide is one of many examples of metal oxides that
have such ability. It is also the only single component metal oxide that has good
activity and selectivity for partial oxidation of olefin. In cuprous oxide, the copper
exists in three-oxidation state, namely Cu metal, Cu" and Cu*, allowing internal
reduction-oxidation. These ions constitute a mixture of Cu-Cu,O-CuO system. An
electron diffraction study on a thin layer of copper film showed that the cuprous
oxide is responsible for the activity of the catalyst (Leonard David Krenzke 1977).
Bettahar (Bettahar et al. 1996) reported in a review that a stoichiometric or copper
rich Cu,0 is the most active catalyst for the partial oxidation of propylene to acrolein
while oxygen rich Cu,0O favours CO, and H,O, which is in agreement with the report

by Krenzke (Leonard David Krenzke 1977).

11
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Extensive studies on copper oxide catalysts led to the conclusion that metal
oxides catalysts for partial oxidation reactions should contain two metal ion species
in the form of M'M"O,. The M' ion is normally a heavy metal and M" from
transition metal groups, which have variable oxidation numbers. From this
requirement, tin antimonite, uranium antimonite and bismuth molybdate are among
the most active and extensively studied binary metal oxide catalysts. Individual metal
oxides do not have sufficient activity to convert propylene to acrolein, but mixtures

can have very good activity and selectivity.

Uranium antimonite, as reported by Krenzke (Leonard David Krenzke 1977),
has excellent selectivity towards acrolein over a wide range of reaction temperatures.
There are two phases found in this catalyst system, namely USb;O;¢y and USbOs
(Robert K. Grasselli & Suresh 1972) where only Sb" and U" species are contained in
the catalyst (Evans 1976). The first phase is selective and active for acrolein
formation and hence, its concentration determines the overall performance of catalyst
(Hayden & Higgins 1976), while the second phase has lower selectivity towards
acrolein. Matsuura (Matsuura 1974) reported that the catalyst has special oxygen
mobility, which favours surface reaction of propylene partial oxidation to acrolein.
However, due to its highly radioactive nature, this catalyst has little scope for

commercial application.

Tin antimonite is a mixture of SnO; and a solid solution of a-Sb,O and B-
Sb,O4 where none of them, as individual, is active as a catalyst for propylene
oxidation to acrolein (Vittorio Fattore et al. 1975b). It has been reported that the
addition of only 6.8% Sb to tin(IV) oxide increased the conductivity by three orders
of magnitude (Leonard David Krenzke 1977). This is attributed to the substitution of
Sb>" for Sn*" ions in the tin(IV) oxide lattice. It is believed that the catalytic activity
of these mixed oxides is related to the presence of the solid solution and the Sb,O4

species lying on the surface of SnO, (Boudeville et al. 1979).

Bismuth molybdates are the second most studied catalyst after copper oxide
and serve as the main ingredient in almost all commercial catalysts for propylene
oxidation to acrolein. There are several known phases of binary bismuth molybdates

but only three phases are active and selective for the partial oxidation of propylene to

12



Centre for Fuels and Energy

acrolein (Bielanski & Haber 1991; Carson et al. 1983; R. Grzybowska et al. 1976;
Kumar & Ruckenstein 1976; Olier et al. 1989). The ratios of Bi to Mo in these
catalysts are within the range of 2:3 and 2:1, namely a-Bi;M 0301, B-Bi2M0,09, and
v-Bi1:MoQsg.

2.5 Bismuth Molybdates

2.5.1 Crystal Structure of Bismuth Molybdates

The fact that only certain phases of known bismuth molybdate are active as
selective oxidation catalysts means that the bulk structure determines the activity of
bismuth molybdate. Before discussing the relation between structure and catalytic
activity, the crystal structures of the three phases of active bismuth molybdate,
namely a-Bi,Mo0301,, B-B1,M0,0y, and y-Bi,M0QOg are briefly reviewed.

i) a-Bi:Mo;0;;

There are numerous reports on the crystal structure of a-Bi,Mo03;0;,. One of
the widely accepted reports is of van den Elzen and Rieck (van den Elzen & Rieck
1973a) who used a single crystalline X-ray diffraction technique and revealed that
the structure was derived from naturally occurring mineral CaWoOy (scheelite). A
neutron diffraction study on a powder sample of a-Bi,Mo3;0;, by Theobald et al
(Theobald, Laarif & Hewat 1985) confirmed the structure found by van den Elzen
and Rieck (van den Elzen & Rieck 1973a).

Scheelite crystalline structure is built from stacking up of Ca*" and WO,
ions. In the case of a-Bi;Mo3Oy,, Ca®" is replaced by Bi’" ion while WO,* is
replaced by MoO,* ion. Both WO, and MoO,” have the same structure. To
maintain the charge balance within the crystal due to the replacement of a +2 ion
(Ca®) with a +3 ion (Bi’"), the structure contains an ordered arrangement of
vacancies in the Bi positions corresponding to the formation of Bi,[ ,Mo030,. Figure
2.2 shows the projection of the crystal along b axis and the bismuth vacation sites on

the structure.
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All MoOy tetrahedra in a-Bi;Mo030;, are in Mo0,0Og form (van den Elzen &
Rieck 1973a). There are two forms of Mo0,Os, one of which possesses a central
symmetry while the other does not. In addition, all Bi have 8 oxygen neighbours.
However, the Bi-O distances are not equal and range from 2.12 to 2.93 A. The unit
cell structure of a-Bi;Mo030;, according to van den Elzen and Rieck is shown in

Figure 2.3.

Figure 2.2 Bismuth vacant sites in a-Bi,M030;, along b axis projection. The solid
lines show the a-Bi,Mo0301; unit cell while the dashed line is a unit cell
of scheelite. Large solid circles represent occupied Bi sites while the

small circles are the empty Bi sites (Adapted from van den Elzen and

Rieck, (van den Elzen & Rieck 1973a)).

ll) ﬂ-BizMOzOy

Growing a single crystal of B-Bi;Mo0,0O9 to the size suitable for single
crystalline X-ray diffraction was not an easy task. This is the reason why the crystal
structure of B-Bi;Mo0,09 was not well understood until 1975. In 1974, Chen (Tu
Chen & Smith 1975) grew a single crystalline B-Bi;M0,0y, but the crystal was
twinned and not suitable for accurate X-ray structure analysis. Due to the difficulties,
van den Elzen and Rieck (van den Elzen & Rieck 1975) did a comprehensive powder
X-ray diffraction analysis on a high purity -Bi,M0,0O9 and obtained its structure.
The crystal was prepared according to the method developed by Batist (Batist et al.
1968). van den Elzen and Rieck noted that Bi'" had octahedral coordination to
oxygen anions at various distances as in the alpha phase, while Mo®" had tetrahedral

coordination with oxygen. van den Elzen and Rieck further proposed that Mo®*
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tetrahedral might be strongly distorted and linked together in pairs as in the alpha
phase.

07 011

. O
o |
Bi2

01
‘0 @ ¢ g @
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Mo 3
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l\gz o1 . 03..010
@ o

Bi1

Figure 2.3 The unit cell structure of a-Bi,Mo3O;, (upper figure) and atom map of

the unit cell (lower figure). (Adapted from van den Elzen and Rieck,
(van den Elzen & Rieck 1973a)).
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In 1986, Chen and Sleight (Horng-Yih Chen & Sleight 1986) crystallised -
Bi,Mo0,09 from a mixture of Bi;O3 and MoO3 with a molar ratio of 27.5/72.5 using
the Czochralski method (West 1989). Although the crystal was twinned, they
successfully isolated a clear yellow, twinned free-fragment of crystalline -
Bi;Mo0,0y. Subsequent single crystal X-ray diffraction analysis using the Patterson
and Fourier method (Stout & Jensen 1989) revealed that the crystal structure was
remarkably close to that outlined by van den Elzen and Rieck. The crystal is
monoclinic and belongs to the space group P2i/n with a = 11.972(3) A, b =
10.813(4) A, ¢ = 11.899(2), B= 90.13(2), and Z = 8. This structure may be
represented by the formula Bi(Bi30,)(M004)4. The Bi3O, chains are parallel to the b-
axis and Bi ions bound only to MoOj tetrahedra. Contrary to an earlier report by van
den Elzen and Rieck (van den Elzen & Rieck 1975), the isolated MoQj tetrahedra are
very regular. A neutron diffraction study on 3-Bi,M0,09 by Antonio et al (Antonio et
al. 1988) showed very little discrepancy with the structure proposed by Chen and
Sleight (Horng-Yih Chen & Sleight 1986). In addition, Antonio et al suggested that

the lack of Mo-Qj4 distortion was attributed to their isolation from each other.

The structure of B-Bi;Mo0,Og is built with square clusters of four MoO,
tetrahedra to become Mo04O,6. They bound together by Bi ions located halfway on
the axis passing through the centre of the squares (Bielanski & Haber 1991). Some
Bi cations are surrounded by eight oxygen ions from the MoOy tetrahedra. There are
also some oxygen ions associated only with Bi cation in the coordination sphere of
others. Thus, the structure may be visualised as composed of rows of oxygen ions,
connected only to Bi cations, running parallel to the (M04O6)-Bi-(M04O;¢) units.
These resemble the ribbons of Bi,O from the Bi,O, layers in koechlinite. However,
not all Bi sites are filled. One in every four Bi sites is empty. The structure may be
thus represented by Bi(Bi3[10,)(Mo04O;¢), where the first Bi is associated only with
the (M040O16) units and the Bi cations in parentheses are bonded to the oxygen atoms
associated only with Bi as well as to those shared with the (Mo04Oj6) units. The
structure of a unit cell of B-Bi,M0,0y and its crystal representation along the (010)

face are shown in Figure 2.4 and 2.5, respectively.
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Figure 2.4 A unit cell of B-Bi,M0,0Oy (upper figure) and atom map of the unit cell

(lower figure). (Adapted from H.-Y. Chen and A.W. Sleight (Horng-Yih
Chen & Sleight 1986)).

17



Centre for Fuels and Energy

@
(]
III“Ilnml

Figure 2.5 Representation of the B-Bi;Mo0,0O¢ structure projected along (010)
(Antonio et al. 1988). The figure shows clusters of MoOj, tetrahedral to

form Mo4O1¢. The small circle represents a bismuth atom.

c. y-Bi:MoOy
The gamma phase of bismuth molybdate is found naturally as mineral

koechlinite. The structure was firstly determined by Zemann in 1956 (Zeeman 1956).
In 1973, van den Elzen and G.D Rieck (van den Elzen & Rieck 1973b) redetermined
the structure using single crystal X-ray diffraction because they found that the crystal
model from Zemann was inaccurate due to a large linear absorption coefficient as a
result of irregular and poorly defined specimen. Using the single crystal X-ray
diffraction technique, they found that the actual symmetry was Pca2; rather than
Cmca as suggested by Zemann. However, the model developed by van den Elzen and
Rieck has two oxygen atoms that are separated by only 2.2 A in O-O distance. The
distance is a physically unrealistic feature, because the closest distance allowable for
two-unbounded oxygen is 2.4A, based on the effective ionic radii of oxygen

(Shannon & Prewitt 1969). The structure of y-Bi;MoOg in Zeeman and van den
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Elzen and Rieck’s work were determined from crystals of natural koechlinite

mineral.

In order to make a correction to the flaw in the van den elzen and Rieck
model, Teller et al (Teller, Brazdil & Grasselli 1984) collected diffraction data from
synthetic y-Bi,MoOs powder using a high intensity time-of-flight (TOF) neutron
diffraction. Their work corrected the flaw in O-O distance but agreed that the crystal
has a Pca2; symmetry as reported by van den Elzen and Rieck.

Theobald et al (Theobald, Laarif & Hewat 1984) published a similar structure
a couple months earlier than Teller et al.. They reported the results of their structural
study of synthetic y-Bi,M0Og¢ by constant wavelength neutron diffraction and found
that the structure has a Pca2; symmetry. The short O-O distance found in van den

Elzen and Rieck structure was resolved as well.

The crystalline structure model developed by Teller et al (Teller, Brazdil &
Grasselli 1984) and Theobald et al (Theobald, Laarif & Hewat 1984) was based on
Zeeman (Zeeman 1956) and van den Elzen and Rieck’s (van den Elzen & Rieck
1973b) work. It contains series of layers made up of (Bi,0,)*", and (M00,)*",
octahedron units connected by O® ions in the arrangement of (Bi,0,)*", 0%,

(M002)2+n 0%,.. An overview of the structure is given in Figure 2.6.

Three types of oxygen ions exist in the structure. The first type of oxygen
ions are within the Mo octahedral layer, bridging only two Mo atoms. The second
type of oxygen ions are entirely within the Bi layer, bridging four metal atoms. The

third type bridges the Mo and Bi layers.

The structure model developed by Teller et al (Teller, Brazdil & Grasselli
1984) has asymmetry coordination around the Bi atom in the BiOg unit. The
asymmetry allows the lone pair electrons of Bi to be directed toward MoOg
octahedron. With steric considerations, the position of Mo in the MoOg octahedron
should be distorted away from the lone pair, which is opposite to their experiment
result in which Mo is distorted to the lone pair direction. The opposite finding is
associated with the Lewis acid-base interaction between the lone pair and the d

orbital on the transition metal (Mo).
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Figure 2.6 From left to right, a unit cell of y-Bi,Mo0Og and its atom map. The figure
is adapted from Teller et al (Teller, Brazdil & Grasselli 1984).

Unlike the alpha and beta phases, the gamma phase of bismuth molybdate has
three polymorphs, namely, v, y’, and y”. The structure discussed above is the lowest

temperature polymorph. At 570°C, the y polymorph is reversibly turned into the y’
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polymorph and further to the irreversible y” polymorph if it is heated to 670°C
(Balessi et al. 1999; D. J. Buttrey et al. 1994; Catlow 1997). Thus, caution should be
taken when preparing y-Bi,MoOg since only the y polymorph is active for partial

oxidation of propylene to acrolein

2.5.2 Relationship between Structure of Bismuth Molybdate and Catalytic
Activity

According to the literature on phase equilibria studies (Douglas J. Buttrey
2001; Egashira et al. 1979; Hriljac, Torardi & Vogt 1995; Tomasi et al. 1997), there
are eight phases known on binary bismuth molybdenum oxides, prepared by high
temperature synthesis. Among the eight phases, only three of them are active and
selective toward partial oxidation of olefin. Hriljac et al (Hriljac, Torardi & Vogt
1995) reported a possible fourth active binary bismuth-molybdenum oxide prepared

under mild hydrothermal conditions, but no catalytic activity was reported.

Among the family of active bismuth molybdenum catalysts, several
arguments have been raised in deciding which one has the best activity and
selectivity. At least there are three opinions about the order of activity of the a, 3,
and y phases. The first comes from Beres et al. (Beres, Janik & Wasilewski 1969),
Millet et al (Millet et al. 1993) and also Monnier and Keulks (Monnier & Keulks
1981) who found that the B-phase was the most active and selective, followed by o
and y. The second comes from Batist et al. (Batist et al. 1968; Batist et al. 1971) who
observed that y phase was equally good as the beta phase. Yet another opinion from
more recent studies by Agaquseinova et al (in Cullis and Hucknall (Cullis &
Hucknall 1981)) who observed that the order of propene activity decreased in the

order of a>P>y whereas the order of selectivity was >a>y.

In all active bismuth molybdate catalysts, lattice oxygen plays the key role in
the catalytic activity for partial oxidation of propylene. The role of lattice oxygen has
been proven by tracer studies using '®O (Leonard David Krenzke 1977; Miura et al.
1979; Ono, Ogata & Kuczkowski 1998) as well as photoelectron characterisation of
the catalyst surface (Ayame et al. 2000; Ayame et al. 2002; R. Grzybowska et al.
1976; Han, Ueda & Moro-Oka 1999). The importance of lattice oxygen in the
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catalytic partial oxidation led to the conclusion that an active catalyst has to be able

to provide lattice oxygen for oxidation.

Batist et al. (Batist et al. 1968) attempted to correlate the Bismuth-Molybdate
activity and selectivity with the bulk crystal structure. In their opinion, the catalytic
activity for selective oxidation of olefin was connected with the corner-sharing Mo-O
octahedra, while the catalytic activity was largely absent in compounds containing
edge-shared octahedra. They believed that in the 1:1 bismuth to molybdenum ratio
compound, Mo ion has an octahedral coordination, which allows a high catalytic
activity. In addition, they suggested that the interlinking of Mo-O octahedra by edge
sharing is responsible for the low activity of the 2:3 molybdate. However, detailed
studies (Theobald, Laarif & Hewat 1985; van den Elzen & Rieck 1973a) have shown
that in the 2:3 compound, the molybdenum ion is surrounded by a distorted
tetrahedron. Infrared and ultraviolet investigations by kumar and Ruckenstein
(Kumar & Ruckenstein 1976) revealed the presence of both tetrahedral and
octahedral oxomolybdenum species on the surface of the 2:1 and 1:1 active Bismuth-

Molybdates.

The importance of edge sharing Mo-O octahedral was also reported in
Haber’s review (Haber 1985). When the reaction occurred on the bismuth molybdate
surface, the uptake of oxygen from the surface caused oxygen vacancies. The oxygen
vacancies generated electrophilic oxygen, which then led to total oxidation products.
The oxygen vacancies, surprisingly, were not found on the reacting surface. The
absence of elecrophilic surface oxygen is now believed to be caused by the so-called
“shear plane”, where the corner-sharing Mo-O turned into the edge-sharing Mo-O.
The ability of bismuth molybdate to serve the change of the sharing is believed to be

the source of their selectivity for partial oxidation reaction.

Buttrey et al (D. J. Buttrey, Jefferson & Thomas 1986) mentioned that the
event that is taking place on the surface could lead to the structural reorganisation.
They investigated the structure of Bi,O3.nMo00Os crystal, covering n=3 (alpha phase),
n=2 (beta phase) and n=1 (gamma phase) to find the relation between the structure
and catalytic activity and concluded that all active phases were actually derived from
the fluorite structure. They further concluded that fluorite structure was possibly

responsible for the accommodation of either cation or anion vacancies in the crystal
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framework for the » = 2 and 3 and determined the catalyst activity toward the
catalytic partial oxidation of olefin. For the phase with n = 1, fluorite-related
structure did not exist and its activity was due to the facile path of lattice oxygen (0>

) diffusion through MoO; and Bi,0, layers (Robert Karl Grasselli 1982).

Buttrey et al, however, confessed that the structure identified in their study
might be different from the real structure under actual reaction conditions. This raises
a question about the role of the structure of the catalyst under the reaction condition.
This will be further investigated in more detail in this thesis. The following section
outlines the diffraction techniques used in the investigation in the crystal structure of

the catalysts.

2.6 Diffraction Techniques for Characterisation of Heterogeneous

Catalyst

Physical and chemical characteristics of catalysts are normally studied by
spectroscopic-surface analysis instruments such as XPS, NMR, EPR, EXAFS and
etc. These techniques, however, only give local surface information or near surface
structure and about certain elements in the catalysts. The important role of the bulk
structure of bismuth molybdate in providing lattice oxygen for the oxidation reaction

led to the need to investigate the bulk structure of bismuth molybdate in great detail.

Diffraction is the main technique for investigation of bulk structure and a
very useful technique in solid-state chemistry. There are three means of diffraction,
depending on the nature of the diffracted beam, namely X-ray, neutron and electron
diffraction. X-ray diffraction has been used as a useful tool for fingerprint

characterisation of crystalline materials and determination of their crystal structures.

The diffraction of X-rays by crystals was discovered by von Laue (West
1989) in 1912. Later, Bragg derived a simple equation by treating diffraction as
“reflection” from planes in the lattice (West 1989). Bragg deduced the relation
between the inter-planar distance (d) and the incident beam angle (6) and the
wavelength of the X-ray as represented by equation (2.1), where 7 is an integer. For a

given set of planes, several solution of the Bragg’s Law are usually possible, for n=1,
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2, 3, etc. The Bragg relation between crystal spacing and wavelength is also

applicable to neutron and electron diffraction.
2dsin@=n\ 2.1

Powder diffraction is the most common technique for characterising the bulk
structure of catalysts since most of them are in the form of powder. In the past, the
powder method was rarely used for structural characterization because the technique
was regarded as inferior for structure refinement as compared to the single crystal
method (Robert Alan Young 1993). Significant improvements in instrumentation
and availability of more powerful computers and refinement methods have made it
possible to use the diffraction technique for structural analysis. The diffraction
technique has now not only been used for fingerprint analysis of crystal phases but
also for structural refinement since Hugo Rietveld (Rietveld 1967) proposed and
published a method for structure refinement from powder diffraction data in the late
1960s. The method was based on the full-profile fitting from neutron powder
diffraction data, which was later successfully adapted for the refinement of X-ray
powder diffraction data by Malmros and Thomas (Malmros & Thomas 1977),
Khattak and Cox (Khattak & Cox 1977), and Young et al (R. A. Young, Mackie &
von Dreele 1977). The refinement method developed by Rietveld is well known as
Rietveld analysis (Robert Alan Young 1993). The method gained its momentum
when it was successfully applied to refine the structure of high temperature

superconductor (7. = 90K) YBa,Cu307« (Robert Alan Young 1993).

With the advances in the diffraction technique and the rise of the Rietveld
method, very wide applications of the technique have been opened for catalyst
characterisation. The Rietveld analysis can extract structural information such as
lattice parameters, occupancy factors, atomic coordinates, and thermal vibration of
each atom in the catalyst lattice. The advances in instrumentation also make possible
the in-situ diffraction analysis although it still has some limitations. One of the
limitations is that the timescale of data acquisition is much slower than the dynamics

of the structure evolution.
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2.7 The Rietveld Analysis

The Rietveld analysis is a method widely used to refine a whole powder
diffraction pattern (Kisi 1994; Perego 1998; Pratapa 2003; Sitepu 1998). The pattern
is considered as a collection of individual Akl reflection profiles, which are not all
resolved but partially overlap one over another (Perego 1998). Each reflection is
characterised by a peak height, a peak position, a peak broadening, and an integrated
area proportional the Bragg intensity (/). In order to resolve the structure of a
sample, a pattern from a postulated structural model, which has to be very close to
the actual structure, is generated. After that, the structure of the model is refined until
its pattern becomes exactly the same as the pattern of the actual structure. In a
Rietveld analysis, the refinement is undertaken by the least-squares method (Rietveld

1967).

The basis of the Rietveld method is minimising the residual, S), of the least-
square procedure. In the procedure, a model is presumed to be optimal when the sum
(S) of the squares of the differences between the measured and the calculated patterns
is the lowest, that is, when the value of S, reaches a minimum, as given in equation

2.2 below:

S, = Zwi(yi _yci)z 22
where y; is the observed step intelllsity, Vi 18 the corresponding calculated value, and
w; 1s the weighting factor of point i in the pattern which is normally set as the
reciprocal of the variance of the measured intensity at point i, i.e. wi = 1/y;. The
calculated intensity is given by summing the contributions from (i) neighbouring
Bragg reflections and (ii) background (assuming the crystallites are randomly

oriented). The general expression for the calculated intensity y,is given by:

2
Vei :SZLK|FK| ¢(29i —29K)PKA+ybi 2.3
K
where i is index of the point being calculated, s is the scale factor, K represents the

Miller indices (West 1989), 4, k, [ for a Bragg peaks, Lg contains the Lorentz (West

F K| is the structure factor for K™ Bragg

1989), polarisation and multiplicity factors,

reflection, ¢ is the peak shape function, 26, and 26k are the detector angles with
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respect to point i and Bragg peak K, Pk is the preferred orientation function, 4 is an
absorption factor and y;; is the background contribution. The “s” parameter is the
scale factor which is very useful for quantitative analysis (Robert Alan Young

1993).

The structure factor Fy is given by equation 2.4, where 4, k, [ are Miller
indices, x;, y; z are relative position parameters of /" atom in the unit cell, N; is the
site occupancy multiplier for the /™ atom site, and f; 1s the scattering factor which is

proportional to atomic number (Z) and decreases with increasing the Bragg angle.

|27 (hxj+hy j+iz ]e—M .

Fg=2.N;fje / 2.4
J

The scattering factor of atoms in X-ray and neutron diffraction is different. In
X-ray, the beam is scattered by electrons surrounding the nuclei while in neutron, the
beam is scattered by nucleus. The result is that the X-ray scattering factors are
dependent on the atomic number (Z) and fall off quickly over the range of (sin 8)/A.
In contrast to X-ray, the atomic scattering factor in neutron diffraction is effectively

constant and there is no regular progression with Z (Robert Alan Young 1993).

M; in equation 2.4 is the thermal factor, which is mathematically represented

by equation 2.5. This factor is determined by the mean square root of thermal

displacements of the /™ atom site represented by uf . For isotropic thermal motion,

the term 8z°u’is known as temperature factor B;. Thus, by knowing the

temperature factor, the vibration of atoms/ions in a crystal lattice can be calculated.
> .20
M; :87z2u52 sin? — 2.5
2
A
Various mathematical peak profile functions ¢, are available in the Rietveld
softwares. The Voigt function, a convolution of Gaussian and Lorentzian functions
(Robert Alan Young 1993), was used for all refinements in this study. The function
is given by equation 2.6,

1

1 1 .
$(20, -26,) =L[ﬂjz Re| o C2 X +iCy —2 2.6
Hg\ 7 Hg
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where C, =2In2, C, =+/In2, H; is the FWHM (Full Width of Half Maximum) of
the contributing Gaussian, /;; is the FWHM of the contributing Lorentzian, @ is the
complex error function, defined as w(z) = exp(~z*)erfc(—iz) and Re denotes the real
part of the complex expression. The dependence of breadth H of the reflection
profiles measured as Gaussian FWHM varies with the diffraction angle € according

to the expression given by equation 2.7 while the Lorentzian H of FWHM is

according to equation 2.8.

H=Utan’0+ Vtan 0+ W 2.7
H, =@£sec9+@Stan0 2.8
7 D T

One has to bear in mind that the Rietveld method is not a structure solution
method, but a structure refinement method. This means that the method needs a very

good structural model to begin with.

2.8 The Reaction Mechanisms of Partial Oxidation of Propylene to
Acrolein on Bismuth Molybdate Catalysts

2.8.1 Propylene Activation

It is probably Adams and Jennings (Adams & Jennings 1963) (Adams &
Jennings 1964) who first started the studies of the reaction mechanisms of propylene
partial oxidation to acrolein over bismuth moybdate catalysts. In they work, Adam
and Jenning used propylene labelled with deuterium and used a kinetic isotope effect
analysis to find out the probability of deuterium atoms being abstracted relative to

hydrogen atoms. The conclusions of their work were:

1. The first step in the oxidation of propylene is the abstraction of a hydrogen
atom from the methyl group and the process is the rate-determining step.
2. The hydrocarbon intermediate formed after the abstraction is a symmetrical

structure, probably similar to the m-allylic species. This species is not cyclic
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because no deuterium was found in the middle of carbon atoms of the
resulting acrolein.
3. Propylene underwent two successive hydrogen abstractions before the

addition of oxygen.

The existence of the symmetrical intermediate was also found by Voge et al.
(Voge, Wagner & Stevenson 1963) by using propylene labelled with *C on a
cuprous oxide catalyst at 300°C. The same conclusion was also made by Sachtler and
DeBoer (after Krenze, (Leonard David Krenzke 1977)). Report on studies where
allyl radicals were generated in-situ, either by allyl iodide (B. Grzybowska, Haber &
Janas 1977) or from gas phase radicals (Driscoll & Lunsford 1985; Martir &
Lunsford 1981), confirmed the existence of the symmetrical allyl intermediate.
Figure 2.7 gives the reaction path of the propylene activation via the formation of

allylic intermediate.

CH=CH-CH:D _, CHD=CH-CH;
z CH,=CH=CHD
CH,=CH=CH, ] .
2N
CH,=CH-CH CH,=CH-CD CH-CH=CHD
l +0 l +0 l +0
CH2=CH-(|3=O CH2=CH-C|=O CH2=CH-C|=O
H D H

Figure 2.7 The reaction paths of the partial oxidation of deuterium-labelled
propylene, Z=kp/ky, while 1 and 3 are the numbers of carbon atoms
where hydrogen is abstracted. The value of Z was calculated from the
distribution of deuterium in acrolein. Deuterated carbon was only found
on terminal carbon atoms of the products (Leonard David Krenzke

1977).
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Transient response and spectroscopy methods have also been used to prove
the existence of the allylic radical. Kobayashi (Kobayashi & Futaya 1979) used a
transient response method on a bismuth molybdate with Bi:Mo ratio of about 1.0 and
comprised of alpha, beta and gamma phases, and revealed the existence of the allylic
intermediate. The allylic intermediate was also reported by Martir and Lundsford
(Martir & Lunsford 1981) using an EPR spectroscopy method, and by Schultz and
Beauchamp (Schultz & Beauchamp 1983) using a photoelectron spectroscopy. The
study by Carrazan et al. (Carrazan et al. 1996a) using an FT-IR spectroscopy
technique on a multiphase Bi, Mo, and Co catalyst and proposed a mechanism which
is in agreement with those of Cullis and Hucknall (Cullis & Hucknall 1981) and
Bettahar et al. (Bettahar et al. 1996). A more recent study by Ono, Ogata, and
Kuczkowski (Ono, Ogata & Kuczkowski 1998) using labelled oxygen and

microwave spectroscopy also supported the existence of allylic intermediate.

Several studies (Gorshkov et al. 1970; Gorshkov et al. 1969; Gorshkov et al.
1968) on the formation of side products also confirmed the allylic intermediate
mechanism. The side products normally accompany the selective oxidation of
propylene to acrolein. Keulks and Daniel (Daniel & Keulks 1972) investigated the
oxidation of '*C labelled and unlabelled acrolein. They found that the carbon dioxide
is formed almost exclusively from the further oxidation of acrolein. The same result
was also found earlier by Russian researchers (Gorshkov et al. 1970; Gorshkov et al.
1969; Gorshkov et al. 1968). Figure 2.8 shows the reaction path of the formation of

some side products.

All of the above studies using indirect methods concluded the formation of
the allylic radical. The formation of allylic intermediate in the reaction of partial
oxidation of propylene over bismuth molybdate catalysts has been widely accepted
although the isolation of the allylic and allyl-peroxiradicals was only proven in 1981
by Martir and Lundsford (Martir & Lunsford 1981) in their matrix isolation-EPR
studies on a-Bi;Mo030;, and y-Bi,MoOs.

2.8.2 Oxygen Insertion

The step after propylene activation is the abstraction of second hydrogen and

the oxygen insertion into allyl group. The abstraction of the second hydrogen is
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unlikely to occur at the same time as the allylic formation is taking place because the
reaction is energetically rate-determining step. Studies using self-generating allylic
species (James D. Burrington, Kartisek & Grasselli 1980; B. Grzybowska, Haber &
Janas 1977) have showed that the second hydrogen was abstracted from the allylic

intermediate.

CH,=CH-CH;

l

CH,=CH=CHD

l 'S I

CH,=CH-CHO — >  HCHO + CH;CHO

e 1

CH,=CH-COOH HCOOH CH;COOH
L

CO,, CO, H,O

Figure 2.8 The reaction paths of the formation of side products (Leonard David

Krenzke 1977).

The insertion of oxygen occurs before the second abstraction of hydrogen
from the allylic intermediate. In order to elucidate the key aspects of selective partial
oxidation of propylene to acrolein over bismuth molybdate and related catalysts,
Burrington et al. (James D. Burrington, Kartisek & Grasselli 1980) used allyl
alcohol-1,1-d2 and -3,3-d2 in their investigation. They concluded that the insertion of
oxygen occurs before the abstraction of the second hydrogen and facilitated by the

presence of a C—O bond.

So far, no mention has been made of the source of oxygen for oxygen
insertion into the allylic intermediate. For the formation of acrolein, there are two
possible sources of oxygen. One involves the use of lattice oxygen and the other an

adsorbed form of molecular or gas phase oxygen. The first mechanism is referred to

30



Centre for Fuels and Energy

as the redox mechanism where the catalyst itself acts as the oxidising agent. In this
mechanism, molecular oxygen serves only to re-oxidise the reduced catalyst. The
second type of oxygen reacts with the allylic intermediate to form hydroperoxide.

The hydroperoxide then decomposes to acrolein and water.

The redox mechanism was first proposed by Mars and van Krevelen (Thomas
& Thomas 1997) and has since been known as the Mars and van Krevelen
mechanism. In early 1954, Mars and van Krevelen (Mars & van Krevelen 1954)
concluded that the catalytic oxidation of hydrocarbon took place in two steps: (a) the
reaction between hydrocarbon and the oxide in which the latter is reduced and the
former is oxidised, followed by (b) reoxidation of the reduced catalyst by gaseous
oxygen to the original state of activity and selectivity. The Mars and van Krevelen
mechanism is schematically given in Figure 2.9. The concept where the lattice
oxygen of a reducible metal oxide could serve as a useful oxidising agent for
hydrocarbons was actually the basis of the early work at SOHIO which led to the
development of bismuth molybdate catalyst (Callahan et al. 1970).

Propene n n
2—
\ «— 2 0 — 'S 4 0;

Selective
Oxidation
Products

I

ne
H,0

Figure 2.9 A schematic of the Mars and van Krevelen mechanism on bismuth

molybdate catalysts (Thomas & Thomas 1997).

The usefulness of lattice oxygen as the source of oxygen for oxidation
reactions is due to the fact that the oxygen is relatively easy to be removed from the
lattice. Burlamacchi et al. (Burlamacchi, Martini & Ferroni 1971) gave evidence that
the lattice oxygen ions on y-Bi;MoOQs surface could be easily removed by applying

high vacuum at temperatures above 300°C. Fattore et al. (Fittorio Fattore et al.
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1975a; Vittorio Fattore et al. 1975b) observed that acrolein could be formed without
any gaseous oxygen over bismuth molybdate and several other metal oxides

catalysts.

2.8.3 Active Site for the Source of Lattice Oxygen

The evidence of the formation of allylic intermediate and the involvement of
lattice oxide ions led to further questions how the propylene is activated on the
surface of bismuth molybdate catalysts and which oxide ions are responsible for the
oxidation of the allylic intermediate. In order to answer these questions, many studies

have been taken to find out the active sites on bismuth molybdate catalysts.

Otsubo et al. (Otsubo et al. 1975) used ’Y-Bi21803.MOO3 and ’Y-Bi203.M01803
to investigate which oxygen ions are actually taken from the lattice. They reacted
bismuth molybdate with hydrogen and found that the products contain mainly '*O on
the y—Bi21803.M003 but not found on ’Y—Bi203.M01803. From the finding, they
concluded that oxide ions in (BiO,)*", layers are responsible for olefin oxidation.
Later, they further discovered that the oxide ions consumed by the reaction are
replenished by gaseous oxygen through (MoO,)*", layer (Miura et al. 1979) and
supported the former investigation results of Grzybowska and his co-workers (B.
Grzybowska, Haber & Janas 1977; R. Grzybowska et al. 1976). Miura et al (Miura et
al. 1979) also found that the oxide ions in the beta and gamma phases of bismuth
molybdate are more mobile than those in the alpha phase. The different extent of
lattice oxygen participation in the three bismuth molybdate phases was also revealed

by Hoefs et al. (Hoefs, Monnier & Keulks 1979).

Ono et al. (Ono, Ogata & Kuczkowski 1998) reported that initial hydrogen
abstraction to produce an allylic intermediate involves an oxygen atom associated
with bismuth. They also found that the second hydrogen abstraction was facilitated
by the presence of molybdenum oxide polyhedra on y-Bi;M0QOs. The allylic radicals
formed on the surface of y-Bi;MoQg are found in the rapid equilibrium form of =-
allyl and o-allyl on the surface of a-Bi,Mo030;,. The study by Batist in 1979 (Batist
1979) also revealed the importance of redox couples in a catalyst for the selective

oxidation of olefin.
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Evidence of dual sites for propylene adsorption was also reported in the most
recent studies by Ayame et al. (Ayame et al. 2000; Ayame et al. 2002). Using an in-
situ XPS method on the alpha and gamma phases of bismuth molybdates, they found
the propylene molecule interact simultaneously with two different lattice oxygen ions
to result in almost equivalent amounts of Mo*" and Mo’”, but the reduced species of
bismuth were not found. Abstraction of bridging oxygen led to the formation of Mo®*
species, while abstraction of double bonded oxygen led to the formation of Mo*"
(Ayame et al. 2000; Ayame et al. 2002; Gualtieri & Venturelli 1999). The results of
the investigation by Ayame et al (Ayame et al. 2000; Ayame et al. 2002) indicate that
propylene interacted with two different oxygen ions on the surface of bismuth
molybdate at the same time to produce acrolein and water. The first oxygen ion
bridges Bi’" and Mo®" while the other is the oxygen ion doubly bonded to Mo®"
where the former is structurally and laterally distinct from the latter. A study on
adsorption equilibrium of propylene on y-Bi,Mo0Og, reviewed in reference (Bettahar
et al. 1996) showed that the propylene was adsorbed on a dual site. The reaction

scheme of bridges and doubly bonded oxide ions is given in Figure 2.10.

All above evidence has led one to draw all molecular level mechanisms of
propylene oxidation to acrolein over bismuth molybdate catalysts as articulated in

Figures 2.11 to 2.13.

2.9 Kinetics of Propylene Oxidation to Acrolein

Although there has been a vast amount of research into the reaction
mechanisms of partial oxidation of propylene to acrolein over bismuth molybdate
catalysts, very few kinetic experiments have been reported. One of the earliest
reports on the kinetics is by Adams et al. (Adams et al. 1964). They reported that the
reaction was first order in propylene and independent of oxygen and products. The
conclusions of the report were derived from their kinetic experiments using an
integral reactor operating at atmospheric pressure and 450 to 550° C. The first order
in propylene and zero order in oxygen were also reported by Gel’bstein et al.
(Gel'bstein et al. 1965) using an externally recirculated reactor with beta phase of

bismuth molybdate supported on silica as a catalyst.
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Figure 2.10 A schematic of bridges and doubly bonded oxygen ions on bismuth
molybdate catalysts (Bettahar et al. 1996).
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Figure 2.11 A schematic of steps in propylene oxidation into acrolein over bismuth

molybdate catalyst (Carrazan et al. 1996a).

The oxidation of propylene over bismuth molybdate as had been done by
Adams et al. and Gel’bstein et al. yielded, in addition to acrolein, some considerable
amounts of carbon monoxide, carbon dioxide and lesser amounts of ethylene,
formaldehyde and acetaldehyde. The carbon oxides (CO and CO,) appeared to come
from either direct reaction of propylene with oxygen as well as oxidation of acrolein.
In order to gain further insight into the reaction mechanism and to find out the origin

of carbon oxides, Keulks et al. (Keulks, Rosyneck & Daniel 1971) undertook a
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kinetic study on propylene oxidation over bismuth molybdate using a single pass,
integral flow reactor at 350° to 475°C and atmospheric pressure. They found that: i)
the kinetics showed the first order in propylene and zero order in oxygen; ii) the
activation energy was 121.42 kJ mol™” over the temperature range; iii) the side
products, such as acetaldehyde, formaldehyde, ethylene, carbon monoxide, and
carbon dioxide were formed almost exclusively via oxidation of acrolein or its
surface precursor species when excess oxygen was present and the direct oxidation
propylene to carbon dioxide only became important when there oxygen was
deficient. They also found that the homogeneous-gas phase oxidation of acrolein

became important when the post catalytic volume of the reactor was increased.
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Figure 2.12 The detailed reaction mechanism of propylene oxidation into acrolein
over bismuth molybdate catalysts, X = Bi (Cullis & Hucknall 1981) and
Bi, Co (Carrazan et al. 1996a).

More recent studies of the kinetics of propylene oxidation to acrolein were
reported by Keulks and co-workers (L. David Krenzke & Keulks 1980b; Monnier &
Keulks 1981), Tan et al. (H. S. Tan, Downie & Bacon 198819891990) and Kremenic

et al (Kremenic et al. 1987). Keulks and co-workers put more emphasis on the
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kinetics of the redox mechanism over bismuth molybdate while Tan et al

concentrated more on statistically accepted data.

Acid-base step Redox step
+ 02— + Mn+
CD,—CH—CH; ———  » [CD,"“CH:*CH,]] —— » [CD,~CH>*CH,]"
- OH - MED*
n-allyl n-allyl
anion cation
o> Acid-base
~~ (nucleophilic)
/ step
CD,==CH—CH,—O" CD,==CH—CH,=0
50% % 70%
Redox Step
+ > +
i - H(D)
CH,=—=CH—CD,—O CH,=—=CH—CD,==0
50% 30%

Figure 2.13 A reaction mechanism of propylene oxidation into acrolein, showing

acid-base and redox steps (Bettahar et al. 1996).

Keulks and co-workers (Keulks & Lo 1986; Keulks, Rosyneck & Daniel
1971; Leonard David Krenzke 1977; L. David Krenzke & Keulks 1980b; Monnier &
Keulks 1981) found that there were two apparent activation energies, depending on
the reaction temperature for the acrolein formation from partial oxidation of
propylene on a, B and y-bismuth moybdate. The apparent activation energies on o-
Bi;Mo03;013, B-BixM0,0y and y-Bi;MoOg found by Keulks and co-workers are given
in Table 2.3. They also found that the kinetics of acrolein and carbon dioxide
formation over bismuth molybdate appear to be complicated by the fact that the
dependencies on both oxygen and propylene tend to change with temperature.
However, they have successfully explained the kinetic behaviour by the redox

mechanism.
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Table 2.3  Apparent Activation Energies of Partial Oxidation of Propylene to
Acrolein over Bismuth Molybdate Catalysts (L. David Krenzke &
Keulks 1980b; Monnier & Keulks 1981).

E
Catalyst Temperature 1 A 1
Range kJ mol kecal mol

' >410°C 75.36 18
(I-BIQMO301 2

<410°C 221.90 53

. >400 83.74 20
B-BleOzOl 2

<400 180.03 43

) >419°C 62.80 15

v-B1,MoOg
<419°C 180.03 43

The kinetic equation of the redox model developed by Keulks and co-workers
(Leonard David Krenzke 1977; L. David Krenzke & Keulks 1980ab) is given in
equation 2.1. The model is in qualitative agreement with the observed kinetics of

acrolein and carbon dioxide formations.

y X
_ d[C3H6] = kgoy P kOXPOszpcsHﬁ 21
€ .
dr o\ 1 (kouPY, 1k Pespe)
where:
- kgea  =rate constant for catalyst reduction
- Pcsps = partial pressure of propylene
- X = reaction order in propylene
- kox  =rate constant for catalyst reoxidation
- Pop, =partial pressure of oxygen
-y = reaction order in oxygen

The first order in propylene was also reported by Kremenec et al. (Kremenic
et al. 1987) for a Mo-Pr-Bi catalyst. The apparent reaction order with respect to
oxygen was relatively low and decreased from 0.4 to 0.1 as the temperature increased
from 320° to 380°C, and the apparent activation energy was calculated from
Arrhenius plot to be 117 kJ mol™. In addition, they fitted their experimental data
using the Least Squares method (Mathematica in Engineering ) to find the best-fit of
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the experimental data to several kinetic models widely used for catalytic reactions
such as the power rate law, Langmuir-Hinshelwood, Eley-Rideal kinetics, redox, and
stationary state. Combination of the best-fit models and the information on
adsorption of propylene and oxygen on the Mo-Pr-Bi catalysts led them to the
conclusion that the reaction followed the Mars and van Krevelen mechanisms as
founded by Keulks and co-workers using bismuth molybdate catalysts (Kremenic et

al. 1987; Kremenic et al. 1988).

The agreement on the redox mechanisms of the partial oxidation of propylene
to acrolein on bismuth molybdate catalysts was also reported by Tan et al. (Hock
Seng Tan 1986; H. S. Tan, Downie & Bacon 19881989). Tan firstly criticised the
earlier work (Hock Seng Tan 1986). For instance, the work of Keulks and co-
workers (Keulks 1970; Keulks, Krenzke & Notermann 1978; Keulks & Lo 1986;
Keulks, Rosyneck & Daniel 1971; Leonard David Krenzke 1977; L. David Krenzke
& Keulks 1980b; Monnier & Keulks 1981) was limited in number and range of
reactant concentration, and the rate parameters associated with the model were not
evaluated. Using statistical methods for model discrimination and parameter
estimation, they found that the partial oxidation of propylene to acrolein followed a
redox steady state model with a half-order in oxygen concentration, involving
oxygen adsorption and reaction with propylene from the gas phase. Moreover, the
disappearance of propylene occurred through parallel reactions to acrolein, carbon

oxides, and acetaldehyde, with subsequent oxidation of the acrolein to carbon oxide.

2.10 Conclusions from Literature Review

From the discussion thus far, it is obvious that the relationship between
structure, reaction kinetics and mechanisms is complex. Indeed, there has been no
such kind of research, which took into account these three subjects on catalytic
partial oxidation of propylene to acrolein over bismuth molybdate in a single

research. In most case, these subjects were studied separately.

From the viewpoint of reaction mechanisms, the allylic intermediate

formation as the first step for the selective partial oxidation reaction and oxygen ions
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of the catalyst lattice being the source of oxygen for the reaction has been widely
accepted. Ono et al. (Ono, Ogata & Kuczkowski 1998) and Ayame et al. (Ayame et
al. 2000; Ayame et al. 2002) have tried to investigate the relations between the
bismuth molybdate crystal structure and the reaction mechanism by proposing that
certain oxygen types in the lattice are more active and selective than others.
However, they could not conclude more definitively because their experiments were

based only on surface characterisation techniques.

Attempts have been made to reveal the relation between structure and
catalytic activity and selectivity of bismuth molybdate catalysts. Buttrey et al. (D. J.
Buttrey, Jefferson & Thomas 1986) gave an example on how the structure can be
related to their catalytic activity. Buttrey et al (D. J. Buttrey, Jefferson & Thomas
1986) mentioned that all active phases were actually derived from fluorite structure
except the y-Bi;MoOs. However, the structure identified in their study might be
different from the one under actual reaction conditions. This is a fundamental reason
why an in-situ characterisation is needed and will be investigated in more detail in

this thesis.

With the advances in diffraction techniques and the availability of the
Rietveld method, catalyst characterisation under in-situ conditions has been possible,
although there are still some limitations such as the timescale of data acquisition

necessary for more adequate evaluation of the dynamics of the structure.

Although the reaction mechanisms at molecular level have been widely
accepted, the measured kinetics of propylene oxidation to acrolein has never been
directly derived from the mechanisms. All reported kinetics uses the surface
mechanisms rather than the molecular mechanism although it has already given
acceptable explanation of the experimental data. The redox mechanism has so far
been accepted as the only mechanism that can satisfactorily explain the kinetic data
over bismuth molybdate catalysts as mentioned by Keulks and co-workers (Keulks &
Lo 1986; Keulks, Rosyneck & Daniel 1971; Leonard David Krenzke 1977; L. David
Krenzke & Keulks 1980b; Monnier & Keulks 1981) and Tan et al. (Hock Seng Tan
1986; H. S. Tan, Downie & Bacon 1988).
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2.11 Objectives of the Present Research

All the aforementioned literature studies have aimed to understand the
reaction mechanisms so as to control the reaction process. However, further research
is still required to be able to better understand the working of the catalysts so that the
design of new catalysts can be based on sound science and their performance can be

well predicted and controlled.

The research in this thesis is designed to achieve an improved understanding
of the catalyst structure characteristics, reaction mechanisms and kinetics. The aim of
structural characterisation is to explain the role of the bulk catalyst structure in the
catalytic activity for the partial oxidation of propylene to acrolein and to investigate
which oxygen in the bulk structure actually plays the key role in the catalyst’s
selectivity and how the differences in the crystal structure affect the catalyst’s
selectivity and activities. The structural studies will involve in-situ experiments

where the catalyst structure will be studied in their active conditions.

The in-situ studies are designed to reveal which oxygen in the bismuth
molybdate lattice is particularly taking control of the catalysts activity as well as
selectivity. For example, oxygen No. 4 and 5 in a-Bi;Mo030;, are the most likely
oxygen ions who are responsible for the catalyst activity for selective oxidation of
propylene to acrolein. It is also aimed to find out the relationship between different
bismuth molybdate crystal structure and their activity with a hope to achieve better
understanding of how they work and, in the future, to engineer the structure in such a
way so that one could fully control the catalyst activity and selectivity towards

certain useful products.

To give more support on the relation, the kinetics will also be investigated.
The kinetic investigations will be conducted using unsupported powder-form of high
purity, in-house prepared bismuth molybdate catalysts. The unsupported forms are
chosen to annihilate the synergetic effects that might be given by the supports,
reducing the external factors. The kinetics will also be studied using a quartz reactor

which has proven to be inert under reaction conditions.
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The kinetic data will then be analysed to model the kinetics based on
molecular level mechanisms as well as surface mechanisms.
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Chapter 3

EXPERIMENTAL METHOD

In order to achieve the objectives set out for the present thesis as detailed in
Chapters 1 and 2, several analytical and experimental techniques have been chosen
or developed to investigate the partial oxidation of propylene to acrolein on three
bismuth molybdate catalysts namely a-Bi,Mo030;,, B-Bi;M0,0¢ and y-Bi;MoOs.
There are three facets in this investigation, namely, structural characterisation,
reaction kinetics, and reaction mechanisms. This chapter describes in detail these

techniques and their procedures.

3.1 Catalyst Preparation and Characterisation

The chemicals used for the catalyst preparation were bismuth nitrate
pentahydrate Bi(NO3);.5H,O from Aldrich Chemical Company, Inc (Cat. No.
24,859-2), and ammonium paramolybdate (NH4)sM070,4.4H,0 from AR (Cat. No.
CA3885). Both chemicals were purchased from Rowe Scientific, Australia. The
bismuth-molybdate catalysts were prepared using the so-called co-precipitation
method based on the literature (Carrazan et al. 1996b; Fittorio Fattore et al. 1975a; R.
Grzybowska et al. 1976; Millet et al. 1993; Ono, Ogata & Kuczkowski 1998). The
chemical compositions to make ca 100 grams of the targeted o, 3, and y-bismuth

molybdate are listed in Table 3.1.
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Bismuth  nitrate, Bi(NO3);.5H,O and ammonium paramolybdate,
(NH4)6M070,4.4H,0 were dissolved separately in minimum amounts of hot, distilled
water (70°C). The bismuth nitrate solution was then dropped slowly into the
vigorously stirred ammonium paramolybdate solution, producing a yellowish
suspension. The suspension was kept in a water bath at 70°C and stirred well to
evaporate the liquid slowly until it became an almost dry paste. The paste was then
put into an oven at 120°C for 20 hours in air. The dried paste was then crushed and
calcined at 250°C for 2 hours in an air oven to transpose all metal salts into metal

oxides precursors.

Table 3.1 The chemicals for preparing ca. 100 gram of targeted catalysts

Targeted Catalyst Bi(NO3);.5H,0 | (NH4)¢Mo070,4.4H,0

a-Bi,M03015 110.279 gram 59.000 gram
v-Bi,M0Og 162.312 gram 28.947 gram
-Bi;M 0,09 131.320 gram 46.841 gram

The catalyst precursors were then grinded to a powder prior to further
calcination. The calcination temperature and duration were different for each
catalyst, depending on the results from DTA-TGA analyses of the precursors and x-
ray diffraction phase analyses of the calcined precursors. Table 3.2 gives the

optimised calcination program for each targeted catalyst.

Table 3.2  Calcination temperature and duration for catalyst precursors

Targeted Catalyst Calcination Temperature (°C) Duration (hours)

O(,-BizMO3012 480 20
v-BixMoOg 480 20
B—BizMOzOg 650 24

The catalysts surface area and porosity were determined by the BET method
using N, as the adsorbate at the liquid nitrogen temperature. The chemical

composition of the catalysts was semi-quantitatively determined using X-ray
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spectroscopy with an EDAX detector on the Philips XL-500 SEM. The SEM

instrument was also used to study the morphology of the catalysts.

3.2 Diffraction Analyses

The diffraction analyses were aimed to determine the phase and crystalline
structure of the catalysts, either at room temperature or at high temperatures with
different atmospheres. Two diffraction techniques were employed to reveal the

catalysts structure, namely, x-ray and neutron diffraction.

3.2.1 X-ray diffraction (XRD)

The room temperature XRD analyses were undertaken using a Siemens XRD
type D-500 equipped with a Bragg-Brentano optical system, available in the Applied
Physics Department at Curtin University of Technology. X-ray radiation was Cu K,
generated from a Cu source operating at 40 kV and 30 mA. The details of data
collection are given in Table 3.3. The phase search and match were carried out using

the JADE™ software (version 6.0).

Table 3.3 XRD Pattern Measurement Conditions

Radiation: Cu-anode tube type FF Cu4KE 60kV 1.5kW
Operating Voltage and Current were 40kV and 30mA
Effective focal spot size, 0.04 x 8 mm”
Unfiltered, wavelength: CuKa,;=1.5406A and CuKo,=1.54439A

Optics: Bragg-Brentano, measuring circle diameter = 401mm
Incident beam divergence = 1°, receiving slit = 0.05°
Scatter slits divergence = 1°, soller Slit divergence = 1°

Specimen: Holder = circular format, diameter = 23 mm
Holder were rotated in all measurements

Detection: Graphite diffracted beam monochromator set for CuKa
Nal scintillator with pulse height analysis

Acquisition: Angular range in 26, 5° — 120°
Step size, 0.02°
Step speed, 0.5°.min”
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3.2.2 Neutron Diffraction (ND)

The Neutron Diffraction experiments were carried out using the HIFAR
(High Flux Australian Reactor) situated at the Bragg Institute-ANSTO, Lucas
Heights Science and Technology Centre, New South Wales. The experiments used
two neutron diffraction instruments, namely, the High Resolution Powder
Diffractometer (HRPD) and the Medium Resolution Powder Diffractometer
(MRPD).

The HRPD instrument has been described by Howard et al. (Howard et al.
1983), Howard and Kennedy (Howard & Kennedy 1994), and Knott (Knott 1998).
Figure 3.1.a shows a schematic diagram of the instrument. It has 24 *He detectors,
separated by 5° in 20. This detector arrangement provides an effective angular range
of 0° to 150°. A Ge crystal monochromator was used to produce a monochrome
neutron beam at the wavelength of 1.495A. The wavelength was chosen because it
was close to the laboratory XRD wavelength, i.e 1.5418A. The step size of 0.05°
over a 20 range between 0 and 150° was chosen to obtain sufficient steps through

each peak.

The HRPD experiments were carried out in air at room temperature. As
counting times for the data collection was sample dependent (Sitepu 1998), HRPD
experiments was undertaken over 12 hour for a-Bi;Mo30O;; and 24 hour for f-
Bi,Mo0,09 and y-Bi;MoOg to provide a good counting statistics. Specimens were
contained in a vanadium can with 10 mm OD and 60 mm high. The specimens were
rotated during the analyses to assure that the diffraction could result from random
particles in the sample. Details of the instrument setting for the data collection are

given in Table 3.4.

The MRPD instrument had 32 detector channels and gave medium resolution
over an angular range from 4° to 138° of 20. A germanium crystal monochromator
was used to provide a monochrome neutron beam at a wavelength of 1.665 A. The
wavelength was closest to the laboratory Cu-XRD among the possible wavelengths,

which could be provided by the monochromator system (Howard & Hunter 1997).

The MRPD experiments were carried out at temperature between 300 and

400°C in air and in the real reaction atmosphere. The reaction atmosphere comprised
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of 1% CsHg, 2% O, and 97% He. The supply of reactant gasses was provided by
controlling the flow rates of high purity helium and oxygen, and polymer grade
propylene from BOC Australia. The helium and oxygen were used as they were
supplied, while the propylene was premixed with high purity helium to bring the
concentration to around 20%. Three MKS™ mass flow controllers were used to
introduce the reaction gasses into the sample cell chamber at a constant total flow
rate of 120 ml min™'. Data were collected for six hours for a-Bi;Mo30,, and eight
hour for f-Bi,M0,09 and y-Bi;M0Og to obtain sufficiently high diffraction intensity.

Details of the instrument setting are given in Table 3.5.

Table 3.4 HRPD Pattern Measurement Conditions

Monochromator: Ge single crystal, take-off angle = 120°
Wavelength = 1495 A

Optics: Debye-Scherrer

Specimen: Vanadium can (10 mm diameter and 60 mm high)
Holder were rotated in all measurements

Detection: 24 *He detectors, separated by 5° in 26

Acquisition: Angular range of 26: 0° — 150°

Step size: 0.05°
Twelve-hour data acquisition for a-Bi;Mo030,; and 24 hour for [3-
BizMOzOg and ’Y—BizMOOs.

A special sample cell (reactor), made of quartz, was designed to enable the in-
situ MRPD analyses (Figure 3.2). The cell was placed inside a furnace with 75 mm
(ID). The quartz tube was 60mm in diameter at the bottom and 40mm at the top.
Each catalyst sample was placed inside the vanadium can. The bottom part of the can
was perforated to allow the reactant gas to flow freely through the sample and glass
wool was placed on the perforated section to avoid the sample being blown through
by the gas. A small quartz tube was connected to the perforated vanadium can inside
the sample cell to enable the reactant gas to flow from the top of the can to the
bottom. The neutron beam went through the middle of the 40mm section of the can.

Figure 3.1.b illustrates the schematic diagram of MRPD instrument.
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Figure 3.1 A schematic diagram of (a) HRPD and (b) MRPD
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The diffractograms, resulted from both MRPD and HRPD, were refined using
the LHPM Rietica refinement method (Howard & Hunter 1997) to extract the lattice

parameters (a, b, c,

thermal parameters

o, B, v and the volume of unit cells), interatomic distances, and

. The input structure for the Rietveld refinement was taken from

the ICSD (Inorganic Crystal Structure Database) collections. Details of the ICSD

collections used as the input are given in Table 3.6.

Table 3.5 MRPD Pattern Measurement Conditions

Monochromator: 8 Ge single crystal 1 x 5 x 1 cm®
Take-off angle = 100°
Wavelength = 1665 A
Optics: Debye-Scherrer
Specimen: Vanadium can (10 mm diameter and 60 mm high) placed inside
a quartz tube reactor
Detection: 32 *He detectors, separated by 5° in 20
Acquisition: Angular range in 20, 4° — 138°, step size, 0.1°
Six-hour data acquisition for a-Bi,M030;, and eight hour for -
Bi,M0,09 and y-Bi,Mo0QOg.
Ancillary: P1100, a high temperature furnace, able to bring temperature up
to 1400°C
Table 3.6 ICSD collections used for structure input in the refinement
Phase ICSD Collection Reference
Number
. Van den Elzen and Rieck (van
0-B12M0;012 2650 den Elzen & Rieck 1973a)
. Chen and Sleight (Horng-Yih
B-Bi2M0,0s 201742 Chen & Sleight 1986)
. Teller et al. (Teller, Brazdil &
¥-Biz2MoOs 47139 Grasselli 1984)
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Figure 3.2 A schematic of the special sample cell for the in-situ MRPD analyses

3.3 Rietveld Analysis

All x-ray and neutron diffraction data are refined using the Rietveld method
with the RIETICA software, freely available on the ANSTO website (Howard &
Hunter 1997). To assure the refinement process goes uniformly, the procedures in
Table 3.7 is applied in all refinement work. In addition, models and parameters for
the refinement work have to be set as close to the actual values. Otherwise the
refinement may become unstable. The detailed guidance for successful refinement
has been described by Young (Robert Alan Young 1993), Kisi (Kisi 1994) and
McCusker et al. (McCusker et al. 1999). In the present thesis, the 20, was fixed at
0.041 for all diffractograms collected from Siemens D500, which was taken from the
work by O’Connor and Pratapa (O'Connor & Pratapa 2002). The starting values for
U, V, and W for all instruments are tabulated in Table 3.8.
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Table 3.7 Refinement sequences in Rietveld refinement work

Sequence No Parameter(s)

1 Sample displacement, Phase scale

2 Background parameters

3 Unit cell parameters

4 Peak shape factors (U, V, W)

5 Thermal parameters (temperature factors)
6 Atomic coordinate

Table 3.8  Starting values for peak shape parameters

Starting values for
Parameters
D500 | MRPD | HRPD
U 0.01 0.14 0.07
-0.0075 -0.23 -0.15
A\ 0.01 0.26 0.14

3.4 Kinetic Experiments

3.4.1 Apparatus for Kinetic Experiments

3.4.1.1 The Reactor System

All kinetic experiments as well as catalyst activity and selectivity tests were
carried out using a single pass-fixed-bed-quartz reactor, as schematically shown in
Figure 3.3. The reactor has two parts, which are tightly coupled by a metallic clamp.
The upper part has a small quartz tube (4 mm OD) for thermocouple insertion and as

an inlet for reactant gasses. The bottom part uses sintered glass to support the
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catalyst, which is placed in the middle of the quartz tube (10 mm ID). A section of 2
mm inner diameter quartz tube was used below the catalyst bed to minimise gas
phase reaction (Keulks, Rosyneck & Daniel 1971; Leonard David Krenzke 1977; L.
David Krenzke & Keulks 1980b) on the post-catalytic zone. This section was also
surrounded by a condensing shell to quench the reacted stream to minimise further
oxidation of the products, particularly acrolein. The reactor was heated in a
Carbolite™ tubular furnace type CFM 1, controlled by an RKC temperature
controller. A type K thermocouple was used to monitor the temperature of the

furnace.

High purity oxygen and polymer grade propylene were used as the reactant
gasses, both diluted in high purity Helium. All gasses were purchased from BOC
Australia and were used without further purification. Three MKS mass flow
controllers controlled the flow rate of reactant gasses. Helium and oxygen were
controlled by two-model 1159B mass flow controllers with a flow rate range of up to
200 sccm He while an MKS model 1179A with a range of up to 100 sccm N, was
used for controlling the flow rate of propylene. The inlet pressure for the He mass
flow controller was 120 kPa, and oxygen and propylene was 150 kPa. A four-channel
MKS readout unit model 247C was used to control all three mass flow controllers.

All mass flow controllers were calibrated with a bubble soap flow meter.

The catalyst powder was placed on the top of sintered glass in the reactor. A
type J thermocouple was fitted just on the top of the catalyst bed to monitor the
temperature of the catalyst. The exhaust stream of the reactor was connected to a
scrubber, which contained a sodium hydroxide solution with pH 11 to convert all
acrolein produced to poly-acrolein, preventing the harmful acrolein from being
released to the surrounding. All the reactor assembly was contained in a fume hood

to avoid harmful products to be released in the lab.

All connection tubing for the reactor system used was made of 1/8” Teflon.
Stainless steel Swagelock connectors were used to connect all tubing except the
connection between Teflon tubing and the quartz reactor. The Teflon tubing was
connected to the reactor by a flexible silicon tube. A needle valve on the outlet was
installed to adjust the pressure of the gas line connected to a gas chromatograph (GC)

to analyse for the gas compositions of both inlet and exit streams of the reactor.
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Figure 3.3 A schematic of the quartz reactor
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Figure 3.4 The reactor system for kinetic and activity experiments.
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3.4.1.2 The Gas Chromatograph

A Varian gas chromatograph (GC) model STAR 3400CX was used to analyse
gas composition of the inlet reactant and outlet product streams. The GC was fitted
with two columns. The first column was a molecular sieve 13X for separating O, and
the second one was Porapak N for separating Propylene, Acrolein, CO,, and
acetaldehyde. The molecular sieve 13X column was packed with 80 to 100 mesh
range of molecular sieve 13 X while the Porapak N column was packed with 80 to

100 mesh Porapak N.

The GC was equipped with two valco valves to automatically control the
switching of sample introduction and to alternate the columns for separating both
reactants and products from the reactor. It was also equipped with a 167.64 pL
sample loops to provide precise and repeatable sample injection to the GC. A

schematic diagram of the valve and column system is given in Figure 3.4.

To Carrier gas

TCD FID To the Reactor

Outlet

To the gas
scrubber

'S\ample Loop

)] 1

) Porapak N
Molecular Sieve

Figure 3.5 A schematic diagram of the valve system of Varian GC model STAR
3400CX.
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3.4.2 The Gas Chromatograph Analysis Method

Quantitative analysis of the reactants or products is most important in order to
obtain the kinetics of catalytic partial oxidation propylene to acrolein. The analyses
of experimental data from differential reactor systems where the conversion of
reactant is usually kept very small (less then 10% conversion) require high precision
and accuracy of the data. This means that the analysis method has to be able to detect

very small changes in concentrations of reactants and products.

A method file to control the GC in performing the quantitative analysis in the
STAR software is specially developed for the system. The method programs the
temperatures of the GC columns, injector, detectors, and auxiliaries, and the
functioning of the GC valves and detectors (FID and TCD). The temperature of the
GC columns is programmed to initially start at 110°C and is maintained at this
temperature for 5.5 minute. A heating rate of 20° min™ is then applied to increase
temperature to 170°C and kept at the temperature for 8 minute. Meanwhile, the
temperature of the injector, detectors, and auxiliaries are kept constant. The GC
valves are programmed to enable the separation of all reaction products (carbon
dioxide, oxygen, carbon monoxide, propylene, acetaldehyde and acrolein). The
detectors are set to give the best detection performance. The GC was calibrated
weekly to ensure its best performance. The calibration standards were prepared by
mixing certain amounts of standard gases in a known volume of a calibration gas

bottle.

3.4.3 Procedures of the Kinetic Experiments

3.4.3.1 Procedures

The kinetic experiments were run following a differential reactor model
(Levenspiel 1999). To satisfy the conditions of differential reactors, the conversion
of propylene was kept below 10%. The low conversion was achieved by using a
small amount of the catalysts and a relatively high total flow rate (120 mLmin™). The

catalysts were sieved to a particle size fraction of 45 to 63 pm.

All kinetic experiments on a given catalyst were performed on the same

catalyst bed with periodic checks to determine if any deactivation of the catalyst had
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occurred. If the catalyst exhibits degradation in their activity, heating the catalyst at
400°C for two hours in oxygen-helium mixture (15% O, in 85% He) will regenerate
them. Prior to the kinetic experiments, the catalysts were pre-aged by passing
through the reactant gas comprising of 5% C;Hg, 10% O, and 85% He at 400°C for

six hours or until the catalyst activity became steady.

3.4.3.2 Data Analyses

The data from the kinetic experiments was analysed using the power rate law
according to equation 3.1 and 3.2. The model is used because it can give very close
approximation of the kinetic parameters such as reaction order, activation energy,
and reaction rate constants. Using the differential reactor system, such parameters are

obtained straightaway from the experiments.

CsHg + O, —» C3H4O + H,O R.2
r=k[C,H]'[0,]" 3.1
_ka 39

k= Ae kT ‘

In order to get all apparent kinetic parameters (the reaction rate r, rate
constant k, reaction order n and m, activation energy E,, and frequency factor A),
experiments were carried out with varying reaction temperature and reactant
concentration. The temperature range was between 300°C and 450°C with a 30°C

interval.

The reaction order of acrolein formation was determined at constant initial
concentration (Leonard David Krenzke 1977). In this method, the concentration of
one reactant was kept constant while the other varied. The reaction rate as the
function of one reactant was then measured and a graphical plot between
concentration and reaction rate was drawn. The reaction order was calculated from
the plot of log(r) versus log(concentration of the reactant varied), where, for a

bimolecular reaction, has a linear relationship as shown by equation 3.3. For a simple
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concentration dependency, the slope will be equal to the reaction order in the reactant
and the intercept equal to /og(k). The reactant concentrations were varied according

to Table 3.2.

log(r) = log(k) + n log[CsHe] + m log[O:] 33
where:
[ ] = concentration of a given reactant
n = reaction order in propylene
m = reaction order in oxygen

Data resulting from these experiments were used to calculate the rate
constants, which were subsequently incorporated into an Arrhenius plot to determine

the apparent activation energy for acrolein formation.

Table 3.9 Reactant concentrations (%vol at NTP) used in the experiments for

determination of reaction orders)

He C;H, 0, Molar ltﬂt(l;)zof C;H;
90.00% 5.00% 5.00% 1.0:1.0
88.33% 5.00% 6.67% 1.0:1.3
86.67% 5.00% 8.33% 1.0:1.6
85.00% 5.00% 10.00% 1.0:2.0
80.00% 5.00% 15.00% 1.0:3.0
86.67% 3.33% 10.00% 1.0:3.0
85.00% 5.00% 10.00% 1.5:3.0
83.33% 6.67% 10.00% 2.0:3.0
81.67% 8.33% 10.00% 2.5:3.0

80 % 10.00% 10.00% 3.0:3.0
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3.5 Reaction Mechanisms

Two methods were employed to determine the reaction mechanisms of partial
oxidation of propylene to acrolein on bismuth molybdate catalysts. The first method
is by testing several reaction mechanisms that had been developed by other
researchers and fitting them with the present experimental data. The second method

was derived from theoretical models based on the results of in-situ characterisation
work of the catalysts.

There are four models that have normally been used by different researchers

to describe the reaction mechanisms of partial oxidation of propylene to acrolein

The first is the Langmuir-Hinshelwood model, which assumes that the rate-

controlling step is the surface reaction between the adsorbed form of propylene and
oxygen.

When the adsorption of propylene does not compete with oxygen adsorption,
the model is described by equation 3.4. However, if there is a competition for site

adsorption between propylene and oxygen, the model is given by equation 3.5.

i

adsorption reaction

desorption

Figure 3.6 A scheme of the Langmuir-Hinshelwood mechanism (Chorkendorf &
Niemantsverdriet 2003)
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kK, B, (KoPp)"

3.4
[1+KhPh (KoPp)' +K P ]Z

kK, P,(K,P,)"
“[I+k, pi+(&,P,)" |

3.5

The second model follows the Eley-Rideal theory, which assumes that only
one reactant is adsorbed on the catalyst surface which then reacts with other reactants
in the gas phase. The theory acknowledges that the rate-determining step is the
reaction between the adsorbed reactant (propylene) and gas phase oxygen. The
mechanism leads to equation 3.6.

kK, P, Py

Fq = p 3.6
1+ K,P, +(KpFp)

The third model uses the redox mechanism developed by Mars and van
Krevelen (Mars & van Krevelen 1954). In this model, the hydrocarbon is oxidised on
the catalyst surface and the reduced form of the catalyst surface is re-oxidised by gas
phase oxygen, though not necessarily occurring on the same site as the reduced site.
The equation of this model is described in equation 3.7

k, Pk, P,
Ta = —krPhxh-lr :;x?)g 3.7

The final model is the stationary state of adsorption model (Jaswal et al.
1969), which is similar to the redox model. In this model, oxygen for propylene
oxidation is from the gas phase rather than from the lattice of the catalyst as the

redox model assumes. The rate equation of the model is represented by equation 3.8.

kP kg P
akP + kads

59



Centre for Fuels and Energy

For all equations, n is 2 or 1, depends on the dissociation of oxygen on the
surface. n = 1 indicates that oxygen adsorption is non-dissociative, while n="

indicates that oxygen is dissociated upon adsorption.
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Chapter 4

THE BISMUTH MOLYBDATES
CHARACTERISTICS

In this chapter, the experimental results of physical and chemical
characterisations are used together to describe the importance of bulk crystalline
structure of bismuth molybdate catalysts for propylene to acrolein partial oxidation.
There are two major sections in this chapter, first is chemical and physical nature of
the catalyst, characterised by several methods such as surface area, chemical
composition, and morphology of the catalyst. The second section discusses the
results of structural dynamics of the catalysts under real reaction condition, which are
mainly come from neutron diffraction work. The structural dynamic study is aimed
to look in depth particularly on the dynamics of oxygen ions in the lattice and their

role in catalysing partial oxidation of propylene to acrolein.

4.1 Chemical composition of Bismuth Molybdates

The chemical composition of catalysts plays very important role in the
catalysts activity, especially in bismuth molybdate. It has been mentioned in the
earlier chapters that active bismuth molybdates are those whose chemical
composition are within bismuth to molybdenum ratio of 2:1 to 2:3. Beside that
reason, the object of this thesis is alpha, beta, and gamma phase of bismuth
molybdates, not any other phases. This is the reason why the catalysts composition

should be known exactly of their chemical composition.
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All catalysts were prepared by coprecipitation method without any washing
or filtering procedure. The preparation method assured that the chemical composition
of the final catalysts was exactly the same as the composition of the mother liquor

composition, i.e. the composition of the liquid mixture in the catalysts preparation.

Chemical analysis results of the catalysts, which were taken by x-ray
spectroscopic method using EDS detector running in electron microscope analysis on

polished surface of the catalysts, is shown in Table 4.1.

Table 4.1 EDS chemical composition of the catalysts

Catalysts Bi/Mo molar ratio
a-Bi,M0304; 0.7
-Bi,M0,09 0.94
1-Bi;Mo0Oq 1.87

4.2 The Morphology of Bismuth Molybdates

Results of surface area and the pore size distribution analyses of alpha, beta
and gamma bismuth molybdate by BET N, adsorption method are tabulated in Table
4.2. The surface areas were used to calculate the specific activities and specific rate

constant in Chapter Five. The measurement details are given in Appendix C.

Table 4.2  Surface area, Pore volume and Pore size of bismuth molybdates

Catalvsts Specific Area Pore Volume Average Pore
Y (m*.g™") (cm’.g™) Radius (A)
0-Bi:M0301, 3.20 3.69x 107 23.08
B-Bi,M0,09 4.66 1.76 x 10° 15.58
v-Bi;MoOg 3.74 4.50x 107 21.67

The surface area of the beta phase is surprisingly higher than the other

bismuth molybdates although its pore volume and distribution are within acceptable

62



Centre for Fuels and Energy

value. Since the beta phase was prepared with higher temperature than the other two,
the catalyst should be denser than alpha and gamma phase. Electron microscope
images (Figure 4.1), taken by Philips XL-500 SEM using Secondary Electron (SE)
detector, show clearly that the B-Bi,M0,0q is the densest and the less porous catalyst.

The SEM images also show that all bismuth molybdate catalysts are built of
microcrystalline. The a-BiMo03Oy; is built of uniform microcrystalline at the size
about 0.8 um. The microcrystalline size of f-Bi;M0,0y is about ten times larger than
the alpha phase and form dense agglomerate. Smaller microcrystalline was clearly
shown on the gamma phase than the other catalyst. SEM image of gamma phase also
shows sponge like cluster and plate like microcrystalline. The later is consistent with

the layer structure of y-Bi,MoOg unit cell.

The isotherm N, BET adsorptions of the catalysts give more information on
the pore characteristics of the catalyst. All catalysts follow type IV isotherm
adsorption, which means that the pore type of the catalysts is mesoporous as
mentioned by Lecloux (Lecloux 1981). Lecloux also mentioned that the isotherm of
type IV always have hysteresis loop of the BET isotherm adsorption and desorption
curve. The isotherms of the alpha and gamma bismuth molybdate are associated with
hysteresis loop type A or C and means that the catalysts have cylindrical (type A) or
cone (type C) pore-shapes. The isotherm of beta phase, on the other hand, more
likely has type E of hysteresis loops where the pore-shape is correspond to cavities or

voids between close-packed spherical-likes particles.

All the pore morphology found from BET adsorption experiments is
consistent with the electron microscope images of the catalysts. The images show
that the cylindrical and cone pore-shape are only available on alpha and gamma
phase, and no pores of such kind were found on the beta phase. The morphology of
the catalysts, based on the electron microscopy and surface area analysis, are
comparable to those used by previous researcher on pure bismuth molybdate form
(Keulks et al. 1974; Leonard David Krenzke 1977; L. David Krenzke & Keulks
1980ab; Monnier & Keulks 1981).
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Figure 4.1 SEM images of bismuth molybdate catalysts: A) a-Bi,Mo03;01,, (B) B-
BizMOzOg and C) 'Y-BizMOOG
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Figure 4.3 BJH Pore size distributions of the catalysts.
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4.3 The Room Temperature Crystal Structure of Bismuth
Molybdates

Two diffraction methods were employed to study the bulk crystal structure of
bismuth molybdate catalysts, namely X-ray and Neutron diffraction. The choice of
the methods is to gain more contrast on the atomic coordinate in the crystal lattice.
The neutron diffraction would be able to give more accurate coordinate of oxygen
than the X-ray. Neutron diffraction patterns are easier to model than X-ray and, as a
result, it is easier to refine the crystal structure from neutron pattern. However,
neutron beams are normally less intense. The low intensity of neutron beam makes it

not sensitive to the existence of contaminant phase (or phases).

Phase analyses on the x-ray diffractograms of bismuth molybdates were taken
over by using JADE™ software. No other phase was found on the alpha and beta
phase. On the other hand, the gamma phase contain small amount of beta bismuth
molybdate. The phase analyses explain effect of chemical composition to the phase

formation.

Diffractograms of both X-ray and Neutron were refined by Rietveld method
using RIETICA software. All room temperature neutron diffractions were taken with
High Resolution Powder Difractometer (HRPD) of neutron diffraction instrument. In
performing the refinements, several assumptions were taken into account. First, the
26 offset (26,) of the X-ray instrument is assumed to be the same as those reported
by O’Connor and Pratapa (O'Connor & Pratapa 2002). Second, there was no 260
offset of neutron diffraction instrument and the wavelength of neutron had carefully
calibrated. With those assumptions, no refinement were taken on the 26, and

wavelengths of both X-ray and neutron diffraction.

The Rietveld refinement results of unit cell parameters of the room
temperature X-ray and HRPD pattern are tabulated in Table 4.3. The result shows
that all catalysts prepared in this work are slightly larger than the model reference
(ICSD collection number 2650 for a-Bi,Mo030,, 201742 for -Bi,M0,0y, and 47139
for y-Bi,Mo0Og).

66



Centre for Fuels and Energy

The fitting parameters (Table 4.4) of the refined patterns of neutron
diffractogram to the model being used in refinement were within the range where the
refinements assumed to be reach their adequate values, i.e. the GOF (Goodness of
Fit) values are between 1 and 2.9 (according to Young (Robert Alan Young 1993)).
In contrast, only X-ray pattern of the a-Bi,M030,, which has satisfactory GOF value
while the others have high GOF value. Visual identification has also been used to
considering the adequacy of fitting as shown in Figure 4.4 and 4.5. The data points
(observed patterns) are represented by “+” sign, the model (calculated pattern) by a
continues-red line, and the difference between data model are drawn on the bottom

of the pattern as a light blue line.

Table 4.3 Refined unit cell parameters of bismuth molybdates of room temperature

X-ray and Neutron (HRPD) diffractograms.

Parameters a-Bi;Mo0301, B-B1,M0,09 v-B1,M0Og
X-ray Neutron X-ray Neutron X-ray Neutron
Volume (A%) | 962.47(2)[963.17(13)[1534.05(9)| 1538.27(5)| 489.41(3)| 490.84(2)
a(A) 7.714(0)[ 7.716(1)] 11.954(0)] 11.965(0)| 5.484(0)| 5.489(0)
b (A) 11.527(0)] 11.527(1)| 10.799(0)| 10.810 (0)| 16.209(0)| 16.225(0)
c(A) 11.976 (0)| 11.977(1)] 11.883(0)| 11.893 (0)| 5.506(0)] 5.511(0)
a () 90.000 90.000 90.000 90.000 90.000 90.000
B (°) 115.281(2)|115.276(4)| 90.143(3)| 90.139(2) 90.000 90.000
v (%) 90.000 90.000 90.000 90.000 90.000 90.000

Table 4.4  Fitting parameters of Riteveld refinement of room temperature X-ray

and Neutron diffraction.

Parameters O(.-BizMO3012 B-Bi2M0209 'Y-BizMOOG
X-ray Neutron X-ray Neutron X-ray Neutron
GOF 2.79 1.30 9.92 1.62 9.02 2.00
R, 6.79 5.34 15.19 4.63 10.59 5.84
Ryp 9.13 6.31 19.9 5.65 16.29 7.44
Rexp 5.47 5.53 6.32 4.44 542 5.25
RBragg 2.56 1.28 12.45 1.59 4.94 1.87
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Figure 4.4 Graphical representation of the refinement results of room temperature
X-ray diffractograms. (A) a-Bi,Mo03Oz; (B) B-Bi2M0,0y; and (C) y-
Bi2M006.
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Figure 4.5 Graphical representation of the refinement results of room temperature

HRPD diffractograms. (A) a-Bi;Mo030;2, (B) B-BixM0,Oy and (C) v-
BizMOOs.
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4.3.1 Unit cell structure of a-Bi:Mo30;

Unit cell structure of the alpha phase of bismuth molybdate prepared in this
report is very close to the structure of bismuth molybdate reported by van den Elzen
and Rieck (van den Elzen & Rieck 1973a). The volume of unit cell structure, though,

is slightly larger than their model as shown in Table 4.5.

Table 4.5 Data for Neutron and X-ray diffraction study of a-Bi,M030,
Formula weight 897.78
Crystal system Monoclinic
Space group P12y/c1
Unit Cell Neutron X-ray ICSD 2650 | ICSD 63640
a(A) 7.716(1) 7.7138(2) 7.685(6) 7.7104(3)
b (A) 11.527(1)| 11.5270(3)| 11.491(16)| 11.5313(4)
c(A) 11.977(1)| 11.9763(3)| 11.929(10)| 11.9720(5)
B(° 115.276(4)| 115.281(2)| 115.400(0)| 115.276(3)
Volume (A% 963.17(15) 962.89(4) 961.94(5) 962.52(5)
z 4
Calculated density (g cm™) 6.186 6.190

The slight difference of the prepared structure with the van den Elzen model
is believed caused by different preparation method. The structure of van den Elzen
model was derived from the single crystalline form of alpha bismuth molybdate.
Crystallisation of alpha phase has to be carried out at hight temperature, i.e. at its
melting point (670°C). In contrast, the powder form in this report was prepared at
low temperature (480°C). As a result, the powder structure is more relaxed than the
single crystalline one and shown by larger unit cell volume. Atomic coordinates and
interatomic distances of 0-Bi;Mo03;0;, of its neutron diffractogram refinements are
given in Table 4.6 and 4.7, respectively. . The estimated standard deviation (e.s.d) of

the last digit of each value is given in parenthesis.
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The unit cell structure of the alpha phase prepared in this report was also
compared to a powder form of a-Bi,Mo3O, reported by Theobald and Laarief
(Theobald, Laarif & Hewat 1985). Their structure was determined from powder form
of alpha bismuth molybdate which was prepared at 550°C. The model a, b, ¢, B, and
unit cell volume are 7.710 A, 11.531 A, 11.972 A, 115.300°, and 962.50 A3,
respectively. These values are closer to our structure although they are still slightly

smaller.

More relaxed structure, which is a result of lower preparation temperature, is
desirable in catalytic reaction. Lower preparation temperature will produce finer
catalyst particle and higher surface area. These two parameters contribute to the
catalysts activity since the catalytic reactions normally occur on the catalyst surface.
In fact, the surface area analysis result of the alpha phase is higher than those in

either van den Elzen and Rieck or Theobald and Laarief models.

All polyhedra in the 0-Bi;Mo030;, are distorted. The oxygen coordination
around the two bismuth ions is very similar. The bismuth ions are surrounded by
eight oxygen ions with three different groups of bond length. The first group has Bi-
O distance around 2.1A and 2.4A. The second group has Bi-O distance around 2.6 A
and 2.75 A, while the third has around 2.9 A in Bi-O distance. On the other hand, the
oxygen coordination around the three molybdenum ion species in the a-Bi,M0,0
are different. As mentioned by van den Elzen and Rieck (van den Elzen & Rieck
1973a), the Mo(1) is surrounded by six oxygen ion while Mo(2) and Mo(3) are
clustered together and surrounded by ten oxygen ions. Again, the Mo-polyhedra are

distorted as in bismuth polyhedra.

4.3.2  Unit cell structure of [f-Bi:Mo:0y

The crystal structure the B-Bi;M0,0O9 has the same basic structure with the
alpha phase, i.e. they were derived from the structure of a mineral called calcite
(CaWOs) (D. J. Buttrey, Jefferson & Thomas 1986). The structure of B-Bi,M0,09
prepared for this thesis resembles very close to the only complete model by Chen and
Sleight (Horng-Yih Chen & Sleight 1986). Unit cell parameters and atomic
coordinate and thermal parameters are given in Table 4.9 and Table 4.10,

respectively. The refined unit cell parameters of HRPD were closer to the model of
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Chen and Sleight, while the one of X-ray refinement resembles closer to the structure

reported by Antonio at al (Antonio et al. 1988).

Table 4.6 Atomic coordinates of a-Bi-M0301,

Ions X y y/ B
Bi(1) 0.2588(13) 0.3623(7) 0.2573(7) 0.84(16)
Bi(2) 0.9802(13) 0.1303(7) 0.0829(8) 0.50(12)
Mo(1) 0.0287(16) 0.1106(8) 0.4162(10) 1.25(18)
Mo(2) 0.4202(16) 0.1511(8) 0.1059(9) 0.70(17)
Mo(3) 0.7332(15) 0.3651(10) 0.1959(9) 1.19(18)
O(1) 0.5404(18) 0.0499(11) 0.2200(11) 1.05(22)
0(2) 0.9327(17) 0.0540(11) 0.2546(10) 0.77(21)
0(3) 0.2196(16) 0.1938(11) 0.1542(9) 0.90(22)
04) 0.8598(20) 0.2091(10) 0.4119(12) 1.42(23)
O(5) 0.2214(17) 0.2007(11) 0.4365(9) 0.72(20)
O(6) 0.6201(20) 0.2043(11) 0.0675(12) 1.23(22)
O(7) 0.9552(15) 0.2933(10) 0.1997(10) 0.42(18)
0(8) 0.5046(17) 0.3146(10) 0.1954(10) 0.66(22)
0(9) 0.2869(17) 0.4355(11) 0.4792(11) 0.81(19)
0O(10) 0.1258(19) 0.4482(10) 0.0763(11) 1.05(22)
O(11) 0.8377(16) 0.4412(10) 0.3385(10) 0.68(19)
0(12) 0.6933(18) 0.4681(11) 0.0850(13) 1.31(26)

There was not much different found in the atomic coordinate of the prepared
B-Bi,M0,09, compared to the model of Chen and Sleight. The atomic coordinate and
thermal parameters are given in Table 4.10. The oxygen coordination around metal
ions (Bi and Mo) of refined atomic coordinates from neutron pattern is given in
Table 4.11. As in the a-Bi;Mo03;0,,, all the bismuth ions are surrounded by eight
oxygen ions. The distorted polyhedra were also found in B-Bi,Mo0,09 although it is
not as severe as those in the alpha phase. There were also three different group of Bi-

O bond length. The first bond has the Bi-O bond length of 2.2A to 2.4A, the second
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has bond length between 2.5A and 2.7A while the last group of Bi-O bond distance is
around 2.8A.

Table 4.7 Interatomic distances of a-Bi,M030; (in A).

Atom 1 Atom 2 This work van den Elzen Theobald
(van den Elzen (Theobald,
& Rieck 1973a) | Laarif & Hewat

1985)

0(10) 2.20 2.12 222

0(3) 2.25 2.22 223

0(7) 2.28 2.32 231

. 0(8) 2.38 2.34 2.41
Bi(D) 0(1) 2.61 2.61 2.63
0Q2) 2.63 2.64 2.62

0(9) 271 2.75 271

0(5) 2.95 2.94 2.95

Mean M(8) 2.50 2.49 251
0(2) 2.17 2.16 217

0(7) 2.28 2.24 2.19

0(3) 2.30 2.32 2.30

. 0(6) 231 233 233
Bi(2) 0(9) 2.63 261 2.59
0(4) 2.67 2.68 2.67

o(11) 2.81 2.78 2.81

o(11) 2.86 2.85 291

Mean M(8) 2.50 2.50 2.49
0(4) 1.71 1.69 1.72

0(5) 1.74 1.72 1.79

0Q2) 1.87 1.85 1.86

Mo(1) 0(10) 1.86 1.91 1.90
0(10) 2.24 2.25 2.25

0(12) 2.71 2.69 2.80

Mean M(6) 2.02 2.02 2.05
o(1) 1.73 1.72 1.72

0(9) 1.74 1.74 1.75

Mo(2) 0(6) 1.89 1.86 1.78
003) 1.93 1.89 2.05

0(8) 2.12 2.13 2.18

Mean M(5) 1.88 1.87 1.90
0(12) 1.71 1.68 1.65

o(11) 1.78 1.78 1.80

Mo(3) 0(8) 1.85 1.85 1.87
0(7) 1.89 1.87 1.91

0(6) 2.32 2.30 2.45

Mean M(5) 1.91 1.90 1.93
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Table 4.8  Data for Neutron and X-ray diffraction study of B-Bi,M0,0q
Formula weight 753.83
Crystal system Monoclinic
Space group P 12,/n; (No. 13)
Unit Cell Neutron X-ray 12((:)?]7)42 Antonio et al
a(A) 11.965(0)| 11.9542(5)| 11.972(3)| 11.9515(4)
b (A) 10.810(0)| 10.7995(3)| 10.813(4)| 10.7993(4)
c(A) 11.893(0)| 11.8828(4)| 11.899(2)| 11.8805(4)
B(° 90.14 (0) 90.14(0) 90.1(0) 90.142(5)
Volume (A 1538.27(5)| 1534.05(9) 1540.4]  1533.38(6)
Z 8
Calculated density (g cm™) 6.51 6.53 6.50 N/A

Although the structure of beta and alpha phase of bismuth molybdate was

derived from fluorite, the oxygen coordination around molybdenum ions is different.

All the molybdenum ions in B-Bi;Mo0,Oy are four coordinated by oxygen and

forming tetrahedral of molybdenum oxides. The polyhedra are more regular than

those in the alpha phase, which is shown by uniform Mo-O bond distance as shown

in Table 4.11. The regularity of Mo-O bond distances support the structure of Chen

and Sleight (Horng-Yih Chen & Sleight 1986), and later, supported by Antonio et al

(Antonio et al. 1988), rather than those outlined by van den Elzen and Rieck (van den

Elzen & Rieck 1975) who mentioned that the Mo-O coordination is strongly

distorted.
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Table 4.9  Atomic coordinates of -Bi;M0,09

Ions X y y/ B
Bi(1) 0.1010(10) 0.1233(16) 0.7564(10) 1.10(22)
Bi(2) 0.6009(9) 0.1250(14) 0.7595(8) 0.37(18)
Bi(3) 0.2531(12) 0.1203(13) 0.7575(8) 0.62(9)
Bi(4) 0.2556(10) 0.1244(10) 0.4134(7) 0.60(11)
Mo(1) -0.0838(11) | 0.1243(14) 0.0893(12) 0.45(20)
Mo(2) -0.0773(11) | 0.1266(15) 0.4163(13) 0.65(21)
Mo(3) 0.5867(12) 0.1245(15) 0.0813(13) 1.03(24)
Mo(4) 0.5805(13) 0.1281(16) 0.4153(13) 0.87(22)
O(1) 0.2553(13) 0.2634(14) 0.2853(11) 0.99(23)
0(2) 0.2552(13) 0.4944(14) 0.2266(10) 0.54(20)
0Q3) 0.4099(12) 0.2568(16) 0.6916(12) 0.93(29)
04) 0.3196(12) 0.2572(19) 0.9028(15) 1.26(28)
0(5) 0.1102(13) 0.4416(17) 0.4457(14) 1.25(26)
0(6) 0.1014(13) 0.2452(15) 0.8198(12) 0.75(24)
O(7) 0.4029(12) 0.4433(15) 0.0519(12) 0.63(25)
O(8) 0.0934(14) 0.4941(17) 0.6837(12) 0.66(25)
0(9) 0.1941(11) 0.2558(17) 0.5954(13) 0.90(26)
0O(10) 0.0988(13) 0.3192(15) 0.0550(13) 0.88(28)
O(11) 0.4098(11) 0.3066(15) 0.4538(12) 0.49(25)
0O(12) 0.0579(12) 0.1879(15) 0.3868(13) 0.79(23)
O(13) 0.0428(13) 0.0453(16) 0.1119(13) 1.13(26)
0(14) 0.4461(12) 0.0630(16) 0.3829(13) 0.68(22)
0(15) 0.4011(15) 0.4960(17) 0.8139(13) 1.07(28)
O(16) 0.9611(15) 0.2950(18) 0.5957(14) 1.91(32)
o(17) 0.1780(11) 0.4850(15) 0.9019(14) 0.66(24)
O(18) 0.1915(14) 0.9835(18) 0.8995(15) 1.51(33)
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Table 4.10 Interatomic distances of B-Bi,M0,0q (in A).

This work H. Y. Chen (Horng-Yih
Chen & Sleight 1986)
0(2) 2.20 2.15
o(1) 2.14 221
o(11) 2.47 247
. 0(13) 2.50 2.48
Bi(1) 0(7) 2.54 258
0(16) 2.77 2.79
0(6) 2.86 2.87
0(15) 2.88 2.92
Mean M(8) 2.55 2.56
o(1) 2.23 2.20
0(2) 2.26 2.24
0(5) 2.33 2.34
. 0(10) 251 2.58
Bi(2) 0(12) 258 2.64
0(14) 2.70 271
0(8) 2.80 2.81
003) 2.81 2.86
Mean M(8) 2.53 2.55
0(8) 2.39 2.38
0(18) 2.36 2.39
0(4) 2.41 2.40
. 0(6) 2.38 241
Bi©3) 0(3) 251 2.48
0(15) 2.43 2.50
0(9) 2.52 2.54
0(17) 2.53 2.56
Mean M(8) 2.44 2.46
o(1) 2.14 2.13
0(2) 2.18 2.17
0(14) 2.40 2.43
. 0(12) 231 2.48
Bi(4) 0(9) 2.70 2.74
o(11) 2.74 2.74
0(7) 2.76 2.75
0(17) 2.78 2.75
Mean M(8) 2.50 2.52
0(13) 1.76 1.76
o(11) 1.77 1.76
Mo(1) 0(3) 1.77 1.77
0(18) 1.74 1.78
Mean M(4) 1.76 1.77
Table 4.10 continued
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This work H. Y. Chen (Horng-Yih
Chen & Sleight 1986)

0(4) 1.77 1.71

0(7) 1.80 1.75

Mo(2) 0(15) 1.82 175
0(12) 1.78 1.77

Mean M(4) 1.79 1.75
0(16) 1.75 1.73

0(5) 1.79 1.75

Mo(3) 0(9) 1.83 1.76
0(3) 1.77 1.80

Mean M(4) 1.79 1.76
0(10) 1.77 1.72

0(17) 1.70 1.76

Mo(4) 0(6) 1.80 1.77
0(14) 1.80 1.77

Mean M(4) 1.77 175

4.3.3  Unit cell structure of y-Bi>MoOg

The structure of y-Bi-MoOg prepared in this project was compared to the
model structure of Teller et al (Teller, Brazdil & Grasselli 1984) (ICSD 47139) and
Theobald and Laarief (Theobald, Laarif & Hewat 1984) (ICSD 201685). Both model
were determined by neutron diffraction from a powder form of synthetic y-Bi;M0Ose.
Earlier model by van den Elzen and Rieck (van den Elzen & Rieck 1973b) was not
used because it had been proven that the model containing very short distance
between two unbounded oxygen ions. Unit cell parameters of prepared y-Bi;MoOg
refined by x-ray diffraction were close to the ICSD 47139 while those refined from
neutron diffraction was close to ICSD 201685.

The structure of prepared y-Bi,MoOg was consistence with the structure of
both Teller et al and Theobald and Laarief model. Not many differences were

noticeable from the refinement result of the prepared y-Bi,MoOg as given in Table

4.14.
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4.3.4 Coordination around metal ions in bismuth molybdates

The coordination around atoms was calculated from the sum of the so-called
“bond-strengths™ (s) calculated by Brown and Wu (Brown & Wu 1957) method.
Mathematical equation of the method is given in equation 4.1, where R is the
interatomic distance; R; and N are empirical constants. Values of R; and N are
available in the reference (Brown & Wu 1957). The sum of the bond strengths is the
valence charge S or also known as total bond order. Table 4.15 to 4.17 show the
valence charge of bismuth and molybdenum in a-Bi,Mo030;,, B-Bi,M0,0y, and v-

BixMoOQsg, from this work and some references.

R N
S: _— 4.1
[RJ

Table 4.11 Data for Neutron and X-ray diffraction study of y-Bi.Mo0Os

Formula weight 753.83

Crystal system Orthorhombic

Space group Pca2; (No.29)

Unit Cell Neutron X-ray ICSD 47139 | ICSD 201685
a(A) 5.489(0) 5.484(0) 5.482(0) 5.490(0)
b (A) 16.225(0)| 16.209(0) 16.199(1) 16.227(1)
c(A) 5.511(0) 5.506(0) 5.509 5.513(0)
Volume (A?) 490.84(2)| 489.41(2) 489.23(3) 491.1
4 4

Calculated density (g cm™) 8.25 8.27 8.28 8.26

The valence charges of all bismuth ion species in a-Bi;M030,, were greater
than their expected value (3.00) as Bi is found in its Bi’" state. In the beta and

gamma phase, there are mixing valence charge of Bi, one with higher value while the
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other less value. On the other hand, the valence charges of all Mo ions in all bismuth

molybdate were lower than its expected value, i.e. 6.

The valence charge shows the valence saturation of the relevance ions.
Hence, the lager valence charge of Bi ions means that the ions are over saturated, and
as a result, they tend to reduce their saturation. In the case of bismuth molybdate, this
can be done by adding a proton (H") to oxygen ion bounded to bismuth ion. This is

the reason why bismuth oxide site is responsible for hydrogen abstraction from

propylene.
Table 4.12 Atomic coordinates of y-Bi;MoOg
Ions X y V/ B
Bi(1) 0.5212(14) 0.4217(5) 0.9856(19) 0.41(14)
Bi(2) 0.4807(14) 0.0780(5) 0.9840(21) 0.95(15)
Mo 0.0028 0.2488 0.0000 0.81(7)
O(1) 0.0506(22) 0.1411(9) 0.0872(26) 0.51(21)
0(2) 0.2620(15) | -0.0011(9) | 0.2752(23) 0.65(30)
0(3) 0.2398(14) 0.5002(9) 0.2680(25) 0.60(28)
O(4) 0.6850(15) 0.2306(6) 0.2499(19) 0.99(16)
O(5) 0.2171(15) 0.2630(6) 0.3514(18) 0.85(13)
0(6) 0.5709(24) | 0.3598(11) | 0.5761(30) 1.86(32)

In contrast to bismuth ions, all molybdenum ions have lower valence charge
than what they can handle. This means that the Mo®* species are less saturated and
will try to increase their valence saturation by making bonding with donate able
electron pair such as those on double bonded of carbon-carbon on propylene. From
the valence charge tabulated above, it can be concluded that proton capturing are
most likely occur on Bi(1) and Bi(2) in the alpha phase, Bi(3) and Bi(4) in the beta
phase and Bi(1) in the gamma phase. The double bond of C=C will interact with
more likely with Mo(2) and Mo(3) in both alpha and beta phase because they have

smaller valence charge values.
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4.4 Structure Dynamic of Bismuth Molybdates

Structural dynamic of bismuth molybdates catalysts were examined using
Medium Resolution Powder Diffraction (MRPD) of neutron diffraction. A special
furnace and sample cell made of quartz was employed to enable in-situ control of

temperature and reaction atmosphere as mentioned in Chapter 3.

Table 4.13 Interatomic distances of y-Bi,MoOg (in A).

This work Teller (Teller, Theobald
Brazdil & (Theobald,
Grasselli 1984) | Laarif & Hewat

1984)

0(3") 2.18 2.18 2.11

03" 2.26 222 227

03" 2.34 2.33 2.33

Bi(1) 0(3) 2.54 2.53 2.57
0(6) 2.49 2.51 2.49

0(6") 2.50 2.56 2.52

0(5) 2.47 2.96 2.38

Mean M(8) 2.50 2.47 2.51
o(1% 2.42 2.40 2.44

O(1) 2.64 2.61 2.66

02" 2.18 2.19 2.21

Bi(2) 02" 221 222 2.24
0(2) 2.38 2.38 2.40

02" 2.55 2.52 2.48

0O(4) 3.10 2.80 3.08

Mean M(8) 2.50 2.50 2.50

o(1) 1.83 1.85 1.80

04" 1.76 1.75 1.78

Mo 0(4) 2.24 2.22 2.19
0(5" 1.76 1.77 1.79

0(5) 2.28 2.28 2.30

0(6") 1.89 1.86 1.91

Mean M(6) 1.96 1.96 1.96

The furnace and quartz reactor were not purely transparent to neutron beam.
Typical background pattern caused by the furnace and sample cell are given in

Figure 4.6. These background patterns have to be eliminated from the diffractogram
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when refining the structure to obtain information on the structural dynamics.

Unfortunately, there is no mathematical model such as polynomial, Cheby, etc which

is suitable to model the background because both furnace and quartz cell produce

their own specific pattern. The only way to taken out the background pattern is by

subtracting the experiment pattern with the background pattern acquired by running

several experiment using either furnace only or furnace with the quartz cell without

any catalysts.

Table 4.14 Valence charge (S) for a-Bi,M030;

Theobald and
van den Elzen .
and Rieck (van v
This Work (Theobald,
den Elzen & .
Rieck 1973a) Laarif & Hewat
1985)
Bi(1) 8 neighbours 3.07 3.22 3.00
Bi(2) 8 neighbours 3.08 3.16 3.19
Mo(1) 5 neighbours 5.84 5.99 5.43
Mo(2) 5 neighbours 5.58 5.84 5.67
Mo(3) 5 neighbours 5.54 5.82 5.67

Table 4.15 Valence charge (S) for f-BizM0,09

Chen and Sleight
This work |(Horng-Yih Chen &

Sleight 1986)
Bi(1) 291 2.85
Bi(2) 2.85 2.81
Bi(3) 3.06 2.96
Bi(4) 3.15 3.01
Mo(1) 5.99 5.83
Mo(2) 5.37 6.32
Mo(3) 5.53 6.01
Mo(4) 5.90 6.10
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Table 4.16 Valence charge (S) for f-Bi,M0,0q

Theobald
Teller et al )
This | (Teller, Brazqil | 2nd Laarief
Work & Grasselli (Theobald,
1984) Laarif & Hewat
1984)
Bi(1) 3.04 2.84 319
Bi(2) 2.79 2.89 271
Mo 5.82 5.86 567

The typical background-subtracted patterns are shown in Figure 4.7. The
background-corrected pattern, though, still has a background pattern, which need to
be modelled in the refinement. In addition, the background-corrected pattern of in
situ experiments still shows some background residual pattern between 0° and 25°
20. This fragment of background was unrefined and causing large value in the
refinement fit parameters. The same was also happen on the gamma phase. The in
situ patterns of alpha phase were not affected since they were taken at shorter period

of data collection (8 hours, compare to 18 hours for both beta and gamma phase).

Thermal analyses of the catalysts at the temperature being used (i.e. 300, 350,
and 400°C) revealed no change in the crystalline phase of the catalysts (Figure 4.8).
The thermogram did not show any important phase change which is normally shown
by a very sharp peak below their melting point. The thermogram of alpha and beta
phase exhibits very sharp and deep endothermic peaks at 658.80°C and 678.74°C,
respectively. These temperatures are attributed to their melting point (Tu Chen &
Smith 1975). A small endothermic peak was apparent at 633.92°C in the gamma
phase which is an evident of the reversible phase transformation of y to y” while
those at 680.48 is phase transformation of y” to a stable and irreversible y’ phase
(Catlow 1997). The thermal analysis, again, shows that no phase change occurs at the
temperature used during in situ neutron diffraction analysis. Thus it was also
assumed that the crystal structure of all catalysts before and after the in situ

experiments was identical.
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There is not much different in in-situ diffractogram patterns and their related
room temperature patterns apart of peak shift and peak shape broadening. Due to this
reason and the fact that there were no phase change at the temperature employed to
study in situ structure, it was assumed that no changes were occur to the relative
coordinates of ions in the bismuth molybdate lattice regardless the change in their

unit change parameters.

With the constrains mentioned above, the refinement of all bismuth
molybdates in situ patterns were taken by using their respective room temperature
refinement results as the starting point. All ions coordinates were not refined while
thermal parameters of ions, unit cell parameters, peak shape parameters and
backgrounds were all refined. A sixth order of polynomial used to model the residual
backgrounds of background-corrected patterns. The comprehensive refinement

results are given in Appendices.

The unit cell dynamics, as a result of pattern refinement represented by unit
cell parameters in air and under in sifu condition are represented in Figure 4.9 and
4.10, respectively. The high temperature condition causes an increase on the unit cell
volume due to thermal expansion. The percentage of unit cell parameters change
relative to its room temperature conditions were calculated according to equation 4.1.
In the equation, X represents unit cell parameters (a, b, ¢, B, and cell volume),
subscript 7" and RT represent the experiment temperature and room temperature,

respectively.

X7 = Xpr

Unitcell expansion (%) = x100% 4.1)

RT

The symmetry of unit cell structure of alpha and beta phase is the same and
thus, according to West (West 1989), they should undergo the same pattern of cell
expansion. The unit cell of the gamma phase, on the other hand, is orthorhombic
which is more symmetrical than the alpha and beta phase and expected to have
uniform expansion rate in all direction of its unit cell axis. However, Figure 4.9 and
4.10 shows that in air, the change in unit cell parameters of beta phase is regular to

all direction while the gamma phase experienced uneven unit cell expansion.
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Typical background patterns of a) furnace only and b) furnace plus

quartz sample cell. The background patterns were taken at room

temperature.
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An example of background-subtracted patterns of -Bi,Mo0,0;: a) at
300°C in air and b) at 300°C in reactant gas atmosphere. The experiment
in air was taken without the quartz cell, while those in gas were taken

with quartz sample cell.

85



Centre for Fuels and Energy

680.48°C
e I L
o :’ 41

;Cf O _ \ﬂ‘b—_:-.

Y ™ =
I o3 =
5 o & r/\ 109 £
& -05 7 [=]
= - v S
= =
- 678.74°C ‘s
2 1 -3
g + 083 %
E— =
v -15 4 Q
|_

- + 0487
7 — (X.fB.l.zMOSOIZ
B—Bl.zMOZOg
¥-BiyMoOg 658.80°C
25 T T T T T T T T 0.96
0 100 200 300 400 00 G600 700 00 900

Temperature ("C)

Figure 4.8 DTA-TGA thermogram of a) a-Bi;Mo030j,, b) B-Bi;M0,0g and c) vy-
Bi;Mo0QOg. No sharp peaks are apparent at temperature below 500°C,

showing that no phase change was occurring at temperature range below
500°C.

The change in unit cell parameters of a-Bi;Mo030;; in air and in reactant gas
i1s anisotropic and actually has the same order of change relative to its room
temperature parameters. In both condition, the thermal expansion of a-Bi,Mo030; is
mainly attributed to the expansion in b direction and consequently it reduces the 3
angle (the angle between a and c axis) because the unit cell has monoclinic
symmetry. The expansion of the unit cell of B-Bi,M0,0y in air and under reaction gas
atmosphere is also similar. However, the change in B angle in air and reactant gas has
opposites direction of change to each other i.e. the P increased at increasing
temperature in air but decreased in reactant gas. All unit cell parameters in vy-
Bi:MoOgs increase at elevating temperature in either air or reactant gas atmosphere.
However, the increase rate of unit cell parameters in the gamma phase between 300

and 350°C was slower than those between 350° and 400°C.
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Figure 4.9 The expansion/contraction percentage of unit cell parameters relative to
their room temperature condition in air atmosphere of: (i) a-Bi,M03;03,

(11) B-BizMOzog; (111) ’Y-BizMOOs.
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Figure 4.10 The expansion/contraction percentage of unit cell parameters relative to
their room temperature condition in reacting gas atmosphere of: (i) a-

Bi2M03012, (ll) B-BizMOzOg; (111) ’Y—BizMOO6.
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The domination of expansion in b direction over the expansion in a or ¢ in the
alpha phase can be explained from the structural point of view. The domination in b
direction expansion is caused by oxygen ions available for expansion. At high
temperature, oxygen ions in the crystal lattice are expected to have larger vibration
amplitude than the heavier ions such as Bi’" and Mo®". The contributors for the
expansion are O1, 02, 09, 010, O11, and O12, which, according to Figure 4.11,
stacked in the b direction. These oxygen ions form an oxygen layer, which is

separating two layers of bismuth-molybdate in a unit cell.

The B-Bi,Mo0,0y was expanded more isotropic in all direction than the alpha
phase. Although it has the same symmetry as the alpha phase, the beta phase has less
distorted polyhedra in either Bi-O or Mo-O polyhedra than the alpha phase. It also
has more even oxygen distribution in the unit cell (see Figure 2.3). As a result, when
oxygen ions in the lattice vibrate at elevated temperature, the unit cell will expand to

all direction in the cell more uniformly.

L

Figure 4.11 A cross section of an a-Bi,Mo030;; unit cell from ¢ direction showing

the oxygen atoms lying on the interlayer of the bismuth molybdate.
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Unit cell expansion in b direction in y-Bi,MoOg was 50% slower than those
in a and ¢ direction. In b direction, Mo-O-Mo networks are dominates the structure
while Bi-O-Bi and Bi-O-Mo networks determine the unit cell elongation in a and ¢
directions. The distance of Mo-O bonds are shorter than Bi-O bond. As a result,
when the oxygen ions vibrate at the same vibration amplitude relative to their steady
position, the expansion on the direction where cation to oxygen ion distance is larger
will experience larger relative expansion. This explain the slower expansion rate in

the b direction in comparison to in a and ¢ directions.

There are two consequences of the thermal expansion for the bismuth
molybdates structure and their performance in catalysing partial oxidation of alkene
to unsaturated aldehyde, in particular, propylene oxidation to acrolein. It has been
widely accepted that partial oxidation of alkene over bismuth molybdate catalysts
following the Mars and van Krevelen mechanism (Mars & van Krevelen 1954) via
the formation of allyl intermediate (Adams & Jennings 1963; Adams et al. 1964;
Bettahar et al. 1996; Bielanski & Haber 1991; James D. Burrington, Kartisek &
Grasselli 1980; J. D. Burrington, Kartisek & Grasselli 1984; Callahan et al. 1970;
Doornkamp, Clement & Ponec 1999; Doornkamp & Ponec 2000; Robert Karl
Grasselli 1982; Robert K. Grasselli 19851999; Keulks 1970; Leonard David Krenzke
1977) and need a redox couple to facilitate a selective oxidation process (Batist
1979). For this condition, the activation of alkene to form allyl intermediate required
an interaction between the alkene with the catalyst surface in such away that alkene
is adsorbed and simultaneously lost its a hydrogen. The adsorption site of the alkene
is believed to happen on molybdenum ion site while the a hydrogen was captured by
oxygen ions bridging a bismuth and a molybdenum on in the lattice. With this
requirement, the expansion of unit cell change in interatomic distances in the crystal
lattice which make the distances in Bi-O-Mo become more suitable for the propylene
to anchor on to the catalyst surface so as to initiate the formation of allyl

intermediate, no matter which mode of hydrogen capturing mechanisms is followed.

The second consequence is that oxygen atoms in the catalyst lattice become
less tightly bounded to either the Bi or the Mo sites, thus give them more mobility.

With their increased mobility, the oxidations of allyl intermediate become easier.
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Both consequences make the catalyst activities and selectivities increase.
However, at higher temperatures, where oxygen becomes more and more mobile, the
catalysts lost their selectivity just as what had been showed by y-Bi,MoOs above
400°C. This may take place since oxygen now becomes so reactive that allyl
intermediates are oxidised into complete oxidation product (CO;) (Fansuri et al.

2003).

A further examination of the refinement results for the atomic temperature
parameters gives clearer insight into the lattice dynamic of bismuth molybdate
structure and probably its role in determining the catalytic activity and selectivity of
bismuth molybdates. Figure 4.12 to 4.14 shows the change in thermal parameters of
ions, particularly oxygen ions, in the lattice of bismuth molybdate crystal in air as

well as under in sifu condition.

Thermal parameters of a-Bi;,Mo030, at high temperature in either air or under
in situ condition are given in Figure 4.12. The figure shows not all of the ions in the
alpha phase suffer the same heat effect. The Figure clearly shows that O(5) severely
affected by high temperature and in situ environment while O(11) and (12) are
affected moderately in all condition at high temperature. The O(5) is the member of
octahedra Mo,0Og group containing Mo(1) while O(11) and O(12) are members
Mo,0s containing Mo(2) and Mo(3) (van den Elzen & Rieck 1973a).

The high thermal parameters of O(5) is associated with the easiness of the
ions to travel inside the lattice. Mean while, the moderate thermal parameter of O(11)
and O(12) are associated with their ability to attack the allyl intermediate to form o-
allyl as mentioned by Ono and Kuczkowski (Ono, Ogata & Kuczkowski 1998). From
this, it can be concluded that the oxygen ion responsible to provide rapid oxygen
exchange is O(5) while those responsible in oxidising the allyl intermediate are

O(11) and O(12).

The conclusion support hypothesis that oxygen ions associated with bismuth
are responsible for a-hydrogen capture (B. Grzybowska, Haber & Janas 1977,
Otsubo et al. 1975) while oxygen ions on molybdenum oxide polyhedra such as
O(11) and O(12) are responsible in the abstraction of second hydrogen and oxygen

insertion to the olefin group to produce c-allyl species.
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Figure 4.12 Thermal parameter of all ions in a-Bi;M030; in various conditions

In B-Bi;Mo0,09, there are three oxygen ions that show high thermal
parameters at high temperature under either air or in situ environment as shown in
Figure 4.13. These oxygen ions are O(3), O(11), O(16) and O(18). The O(16) and
O(18) are oxygen ions bridged Bi*" and Mo®" ions to form Bi-O-Mo chain. The
O(16) is bounded to Bi(1) and Mo(3) while O(18) is bounded to Bi(3) and Mo(1). On
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the other hand, each of O(3) and O(11) is bounded to two Bi’" ions and an Mo®" ion.
0O(3) is bounded to Bi(2), Bi(3) and Mo(1) , while O(11) is bounded to Bi(1), Bi(4)
and Mo(1). Moreover, all of these oxygen ions exhibit higher thermal parameters
when they were under in situ condition. No oxygen ions that solely reside in the so-
called Bi3O; chain by Chen and Sleight (Horng-Yih Chen & Sleight 1986) have high
thermal parameters. This means that those oxygen ions are inactive for catalytic

reaction

Many other oxygen ions in the lattice have similar bonding and environment
in the lattice of B-Bi;M0,0Oy. However, only four ions show their high thermal
parameters at high temperature under air or in sifu atmosphere led to a conclusion
that they are the active oxygen in catalysis of partial oxidation of propylene over beta
phase of bismuth molybdate. As in the alpha phase, this phase also has a redox
couples around active oxygen ions. However, the beta phase does not have oxygen
ions that can easily move inside the crustal lattice as O(5) in the alpha phase. This
will reduce the ability of the beta phase to facilitate redox reaction without external

supply of gaseous phase of oxygen.

Thermal parameters of ions in y-Bi,MoOg are represented in Figure 4.14. The
Figure shows that there are only two oxygen ions have high thermal parameter at
high temperature in either air on in situ atmosphere. Those oxygen ions are O(1) and

O(5) which have similar thermal parameter values over all conditions employed.

Oxygen ions that have high thermal parameters are coordinated to
molybdenum ion. The O(1) is bounded to Mo and two Bi(2) ion while O(5) is shared
by two Mo®" ion and Bi(1). Oxygen ion O(6) is more or less similar to O(1) and
0(4) to O(5). However, O(1) and O(5) have shorter bond distance to Bi*" ions in the
lattice compared to their respective companions (O(6) and O(4)). In other word, both
oxygen ions are under higher influence by bismuth ion and compose a Bi-O-Mo
bridging. In addition, as in the beta phase, no oxygen ion in the gamma phase that as

mobile as O(5) in the alpha phase was detected under the experiment condition.

A path of oxygen ions during selective oxidation in “y-Bi,MoOg has been
studied from first principles modelling by Dadyburjour and Ruckenstein (Dadyburjor
& Ruckenstein 1978). Their study indicated that the most probable oxygen ion
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removed by hydrocarbon when the y-Bi;MoOg is oxidised, is an oxygen ion
associated with the bismuth ion. This oxygen is replaced by oxygen from the mobile
layer between (Bi>0,)*" and (MoO2)*" layers. This in turn is replaced by an oxygen
ion associated with the molybdenum and this is eventually replaced by an oxygen ion

derived from reactant gas.
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Figure 4.13 Thermal parameter of all ions in 3-Bi;,M0,0,; in various conditions
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The oxygen path described by Dadyburjour and Ruckenstein is coherent with
the result of in situ diffraction results in this work. Figure 4.15 shows a schematic of
oxygen path according to Dadyburjour and Ruckenstein. Evident of thermal
parameter reveals that path number 2 is associated with oxygen ions O(1) while
oxygen in path No. 4 is oxygen ions O(5). The mobility of oxygen ions O(1) and
O(5) is evidence from their hight thermal parameters, which was detected as high

vibration amplitude.

Dadyburjour and Ruckenstein have also calculated the ease of oxygen
removal from (Bi,O,)*" layer and found that activation energy for such removal was
enormously high (Bi,0,)*" (Dadyburjor & Ruckenstein 1980). These oxygen ions are
O(2) and O(3), which, according to Figure 4.14, have low thermal parameters. Low
thermal parameters mean that such oxygen ions are stable in the lattice and indeed
very difficult for direct removal from the lattice. However, since the removal of such
oxygen will almost instantly replaced by more mobile oxygen in between (Bi02)*"

and (Mo0,0,)*" layers, it is somehow reduces the activation energy.

The oxygen path described by Dadyburjour and Ruckenstein and their study
in the activation energy of oxygen removal from the y-Bi,MoOg lattice together with
the result of this work, shows that the oxygen ions with less thermal parameter under
reaction condition are responsible as the source of oxygen for oxidating propylene to
acrolein. On the other hand, oxygen ions with high thermal parameters are mobile
ions, which are responsible in supplying rapid oxygen replacement inside the lattice.
Thus, all oxygen ions O(5), O(11) and O(12) in a-Bi,M03012, O(3), O(6), O(16), and
O(18) in B-Bi;M0,09, and O(1) and O(5) in y-Bi,MoQOg are all mobile but not
supplied directly to the adsorbed allyl intermediate.
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Figure 4.15 Oxygen path in y-Bi;M0Og according to Dadyburjour and Ruckenstein
(Dadyburjor & Ruckenstein 1978)

4.5 Summary

Based on the results presented in this chapter, there are some conclusions that
can be taken in the characteristics of the catalysts in this study. First, the bismuth
molybdate catalysts prepared in this work are physically and chemically comparable

to those used by previous researchers (Keulks et al. 1974; Leonard David Krenzke
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1977, L. David Krenzke & Keulks 1980ab; Monnier & Keulks 1981). There are,

however, some impurities found in small concentration in beta and gamma.

The structure of all bismuth molybdates is the same as the model structure.
The refinement results of the structure at room temperature, particularly the valence
charge calculation results, reveals that molybdenum oxides polyhedra in all bismuth
molybdates in this work are actually still unsaturated and as a results it plays as an
active site for propylene adsorption. On the other hand, bismuth ions have over
saturated valence charge. The charge can be reduced by capturing an alpha hydrogen
from adsorbed propylene. The information explains the mechanisms of allyl
formation as commonly investigated by surface characterisation methods by many of

previous researchers.

Study on the lattice dynamic from the results of in situ neutron diffraction
give better insight to the role of lattice oxygen to the catalytic partial oxidation of
propylene to acrolein over bismuth molybdates. The study shows and proves the
importance of Bi-O-Mo chain in catalysing partial oxidation of propene. The
discussion above shows that certain oxygen ions in the catalyst lattice are the most

probable ions controlling the activity of the catalyst.

In case of the alpha phase some oxygen atoms are responsible to keep redox
balance in he lattice. These oxygen ions are O1, O11, and O12 which are mobile ions
in the lattice. Mobile oxygen in B-BizM0,Oy are O(3), O(11), O(16), and O(18),
while in y-Bi;,MoOg are O(1) and O(5). There is no direct evidence from the structure
dynamic study whether mobile oxygen ions are those responsible to oxidise adsorbed

allyl intermediate to become acrolein or not.

Theoretical computation work by Dadyburjour and Ruckenstein (Dadyburjor
& Ruckenstein 1978; Dadyburjor & Ruckenstein 1980) on the gamma bismuth
molybdate model shows explain that oxygen ions who oxidise the adsorbed allyl
intermediate are those who are less mobile although the activation energy needs by
such oxygen ions is high. However, due to the availability of mobile oxygen in the
lattice, the activation energy might be lower than those calculated. With the analogy
taken from the gamma phase, the same might happen on the alpha and beta phase,

i.e. the mobile oxygen ions are not those who oxidise the adsorbed allyl intermediate.
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Although the mobile oxygen ions are not a direct oxidant to adsorbed allyl
intermediate, they play an important role to control the catalysts activity because they
lower the activation energy. In addition, according to the oxygen path depicted in
Figure 4.15 these mobile oxygen ions, in turn, will become the oxygen which will
oxidise the allyl intermediate. This is the possible answer to the fail effort to find
which oxygen ions actually responsible for oxidising allyl intermediate by using '*O
labelled bismuth molybdate as reported by some researchers (Mestl 1994; Miura et
al. 1979; Ono, Ogata & Kuczkowski 1998; Otsubo et al. 1975; Sancier, Wentrcek &
Wise 1975), although they could find which from polyhedra are the oxygen ions

come from.

The relation between the structure dynamic with the kinetic of propylene
oxidation to acrolein and reaction mechanisms will be further discussed in Chapter

five and six, respectively.
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Chapter 5

THE KINETICS OF PARTIAL
OXIDATION OF PROPYLENE TO
ACROLEIN

Kinetics of partial oxidation of propylene to acrolein over bismuth molybdate
catalysts has been widely explored by many researchers as noted in Chapter 2
Literature Review. The majority of their work was carried out using supported or
additive-modified bismuth molybdates. Among the literature reports, those reported
by Keulks and co-workers used the powder form of pure bismuth molybdates
(Keulks & Lo 1986; Keulks, Rosyneck & Daniel 1971; Leonard David Krenzke
1977; L. David Krenzke & Keulks 1980b; Monnier & Keulks 1981), which are

similar to the one used in this work.

Although kinetic data for the catalysts used in this work are available in the
literature, all of them were studied separately from the catalysts preparation and
characterisation. As a result, the kinetic data were not derived from a well-
characterised bismuth molybdate, although they produced quite similar kinetic data.
The background mentioned above was the reason for this work to carry out
comprehensive work involving characterisation, reaction kinetics and mechanisms in

a single research project.

The characteristics of bismuth catalysts used in this work have already been
discussed in Chapter 4. This Chapter discusses the results of kinetic experiments

mentioned in Chapter 3. This chapter is divided into two sections namely
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experimental techniques and procedure and the kinetics of propylene oxidation into

acrolein over bismuth molybdates.

5.1 Experimental Techniques and Procedure

The experiments to obtain kinetic data were based on a differential, plug-flow
reactor model. To satisfy the differential, plug-flow reactor model, conversions of
propylene in all experiments were kept low, i.e. less than 10%. With this reactor
model, the rate of conversion was considered constant in all points within the reactor
(Levenspiel 1999) and the reaction was not influenced by mass diffusion (Zhang &
Agnew 1994). To achieve low conversion, the reactors were fed with small amount
of catalyst (ca less than 0.4 g). The plug-flow condition was achieved by using low
total flow rate of the feed gas. With this consideration, a total flow rate of 120 ml
min” was employed. All of the reaction conditions above were adapted from the
literatures (Kremenic et al. 1987; Kremenic et al. 1988; Leonard David Krenzke
1977; Monnier & Keulks 1981; Hock Seng Tan 1986; H. S. Tan, Downie & Bacon
19881989).

5.1.1 Chromatogram of reactants and products of the kinetic experiments

Gas chromatography (GC) is the main instrument used for quantitatively
measuring the concentration of reactants and products of the kinetic experiments.
The GC was equipped with two detectors, namely FID and TCD, which are
dedicated to detecting organic (C3H4O, CsHg, and C,H40) and inorganic (CO, CO,,
and O,) species, respectively. The GC was also equipped with two columns, namely,
Porapak-N and Molecular Sieve 13X. A Micro MAT 14 standard gas of Matheson
Tri-Gas containing 5% CO,, 5% CO, 5% O3, 5% N», 4% CH4 and 4% H,, balanced
with helium, was used to determine retention time of CO,, CO, O, and N, on the
chromatogram following the GC method as mentioned in Chapter 3. Polymer grade
propylene from BOC Gases, a 90% acrolein and acetaldehyde of Sigma-Aldrich
were used to determine their retention time. All gasses except N,, CHy, and H, were
involved in the catalytic reaction being studied. For qualitative analysis, a known

concentration of the Micro MAT 14 standard gas and propylene were mixed together
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in a Teflon plastic bag and diluted with air to reduce their concentration to an
acceptable concentration limit of the GC system. The vapour phase of acrolein and

acetaldehyde were used in the qualitative GC analyses.

The GC method used in the kinetic experiments successfully separated all
gasses involved in the reaction. The separation of each gas is clearly represented in
Figures 5.1 and 5.2. In the Figures, the peak of N; is three times higher than O,,
which is typical of air composition because the mixture was diluted by air. Retention
time of each component, as a result of the qualitative analysis, is given in Table 5.1.
Using the method, complete analyses covering all components by the GC method

were carried out in 15 minutes.

Table 5.1 Retention time of reactants and products of kinetic experiments using the

GC method mentioned in Chapter 3.

Component Reten.tion time Detector
(minute)
CO, 1.49 TCD
0, 2.20 TCD
CO 2.56 TCD
C3He 4.54 FID
CH,0 8.87 FID
C3H40 13.30 FID

5.1.2 Preliminary tests

Prior to the kinetic experiments, blank runs were carried out to check the
performance of the reactor system, particularly the gas phase reaction between
propylene and oxygen. The blank runs were carried out with a mixture of reactant
gas comprise of 5% Csi;Hg, 10% O, and 85% He at 120 mL min"' over the
temperature range of 300° — 450°C. Two reactors were checked in the blank run tests.
The first reactor was made of stainless steel while the other was quartz. Under the

reaction conditions, no gas phase reaction was detected from the blank runs using
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quartz reactor. On the other hand, the runs using stainless steel reactor showed clear

evidence of propylene oxidation to carbon oxides at temperature as low as 360°C.
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Figure 5.1 Qualitative chromatogram of standard Micromat-14 gas containing CO»,

0,, N,, CO, and CH4 mixed with C3Hg detected by a) FID and b) TCD
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Figure 5.2 Typical chromatogram of sample gas containing acetaldehyde and

acrolein

The blank tests at low temperatures were also reported by Tan (Hock Seng
Tan 1986) in his thesis. He found that propylene oxidation occurs significantly at
temperatures higher than 400°C. Not surprisingly, the reactor used by Tan (Hock
Seng Tan 1986) was a stainless steel reactor with a stainless steel mesh in the middle
of the reactor to support the catalyst bed. Tan appointed this reaction as catalysed by
the reactor wall although no further kinetic data were reported on this reaction. On
the other hand, no blank reaction was reported when the reactor is made of quartz
glass (Keulks, Rosyneck & Daniel 1971; Kremenic et al. 1987; Kremenic et al. 1988;
Leonard David Krenzke 1977; L. David Krenzke & Keulks 1980b; Monnier &
Keulks 1981).

The oxidation of propylene into carbon oxides was possibly catalysed by iron
oxide formed inside the stainless steel reactor wall. The iron oxides were formed as a
result of the high temperature condition and the availability of gas phase oxygen to
oxidise metallic iron on the stainless steel wall into iron oxides. Under the reaction
condition (at temperature between 300° and 450°C), iron oxides performed as

oxidation catalyst for hydrocarbons (Golunski & Walker 2000).
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The blank tests were also carried out to check acrolein oxidation without any
catalysts in either stainless steel or quartz reactor over a temperature range of 300 to
450°C. The blank tests with the stainless steel reactor showed the formation of
carbon oxides from acrolein started at 360°C. Blank tests, carried out using quartz
reactor, showed acrolein oxidation to carbon oxides occurred at temperatures higher
than 390°C. The result of these blank test runs shows that quartz reactor can be

regarded as inert at temperature less than or equal to 390°C.

5.2 The Catalytic Activity and Selectivity

The catalyst activity was obtained at propylene to oxygen ratio of 1:2. The
total flow rate was 120 mL.min" at temperatures between 300°C and 450°C. The
temperature range was chosen based on the knowledge that below 300°C the
conversion of propylene over the catalysts was negligible and above 450°C, side
products were significantly produced. From the catalyst point of view, the
temperature range assures that no phase conversion occurs on the catalysts. Phase
changes in the gamma phase deactivate the catalyst activity (Barnes, Kitchin &
Hriljac ; Douglas J. Buttrey 2001; D. J. Buttrey, Jefferson & Thomas 1986; D. J.
Buttrey et al. 1994).

The catalyst activity was determined from their ability to convert propylene to
useful product and their selectivity to convert propylene to certain product. The
activity of the catalysts was measured based on mol number of carbon atom because
the reaction can also produce smaller molecule such as carbon dioxide and carbon

monoxide.

The propylene conversion on the catalyst was calculated using equation 5.1,

while the selectivity of the catalysts was calculated using equation 5.2.

Mole
X =1 - — Gt | 100% 5.1
Mole,

Hinlet
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Mole
C3H 4,0, 0utlet
S = LRl b x100% 5.2
MOleC3H6inlet - MOleC3H60utlet

The results of the catalyst activity tests are given in Figures 5.3 to 5.5. The
figures show that the activity of the catalysts in term of total propylene conversion is
in the order of y>a>P. The alpha and beta phases have similar patterns of catalytic
selectivity to acrolein. In contrast, the selectivity of the gamma phase decreased

considerably at high temperatures.

The high conversion of propylene over the gamma phase does not mean that
the catalyst is the best among the three catalysts as its selectivity is low. Comparing
the three catalysts, the catalysts’ performance in yielding acrolein will best describe
their performance. This can be done by plotting the logarithmic specific rate of
acrolein production versus the reaction temperature as shown in Figure 5.6. The
figure shows that the catalyst performance decreases in the order of «>y>p in term of
acrolein production rate versus reaction temperature. Figure 5.6 and Figures 5.3
through to 5.5 also show that the alpha and gamma phases have similar activity for
propylene conversion to acrolein while the beta phase is always the least active

catalyst.

The order of bismuth molybdate activity for propylene conversion to acrolein,
particularly the alpha and the gamma phase is very similar to reports by several
researchers (Golunski & Walker 2000; Leonard David Krenzke 1977; L. David
Krenzke & Keulks 1980b). The beta phase was normally reported as having the same
activity as the alpha and gamma phases (Monnier & Keulks 1981; Hock Seng Tan
1986; H. S. Tan, Downie & Bacon 1988). These reports, particularly the activity of
the beta phase, are strongly opposed by the results of this research where the activity
of the beta phase is the lowest one. The same order of activity was also reported in
high conversion tests (Douglas J. Buttrey 2001). The high activity of the beta phase
as reported by other researchers (Batist et al. 1968; Beres, Janik & Wasilewski 1969;
Cullis & Hucknall 1981; Gorshkov et al. 1968; Millet et al. 1993), might have been
caused by the impurities of the catalysts. A recent report by Larsen (Larsen 2003)

clearly shows the existence of other bismuth molybdate phases in his catalysts, which
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was prepared according to reported preparation procedures (Batist et al. 1968; Beres,
Janik & Wasilewski 1969; Cullis & Hucknall 1981; Gorshkov et al. 1968; Millet et
al. 1993).

Acetaldehyde, carbon dioxide, and carbon monoxides are the major side
products in the propylene to acrolein conversion. The selectiveness of the reaction
towards these side products is given in Figures 5.7 to 5.9. The Figures show some
very interesting features that the side products of each catalyst are different. On the
alpha phase, acetaldehyde is the main side product at temperatures below 390°C. At
390°C to 420°C, the concentration of acetaldehyde decreases and is exceeded by
carbon monoxide. At 450°C, carbon dioxide takes over as the dominant side
products. In the beta phase, carbon monoxide is the major side product with a small
amount of acetaldehyde and a very small amount of carbon dioxide. In the gamma
phase, acetaldehyde is the main side product only at 300°C and 330°C, but at higher

temperatures, carbon dioxide is the main side product.
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10 - i i i - 100
Y
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Figure 5.3 Propylene conversion and acrolein selectivity over the a-Bi,M030;,
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Figure 5.4 Propylene conversion and acrolein selectivity over the -Bi,Mo0,09
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Figure 5.5 Propylene conversion and acrolein selectivity over the y-Bi,Mo0Og
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The change in the catalysts activity and selectivity has very close relation to
the change in the crystal structure of the catalyst. As mentioned in section 4 in
Chapter 4, the lattice oxygen ions become weakly bonded to metal ions more
reactive. The oxygen ions thus more mobile and the oxidations of allyl intermediate
become easier. However, at higher temperatures, oxygen ions become too mobile.
The high mobility oxygen ions are very reactive but not selective. This is the reason
why the catalysts lost their selectivity just as what had been showed by y-Bi.M0Og
above 400°C. This may take place since oxygen now becomes so reactive that allyl

intermediates are oxidised into complete oxidation product (CO;) (Fansuri et al.

2003).

The nature of oxygen ions in the y-Bi,MoQOg phase is different to those in a-
Bi;Mo03;0,; and B-Bi;M0,0Oy. There is more active oxygen available on the gamma
phase per unit cell than in the alpha and beta phase. Therefore, at high temperatures
(ca. at 400°C or higher), more unselective oxygen ions available in the gamma phase.
As a result, the selectivity of the gamma phase in converting propylene to acrolein
decrease faster than those catalysed by alpha or beta phase. All of these explain the
difference activity and selectivity pattern between gamma phase and alpha and beta

phase.

The pattern of the catalyst selectivity, though, does not explicitly shows the
mechanism of propylene oxidation over the catalyst. Monnier (Monnier & Keulks
1981) revealed that carbon oxides were produced from further oxidation of acrolein
and hydrocarbon residue deposited on the surface of the catalysts. Tan (Hock Seng
Tan 1986), on the other hand, believed that propylene can be oxidised directly to
carbon oxides, while Larsen (Larsen 2003) believes that carbon dioxide was a
product of direct oxidation of propylene. Discussion about reaction mechanism

deduced from kinetics data collected in this research will be given in Chapter 6.
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Figure 5.6 Specific rate of Acrolein Formation vs. Reaction Temperature.
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Figure 5.7 Distribution of product selectivity of propylene oxidation over a-
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Figure 5.8 Distribution of product selectivity of propylene oxidation over -
BizMOzOg.

120

100

®
=

-o— Acrolein

-u— Acetaldehyde
—— CO2
-+-CO

Selectivity (%)
(=]
=

40

20

275 300 325 350 375 400 425 450 475
Furnace Temp (°C)

Figure 5.9 Distribution of product selectivity of propylene oxidation over y-
BizMOO(,.

111



Centre for Fuels and Energy

5.3 Kinetics of Partial Oxidation of Propylene into Acrolein

The kinetics of partial oxidation of propylene to acrolein is examined by
power rate law (Levenspiel 1999). The reaction orders with respect to propylene and
oxygen in the formation of acrolein and carbon oxides were determined at seven
different temperatures using the method of constant initial partial concentrations.
This method involves holding the concentration of one reactant constant while
varying the other and measuring subsequent changes in the rate of reaction. The
general relationship between the reaction rate and the reactant concentration for a
bimolecular reaction is given by the equations 5.3 and 5.4. In those equations, k is
the rate constant, m and n are reaction orders in C3Hg and O,, respectively, and

[C3Hs] and [O,] are the initial concentrations of propylene and oxygen, respectively.

rateZk[C3H6]m[02]" 5.3

Equation 5.3 can be linearised by taking the logarithmic of both sides. The

linear equation is given in equation 5.4.

log(rate) = logk + mlog[C3Hg] + nlog[O;] 5.4

A plot of log(rate) versus log of the concentration of one reactant being
varied will yield a straight line with the slope being the reaction order in that reactant
and the intercept equal to log(k). Such plots are given in Figures 5.10 to 5.15 and the
calculated reaction orders in propylene and oxygen towards acrolein formation are

given in Table 5.2.

The reaction orders in both propylene and oxygen vary with temperature for
all three bismuth molybdate catalysts. For all catalysts, the reaction order in
propylene increases from a small fraction or zero order at low temperatures to the
first or close to the first order at high temperatures. The reaction order in oxygen
decreases from a fractional order at low temperatures to zero or close to zero order at

high temperatures.
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Table 5.2  Reaction orders in propylene partial oxidation

Temperature Reaction order of C3Hg (m) Reaction order of O (n)
K

* BizM(:g3012 Bile[?C-)zOg ¥-BizMoOs BizM((li)-:;Ou Bile[?C-)zOg ¥-Bi2MoOs
573 0.6 0.0 0.6 0.6 0.2 0.3
603 0.6 0.0 0.6 0.6 0.3 0.3
633 0.7 0.4 0.6 0.4 0.4 0.6
663 0.8 0.7 0.7 0.2 0.2 0.6
693 1.0 0.9 0.9 0 0.2 0.0
723 1.0 0.9 0.9 0 0.2 0.0

The dependency of the reaction orders in the propylene and oxygen
concentrations is an indication that the catalysts are taking a part in the oxidation
reaction. At low temperatures (< 390°C), a very small amount of lattice oxygen ions
are available for oxidising propylene. As a result, the oxygen ions in the gas phase
(from the reactant) are taking a part in the reaction. The less availability of lattice
oxygen is also a key reason of the dependency of reaction order in the propylene
concentration. Because of insufficient oxygen available for the reaction, adding more
propylene to the system would not increase the reaction rate or acrolein yield. The

explanation on the reaction mechanisms will be given in Chapter 6.

The specific rate constant for acrolein formation at a given temperature was
calculated from the observed specific rate of formation and the calculated reaction
orders for oxygen and propylene at that temperature by using equation 5.1. The rate
constants obtained at a given temperature were essentially the same. Therefore, the
average value was used to calculate the apparent activation energy. The average

values of reaction constant are given in Table 5.3.

The apparent activation energy was determined from the Arrhenius
relationship between the temperature and the rate constant. This relationship is given
by equation 5.3. A plot of In(k) vs 1/T yields a straight line with a slope of (-E./RT)
and an intercept of /n(4). The Arrhenius plots of acrolein formation over all three

catalysts studied are given in Figures 5.16 to 5.18.
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k :Ae—Ea/RT 55

The plots of In(k) versus I/T of acrolein formation over all bismuth
molybdate catalysts give a straight line. The slopes of these lines and the intercepts
were determined by a linear regression analysis and the resulting activation energy
and pre-exponential factors are given in Table 5.3. The R’ values for all regressions

are more than 90%, indicating the good fit of the data to the model.

The data shown in Table 5.3 compare very well with the results reported by
Krenzke (Leonard David Krenzke 1977; L. David Krenzke & Keulks 1980b) for the
alpha and gamma phases but different from those reported by Monnier (Monnier &
Keulks 1981) for the beta phase. Both Krenzke (Leonard David Krenzke 1977; L.
David Krenzke & Keulks 1980b) and Monnier et al. (Monnier & Keulks 1981)
reported the evidence of change in activation energy in two temperature regions. The
activation energy was high at low temperature region (less than 400) and low at
temperatures higher than 400°C. The results from experiments carried out in this
thesis, however, did not show clear evidence of the two temperature regions as
reported by Krenze and Monnier. Instead, activation energies found from the
experiments are within the low and high activation energies reported by both
researchers. In the case of the beta phase, the reaction rate parameters are close to

high temperature parameters reported by Monnier et al. (Monnier & Keulks 1981).

The kinetic parameters for the beta phase found in this research, however, is
slightly different from those reported by Larsen (Larsen 2003). Larsen investigated
the kinetics of propylene oxidation to acrolein over B-Bi;M0,Oy under different
reaction conditions. He found that the activation energies vary between 72 kJmol™
and 140 kJmol" and reaction order of propylene and oxygen was 1.0 + 0.1 and 0.3 +
0.1, respectively. The B-Bi;Mo0,0O9 used by Larsen, though, is not pure. It also
contains alpha and gamma phase. The mixture phase will enhance the catalyst
activity as well as selectivity toward selective products as mentioned by some reports

(Bettahar et al. 1996; Carrazan et al. 1996b; Carson et al. 1983; Le et al. 2004).
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Figure 5.10  Reaction order in propylene over a-Bi,Mo030;.
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Figure 5.11  Reaction order in oxygen over a-Bi;M030,.
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Figure 5.13 Reaction order in oxygen over B-Bi,Mo0,0so.
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Figure 5.15 Reaction order in oxygen over y-Bi,MoOs.
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Table 5.3 Reaction rate constant (k) of acrolein formation calculated using

equation 5.1.

Catalyst Temperature k (min'lm'z) m n
(K)
573 04 0.6 0.6
603 0.6 0.6 0.6
633 1.4 0.7 0.4
U,—BizMO3012
663 34 0.8 0.2
693 8.7 1.0 0
723 30.6 1.0 0
573 0.002 0.0 0.2
603 0.006 0.0 0.3
_ 633 0.072 04 04
B-B12M0209
663 0.287 0.7 0.2
693 1.093 0.9 0.2
723 2.167 09 0.2
573 0.6 0.6 0.3
603 1.5 0.6 0.3
) 633 39 0.6 0.6
v-B1,MoOg
663 94 0.7 0.6
693 20.7 09 0.0
723 349 0.9 0.0

Table 5.4 Reaction rate parameters for acrolein formation

Catalyst A (min".m?) E. (kJ.mol™)
0-Bi;M0301, 3.05x 10° 99.69
B-Bi;M0,00 9.62x 10" 173.00
v-Bi,MoOg 4.69x 10 97.66
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Figure 5.16 An Arrhenius plot for acrolein formation over a-Bi,Mo30,
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Figure 5.17 An Arrhenius plot for acrolein formation over -Bi,M0,09
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Figure 5.18 An Arrhenius plot for acrolein formation over y-Bi.MoOg

5.4 Kinetics of Formation of Side Products

As mentioned above, the partial oxidation of propylene also produces side
products. The side products detected in the present experiments were C,H4O

(acetaldehyde), CO,, and CO.

The concentrations of side products were very small and in all cases almost
undetectable in the experiments. They were detected in the reaction products in all

catalysts at reaction temperature equal or higher than 360°C.

The kinetic parameters of acetaldehyde formation are given in Table 5.4. As
in acrolein, the reaction order of propylene and oxygen in the formation of
acetaldehyde is also fractional. Combination of activation energy and pre-

exponential factor results in slow overall reaction rate of acetaldehyde formation.
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In contrast to acetaldehyde, the formation of CO, and CO is very slow at
temperatures lower than 390°C. Even at temperatures higher than 390°C, the CO, and
CO formation is still very slow. Only CO, formation over y-Bi,MoQOgs is significantly

high, from which the kinetic data could be estimated.

The kinetic parameters for CO, formation are given in Table 5.5. The
parameters are very close to those obtained by Krenzke (Leonard David Krenzke
1977). Although the pre-exponential value is high, its activation energy is high too.
As a result, the rate of CO, formation is very slow at low temperatures (below

390°C) and significantly increases above that temperature as shown in Figure 5.9.

Table 5.5 Reaction orders of propylene (m) and oxygen (n), activation energies

and pre-exponential factors in the formation of acetaldehyde

a-Bi;Mo0301, B-Bi:Mo0,09 v-BixMoOg¢
Tem?)eg;lture m n m n m n
360 0.4 1.3 0.3 0 0.9 0.6
390 1.0 0.5 0.6 0.6 0.5 0.5
420 1.2 0.4 0.9 0.6 0.2 0.3
450 1.3 0.3 12 0.6 0.1 0.2
E, (kJ mol™) 33.2 150.4 83.9
A (min” m?) 6.9x10° 2.17x10"° 7.3x10°

According to Krenzke (Leonard David Krenzke 1977), CO; is exclusively
produced from further oxidation of acrolein. Tan (Hock Seng Tan 1986), on the other
hand, mentioned that the CO, is also produced by gas phase oxidation of propylene
as experimentally evidenced by the production of CO; in blank reactor test. The

same was evidenced for CO.

The results of this research support the mechanism proposed by Krenzke
(Leonard David Krenzke 1977), where carbon oxides (CO, and CO) are formed by
further oxidation of propylene partial oxidation products (acrolein and acetaldehyde).

The first evidence is shown by the result of blank run in which no carbon oxides
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were found when propylene and oxygen were passed through the blank reactor.
When acrolein and oxygen were passed through the blank reactor, carbon oxides
were found in the product stream. Catalysts selectivity test also showed evidence that
carbon oxides were more probably formed from further oxidation of acrolein and
acetaldehyde. The selectivity test showed that the acrolein and acetaldehyde
selectivity decreased as the selectivity to CO; and CO increases. The total reaction
order of CO, formation being greater than one is also a piece of evidence supporting

that carbon oxides are formed from further oxidation of products.

Table 5.6  Kinetic parameters of CO, formation over y-Bi,MoQOg

v-Bi:Mo0Og
Temperature (°C) m n
390 0.9 0.3
420 0.9 0.3
450 1.1 0.2
E, (kJ mol™) 196.9
A (min™ m™) 5.3x10'

In contrast to CO, and CO, not much information are available for the
formation of acetaldehyde as a side product of partial oxidation of propylene over
bismuth molybdate. Some Russians researchers (Gorshkov et al. 1970; Gorshkov et
al. 1969; Gorshkov et al. 1968) reported that the acetaldehyde is formed trough
further oxidation of acrolein or from direct oxidation of the m-allyl intermediate,
which is rapidly oxidised into carbon oxides. The report, though, did not mention the
kinetic of acetaldehyde formation. Even the recent reports (Leonard David Krenzke
1977; Larsen 2003; Monnier & Keulks 1981; Hock Seng Tan 1986) do not mention

the formation of acetaldehyde.
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The discussion on the results of the kinetic studies in this chapter can lead to

the following conclusions:

1.  The quartz reactor can be regarded as inert for the partial oxidation reaction.

2. The catalyst performance decreases in the order of o>y>f in term of acrolein
production rate versus reaction temperature.

3. There are no clear evidence of two activation energy regions as shown by
Krenzke (Leonard David Krenzke 1977) and Monnier (Monnier & Keulks
1981). However, the value of activation energies and pre-exponential factors
found in this research are within those reported by Krenzke for alpha and
gamma phase and by Monnier for the beta phase.

4.  Carbon oxides are produced from further oxidation of acrolein and

acetaldehyde.
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Chapter 6

REACTION MECHANISMS OF
PARTIAL OXIDATION OF
PROPYLENE TO ACROLEIN OVER
BISMUTH MOLYBDATE
CATALYSTS

Reaction mechanisms of partial oxidation of propylene to acrolein over
bismuth molybdate catalysts have been investigated by many researchers. However,

as mentioned in Chapter 2, the reaction mechanisms are still open to exploration.

There are three approaches that are normally used to investigate the reaction
mechanisms, namely, 1) isotope tracing (Adams & Jennings 19631964; Adams et al.
1964; Keulks & Lo 1986; L. David Krenzke & Keulks 1980a; Miura et al. 1979;
Voge, Wagner & Stevenson 1963), 2) molecular mechanisms by spectroscopic
methods (Ayame et al. 2000; Ayame et al. 2002; Bemis, Douskey & Munson 1997;
Boudeville et al. 1979; Burlamacchi, Martini & Ferroni 1971; Carrazan et al. 1996a;
Douskey & Munson 1997; Matyshak & Krylov 1995; Uchida & Ayame 1996) and,

3) mechanisms derived from kinetic experiments.

The reaction mechanism investigation using kinetic information can be
further divided into two approaches. In the first approach, the reaction mechanisms

are deduced from kinetic data. In this method, several models of reaction
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mechanisms are proposed and fitted with data from kinetic experiments, respectively.
The model, which has the best fit to the experimental data, is chosen and considered

to be the correct reaction mechanisms.

In the second approach, reaction mechanisms are postulated based on
physical and chemical analysis of the catalysts and reactions at molecular level. This
is normally achieved with the spectroscopic and isotope-labeling methods to detect
and identify reaction intermediates. Based on the intermediates identified, a possible

reaction mechanism is postulated.

In this thesis, the reaction mechanisms are investigated using some
combinations of the aforementioned methods. The available data for the investigation
from own experiments are the kinetic data and time resolved catalysts structure

information to rationalise the mechanisms occurring in the catalysts lattice.

6.1 Reaction Mechanisms Derived from Kinetic Data

The kinetic data in this discussion are regarded as products of single reaction,
1.e., partial oxidation of propylene to acrolein. The by-products are regarded as a
result of direct oxidation of propylene and do not have any interference with acrolein

formation.

The experimental data for acrolein formation have been fitted to a linearised
form of the power rate law as discussed in Chapter 4. The power rate law was chosen
because it is simple and easy to use. In this law, the only parameters described are
the rate constant and the dependence on concentrations for the reactants and

products.

Although the kinetic data fit well with the power rate law, their kinetic
parameters show that the reaction mechanisms are more complex than those
suggested by the model. One example is the dependency of the reaction orders of
both propylene and oxygen on the reaction temperature. The model also does not
explain mechanisms of surface reactions that commonly happen in heterogeneous

catalytic reactions.

125



Centre for Fuels and Energy

In order to uncover the reaction mechanisms, the kinetic data obtained are
tested with various rate equations given in Chapter 3. The rate equations are derived
from commonly used heterogeneous kinetic reaction mechanisms. To discriminate
rival mechanisms, the kinetic data are fitted with calculated values of each
mechanism. The fitting procedure has been used by several researchers in
investigating the kinetics and reaction mechanisms of partial oxidation of propylene
over various catalysts (Benyahia & Mearns 19901991; Corberan, Corma & Kremenic
1985; Kremenic et al. 1987; Kremenic et al. 1988). Our experimental measurements
are for initial rates. Prior to fitting, the rate equations of various mechanisms models
were linearised. The linearised forms of the rate equations are given in Table 6.1 and
Table 6.2. In order to compare the different models, the square of correlation
coefficients (R’) are chosen as parameters for discrimination (better fits are indicated
by higher R’ values). The influence of propylene (or oxygen) partial pressure is

examined by fitting the rate data versus Py, (or Py), while keeping P, (or Pj) constant.

The results of the fitting of the experimental data with the linearised forms of
various reaction rate laws under different reaction mechanisms are given in Table
6.3. Model 1 is based on the power rate law as used for estimation of the kinetic data
in Chapter 5. The model is excluded from the table because it could not explain the
reaction mechanisms of propylene oxidation to acrolein. The results of the use of

Model 1 are discussed in Chapter 5.

The R’ is a square correlation value. This value shows how a change in one
variable (eg, the partial pressure of oxygen or propylene according to the linear form
of rate equation) affects the other (eg, reaction rate). When there is no correlation
between these two variables, the correlation value will be zero. On the other hand, if

there is a straight correlation, the value will be 1.

The R’ values for all catalysts in Table 6.4 reveal that the kinetic data are
worst described by models 2a and 2b. These two models are derived with an
assumption that oxygen and propylene compete for the same adsorption site. The fact
that experimental data do not fit with these two models is an indication that if the
reaction follows Langmuir-Hinshelwood mechanisms, the propylene adsorption sites
would be different from the oxygen adsorption sites. Kremenic and co-workers

(Corberan, Corma & Kremenic 1985; Kremenic et al. 1987; Kremenic et al. 1988)
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reported the evidence of different oxygen and propylene adsorption sites from
oxygen and propylene adsorption-desorption experiments on Mo-Pr-Bi catalysts. The
facts that oxygen and propylene do not compete on the bismuth molybdate surface
also supported by numerous reports (Ayame et al. 2000; Ayame et al. 2002;
Bielanski & Haber 1991; Cullis & Hucknall 1981; B. Grzybowska, Haber & Janas
1977; R. Grzybowska et al. 1976; Hayden & Higgins 1976; Ono, Ogata &
Kuczkowski 1998) indicating that the source of oxygen for selective partial oxidation
comes from the lattice oxygen within the catalyst. The in-situ characterisation
detailed in Chapter 4 also suggested the possibility of the lattice oxygen as active
oxygen source for partial oxidation, which provides support the hypothesis that the
oxygen and propylene adsorption sites are different and they do not compete with
each other. As a result, reaction mechanisms based on competing adsorption site

Langmuir-Hinshelwood model is not suitable.

The square of correlation parameters (R°) of all mechanism models over
bismuth molybdate under constant propylene is not as regular as that under constant
oxygen pressure. In most cases, the R’ values are smaller at the lowest and the
highest temperatures used in the reaction (573 and 723 K). However, the R indicated
that the fit of experimental data with models a and b of each models (models 3, 4, 5,
and 6) are equally well for all catalysts. Hence it means that using the R’ values alone
are not adequate to discriminate which mechanisms are the best to explain the

experimental kinetic data.

Table 6.1 Linearised form of Rate Law for Variable Propylene Pressure

Eq;z:)tlon Ml\(l)(()lel Linearised form
1

35 2a and - 6.1

2b b |

r_ = AhPh +Bh
a

3.6 3a, 3b
3.7 4 6.2
3.8 5a, 5b L 4, (Lj + By, |
3.9 6a, 6b fa i
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Although model 4 gives a reasonably good fit to the observed kinetic data, it
is excluded from further consideration because the model is developed with an
assumption that one of the reactants (oxygen or propylene) reacted with a surface
intermediate to form the product (acrolein). It has been proven by many researchers
that acrolein formed via allyl radical intermediate and oxidation of the radical uses
lattice oxygen. With this reason, the assumption that the surface intermediate reacts
with gaseous oxygen is inapplicable for the formation of acrolein and hence, model 4

could not be used to explain the reaction mechanisms.

Table 6.2 Linearised form of Rate Law for Variable Oxygen Pressure

Equation | Model Linearised form
No. No.
3.6 3a 1 1
—=A, — |+ B
33 59 " O(Poj o 6.3
3.9 6a
3.6 3b 1 1
18 sh r— = AO —1 +BO 6.4
3.9 6b ' Fs
3.7 4 o
]/'a = AOPO

In order to further identify the best reaction model to represent the reaction
mechanisms, the observed acrolein formation rates are plotted against the calculated
reaction rate. The plots are given in Figures 6.1 to 6.3. Kremenic (Kremenic et al.
1987; Kremenic et al. 1988) and Benyahia (Benyahia & Mearns 19901991) used the
same methods successfully in the past to discriminate the models under similar
condition. Further examination of the best fit by investigating the observed versus
calculated reaction rates shows that models 3, 5a and 6a are the best model to
describe the reaction mechanisms of partial oxidation over alpha, beta and gamma
bismuth molybdates, respectively. Only in the reaction catalysed by y-Bi,MoOs,

model 5a and 6a deviated from the 45° line. The reason for this deviation is the
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formation of by-products due to further oxidation of acrolein. At high reaction rates
(hence, high propylene conversion at high temperatures), some of the acrolein
formed are oxidised further to carbon oxides. As a result, the observed reaction rates

become smaller than the calculated one.

Table 6.3 The fitting of experimental data at constant oxygen pressures to Various

Reaction Mechanisms Models

2
Model Temp (K) [~ Bi,M0;01, [s-Bi£40209 vy-Bi;MoOj

573 0.573 0.983 0.648

603 0.521 0.989 0.965

7 and 20 633 0.648 0.962 0.870
663 0.543 0.865 0.886

693 0.101 0.623 0.593

723 0.008 0.281 0.084

573 0.859 0.739 0.868

603 0.825 0.973 0.990

3a, 3b, 4. 5a, 633 0.859 0.866 0.902
5b, 6a and 6b 663 0.941 0.981 0.970
693 0.978 0.997 0.983

723 0.969 0.971 0.909

It has been proven that oxygen does not dissociate upon adsorption on the
surface of bismuth molybdate (Kremenic et al. 1987). This means that although
model 3 fits well with the experimental data, it cannot be used to explain the reaction
mechanisms since the model contradicts the fact that oxygen does not dissociate on
the catalysts surface. Meanwhile, as mentioned earlier, models 5 and 6 are actually
only different in the form of oxygen participating in the reaction. Both are derived
from the Mars van Krevelen mechanisms. Following this, it can be concluded that
the catalytic partial oxidation of propylene over bismuth molybdate follows the redox
mechanisms. The redox mechanisms over bismuth molybdate catalysts are further

discussed below.
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Table 6.4  Fitting of experimental data at constant propylene pressures to Various

Reaction Mechanisms Models

)
Model Temp (K) = Bi,M0;01, |3-Bi2§40209 v-Bi;Mo0Oy

573 0.718 0.866 0.531

603 0.982 0.931 0.956

1o 5a and 60 633 0.942 0.929 0.842
663 0.911 0.866 0.977

693 0.969 0.812 0.936

723 0.758 0.833 0.689

573 0.746 0.908 0.541

603 0.972 0.923 0.943

4o, 5b and 60 633 0.895 0.950 0.872
663 0.932 0.820 0.971

693 0.978 0.872 0.911

723 0.824 0.874 0.642

573 0.823 0.930 0.510

603 0.941 0.900 0.719

. 633 0.796 0.947 0.930

663 0.960 0.664 0.941

693 0.994 0.966 0.821

723 0.972 0.910 0.482

6.2 Redox Reaction Mechanisms

The basic concept of the redox mechanism is that the lattice oxygen of
reducible a metal oxide serves as effective oxidising agent for hydrocarbons. The
details of the mechanisms of reduction-reoxidation are described schematically in
Figure 6.4. However, a number of investigators (Aykan 1968; Batist et al. 1968;
Peacock et al. 1969) have shown quantitatively that product formation and catalyst
reduction proceed simultaneously. It was also shown that the rate of this reaction
decreases rapidly with an increase in the degree of catalyst reduction. Consequently,

in order to maintain a continuous catalytic reaction, the catalyst's oxygen must be
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continually replenished via reoxidation from the gas phase. Due to these reasons, the

redox mechanisms can be simplified as shown by R.3 and R.4.
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Figure 6.1 Observed versus calculated rates of acrolein formation over o-
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Figure 6.2 Observed versus calculated rates of acrolein formation over 3-Bi,M0,0q
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Figure 6.3 Observed versus calculated rates of acrolein formation over y-Bi,MoOs,

a) over all observed reaction rate and b) at low propylene conversion
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CyHg +S,, — 15 C3H, 0+ Hy0+ S,y R3

Sred +02 L)Sox R4

In the above reactions, S,, represents a fully oxidised active site and S,eq
represents a reduced active site. If the total number of active site is N and the fraction
of sites, which are fully oxidised, is 6,,, the total number of fully oxidised sites (S,yx)

is NO,, and the total number of reduced sites (S,.q) is therefore N(1-6,;).

With this concept and the assumption that the desorption of acrolein is not a
rate determining step, the rate equation for propylene oxidation can be written as

equation 6.6 and the rate of catalyst reoxidation is written as equation 6.7.

1 d|CsH
—;%:k,echsHéNeox 6 6
1 d|O
- [dtZ] = kox Py N(1=0,,) 6.7
where,
k.., = Rate constant for catalyst reduction

Fe,n, = Partial pressure of propylene

0, = Fraction of sites which are fully oxidised
k,. = Rate constant for catalyst reoxidation
Fp, = Partial pressure of oxygen

1-6,, = Fraction of sites which are reduced

These equations indicate that the rate of reduction or propylene oxidation is
dependent on the number of oxidised sites. Both the reduction and reoxidation

processes control this number. Under steady-state conditions, the flow of oxygen into
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the catalyst equals to the flow of oxygen out of the catalyst as oxygenated products.

Therefore, the two rate equations may be equated, yielding equation 6.8.

O _ kOXPOz 6.8
(1 - eox) kV@dPC3H6
or
koxP02
0 = kredPC3H6 6.9
ox .
1+ 7]{0)61302
kred PC3H6
Substituting (6.9) to (6.6) resulting
koxP02
_ 1d[C3H,] =ld[C3H40] kPN krea ey, _ Nkox o, 6. 10
voodt vV dr red” Gyl k P k,.P '
ox* 0, ox* 0,
I+ I+
L kredPC3H6 ] kredPC3H6

Figure 6.5 shows the relation between @, with the ratio of the rate of site

reoxidation against the rate of site reduction from equation 6.6. When the rate of
reoxidation is much higher than the rate of reduction, the fraction of fully oxidised
sites is relatively constant. In this condition, the rate of propylene oxidation has
positive dependency on the concentration of propylene and zero order in oxygen. On
the other hand, when the reoxidation rate is lower than the reduction, the propylene
oxidation rate depends on the rate of reoxidation. Hence, the reaction dependency on

oxygen concentration will have positive value and zero in propylene concentration.

The redox mechanisms above explain the tendency of dependency of the
reaction rate on propylene and oxygen to be varied with the reaction temperature as
discussed in Chapter 5. At low temperatures, the rate of reoxidation is slow due to
slow oxygen diffusion in the bulk catalyst structure. Therefore, at low temperatures,

the dependency of the reaction rate on the concentration of oxygen has positive value
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while the dependency on propylene is close to zero. At high temperatures, oxygen is
more freely diffused in the catalysts structure. As a result, the propylene oxidation
rate is controlled by the rate of catalyst reduction. In this condition, the dependency
of the reaction rate on propylene concentration will have positive value and zero on

the concentration of oxygen.

Alkene approaching W Oxygen Oxidation of alkene
surface of catalyst [l Metal with lattice oxygen

" AN\ ..HZO{\

Replenishing of bulk with Replenishing of surface
oxygen from gas phase with oxygen from bulk

.IHEO (\
.

Figure 6.4 A schematic diagram of redox mechanisms over bismuth molybdate

catalyst (Ressler 2005).

So far, equations 6.6 to 6.10 assume that reaction orders in propylene and
oxygen are unknown and appear in the equations as 1 or % as used in kinetic models
3b, 5b, and 6b. Figure 6.5 will show that the reaction orders in both propylene and

oxygen are a function of active site concentration. For a reaction such as RS, the

135



w Centre for Fuels and Energy

general reaction order in a reactant is given in equation 6.11 (Chorkendorf &

Niemantsverdriet 2003).

Ri+R,——P RS
dln M
1+ ﬂ k‘”‘i 6. 11
negg = Poypg¥—— KreaFesm | - krea Fest, =0y
dPC3H6 koxP02
krea Py,
no, =1-0,, 6.12

koxP02

kred PC3H6

Figure 6.5 Fraction of fully oxidised sites as a function of the rate of sites oxidation

to the rate of sites reduction.

With the relation given in equation 6.10, the reaction orders in propylene and

oxygen for reactions R3 and R4 are given in equation 6.11. The equation clearly
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shows the dependency of the reaction order of the reactants on the concentration of
fully oxidised sites of the catalyst. This is also the reason why the correlation of
experimental results and the calculated data is not uniform throughout the entire
temperature range used in the experiments. Since the maximum value of the fraction
of fully oxidised site is 1, the sum of reaction order of propylene and oxygen is

normalised. The normalised trends of reaction order are shown in Figure 6.6.

Krenzke (Leonard David Krenzke 1977) calculated the reaction orders in
propylene and oxygen over gamma bismuth molybdate. Data for this calculation was
taken from oxidation and reduction properties of the gamma bismuth molybdate
reported by Uda and co-workers (Uda, Lin & Keluks 1980). The calculated values of
the reaction orders in propylene and oxygen are given in Table 6.5. The Table shows
that the experimental reaction orders are very close to the calculated values. This
means that the redox mechanism is the most probable mechanism occurring in the

partial oxidation of propylene to acrolein over bismuth molybdate catalysts.

Sum of reaction orders

550 600 B50 700 750
Reaction tem perature (K}

Figure 6.6 The trends of reaction orders to be normalised
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Table 6.5 Comparison of reaction orders calculated from redox kinetics with the

observed reaction orders for CsHg oxidation of y-BioMoOse.

Reaction order
Temperature Srrperttoenal Calculated (Leonard David
Krenzke 1977)

C3H6 02 C3H6 02
450 0.9 0 1 0
435" 1 0
420 0.9 0.0 1 0
400" 0.6 0.2
390 0.7 0.6
375" 0.4 0.3
360 0.6 0.3
350" 0.2 0.5
330 0.6 0.3
325" 0 0.6
300 0.6 0.2

Temperatures used in the reaction order calculations

6.3 Reaction Network

Although the redox mechanism explains the partial oxidation of propylene to
acrolein, it does not explain other the mechanisms of the formation of by-products.
Blank tests of acrolein oxidation show clearly that carbon oxides formed from further
oxidation of acrolein. The reaction has to be taken into account especially at high
temperatures (T>390°C) when the rate is high. Under this condition, a reaction
network will be required to completely describe the kinetics of propylene oxidation

over bismuth molybdates.

Tan (Hock Seng Tan 1986) developed a reaction network model based on
silica-supported a-Bi;Mo030;, using stainless steel reactor. The reaction network
explains the formation of carbon monoxide and acetaldehyde as well as carbon
dioxide and acrolein. However, Tan did not break down the reaction network into
elementary reactions. The reaction network is schematically shown in Figure 6.7.

The calculated values of ki, ki3, ki4, and ky3 are given in Table 6.6.
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It should be noted here that Tan used the redox mechanisms model in

deriving all the kinetic parameters mentioned above. The model used by Tan is the

same as model 5.b where the reaction order of oxygen is Y.

Acrolein
k23
12
Propylene Kis , | Carbon Oxides
(CO; and CO)
kis
Acetaldehyde

Figure 6.7 A schematic diagram of reaction network studied by Tan (Hock Seng

Tan 1986).

Table 6.6 Values of ki, ki3, ks, and kp3 calculated from experimental data
according to reaction network given in Figure 6.7.
Temp Ka Ki2 Ki3 Kig K23 Kk,
O x 10
325 |7.44+1.61 6.77+£1.21
350 | 16.7£2.0 | 21.9+1.4 |2.70+0.18(2.73£0.21|12.9+12.1|5.18 £ 0.29
365 | 25.0+£6.6 0.45+0.06| 19.5+4.9
370 3.86+0.37|12.94+£0.31 7.28 £0.48
375 | 31.5+£3.8 2.70 £ 0.27
390 | 48.3+£3.4 |538+0.35 0.63 +0.07 8.59+0.25
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Larsen (Larsen 2003) developed a reaction network over B-Bi;M0,0O9. He
proposed elementary steps in the formation of C;H4O and CO, from propylene as
shown in Table 6.7. The steps were developed from Mars van Krevelen and
Langmuir-Hinshelwood models, respectively. Based on these reactions, He
calculated the reaction rate of acrolein formation using quasi equilibrium
approximation to solve the equations. The rate expressions and reaction orders in

propylene and oxygen in the formation of acrolein are given in Table 6.7.

There are at least two disadvantages of this approach. Firstly, in the Mars van
Krevelen model, oxygen comes from the lattice of the catalyst. In contras, Larsen’s
reaction mechanisms use adsorbed oxygen as the oxygen source for the oxidation
reaction. In addition, there is no explanation of the formation of other by-products
normally found in the partial oxidation of propylene over bismuth molybdate

catalysts such as acetaldehyde and carbon monoxide.

Although Larsen's mechanisms do not consider the formation of CO and
C,H40, the reaction order expressions are similar to those in the redox mechanisms,

as discussed earlier in this chapter.

To explain the reaction mechanisms of propylene oxidation over bismuth
molybdates at the molecular level, a new reaction network is proposed. The network
is developed by combining the information available in literatures with information
gained from kinetic experiments and catalysts structure investigations. Fundamental

concepts in developing the reaction network include:

1. Acrolein is formed exclusively via the redox mechanism and, therefore, the
change in kinetics is not due to a change in the reaction mechanism.

2. Carbon oxides are formed solely by the further oxidation of intermediates
formed on the bismuth molybdates surface, such as acetaldehyde,
formaldehyde, acrolein, and acetic acid.

3. The rate-determining step in acrolein formation is the abstraction of an a-
hydrogen from propylene.

4. Oxygen and olefin are adsorbed on different sites. Therefore, the changes in

reaction orders cannot be accounted for by competitive adsorption.
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5. Desorption of acrolein produced on the catalysts surface is not rate

determining step.

Table 6.7 Elementary steps in the formation of C3H40 and CO, from propylene
over B-Bi;M0,09

React. No. Reaction
1 Cs;Hg + * <> C3Hg*
2 C3;Hg* + O* & C3Hs™* + OH*  (slow)
3 C3Hs* + O* «» C3HsO* + *
4 C3Hs0* + O* & C3H,0* + OH*
5 C3H40* & C3H4O0 + *
6 H,O* < H,0 + *
7 Oy + < Oy
8 Oy* + * <> 20*
9 OH* + OH* <> H,0* + O*
10 C3Hg* + O* & C3HsO*  (slow)
11 C3HsO* + 80* < 3 CO,* + 3H,O* + 3*
12 COy* & CO, + *

Table 6.8 Reaction rate expression for the formation of acrolein and CO,, and

reaction orders in propylene and oxygen in the acrolein formation

(Larsen 2003).
0.5
; kK KOS KOS PcHsPo,  PH0-PHy0 92
CH,0 25157 8 oS 05 1.5
p Kg.c;m,0-P0, PO
0.5 33
PcHPo Pco,Pu,0
0.5-0.5 | £ GHg 2
rco, = kioK1K77Kg™. N == 7 (9
p Kq.co,-po,-Po

mc,H,0 = 1- 2‘9C3H6

nOz =0.5- 2902 — 90 - 0590[_1 + 059C3H50 +1'59C3H5 + 8(9031{60
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The analysis of experimental data on the kinetics of propylene oxidation to
acrolein revealed that the reaction follows the Mars van Krevelen (redox)
mechanisms. In the mechanisms, the catalysts provide their lattice oxygen for the
oxidation reaction. Experimental results on the time-resolved crystal structure
elucidation reveal that all bismuth molybdate catalysts are capable of providing the
oxygen from their lattice. At the same time, the reduced catalysts should be able to
deoxidise their reduced site quickly. This has been shown by the high mobility of
lattice oxygen shown by their high lattice thermal parameters as discussed in Chapter
4. Based on the above concepts and information, the reaction mechanisms of partial
oxidation of propylene to acrolein and other by-products are proposed. The

mechanisms are given in Figure 6.8.

The corresponding elementary reaction steps shown in Figure 6.5, in the form
of equilibrium reactions, are given in Table 6.9. The steps No 1 to 8 are similar to
Larsen's mechanisms. The difference is the source of oxygen for oxidation of the
transition molecules. In the present mechanisms, the oxygen source is the catalyst

lattice while in Larsen’s mechanism, the oxygen source is the adsorbed oxygen.

Reaction step No. 4 should be very fast and consequently followed by
reaction No. 5, i.e, the addition of oxygen into C4H, radical. This step is based on the
spectroscopic investigation by Ayame et al. (Ayame et al. 2000; Ayame et al. 2002)
who proposed that the second abstraction of hydrogen occurs before the addition of
oxygen into the allyl radical. In other publications, these two steps are normally
written as a single step where the abstraction of second hydrogen and addition of
oxygen occur simultaneously. Therefore, the steps No. 4 and 5 are drawn as a single

step in Figure 6.8.

The reactions No 1 to 7 are actually the detailed mechanisms of reaction R.1,
i.e a redox mechanisms. Reaction No. 8 is reaction R.2. Therefore, the overall
reaction of elementary reactions No 1 to No 8 is the same as the redox mechanisms.
Reactions No. 9 to 12 explain the formation of the by-products such as C,H40, CO,

and CO,. They also show how formaldehyde and acetic acids form in the reaction
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process. There are several publications reporting the occurrence of these two by-

products although they were not detected in the kinetic experiments.
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Figure 6.8. continues......
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Figure 6.8 The proposed reaction mechanisms of partial oxidation of propylene to

acrolein and other by-products over bismuth molybdate catalysts.
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Table 6.9 Detailed reaction mechanisms of propylene partial oxidation over

bismuth molybdates.
No. Reaction
1 | C3Hg + * <> C3He*
2 | CG3He* + * <> CsHs™* + H*  (slow)
3 | GsHs* + * & C3Hy* + H*
4 | GHs* +* & C3H4O* + *1o4
5 | GGH4O* <> C3H4O + *
6 | 2H* & H,0* + *.4
7 | HbO* & H,O + *
8 | Oy + 2% g & 2%
9 | GiHe* + * &> CoHs* + CHy*
10 | GGH4O* + * <> C3H4O2* + *1oq (slow)
11 | C3H402* + 3% <> 3CO + 2H,0 + 3%y
12 | GGH4O2* + 6* <> 3CO, + 2Hy0 + 7*1eq
13 | CoHg* <> CoH40 + *1eg
14 | CHy* + * <> CO + HyO + 2%,¢4
15 | CHy* + 2* <> COy + HyO + 3% ¢4

6.4 Summary

The reaction mechanisms of propylene oxidation to acrolein have been
investigated and derived from the kinetic data, in-sifu catalyst characterisation data
and information from published literatures. Several key conclusions from the

discussion can be summarised as follows:

1. The acrolein formation from partial oxidation of propylene over
bismuth molybdate catalysts follows redox (or Mars van Krevelen)
reaction mechanisms. However, the observed reaction rates on v-
BioMoQOg deviate from their calculated rates from the mechanisms

model due to further oxidation of acrolein to carbon oxides.
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2. Mathematical expression purely derived from the Mars van Krevelen
mechanisms explains the reaction order dependency on the degree of
lattice oxygen saturation of the bismuth molybdate catalysts. The
catalysts perform the best activity and selectivity when they are in the

highest oxidation state.

3. A detailed reaction mechanisms model derived from the Mars van
Krevelen mechanism is proposed. The mechanisms taking into
account the possible ways of the formation of by-products
(acetaldehyde, carbon monoxide, carbon dioxide and acrylic acid) that
are normally found in the catalytic partial oxidation of propylene to

acrolein.
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Chapter 7

CONCLUSIONS AND
RECOMMENDATIONS

7.1 Conclusions

This thesis has addressed the relationship between the crystal structure and
the catalytic activity and selectivity of several catalysts for partial oxidation of
propylene to acrolein. Catalyst activity and selectivity are represented by their kinetic
parameters. The principal results and conclusions from the study are summarised as

follows:

7.1.1 Structural characteristics of the catalysts

Three bismuth molybdate catalysts, namely, a-Bi,M0302, B-BizM0,09 and -
Bi,Mo0Og, in pure powder form have been successfully prepared in this study. X-ray
and neutron diffraction studies revealed that structures of the bismuth molybdates are
similar to the model structure from ICSD used in their structural determination and
refinement, namely ICSD No. 2650, 201742, and 47139 for a-Bi,Mo03O2, -
Bi;Mo0,09 and y-Bi,MoOg, respectively. The refinements were carried out using the
Rietveld method and the RIETICA software. The X-ray diffraction study has also

shown no other phases or impurities present in the bismuth molybdates.

In-situ structural characterisation using neutron diffraction has uncovered the

possible lattice oxygen ions that control the activity and selectivity of a-Bi;M030;2,
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B-BixM0,09 and y-Bi,MoOs in catalysing partial oxidation of propylene to acrolein.
They are O(1), O(11), and O(12) in the a phase; O(3), O(11), O(16), and O(18) in
the B phase; and O(1) and O(5) in the y phase. The oxygen ions have greater thermal
parameters, as detected by refining the catalyst structure from the in-situ neutron

diffractograms, than others in the catalysts lattice.

One common feature of all mobile oxygen ions, from a catalyst crystal
structure point of view, is that they are all related to molybdenum ions rather than
bismuth ions in the lattice. It has been widely known that a shear plane, i.e. a
transformation of corner sharing to edge sharing molybdenum oxide polyhedra, is a
key factor that promotes the catalyst activity for selective partial oxidation reaction
on a-Bi;Mo0301,, B-Bi;M0,09 and y-Bi,Mo0QOs. Thus, the mobile oxygen ions, which
are part of the molybdenum polyhedra, are those who facilitate the “shear plane”

formation on the crystal structure of bismuth molybdate.

The diffraction characterisations have also shown that molybdenum oxide
polyhedra in all bismuth molybdate are unsaturated. In contrast, the bismuth oxide
polyhedra are over charged. The co-existence of molybdenum ions that are co-
ordinately unsaturated with bismuth ions that are over valence-charged promote the
formation of allyl radical such as those found in the partial oxidation of propylene to
acrolein. The molybdenum ions become propylene-adsorbing sites while the bismuth
ions are the active sites to attract hydrogen from the adsorbed propylene, leading to

the formation of the allyl intermediate.

7.1.2 Kinetics and reaction mechanisms

The catalytic activity and selectivity tests as well as the kinetic experiments
were carried out by using a packed bed reactor made of quartz at temperatures
between 300 and 400°C. All experiments were carried out at very close to
atmospheric pressure. The tests show that all bismuth molybdate catalysts have high
selectivity and activity for the catalytic partial oxidation of propylene to acrolein.
The activities of a-Bi;Mo030;; and y-Bi,Mo0QOg are similar while the B-Bi,M0,0y is
lower. However, the selectivity of the catalysts to acrolein decreases significantly at
reaction temperatures higher than 390°C. The gamma phase suffered the highest lost

of selectivity at high temperatures.
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The kinetics of the reaction was fitted using the power rate law model. The
study showed that the reaction orders in propylene and oxygen in the partial
oxidation of propylene to acrolein over a-Bi,Mo030;;, B-Bi;M0,09 and y-Bi,M0Oq
depend on the reaction temperature. The reaction order in propylene increases with
reaction temperature for all the bismuth molybdate catalysts, from 0.6 at 300°C to 1.0
at 450°C while the reaction order in oxygen decreases from 0.6 at 300°C to 0.0 at
450°C. The activation energies are 99.7, 173.0 and 97.7 kJ .mol! for a-Bi,Mo30,, B-
Bi,Mo0,09 and y-Bi,Mo0Og, respectively.

The changes in reaction orders with respect to propylene and oxygen as a
function of temperature as well as the decrease of the catalyst selectivity at high
temperatures are believed as an indication that the reaction occurs through the redox
mechanisms using lattice oxygen as the source of oxygen for the reaction. The redox
model successfully explains the dependency of the reaction orders in propylene and
oxygen on the concentration of the active sites, i.e. the concentration of fully
oxidised sites on bismuth molybdate catalysts. A mathematical expression of the
redox model is given by the following equations:

1 d[C3H ]
_;T = kredPC3H6N00x

_lM = koxPOZN(l_eox)

I’lc3H6 :00)6 and 7’102 = l—Hox

where ng, and n¢,y, are the reaction orders in oxygen and propylene, respectively,
while ng, and n¢,y, are obtained from derivation of the reaction rate expressions.
The examination of several reaction mechanism models has given further
evidence that the propylene partial oxidation to acrolein occurs via the redox
mechanism. In this mechanism, the rate of acrolein formation depends on the degree
of fully oxidised sites in the bismuth molybdate. The oxidised sites affect the
apparent reaction orders in propylene and oxygen and thus control the kinetics of
partial oxidation of propylene to acrolein. The more easily the reduced catalysts are

reoxidised, the more active the catalysts in converting propylene to acrolein.
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7.1.3  Relationship between structure and the catalyst selectivity and activity

The change in the catalyst activity and selectivity has very a close relation to
the change in the crystal structure of the catalyst. At high temperatures, the lattice
oxygen ions become weakly bonded to metal ions and thus become more active.
They are more mobile and ease the oxidation of the allyl intermediate until the
mobile lattice oxygen ions become too mobile. The ions are very reactive but not
selective. This is the reason why the catalysts lost their selectivity above 390°C. This
may take place since oxygen now becomes so reactive that allyl intermediates are
oxidised into complete oxidation products CO, and H,O. In-situ neutron diffraction
study shows not only the increase of the lattice oxygen mobility but also the increase

in the number and types of mobile lattice oxygen in bismuth molybdate catalysts.

Lattice oxygen ions in the y-BiMoOg phase are different to those in o-
Bi,Mo03;0,; and B-BixMo0,0y. There is more mobile lattice oxygen available on the
gamma phase per unit cell than in the alpha and beta phase. As a result, at high
temperatures (greater than 390°C), more unselective oxygen ions become available in
the gamma phase. As the unselective, but reactive lattice oxygen ions are more
available in the gamma phase, the selectivity of the gamma phase in converting
propylene to acrolein decreases faster than those catalysed by the alpha or beta

phases.

7.1.4 Reaction network

Although the catalysts are very selective in oxidising propylene to acrolein,
some side products such as C;H4O, CO; and CO still can be found in the reactions.
As in acrolein, the reaction order in propylene and oxygen in the formation of C,H4O
are temperature dependent. The reaction order in propylene increases from 0.3 at
360°C to 1.3 at 450°C on the alpha and beta phases, but it decreases from 0.9 at
360°C to 0.1 at 450°C on the gamma phase. The reaction order in oxygen decreases
as reaction temperature increases on the alpha and gamma phases and is relatively
constant on the beta phase. Activation energies in the formation of C;H4O are 33.2,
150.4 and 83.9 kJ mol™! for a-Bi,Mo030,2, B-BixM0,09 and y-Bi,MoOg, respectively.

For CO; and CO, due to their very small concentrations in the product, the kinetics
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could not be obtained for the alpha and beta phase. The reaction orders in propylene
and oxygen for the formation of CO, at temperatures greater than 390°C on the

gamma phase are nearly constant at 1.0 and 0.3, respectively.

A reaction network has been proposed to accommodate the presence of the

side products. The network is presented as follows:

C3Hg + * < C3Hg*

C3He* + * > C3Hs* + H*  (slow)
CsHs* + * < C3Hy* + H*

CsHy* + * o CsH4 O* + * g

C3H40* « C3H40 + *

2H* & H,0* + *. g

H,O0* < H,O + *

Oy + 2%eq & 2%

C3He* + * <> CoHy* + CHy*

C3H4O* + * & C3H4O2* + *1g (slow)
C3H405* + 3% < 3CO + 2H,0 + 3% 4
C3H405* + 6* <> 3CO, + 2H,0 + 7*;eq
CoHy* < CoH4O + *q

CHy* +* < CO + HyO + 2%q

CHy* + 2% < CO, + HyO + 3%y

O© 00 3 O N kB W N ==

e e T e e T e T
[ I O VS N S =)

In steps No 1 to 8, the lattice oxygen is the primary source of oxygen for the
oxidation reaction. Reaction step No. 4 is very fast, followed by reaction No. 5, i.e.,

the addition of oxygen into the C4H,4 radical.

7.2 Recommendations

The present work has demonstrated the relationship between catalyst structure
and catalytic activity and selectivity of bismuth molybdates for partial oxidation of
propylene to acrolein. The results have also provided a much improved

understanding of how the selective partial oxidation catalysts work. However, the
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thesis has also highlighted several issues that should be addressed in future research.

These include:

1.

2.

3.

Performing the in-situ structural characterisation using faster diffraction
technique such as synchrotron diffraction. The data collection in the in-situ
neutron characterisations was too slow in comparison to the catalytic
reaction. The reaction only takes several microseconds to completion while
the data collection takes several hours. As a result, the resulting structures are
actually their steady state structures under the specified condition. The real
structure dynamics and oxygen diffusion in the crystal lattice is still not
precisely known. The real time structural characterisation under the real
reaction conditions can be achieved by synchrotron diffraction technique,
which can be performed at the same time scale of the reaction.

Isotope tracing study to identify which particular lattice oxygen is
participating in the reaction to obtain a better understanding of where the
oxygen comes for in the selective oxidation reaction. The current study could
not probe which particular lattice oxygen is taken by the allyl intermediate to
form selective oxidation products. By placing labelled oxygen into known
positions in the catalyst crystal structure, the source of oxygen or the selective
oxidation reaction can be affirmatively concluded and the discrepancy
between experimental and theoretical results can be resolved. The tracer
study using isotope-labelled oxygen will give a better understanding of the
relationship between the crystal structure of bismuth molybdates and their
activity and selectivity for propylene oxidation to acrolein.

CHEMKIN simulations to compare the kinetic results of the proposed
reaction mechanisms with the experimental data. The CHEMKIN simulation
requires thermodynamic data of all species involved in the mechanisms. It
also needs kinetic data for all elementary reactions proposed in the
mechanisms. The data is not available at the time this thesis is prepared. Once
the thermodynamic data are available, CHEMKIN can be used to simulate the
kinetics of the reactions and to compare the simulation results with the
experimental results to validate the proposed mechanisms. For the

CHEMKIN simulations, the necessary kinetics and thermodynamic data can
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be obtained either from experiment results or calculations using first

principles approach.
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ICSD 2650, a-Bi2Mo03012
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Bi 1

6(1,1)
0.0021
(1)
0.0033
(1)
0.0039
(2)

Bi 2

Mo 1

b=11.491(16)

14)

(Hermann-Mauguin)

4e
4e
de
de
de
4e
de
de
de
de
4e
de
de
de
de
4e
de

B(2,2)
0.0010
(1)
0.0010
(1)
0.0007
(1)

updated Aug 19,

(Mo 04)3
(24,1968-38,1982)

1992

c=11.929(10) o=90.0 BR=115.4(0) 1=90.0
- monoclinic
- C2h (Schoenflies)

————— X---— ————Y-———— —————Y—-———— -
0.25999(8) 0.36188(5) 0.25584(5
0.90798(10) 0.12976(5) 0.08334 (0
0.0320(2) 0.1114 (1) 0.4165(1)
0.4218(2) 0.1513(1) 0.1089 (1)
0.7341 (2) 0.3669(1) 0.1952 (1)
0.544 (2) 0.052 (1) 0.224 (1)
0.936(2) 0.054 (1) 0.256 (1)
0.222(2) 0.196 (1) 0.152 (1)
0.864 (2) 0.208 (1) 0.412 (1)
0.224 (2) 0.199 (1) 0.435(1)
0.620(2) 0.205(1) 0.072 (1)
0.951 (2) 0.291 (1) 0.197 (1)
0.507 (2) 0.316(1) 0.198 (1)
0.287(2) 0.436 (1) 0.482 (1)
0.128(2) 0.448 (1) 0.082 (1)
0.840(2) 0.442 (1) 0.340 (1)
0.692 (2) 0.468 (1) 0.084 (1)
B(3,3) B(1,2) B(1,3) B(2,3)

0.0014 -0.0000 -0.0001 0.0006
(1) (0) (0) (0)
0.0013 -0.0003 -0.0001 0.0011
(1) (0) (0) (0)
0.0013 -0.0002 0.0001 0.0007
(1) (1) (0) (1)
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0.0020 -0.0000 -0.0001 0.0008

Mo 2 0.0017 0.0007
(2) (1) (1) (1) (0) (1)
Mo 3 0.0023 0.0012 0.0024 -0.0001 -0.0002 0.0013
(2) (1) (1) (0) (1) (1)

RVAL 0.037
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ICSD 201742, B-Bi,Mo0,0,

COL ICSD Collection Code 201742
DATE Recorded Dec 3, 1986; updated May 13, 1997
NAME Bismuth molybdenum oxide (2/2/9)
FORM Bi2 Mo2 09
= Bi2 Mo2 09
TITL Crystal structure of Bi2 Mo2 09: A selective oxidation
catalyst
REF Journal of Solid State Chemistry
JSSCB 63 (1986) 70-75
AUT Chen H-Y, Sleight A W
CELL a=11.972(3) b=10.813(4) ¢=11.899(2) o=90.0 B=90.1(0) t1=90.0
V=1540.4 7=8

SGR P 1 21/n 1 (14) - monoclinic
CLAS 2/m (Hermann-Mauguin) - C2h (Schoenflies)
PRS mP104
ANX A2B2X9
PARM Atom No OxStat Wyck —----- X=——==== —=——= Y- ————= L————= -
SOF -
Bi 1 3.000 4e -0.10020(9) 0.1209(2) 0.7564 (1)
Bi 2 3.000 4e 0.60326(9) 0.1229(2) 0.7583 (1)
Bi 3 3.000 4e  0.25585(11) 0.1232(2) 0.7585 (1)
Bi 4 3.000 4e 0.25301(9) 0.1228(1) 0.4122 (1)
Mo 1 6.000 de -0.0827(2) 0.1230(4) 0.0872(2)
Mo 2 6.000 4de -0.0784(2) 0.1250(4) 0.4163(2)
Mo 3 6.000 4e  0.5893(2) 0.1272(4) 0.0814 (2)
Mo 4 6.000 4e  0.5791(2) 0.1321(4) 0.4156(2)
0 1 -2.000 de 0.252(2) 0.261(2) 0.285(2)
0 2 =2.000 de 0.255(2) 0.493(2) 0.227(2)
0 3 -2.000 de  0.409(2) 0.257(2) 0.689(2)
0 4 -2.000 4de 0.326(2) 0.259(2) 0.901(2)
0 5 =-2.000 4e  0.105(2) 0.437(3) 0.447 (2)
0 6 -2.000 4de  0.101(2) 0.251(2) 0.815(2)
0 7 =-2.000 de  0.405(2) 0.444 (2) 0.048(2)
0 8 -2.000 4e 0.093(2) 0.494 (3) 0.684(2)
0 9 -2.000 4e 0.194 (2) 0.260(2) 0.596(2)
0 10 =-2.000 4e  0.097(2) 0.313(3) 0.050(2)
0 11 -2.000 de 0.403(2) 0.308(2) 0.454 (2)
0 12 =-2.000 4de 0.056(2) 0.187(2) 0.388(2)
0 13 =-2.000 4e 0.044 (2) 0.046(2) 0.112(2)
0 14 -2.000 de 0.447(2) 0.066(2) 0.383(2)
0 15 -2.000 de  0.399(2) 0.495(3) 0.820(2)
0 16 -2.000 de 0.962(2) 0.300(3) 0.599(2)
0 17 =-2.000 de 0.177(2) 0.489(2) 0.904 (2)
0 18 -2.000 de 0.192(2) 0.988(3) 0.903(2)
WYCK e26
ITF O 1 B=1.3(5)
ITF O 2 B=1.1(5)
ITF O 3 B=1.3(5)
ITF O 4 B=1.1(5)
ITF O 5 B=1.6(5)
ITF O [ B=1.0(4)
ITEF O 7 B=1.9(4)
ITF O 8 B=1.4(5)
ITF O 9 B=1.2(5)
ITF O 10 B=1.8(5)
ITE O 11 B=0.9(4)
ITF O 12 B=0.7(4)
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REM

RVAL

TEST
but

o 13 B=0.9 (4)
O 14 B=1.1(5)
O 15 B=1.4(5)
O 16 B=1.5(5)
o 17 B=1.2(5)
o 18 B=1.7(5)
Atom B(L,1) B(2,2) B(3,3) B(L,2) B(L1,3) B(2,3)
Bi 1 0.0000 0.0019 0.0016 0.0002 -0.0003 -0.0011
(1) (1) (2) (1) (2)
Bi 2 0.0000 0.0020 0.0014 0.0000 -0.0005 0.0005
(1) (1) (2) (1) (2)
Bi 3 0.0000 0.0016 0.0012 0.0003 -0.0006 0.0000
(1) (1) (2) (1) (2)
Bi 4 0.0000 0.0014 0.0010 0.0004 -0.0003 0.0000
(1) (1) (3) (1) (3)
Mo 1 0.0010 0.0016 0.0008 0.0003 -0.0007 0.0003
(1) (2) (2) (2) (3) (5)
Mo 2 0.0010 0.0016 0.0013 -0.0008 -0.0007 0.0008
(2) (2) (2) (5) (5) (5)
Mo 3 0.0019 0.0019 0.0014 -0.0005 -0.0002 0.0003
(2) (3) (2) (5) (3) (5)
Mo 4 0.0011 0.0023 0.0019 -0.0007 -0.0002 0.0010
(2) (3) (2) (5) (3) (5)
H z parameter of Mol given incorrectly in paper as -.8722
0.051

At least one temperature factor is implausible or meaningless

agrees with the value given in the paper.

(Code 52)
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ICSD 47139, y-Bi;Mo0O

COL ICSD Collection Code 47139

DATE Recorded Jun 11, 1985; updated Nov 30, 1999

NAME Dibismuth molybdenum oxide

MINR Koechlinite - synthetic

FORM Bi2 Mo 06
= Bi2 Mo 06

TITL The Structure of gamma-Bismuth Molybdate, Bi2 Mo 06, by Powder
Neutron Diffraction.

REF Acta Crystallographica C (39,1983-)
ACSCE 40 (1984) 2001-2005

AUT Teller R G, Brazdil J F, Grasselli R K, Jorgensen J D

CELL a=5.482(0) b=16.199(1) ¢=5.509(0) «=90.0 B=90.0 1=90.0
V=489.2 D=8.28 Zz=4

SGR P c a 21 (29) - orthorhombic
CLAS mm2 (Hermann-Mauguin) - C2v (Schoenflies)
PRS o0oP36
ANX AB2X6
PARM Atom No OxStat Wyck ----- X=—m=== —==—- Y-———= ———- Z————= -
SOF-
Bi 1 3.000 4a 0.5180(12) 0.4232(4) 0.9814 (14)
Bi 2 3.000 4a 0.4822 0.0783(4) 0.9897 (14)
Mo 1 6.000 4a  0.0028(21) 0.2488(7) 0.
0 1 -2.000 4a  0.0556(19) 0.1407(8) 0.0959(20)
0 2 =2.000 4a  0.2594(10) -0.0017(6) 0.2776(14)
0 3 -2.000 4a 0.2360(13) 0.5006(8) 0.2664 (22)
0 4 -2.000 4a 0.6917(14) 0.2322(5) 0.2524 (10)
0 5 -2.000 4a  0.2121(15) 0.2634(6) 0.3550(16)
0 6 -2.000 4a 0.5654(22) 0.3589(10) 0.5700¢(19)
WYCK a9
ITF Bi 1 B=0.3(3)
ITF Bi 2 B=1.0(3)
ITF Mo 1 B=0.5(1)
ITF O 1 B=0.3(2)
ITF O 2 B=0.4(2)
ITF O 3 B=1.3(3)
ITF O 4 B=0.9(2)
ITF O 5 B=1.1(2)
ITF O 6 B=1.4(4)

REM NDP (neutron diffraction from a powder)

REM M Not space group Pna2l, cp. 201685

RVAL 0.050

TEST Calculated density unusual but tolerable. (Code 23)
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APPENDIX B. Refinement Results
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REFINEMENT RESULTS OF a-Bi2M03012

A. Room Temperature Diffractograms

van den Elzen & Theobald and Laarif H5129t aBiMo009
Refinement Parameters Rieck (XRD) (ND) (HRPD) (Cu RT-XRD)
ICSD 2650 ICSD 63640 ICSD 2650 ICSD 2650
Esd Esd Esd Esd
Bismuth Molybdate
R, 5.34 6.79
Rup 6.31 9.13
Rom 5.53 5.47
Rgragg 1.28 2.56
GOF 1.30 2.79
Durbin Unwght 1.80 0.49
Durbin Wght 1.79 0.78
N-P 2815.00 5684.00
Crystal Density (D,) 6.188 6.190
MW 3591.120 3591.120
Cell Volume 963.170 0.150 962.890 0.040
Histogram
Sample displacement 0.0000 0.0000 0.0061 0.0019
20, 0.13350| 0.00568 0.04100|Fixed
BO 63.30 2.07 -101.98 3.08
B1 -1.99 0.11 2.41 0.08
B2 0.04 0.00 -0.01 0.00
B3 0.00 0.00
B4 0.00 0.00
B-1 -144.76 11.18 2797.61 27.30
Phases
Phase scale 0.00966| 0.00009 0.00004| 0.00000
a 7.685 0.006 7.710 0.000 7.7155 0.0006 7.7138 0.0003
b 11.491 0.016 11.531 0.000 11.5267 0.0008 11.5270 0.0003
c 11.929 0.010 11.972 0.001 11.9768 0.0010 11.9762 0.0003
B 115.400 0.000] 115.300 0.000f 115.2760 0.0042 115.2810 0.0015
Sample Voight (How Asy)
U 0.14609| 0.02340 0.16586| 0.01060
Vv -0.10577| 0.03316 -0.00835/ 0.00710
W 0.11005| 0.01243 0.00548| 0.00116
Asy1 0.16141| 0.00755 0.06276| 0.00690
Size/Gam0 0.10121] 0.00767 0.06892| 0.00090
Particle Size (A) 845.00 64.00 1280.70 16.80
X
Bi 1 0.25999| 0.00008 0.2552 0.0007 0.2588 0.0013 0.2610 0.0002
Bi2 0.90798| 0.00010 0.9055 0.0008 0.9082 0.0013 0.9095 0.0003
Mo 1 0.0320 0.0002 0.0254 0.0009 0.0287 0.0016 0.0313 0.0005
Mo 2 0.4218 0.0002 0.4288 0.0010 0.4202 0.0016 0.4212 0.0006
Mo 3 0.7341 0.0002 0.7325 0.0009 0.7332 0.0015 0.7335 0.0005
01 0.544 0.002 0.5436 0.0011 0.5404 0.0018 0.0514 0.0035
02 0.936 0.002 0.9362 0.0012 0.9327 0.0017 0.9038 0.0031
03 0.222 0.002 0.2158 0.0010 0.2196 0.0016 0.2285 0.0027
04 0.864 0.002 0.8525 0.0013 0.8598 0.0020 0.8446 0.0034
05 0.224 0.002 0.2308 0.0012 0.2214 0.0017 0.2362 0.0028
06 0.620 0.002 0.6068 0.0012 0.6201 0.0020 0.6216 0.0032
o7 0.951 0.002 0.9491 0.0011 0.9552 0.0015 0.9590 0.0028
08 0.507 0.002 0.5052 0.0010 0.5046 0.0017 0.5149 0.0029
09 0.287 0.002 0.2877 0.0010 0.2869 0.0017 0.2869 0.0030
010 0.128 0.002 0.1294 0.0013 0.1258 0.0019 0.1475 0.0029
o111 0.840 0.002 0.8313 0.0011 0.8377 0.0016 0.8029 0.0031
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Refinement Parameters van den Elzen & Theobald and Laarif H5129t aBiMo009
ICSD 2650 ICSD 63640 ICSD 2650 ICSD 2650
Esd Esd Esd Esd
Bi 1 0.36188| 0.00005 0.3612 0.0004 0.3623 0.0007 0.3638 0.0002
Bi 2 0.12976| 0.00005 0.1314 0.0004 0.1303 0.0007 0.1296 0.0002
Mo 1 0.1114 0.0001 0.1122 0.0005 0.1106 0.0008 0.1132 0.0003
Mo 2 0.1513 0.0001 0.1896 0.0005 0.1511 0.0008 0.1518 0.0003
Mo 3 0.3669 0.0001 0.3685 0.0006 0.3651 0.0010 0.3693 0.0004
01 0.052 0.001 0.0503 0.0007 0.0499 0.0011 0.0608 0.0016
02 0.054 0.001 0.0527 0.0008 0.0540 0.0011 0.0546 0.0017
03 0.196 0.001 0.1969 0.0007 0.1938 0.0011 0.1878 0.0017
04 0.208 0.001 0.2074 0.0006 0.2091 0.0010 0.2002 0.0016
05 0.199 0.001 0.2002 0.0007 0.2007 0.0011 0.2018 0.0016
06 0.205 0.001 0.2003 0.0008 0.2043 0.0011 0.2181 0.0017
o7 0.291 0.001 0.2874 0.0007 0.2933 0.0010 0.2923 0.0018
[ok:] 0.316 0.001 0.3166 0.0007 0.3146 0.0010 0.3042 0.0016
09 0.436 0.001 0.4405 0.0008 0.4355 0.0011 0.4322 0.0017
010 0.448 0.001 0.4492 0.0006 0.4482 0.0010 0.4565 0.0017
o1 0.442 0.001 0.4478 0.0007 0.4412 0.0010 0.4439 0.0016
012 0.468 0.001 0.4690 0.0007 0.4681 0.0011 0.4541 0.0019
z
Bi 1 0.25584| 0.00005 0.2607 0.0004 0.2573 0.0007 0.2556 0.0002
Bi2 0.08334| 0.00006 0.0840 0.0005 0.0829 0.0008 0.0820 0.0002
Mo 1 0.4165 0.0001 0.4150 0.0005 0.4162 0.0010 0.4171 0.0003
Mo 2 0.1089 0.0001 0.1037 0.0005 0.1059 0.0009 0.1074 0.0003
Mo 3 0.1952 0.0001 0.1943 0.0005 0.1959 0.0009 0.1947 0.0003
01 0.224 0.001 0.2189 0.0006 0.2200 0.0011 0.2374 0.0022
02 0.256 0.001 0.2556 0.0007 0.2546 0.0010 0.2602 0.0017
03 0.152 0.001 0.1543 0.0006 0.1542 0.0009 0.1718 0.0015
04 0.412 0.001 0.4126 0.0008 0.4119 0.0012 0.4227 0.0021
05 0.435 0.001 0.4441 0.0006 0.4365 0.0009 0.4435 0.0019
06 0.072 0.001 0.0588 0.0007 0.0675 0.0012 0.0790 0.0019
o7 0.197 0.001 0.1968 0.0007 0.1997 0.0010 0.2126 0.0020
[ok:] 0.198 0.001 0.1974 0.0007 0.1954 0.0010 0.2096 0.0019
09 0.482 0.001 0.4811 0.0008 0.4792 0.0011 0.4804 0.0020
010 0.082 0.001 0.0783 0.0008 0.0763 0.0011 0.0617 0.0019
o1 0.340 0.001 0.3372 0.0007 0.3385 0.0010 0.3100 0.0019
012 0.084 0.001 0.0873 0.0008 0.0850 0.0013 0.0498 0.0022
B
Bi1 * 0.84 0.16 0.50
Bi 2 * 0.50 0.12 0.50
Mo 1 * 1.25 0.18 0.50
Mo 2 * 0.70 0.17 0.50
Mo 3 * 1.19 0.18 0.50
01 1.40 1.05 0.22 1.40
02 0.90 0.77 0.21 0.90
03 0.80 0.90 0.22 0.80
04 1.10 1.42 0.23 1.10
05 1.20 0.72 0.20 1.20
06 1.10 1.23 0.22 1.10
o7 0.70 0.42 0.18 0.70
038 1.20 0.66 0.22 1.20
09 1.50 0.81 0.19 1.50
010 0.80 1.05 0.22 0.80
o1 1.00 0.68 0.19 1.00
012 1.90 1.31 0.26 1.90
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B. In-situ Diffractograms

300°C in Air 400°C in Air 300°C in Gas 400°C in Gas
Refinement Parameters (MRPD) (MRPD) (MRPD) (MRPD)
ICSD 2650 ICSD 2650 ICSD 2650 ICSD 2650
Esd Esd Esd Esd
Bismuth Molybdate
R, 2.65 5.34 2.52 5.34
Rup 3.23 6.31 3.12 6.31
Rep 2.00 5.53 2.00 5.53
Reragg 9.34 1.28 7.64 1.28
GOF 2.60 1.30 242 1.30
Durbin Unwght 1.01 1.80 1.04 1.80
Durbin Wght 1.02 1.79 1.06 1.79
N-P 1207.00 2815.0 1208.00 2815.0
Crystal Density (D,) 6.121 6.188 6.119 6.188
MW 3.591 3591.120 3591.120 3591.120
Cell Volume 973.848 0.180 974.180 0.188
Histogram
Sample displacement 0.0000{ 0.0000 0.0000{ 0.0000 0.0000{ 0.0000 0.0000{ 0.0000
20, 0.00000|Fixed 0.13350| 0.00568| 0.00000]|Fixed 0.13350| 0.00568
BO * 63.30 2.07 * 63.30 2.07
B1 * -1.99 0.11 * -1.99 0.11
B2 * 0.04 0.00 * 0.04 0.00
B3 * 0.00 0.00 * 0.00 0.00
B4 * 0.00 0.00 * 0.00 0.00
B-1 * -144.76 11.18 * -144.76 11.18
Phases
Phase scale 0.07934| 0.00085 0.00966| 0.00009| 0.07156| 0.00085 0.00966| 0.00009
a 7.2235[ 0.0008 7.7155] 0.0006 7.7237(  0.0008 7.7155|  0.0006
b 11.6046| 0.0012 11.5267| 0.0008| 11.6063| 0.0012 11.5267| 0.0008
c 11.9933|  0.0014 11.9768| 0.0010 11.9928| 0.0015 11.9768| 0.0010
B 115.0298| 0.0096| 115.2760| 0.0042] 115.0209] 0.0098] 115.2760| 0.0042
Sample Voight (How Asy) Voight (How Asy) Voight (How Asy) Voight (How Asy)
U 0.21176] 0.07797 0.14609| 0.02340| 0.58150| 0.09965 0.14609| 0.02340
\ 0.05170| 0.08243| -0.10577| 0.03316 -0.28603 0.10173] -0.10577( 0.03316
W 0.07547| 0.02346 0.11005| 0.01243| 0.15730| 0.02833 0.11005| 0.01243
Asy1l 0.20640| 0.00693 0.16141| 0.00755| 0.19303| 0.00739 0.16141| 0.00755
Size/Gam0 0.11425| 0.01218 0.10121] 0.00767| 0.09909| 0.01198 0.10121] 0.00767
Particle Size (A) 835.00 89.00 845.00 64.00 962.80| 116.40 845.00 64.00
X
Bi 1 0.2541 0.0027 0.2588| 0.0013 0.2618  0.0023 0.2588| 0.0013
Bi2 0.9088| 0.0025 0.9082| 0.0013 0.8959| 0.0025 0.9082| 0.0013
Mo 1 0.0327| 0.0027 0.0287[ 0.0016 0.0446( 0.0032 0.0287| 0.0016
Mo 2 0.4082| 0.0036 0.4202| 0.0016 0.4521 0.0060 0.4202| 0.0016
Mo 3 0.7294| 0.0028 0.7332] 0.0015 0.7609( 0.0024 0.7332| 0.0015
01 0.5593| 0.0058 0.5404| 0.0018 0.5380| 0.0043 0.5404| 0.0018
02 0.9508|  0.0041 0.9327[ 0.0017 0.9322 0.0031 0.9327| 0.0017
03 0.2027| 0.0031 0.2196] 0.0016 0.2239|  0.0027 0.2196| 0.0016
04 0.8196| 0.0051 0.8598| 0.0020 0.8682 0.0046 0.8598|  0.0020
05 0.2134| 0.0048 0.2214| 0.0017 0.2114| 0.0044 0.2214| 0.0017
06 0.6212|  0.0050 0.6201|  0.0020 0.6351 0.0042 0.6201 0.0020
o7 0.9489| 0.0027 0.9552| 0.0015 0.9410|  0.0037 0.9552| 0.0015
08 0.5052|  0.0032 0.5046] 0.0017 0.5021 0.0030 0.5046| 0.0017
09 0.3052| 0.0030 0.2869| 0.0017 0.2926| 0.0036 0.2869| 0.0017
010 0.1278|  0.0031 0.1258| 0.0019 0.1231 0.0030 0.1258| 0.0019
o111 0.8597| 0.0039 0.8377| 0.0016 0.8443| 0.0039 0.8377| 0.0016
012 0.7188|  0.0061 0.6933| 0.0018 0.6876[ 0.0044 0.6933|  0.0018

179



___:é Centre for Fuels and Energy

. 300°C in Air 400°C in Air 300°C in Gas 400°C in Gas
Refinement Parameters ICSD 2650 ICSD 2650 ICSD 2650 ICSD 2650
Esd Esd Esd Esd

y
Bi 1 03613 0.0017| 03623 0.0007] 03575 0.0013]  0.3623| 0.0007
Bi2 0.1395] _0.0013] __0.1303] _0.0007| _ 0.1372] _0.0016] __ 0.1303] _0.0007
Mo 1 0.1142] 0.0014] _ 0.1106] 0.0008] _ 0.1140] 0.0010] _ 0.1106] _0.0008
Mo 2 0.1508] _0.0017] _ 0.1511] 0.0008] _ 0.1342] 0.0033] _ 0.1511] _0.0008
Mo 3 0.3749] 0.0017| _ 0.3651] 0.0010] _ 0.3608] 0.0018] _ 0.3651] _0.0010
01 0.0505] 0.0031] _ 0.0499] 0.0011] _ 0.0632] 0.0025] __ 0.0499] _0.0011
02 0.0665] 0.0025| _ 0.0540] 0.0011] _ 0.0509] 0.0019] __ 0.0540] _0.0011
03 0.1876] _0.0017] __0.1938] _0.0011] __ 0.1987] _0.0019] __ 0.1938] _0.0011
04 0.2140] 0.0022] _ 0.2091] 0.0010] _ 0.2084] 0.0024] _ 0.2091] _0.0010
05 0.1947] _0.0028] _ 0.2007] 00011] _ 0.1810] 0.0030] _ 0.2007] _0.0011
06 0.2061] 0.0023] _ 0.2043] 0.0011] _ 0.2008] 0.0020] _ 0.2043] _0.0011
07 0.2881] 0.0018] _ 0.2933] 0.0010] _ 0.2962] 0.0027] _ 0.2933] _0.0010
08 0.3110] 0.0020] _ 0.3146] 0.0010] _ 0.3074] 0.0019] __ 0.3146] _0.0010
09 0.4344] _0.0018] _ 0.4355] 0.0011] _ 0.4468] 0.0022] _ 0.4355] _0.0011
010 04564] 0.0018] _ 04482] 00010 _ 0.4494] 00016] _ 04482 0.0010
011 04399]  0.0026] __ 04412] 0.0010] _ 04234] 0.0025] _ 0.4412] 0.0010
012 0.4686] 0.0046]  04681] 00011  0.4726] 0.0020] _ 0.4681] 0.0011

r4
Bi1 02495 0.0014] _ 02573] 0.0007] _ 0.2641] 0.0013] _ 0.2573] _0.0007
Bi2 0.0779] _0.0018] __0.0829] _0.0008] _ 0.0774] _0.0015] __ 0.0829] _0.0008
Mo 1 04185 0.0017| _ 04162] 0.0010] _ 0.4188] 0.0022] _ 0.4162] 0.0010
Mo 2 0.1085] _0.0017] _ 0.1059] 0.0009] _ 0.1318] _0.0033] _ 0.1059] _0.0009
Mo 3 0.1982] 0.0015] _ 0.1959] 0.0009] _ 0.2112] 0.0014] _ 0.1959] 0.0009
01 0.2234] 0.0032] _ 0.2200] 0.0011] _ 0.2180] _0.0026] __ 0.2200] _0.0011
02 0.2666] 0.0023| _ 0.2546] 0.0010] _ 0.2512| 0.0020] __ 0.2546] _0.0010
03 0.1575] _0.0016] __ 0.1542] _0.0009] _ 0.1502] _0.0017] __ 0.1542] _0.0009
04 04036] 0.0029] _ 04119] 0.0012]  04125] 0.0026] _ 0.4119] 0.0012
05 04235 0.0027] 04365 0.0009] _ 0.4290] 0.0029] _ 0.4365] _0.0009
06 0.0714] 0.0028] _ 0.0675] 0.0012] _ 0.0719] 0.0021] _ 0.0675] _0.0012
07 0.1926] _0.0017] __0.1997] 0.0010] _ 0.1963] _0.0027] __ 0.1997| _0.0010
08 0.1890] 0.0019] _ 0.1954] 0.0010] _ 0.1914] 0.0018] __ 0.1954] _0.0010
09 0.4894] 0.0020] _ 0.4792] 0.0011] _ 0.4926] 0.0024] _ 0.4792] _0.0011
010 00753] 0.0019] _ 00763] 00011 _ 0.0776] 00020] _ 0.0763] 0.0011
011 0.3546] _0.0024] __ 0.3385] 0.0010] _ 0.3302] 0.0024] _ 0.3385] _0.0010
012 0.0648] 0.0046] _ 0.0850] 0.0013] _ 0.0892] 0.0027] _ 0.0850] 0.0013

B
Bi 1 263 0.42 084 0.16 1.0 0.27 0.84 0.16
Bi2 230 0.34 050 0.12 1.80 0.35 0.50 0.12
Mo 1 1.49 0.31 125 018 3.03 0.47 1.25 0.18
Mo 2 213 0.44 070 017 11.74 137 0.70 0.17
Mo 3 1.45 0.37 1.19] 0.8 0.64 0.27 1.19 0.18
01 6.51 0.80 1.05] 022 3.63 0.63 1.05 0.22
02 4.00 0.66 077] 021 1.05 0.40 1.05 0.21
03 1.72 0.48 090 022 0.70 0.00 0.70 0.22
04 512 0.76 142] 023 3.78 061 3.78 0.23
05 6.35 0.89 072 020 6.49 117 6.49 0.20
06 481 0.70 123 022 1.87 0.47 1.87 0.22
07 0.67 0.33 042 018 3.89 0.65 3.89 0.18
08 1.60 0.42 0.66] 0.2 0.83 0.39 0.83 0.22
09 1.66 0.43 0.81 0.19 2.88 0.56 2.88 0.19
010 0.80 0.00 105 022 0.80 0.00 0.80 0.22
011 4.07 0.66 068 0.19 3.91 061 3.91 0.19
012 12.56 1.87 1.31 0.26 3.24 0.66 3.04 0.26
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REFINEMENT RESULTS OF B-Bi,Mo0,0y

A. Room Temperature Diffractograms

H.Y.Chen & bBiMo006
Refinement Parameters| A.W.Sleight (1986) H5672 (HRPD) (Cu RT-XRD)
ICSD 201742 ICSD 201742 ICSD 201742
Esd Esd Esd
Bismuth Molybdate
Ry 4.63 15.19
Rwp 5.65 19.90
Rexp 4.44 6.32
RBragg 1.59 12.45
GOF 1.62 9.92
Durbin UnWght 0.09
Durbin Wght 0.26
N-P 5738.00
Crystal Density (Dy) 6.51 6.525
MW 6030.720 6030.720
Cell Volume (AS) 1540.400 1538.270 0.050( 1534.050 0.093
Histogram
Sample displacement Fixed Fixed
20 0.00000| Fixed 0.0410| Fixed
BO 23.34520| 1.21171| -88.4962| 4.7644
B1 0.29534| 0.02394 2.1309| 0.1165
B2 -0.00035( 0.00012 -0.0057| 0.0008
B3
B4
B-1 168.29100| 15.59470| 2659.7100| 45.9618
Phases
Phase scale 0.00646| 0.00003
a 11.972 11.9646( 0.0002 11.9542| 0.0005
b 10.813 10.8104( 0.0001 10.7995| 0.0003
c 11.899 11.8931| 0.0002 11.8828| 0.0004
B 90.100 90.1390| 0.0018| 90.1426| 0.0034
Sample Voight (How Asy)
U 0.10483| 0.00388| 0.01700
\ -0.26146| 0.00745| 0.00750| Fixed
W 0.18519| 0.00401 0.00186
Asy1 0.06208| 0.00175] 0.06372]| 0.00100
Size/Gam0 0.05474| 0.00310| 0.04881| 0.00136
Particle Size (A) 1564.7(88.70000| 1808.60050.50000
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Refinement Parameters H.Y.Chen & H5672 (HRPD) bBiMo006
ICSD 201742 ICSD 201742 ICSD 201742
Esd Esd Esd
X
Bi 1 -0.10020 -0.10100| 0.00100 -0.1002
Bi 2 0.60326 0.60090( 0.00090 0.6033
Bi 3 0.25585 0.25310] 0.00120 0.2558
Bi4 0.25301 0.25558| 0.00100 0.2530
Mo 1 -0.0827 -0.0838| 0.0011 -0.0827
Mo 2 -0.0784 -0.0773( 0.0011 -0.0784
Mo 3 0.5893 0.5867| 0.0012 0.5893
Mo 4 0.5791 0.5805( 0.0013 0.5791
01 0.2520 0.2553| 0.0013 0.2520
02 0.255 0.2552 0.001 0.255
03 0.409 0.4099( 0.0012 0.409
04 0.326 0.3196] 0.0012 0.326
05 0.105 0.1102| 0.0013 0.105
06 0.101 0.1014| 0.0013 0.101
o7 0.405 0.4029( 0.0012 0.405
08 0.093 0.0934( 0.0014 0.093
09 0.194 0.1941 0.0011 0.194
010 0.097 0.0988| 0.0013 0.097
O 11 0.403 0.4098( 0.0011 0.403
012 0.056 0.0579( 0.0012 0.056
013 0.044 0.0428| 0.0013 0.044
014 0.447 0.4461| 0.0012 0.447
015 0.399 0.4011| 0.0015 0.399
016 0.962 0.9611 0.0015 0.962
017 0.177 0.1780( 0.0011 0.177
018 0.192 0.1915[ 0.0014 0.192
y
Bi 1 0.12090 0.12330| 0.00160 0.1209
Bi 2 0.12290 0.12500| 0.00140 0.1229
Bi 3 0.12320 0.12030| 0.00130 0.1232
Bi 4 0.12280 0.12440( 0.00100 0.1228
Mo 1 0.1230 0.1243| 0.0014 0.1230
Mo 2 0.1250 0.1266( 0.0015 0.1250
Mo 3 0.1272 0.1245| 0.0015 0.1272
Mo 4 0.1321 0.1281| 0.0016 0.1321
01 0.2610 0.2634| 0.0014 0.2610
02 0.493 0.494 0.001 0.493
03 0.257 0.2568| 0.0016 0.257
04 0.259 0.2572| 0.0019 0.259
05 0.437 0.4416| 0.0017 0.437
06 0.251 0.2452| 0.0015 0.251
o7 0.444 0.4433| 0.0015 0.444
08 0.494 0.4941| 0.0017 0.494
09 0.260 0.2558| 0.0017 0.260
010 0.313 0.3192 0.0015 0.313
011 0.308 0.3066/ 0.0015 0.308
012 0.187 0.1879| 0.0015 0.187
013 0.046 0.0453| 0.0016 0.046
014 0.066 0.0630( 0.0016 0.066
015 0.495 0.4960( 0.0017 0.495
016 0.300 0.2950( 0.0018 0.300
017 0.489 0.4850( 0.0015 0.489
018 0.988 0.9835[ 0.0018 0.988
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Refinement Parameters H.Y.Chen & H5672 (HRPD) bBiMo006
ICSD 201742 ICSD 201742 ICSD 201742
Esd Esd Esd
z
Bi 1 0.75640 0.75640| 0.00100 0.7564
Bi 2 0.75830 0.75950( 0.00080 0.7583
Bi 3 0.75850 0.75750| 0.00080 0.7585
Bi4 0.41220 0.41340| 0.00070 0.4122
Mo 1 0.0872 0.0893| 0.0012 0.0872
Mo 2 0.4163 0.4163| 0.0013 0.4163
Mo 3 0.0814 0.0813| 0.0013 0.0814
Mo 4 0.4156 0.4153[ 0.0013 0.4156
01 0.2850 0.2853 0.0011 0.2850
02 0.227 0.227 0.001 0.227
03 0.689 0.6916| 0.0012 0.689
04 0.901 0.9028| 0.0015 0.901
05 0.447 0.4457| 0.0014 0.447
06 0.815 0.8198| 0.0012 0.815
o7 0.048 0.0519 0.0012 0.048
08 0.684 0.6837| 0.0012 0.684
09 0.596 0.5954| 0.0013 0.596
010 0.050 0.0550( 0.0013 0.050
011 0.455 0.4538| 0.0012 0.454
012 0.388 0.3868 0.0013 0.388
013 0.112 0.1119 0.0013 0.112
014 0.383 0.3829 0.0013 0.383
015 0.820 0.8139 0.0013 0.820
016 0.599 0.5957| 0.0014 0.599
017 0.904 0.9019( 0.0014 0.904
018 0.903 0.8995( 0.0015 0.903
B
Bi 1 * 1.1000f 0.2200 1.1000
Bi 2 * 0.3700( 0.1800 0.3700
Bi 3 * 0.6200( 0.0900 0.6200
Bi 4 * 0.6000( 0.1100 0.6000
Mo 1 * 0.4500( 0.2000 0.4500
Mo 2 * 0.6500( 0.2100 0.6500
Mo 3 * 1.0300( 0.2400 1.0300
Mo 4 * 0.8700( 0.2200 0.8700
01 1.3000 0.9900( 0.2300 0.9900
02 1.1000 0.5400( 0.2000 0.5400
03 1.3000 0.9300( 0.2900 0.9300
04 1.1000 1.2600( 0.2800 1.2600
05 1.6000 1.2500( 0.2600 1.2500
06 1.0000 0.7500( 0.2400 0.7500
o7 1.9000 0.6300( 0.2500 0.6300
08 1.4000 0.6600( 0.2500 0.6600
09 1.2000 0.9000( 0.2600 0.9000
010 1.8000 0.8800( 0.2800 0.8800
011 0.9000 0.4900( 0.2500 0.4900
012 0.7000 0.7900( 0.2300 0.7900
013 0.9000 1.1300( 0.2600 1.1300
014 1.1000 0.6800( 0.2200 0.6800
015 1.4000 1.0700( 0.2800 1.0700
016 1.5000 1.9100( 0.3200 1.9100
017 1.2000 0.6600( 0.2400 0.6600
018 1.7000 1.5100( 0.3300 1.5100
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B. In-situ Diffractograms

In Air in Gas
M22472Sum M22473Sum M22474Sum in Gas in Gas in Gas
Refinement Parameters (300°C MRPD) (350°C MRPD) (400°C MRPD) (300°C MRPD) (350°C MRPD) (400°C MRPD)
ICSD 201742 ICSD 201742 ICSD 201742 ICSD 201742 ICSD 201742 ICSD 201742
Esd Esd Esd Esd Esd Esd

Bismuth Molybdate

Ry 5.50 5.27 5.41 6.17 6.27 6.62

Rup 8.47 7.68 8.52 8.15 8.18 8.60

Rexp 6.47 6.48 6.46 6.39 6.40 6.36

Reragg 2.41 2.17 2.37 3.40 3.70 4.00

GOF 1.72 1.40 1.74 1.63 1.64 1.83

Durbin UnWght 1.31 1.34 1.30 0.87 0.92 0.86

Durbin Wght 1.52 1.44 1.51 0.93 0.98 0.92

N-P 1293 1293 1293 1295 1292 1294

Crystal Density (D,) 6.41 6.40 6.38 6.44 6.42 6.41
|Mr 6030.7 6030.7 6030.7 6030.7 6030.7 6030.7

Cell Volume 1561.52 0.23 1565.06 0.22| 1568.55 0.32| 1554.66 0.25| 1558.35 0.26| 1562.10 0.29

Histogram

Sample displacement

20, 0.000| Fixed 0.000| Fixed 0.000| Fixed 0.000| Fixed 0.000| Fixed 0.000| Fixed
BO 30.659 1.124 36.129 1.086] 28.015| 1.118| 163.056 2.496| 166.911 2.539| 170.407| 2.728
B1 1.577 0.057 1.474 0.053 1.839] 0.052] -1.717 0.164| -1.861 0.167] -1.820| 0.180
B2 -0.002 0.000 -0.002 0.000| -0.003] 0.000 0.027 0.003 0.030]  0.003 0.030|  0.003
B3 0.000 0.000 0.000| 0.000 0.000| 0.000
B4

B-1

Phases
Phase scale 0.029 0.000 0.028 0.000 0.029| 0.000 0.028 0.000 0.028|  0.000 0.028| 0.000
a 12.022 0.001 12.031 0.001f 12.045 0.001] 12.004 0.001] 12.013 0.001f 12.021 0.001
b 10.866 0.001 10.874 0.001] 10.889| 0.001| 10.850 0.001) 10.859| 0.001] 10.869| 0.001
c 11.954 0.001 11.963 0.001f 11.979 0.002| 11.937 0.001] 11.946 0.001f 11.955 0.001
B 90.148 0.015 90.156 0.014] 90.162| 0.014] 90.156 0.017] 90.148| 0.019] 90.151 0.021
U 0.460 0.054 0.467 0.052 0.526| 0.064 0.594 0.059 0.498| 0.058 0.476| 0.063
Vv -0.523 0.065 -0.507 0.061] -0.602| 0.074| -0.726 0.069| -0.600] 0.067| -0.569 0.073
w 0.286 0.021 0.279 0.019 0.311] 0.023 0.384 0.021 0.352] 0.021 0.339| 0.023
Asy1 0.150 0.006 0.146 0.005 0.137| 0.006 0.059 0.006 0.064| 0.006 0.061 0.006
Size/Gam0 0.071 0.009 0.067 0.009 0.069 0.010 0.031 0.010 0.023 0.010 0.032 0.011
X

Bi 1 -0.1010 -0.1010 -0.1010 -0.1010 -0.1010 -0.1010

Bi2 0.6009 0.6009 0.6009 0.6009 0.6009 0.6009

Bi 3 0.2531 0.2531 0.2531 0.2531 0.2531 0.2531

Bi4 0.2556 0.2556 0.2556 0.2556 0.2556 0.2556

Mo 1 -0.0838 -0.0838 -0.0838 -0.0838 -0.0838 -0.0838

Mo 2 -0.0773 -0.0773 -0.0773 -0.0773 -0.0773 -0.0773

Mo 3 0.5867 0.5867 0.5867 0.5867 0.5867 0.5867

Mo 4 0.5805 0.5805 0.5805 0.5805 0.5805 0.5805

o1 0.2553 0.2553 0.2553 0.2553 0.2553 0.2553

02 0.2552 0.2552 0.2552 0.2552 0.2552 0.2552

03 0.4099 0.4099 0.4099 0.4099 0.4099 0.4099

04 0.3196 0.3196 0.3196 0.3196 0.3196 0.3196

o5 0.1102 0.1102 0.1102 0.1102 0.1102 0.1102

06 0.1014 0.1014 0.1014 0.1014 0.1014 0.1014

o7 0.4029 0.4029 0.4029 0.4029 0.4029 0.4029

o8 0.0934 0.0934 0.0934 0.0934 0.0934 0.0934

09 0.1941 0.1941 0.1941 0.1941 0.1941 0.1941

010 0.0988 0.0988 0.0988 0.0988 0.0988 0.0988

o1 0.4098 0.4098 0.4098 0.4098 0.4098 0.4098

012 0.0579 0.0579 0.0579 0.0579 0.0579 0.0579

013 0.0428 0.0428 0.0428 0.0428 0.0428 0.0428

014 0.4461 0.4461 0.4461 0.4461 0.4461 0.4461

015 0.4011 0.4011 0.4011 0.4011 0.4011 0.4011

016 0.9611 0.9611 0.9611 0.9611 0.9611 0.9611

017 0.1780 0.1780 0.1780 0.1780 0.1780 0.1780

018 0.1915 0.1915 0.1915 0.1915 0.1915 0.1915
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In Air in Gas
Refinement Parameters M22472Sum M22473Sum M22474Sum in Gas in Gas in Gas
ICSD 201742 ICSD 201742 ICSD 201742 ICSD 201742 ICSD 201742 ICSD 201742
Esd Esd Esd Esd Esd Esd

y
Bi 1 0.1233 0.1233 0.1233 0.1233 0.1233 0.1233
Bi2 0.1250 0.1250 0.1250 0.1250 0.1250 0.1250
Bi 3 0.1203 0.1203 0.1203 0.1203 0.1203 0.1203
Bi4 0.1244 0.1244 0.1244 0.1244 0.1244 0.1244
Mo 1 0.1243 0.1243 0.1243 0.1243 0.1243 0.1243
|Mo 2 0.1266 0.1266 0.1266 0.1266 0.1266 0.1266
Mo 3 0.1245 0.1245 0.1245 0.1245 0.1245 0.1245
Mo 4 0.1281 0.1281 0.1281 0.1281 0.1281 0.1281
01 0.2634 0.2634 0.2634 0.2634 0.2634 0.2634
02 0.4944 0.4944 0.4944 0.4944 0.4944 0.4944
03 0.2568 0.2568 0.2568 0.2568 0.2568 0.2568
04 0.2572 0.2572 0.2572 0.2572 0.2572 0.2572
05 0.4416 0.4416 0.4416 0.4416 0.4416 0.4416
06 0.2452 0.2452 0.2452 0.2452 0.2452 0.2452
o7 0.4433 0.4433 0.4433 0.4433 0.4433 0.4433
08 0.4941 0.4941 0.4941 0.4941 0.4941 0.4941
o9 0.2558 0.2558 0.2558 0.2558 0.2558 0.2558
010 0.3192 0.3192 0.3192 0.3192 0.3192 0.3192
o 11 0.3066 0.3066 0.3066 0.3066 0.3066 0.3066
012 0.1879 0.1879 0.1879 0.1879 0.1879 0.1879
013 0.0453 0.0453 0.0453 0.0453 0.0453 0.0453
014 0.0630 0.0630 0.0630 0.0630 0.0630 0.0630
015 0.4960 0.4960 0.4960 0.4960 0.4960 0.4960
016 0.2950 0.2950 0.2950 0.2950 0.2950 0.2950
017 0.4850 0.4850 0.4850 0.4850 0.4850 0.4850
018 0.9835 0.9835 0.9835 0.9835 0.9835 0.9835

z
Bi 1 0.7564 0.7564 0.7564 0.7564 0.7564 0.7564
Bi2 0.7595 0.7595 0.7595 0.7595 0.7595 0.7595
Bi3 0.7575 0.7575 0.7575 0.7575 0.7575 0.7575
Bi4 0.4134 0.4134 0.4134 0.4134 0.4134 0.4134
Mo 1 0.0893 0.0893 0.0893 0.0893 0.0893 0.0893
|Mo 2 0.4163 0.4163 0.4163 0.4163 0.4163 0.4163
Mo 3 0.0813 0.0813 0.0813 0.0813 0.0813 0.0813
Mo 4 0.4153 0.4153 0.4153 0.4153 0.4153 0.4153
o1 0.2853 0.2853 0.2853 0.2853 0.2853 0.2853
02 0.2266 0.2266 0.2266 0.2266 0.2266 0.2266
03 0.6916 0.6916 0.6916 0.6916 0.6916 0.6916
04 0.9028 0.9028 0.9028 0.9028 0.9028 0.9028
05 0.4457 0.4457 0.4457 0.4457 0.4457 0.4457
06 0.8198 0.8198 0.8198 0.8198 0.8198 0.8198
o7 0.0519 0.0519 0.0519 0.0519 0.0519 0.0519
o8 0.6837 0.6837 0.6837 0.6837 0.6837 0.6837
09 0.5954 0.5954 0.5954 0.5954 0.5954 0.5954
010 0.0550 0.0550 0.0550 0.0550 0.0550 0.0550
o 11 0.4538 0.4538 0.4538 0.4538 0.4538 0.4538
012 0.3868 0.3868 0.3868 0.3868 0.3868 0.3868
013 0.1119 0.1119 0.1119 0.1119 0.1119 0.1119
014 0.3829 0.3829 0.3829 0.3829 0.3829 0.3829
015 0.8139 0.8139 0.8139 0.8139 0.8139 0.8139
0 16 0.5957 0.5957 0.5957 0.5957 0.5957 0.5957
017 0.9019 0.9019 0.9019 0.9019 0.9019 0.9019
018 0.8995 0.8995 0.8995 0.8995 0.8995 0.8995

B
Bi 1 0.96 0.53 1.47 0.58 1.98 0.68 1.20 0.00 2.10 0.80 1.92 0.62
Bi2 1.56 0.62 0.96 0.53 1.50 0.67 2.20 0.53 2.21 0.77 0.98 0.85
Bi 3 1.35 0.23 1.30 0.21 1.38 0.25 1.86 0.24 2.03 0.26 2.61 0.31
Bi4 2.52 0.43 2.15 0.38 2.04 0.42 2.53 0.43 2.68 0.46 2.57 0.48
Mo 1 1.45 0.74 2.13 0.61 1.20 0.00 2.66 0.99 1.96 0.69 4.58 1.07
|Mo 2 0.90 0.57 1.22 0.50 1.05 0.65 0.90 0.00 1.18 0.81 1.89 0.79
Mo 3 0.75 0.63 0.43 0.00 1.56 0.66 1.03 0.70 0.80 0.00 1.00 0.00
Mo 4 1.71 0.74 2.67 0.82 3.42 1.02 2.54 0.71 2.84 1.07 1.98 1.16
o1 3.19 0.85 3.71 0.84 4.50 1.09 1.58 0.73 2.38 0.84 2.13 0.95
02 1.08 0.45 1.10 0.42 1.36 0.52 1.64 0.63 0.82 0.57 1.41 0.65
03 4.70 1.17 3.18 0.83 4.83 1.35 5.05 1.53 6.28 1.87 4.38 1.55
04 1.08 0.73 1.07 0.63 1.73 0.87 1.00 0.00 1.00 1.70 0.00
05 1.03 0.71 3.76 1.03 2.56 1.05 1.00 0.00 1.00 2.50 0.00
06 0.79 0.63 0.70 0.00 1.51 0.81 1.92 0.90 0.84 0.79 2.25 1.06
o7 217 0.87 0.62 0.59 1.17 0.77 227 0.95 3.06 1.27 2.34 1.01
o8 1.00 0.00 1.20 0.00 0.50 0.00 1.12 0.82 1.68 0.93 1.50 0.00
09 1.41 0.70 1.40 0.65 2.15 0.84 1.94 0.77 3.25 1.09 2.99 1.16
010 0.80 0.00 1.00 0.00 0.50 0.00 0.91 0.00 1.07 0.80 1.00 0.00
o 11 2.52 0.87 1.58 0.67 4.37 1.25 5.23 1.48 5.47 1.61 13.21 3.29
012 0.50 0.00 0.50 0.00 1.16 0.68 0.50 0.00 1.36 0.76 0.97 0.87
013 1.58 0.85 1.71 0.79 1.40 0.85 1.30 0.77 1.06 0.76 1.76 1.08
014 1.29 0.64 1.84 0.68 1.58 0.77 3.05 1.01 2.70 1.16 2.90 1.02
015 1.00 0.00 1.20 0.00 0.82 0.71 1.62 0.93 2.69 1.22 2.88 1.14
016 1.94 0.76 2.73 0.82 3.40 1.03 14.38 3.32 14.59 3.40 7.72 2.25
017 243 0.83 2.62 0.82 3.47 1.06 2.58 1.02 3.11 1.14 2.24 1.09
018 5.44 1.27 4.04 1.00 5.62 1.42 15.56 3.77 10.07 2.88 15.63 4.20
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REFINEMENT RESULTS OF y-Bi;MoOg

A. Room Temperature Diffractograms

RT-XRD
Refinement Parameters H5673t (HRPD) (g-BiMo009)
ICSD 47139 ICSD 47139
Esd Esd
Bismuth Molybdate
R, 5.84 10.59]
Rup 7.44 16.29
Rexp 5.25 5.42
Rgragg 1.87 4.94
GOF 2.00 9.02
Durbin UnWght 1.12 0.17
Durbin Wght 1.1 0.26
N-P 2794 5429
Crystal Density (D,) 8.28 8.25 8.27
Mr 2439.6 2439.6
Cell Volume 489.23 0.03[ 490.84 0.02[ 489.41 0.02
Histogram
Sample displacement
20, 0.0000|Fixed 0.0410
BO 30.409 1.022| -5.640 2.173
B1 0.102 0.020 0.715 0.023
B2 0.000 0.000
B3
B4
B-1 98.732] 12.397| 2035.10 31.25
Phases

Phase scale 0.033 0.000 0.000 0.000
a 5.482 0.000 5.489 0.000 5.484 0.000
b 16.199 0.001] 16.225 0.000{ 16.209 0.000
c 5.509 0.000 5.511 0.000 5.506 0.000

X
Bi1 0.5180] 0.0012| 0.5212| 0.0014[ 0.5180
Bi2 0.4822 0.4807| 0.0014| 0.4822
Mo 1 0.0028] 0.0021] 0.0028|Fixed 0.0028
01 0.0556] 0.0019| 0.0506| 0.0022[ 0.0556
02 0.2594] 0.0010] 0.2620] 0.0015| 0.2594
03 0.2360] 0.0013| 0.2398| 0.0014[ 0.2360
04 0.6917] 0.0014| 0.6850| 0.0015[ 0.6917
05 0.2121] 0.0015] 0.2171f 0.0015[ 0.2121
06 0.5654] 0.0022| 0.5709| 0.0024] 0.5654

y
Bi 1 0.4232] 0.0004| 0.4217] 0.0005| 0.4232
Bi2 0.0783] 0.0004| 0.0780f 0.0005[ 0.0783
Mo 1 0.2488| 0.0007| 0.2488|Fixed 0.2488
o1 0.1407] 0.0008| 0.1411] 0.0009[ 0.1407
02 -0.0017| 0.0006] -0.0011| 0.0009[ -0.0017
03 0.5006] 0.0008| 0.5002 0.0009 0.5006
04 0.2322] 0.0005| 0.2306/ 0.0006[ 0.2322
05 0.2634] 0.0006] 0.2630] 0.0006| 0.2634
06 0.3589] 0.0010| 0.3598| 0.0011 0.3589

z
Bi 1 0.9814] 0.0014| 0.9856| 0.0019[ 0.9814
Bi2 0.9897] 0.0014| 0.9840] 0.0021| 0.9897
Mo 1 0.0000|Fixed 0.0000|Fixed 0.0000
o1 0.0959] 0.0020| 0.0872] 0.0026| 0.0959
02 0.2776] 0.0014]| 0.2752| 0.0023[ 0.2776
03 0.2664| 0.0022| 0.2680| 0.0025[ 0.2664
04 0.2524] 0.0016] 0.2499| 0.0019[ 0.2524
05 0.3550] 0.0016| 0.3514| 0.0018[ 0.3550
o6 0.5700] 0.0019| 0.5761] 0.0030| 0.5700

B
Bi1 0.3000] 0.3000] 0.4100f 0.1400{ 0.3000
Bi2 1.0000] 0.3000| 0.9500| 0.1500{ 1.0000
Mo 1 0.5000] 0.1000] 0.8100f 0.0700{ 0.5000
01 0.3000] 0.2000| 0.5100f 0.2100{ 0.3000
02 0.4000] 0.2000] 0.6500f 0.3000{ 0.4000
03 1.3000] 0.3000| 0.6000] 0.2800| 1.3000
04 0.9000] 0.2000| 0.9900f 0.1600[ 0.9000
05 1.1000] 0.2000| 0.8500] 0.1300| 1.1000
06 1.4000] 0.4000| 1.8600] 0.3200| 1.4000

Sample

U 0.129 0.009 0.024 0.005
\ -0.260 0.015 0.006 0.006
W 0.175 0.007 0.004 0.001
Asy1 0.065 0.003 0.053 0.001
Size/Gam0 0.120 0.005 0.089 0.001
Particle Size (A) 713.20 29.20] 994.90 15.80
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B. In-situ Diffractograms

Refinement Parameters In Air In Gas
300°C 350°C 400°C 300°C 350°C 400°C
Esd Esd Esd Esd Esd Esd
Bismuth Molybdate
R, 9.28 9.98 8.83 6.94 6.98 7.82
Rup 14.02 15.80) 12.68 10.24 10.31 11.82
Rexp 8.14 8.19 8.23 5.49 5.49 5.57
Regragg 5.09 5.53 5.11 3.65 3.66 4.43
GOF 2.97 3.72 237 3.49 3.53 4.51
Durbin UnWght 0.98 0.84 0.89 0.74 0.73 0.56
Durbin Wght 1.49 1.30 1.29 1.14 1.13 0.90
N-P 1296 1293 1297 1298 1298 1299
Crystal Density (D,) 8.13 8.11 8.09 8.14 8.14 8.09
Mr 2439.6 2439.6 2439.6 2439.6 2439.6 2439.6
Cell Volume 497.96 0.10] 499.28 0.12| 500.75 0.10 497.41 0.06] 497.43 0.06] 500.41 0.08
Histogram
Sample displacement
26, 0.0000|Fixed 0.0000[Fixed 0.0000|Fixed 0.0000|Fixed 0.0000|Fixed 0.0000|Fixed
BO 4.417 1.793| -2.622 1.968[ 5.775 1.513 25.553 1.796] 25.466 1.807( 17.036 1.996
B1 3.388 0.141 3.385| 0.163 3.201 0.125 3.777 0.091 3.795 0.092 4.297 0.103
B2 -0.046 0.003| -0.044] 0.003[ -0.043 0.002 -0.016 0.001) -0.016] 0.001f -0.019] 0.001
B3 0.000 0.000 0.000]  0.000{ 0.000 0.000
B4
B-1
Phases

Phase scale 0.162 0.003] 0.166] 0.004[ 0.162 0.003 0.394 0.005| 0.393] 0.005[ 0.361 0.006
a 5.522 0.001 5.529] 0.001 5.536 0.001 5.520 0.005] 5.520 0.000 5.535 0.001
b 16.256 0.000| 16.261 0.002| 16.265 0.001 16.252 0.001] 16.252 0.001) 16.263 0.001
c 5.547 0.001 5.553 0.001 5.561 0.001 5.544 0.000 5.545 0.000 5.559 0.001

X
Bi1 0.5212| 0.0000] 0.5212] 0.0000| 0.5212| 0.0000 0.5212] 0.0014] 0.5212] 0.0014| 0.5212| 0.0014
Bi2 0.4807| 0.0000] 0.4807| 0.0000| 0.4807| 0.0000 0.4807] 0.0014] 0.4807| 0.0014| 0.4807| 0.0014
Mo 1 0.0028| 0.0000] 0.0028] 0.0036) 0.0028| 0.0000 0.0028|Fixed 0.0028|Fixed 0.0028|Fixed
o1 0.0506| 0.0045| 0.0506| 0.0049| 0.0506| 0.0051 0.0506| 0.0022| 0.0506| 0.0022| 0.0506] 0.0022
02 0.2620| 0.0045] 0.2620] 0.0000| 0.2620| 0.0000 0.2620| 0.0015] 0.2620] 0.0015| 0.2620| 0.0015
03 0.2398| 0.0038] 0.2398| 0.0046| 0.2398| 0.0042 0.2398| 0.0014] 0.2398| 0.0014| 0.2398| 0.0014
04 0.6850| 0.0037| 0.6850] 0.0042| 0.6850| 0.0040 0.6850| 0.0015] 0.6850] 0.0015| 0.6850| 0.0015
05 0.2171] 0.0046] 0.2171] 0.0049| 0.2171| 0.0046 0.2171] 0.0015] 0.2171] 0.0015| 0.2171] 0.0015
o6 0.5709| 0.0032] 0.5709] 0.0039| 0.5709| 0.0040 0.5709] 0.0024] 0.5709] 0.0024| 0.5709| 0.0024

y
Bi1 0.4217] 0.0000] 0.4217] 0.0000| 0.4217| 0.0000 0.4217] 0.0005] 0.4217| 0.0005| 0.4217| 0.0005
Bi 2 0.0780| 0.0000] 0.0780| 0.0000| 0.0780| 0.0000 0.0780| 0.0005| 0.0780| 0.0005| 0.0780| 0.0005
Mo 1 0.2488| 0.0000] 0.2488] 0.0010| 0.2488| 0.0000 0.2488|Fixed 0.2488|Fixed 0.2488|Fixed
01 0.1411] 0.0012] 0.1411] 0.0014| 0.1411] 0.0014 0.1411] 0.0009] 0.1411] 0.0009| 0.1411] 0.0009
02 -0.0011] 0.0015 -0.0011] 0.0000| -0.0011] 0.0000 -0.0011] 0.0009| -0.0011] 0.0009| -0.0011]| 0.0009
03 0.5002| 0.0015] 0.5002| 0.0015| 0.5002| 0.0014 0.5002| 0.0009] 0.5002] 0.0009| 0.5002| 0.0009
04 0.2306| 0.0019] 0.2306] 0.0021| 0.2306| 0.0019 0.2306) 0.0006] 0.2306] 0.0006| 0.2306| 0.0006
05 0.2630| 0.0013| 0.2630] 0.0016| 0.2630| 0.0015 0.2630| 0.0006] 0.2630] 0.0006| 0.2630| 0.0006
o6 0.3598| 0.0010] 0.3598] 0.0013| 0.3598| 0.0013 0.3598| 0.0011] 0.3598| 0.0011| 0.3598| 0.0011

z
Bi1 0.9856| 0.0000] 0.9856| 0.0000| 0.9856| 0.0000 0.9856) 0.0019] 0.9856| 0.0019] 0.9856| 0.0019
Bi 2 0.9840| 0.0000] 0.9840| 0.0000| 0.9840| 0.0000 0.9840| 0.0021] 0.9840| 0.0021| 0.9840| 0.0021
Mo 1 0.0000| 0.0000f 0.0000|Fixed 0.0000| 0.0000 0.0000|Fixed 0.0000|Fixed 0.0000|Fixed
o1 0.0872| 0.0055| 0.0872| 0.0062| 0.0872] 0.0065 0.0872] 0.0026] 0.0872| 0.0026| 0.0872] 0.0026
02 0.2752] 0.0046] 0.2752| 0.0000| 0.2752| 0.0000 0.2752] 0.0023| 0.2752] 0.0023| 0.2752| 0.0023
03 0.2680| 0.0042| 0.2680] 0.0040| 0.2680| 0.0036 0.2680| 0.0025| 0.2680] 0.0025| 0.2680| 0.0025
04 0.2499| 0.0047| 0.2499] 0.0051| 0.2499| 0.0047 0.2499| 0.0019] 0.2499] 0.0019| 0.2499| 0.0019
05 0.3514] 0.0043| 0.3514] 0.0046| 0.3514| 0.0047 0.5813| 0.0042| 0.3514] 0.0018| 0.3514| 0.0018
o6 0.5761] 0.0034] 0.5761] 0.0041| 0.5761| 0.0042 0.5761] 0.0030] 0.5761] 0.0030| 0.5761| 0.0030

B
Bi1 0.6300] 0.2600] 0.7500] 0.2900| 1.0100| 0.2800 2.0000] 0.3300] 2.0600] 0.3200| 2.3600| 0.4600
Bi2 3.3400| 0.4400] 3.6500] 0.5000| 3.2500| 0.4200 1.6200] 0.3100| 1.6600f 0.2900 1.9200| 0.4200
Mo 1 2.3600| 0.2400] 2.5400] 0.2800| 2.7000| 0.2300 1.5800] 0.1400| 1.6100f 0.1500{ 1.7600| 0.1800
o1 4.8800 0.9900| 6.1700] 1.1700f 7.2500| 1.0200 3.3000| 0.6400] 3.2000f 0.6300| 3.2900| 0.8700
02 1.8400] 0.6200| 2.6000] 0.7200{ 2.1900| 0.6200 1.7800] 0.5700| 1.7500f 0.5700{ 1.5800| 0.7100
03 1.5400] 0.5500| 1.3100] 0.5400| 1.3900| 0.5000 1.5700] 0.5400| 1.6200| 0.5300| 2.0300| 0.7200
04 2.2400| 0.5200] 2.3900] 0.6000| 2.5500| 0.5100 2.1400| 0.3300] 2.1200] 0.3400| 2.5100| 0.4500
05 6.7200) 0.9900| 7.8600] 1.2700| 7.9000f{ 1.0200 4.5200] 0.4900] 4.6800] 0.5100| 5.2700| 0.6900
o6 2.1200| 0.6700] 1.7300] 0.6500| 1.4300| 0.4900 2.3700] 0.5700] 2.1400] 0.5300| 3.0500| 0.8400

Sample

U 0.117 0.060 0.143]  0.072 0.192 0.060 0.088 0.036 0.090 0.037) 0.112 0.048
Vv -0.041 0.088| -0.089] 0.102f -0.160 0.085 0.033 0.054 0.028| 0.054] 0.015[ 0.069
w 0.139 0.032 0.147) 0.036] 0.171 0.030 0.071 0.019 0.073 0.020|  0.085 0.024
Asy1 0.222 0.011 0.215] 0.012] 0.209 0.010 0.311 0.007| 0.310 0.007] 0.292| 0.008
Size/Gam0 0.100 0.016 0.116] 0.017] 0.110 0.014 0.125 0.010 0.125 0.010) 0.108 0.012
Particle Size (A) 954.10] 155.30] 819.90] 122.90| 867.80| 111.00 760.90 59.70| 762.00 60.30)| 882.30] 98.50
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APPENDIX C. The Determination of
Surface Area, Pore Volume and Pore

Size of Bismuth Molybdates

Surface areas, pore volume and pore size distribution of the catalysts prepared
for this study were determined using the BET method with N, as the adsorbate at the
liquid nitrogen temperature. The measurements were carried out at Pusat Penelitian
Tenaga Nuklir (PPTN) Yogyakarta, Indonesia. The instrument used for these
measurements was a NOVA 1000 Surface Area Analyser (Quantachrome
Instruments). All catalysts were oven dried at 105°C for 24 hours, allowed to cool

down in a desiccator and then vacuum-sealed before shipping for measurements.

The surface areas were determined using the multi point BET method while
the pore size distributions were evaluated using the BJH method from the adsorption
isotherm. Average pore radiuses were calculated with an assumption that the pore
geometry is cylindrical. The pore volumes were calculated according to the
following equation:

ads” m

2PV, V,
poo=—4 48 m
, RT

where,

P, =ambient pressure

Vais = volume of nitrogen adsorbed

V,, =molar volume of the liquid adsorbate (34.7 cm’.mol™ for nitrogen)
T = ambient temperature

All calculations of surface area, pore volume, and pore size distribution were
carried out by application software accompanying the instrument (NOVADRP

version 2.00). The experimental results are given in Tables C.1 to C.3.
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Table C.1 (l-BizMO3012

Sample ID = abimo
Adsorbate = N,

Adsorption tolerance = 0.1000 mm Hg

Adsorption Equil Time = 60 sec
Adsorption Dwell Time = 180 Sec

Sample Weight =0.2384 g
P,=784.27 mm Hg
Bath Temperature = 77.40 °K

Multi BET (adsorption)
P/P, BET Transform
(A/{W[Py/P —1]})

0.48040 97.159489
0.068820 114.042079
0.153116 210.161812
0.201007 254.106036
0.250925 306.121330

Surface Area

0.763264 m°

Specific Surface Area | 3.201478 m” g’

BJH (Adsorption)
Pore Radius Cumulative Pore
(A) Volume (cc g'1 107
715.341689 3.549832
166.725841 3.404021
100.313498 3.24338
78.033001 3.160523
60.859476 2.989983
49.424781 1.516226
41.183703 1.494194
36.195337 1.483466
32.658333 1.46959
29.628589 1.458727
26.618066 1.440058
24.133795 1.261238
22.107304 1.106805
20.328903 0.966874
18.749532 0.821001
17.290948 0.648384
15.855395 0.4603
14.754369 0.250358
13.866719 0.158572

Total Pore Volume is 3.694904x10™ cc g for all pore less than 1178.593734 A

Average pore radius is 23.082490 A
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Table C.2 B-BizMOzOg

Sample ID = Beta Bimo Sample Weight =0.3428 g
Adsorbate = N, P, =750.33 mm Hg
Adsorption tolerance = 0.1000 mm Hg Bath Temperature = 77.40 °K
Adsorption Equil Time = 60 sec

Adsorption Dwell Time = 180 Sec

Multi BET (adsorption)
P/P, BET Transform
(I/{W[P/P — 1]})
0.105301 306.858308
0.142002 325.298358
0.204744 356.129456
0.241696 373.994787

Surface Area

9.020623 m’

Specific Surface Area | 4.660135 m” g

BJH (Adsorption)
Pore Radius Cumulative Pore
(A) Volume (cc g 107)

931.053456 2.122919
159.124512 2.066356
105.871378 2.038831
75.532598 1.971715
60.399872 1.909436
48.029024 1.794714
41.48486 1.68478
36.994075 1.58539
32.585777 1.499373
28.958741 1.353603
26.21481 1.281895
23.783664 1.134932
21.838197 1.082711
20.077756 1.001041
18.554337 0.924805
17.165934 0.734089
15.840241 0.628847
14.793266 0.362074
13.746309 0.233773

Total Pore Volume is 1.759221x10™ cc g™ for all pore less than 1639.733899 A
Average pore radius is 15.576319 A
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Table C.3 y-Bi;Mo0Q

Sample ID = Gamma Bimo Sample Weight = 0.5397 g
Adsorbate = N, P,=751.50 mm Hg
Adsorption tolerance = 0.1000 mm Hg Bath Temperature = 77.40 °K
Adsorption Equil Time = 60 sec

Adsorption Dwell Time = 180 Sec

Multi BET (adsorption)
P/P, BET Transform
(I/{W[Py/P —1]})
0.070664 161.145982
0.141794 223.748945
0.201835 269.578549
Surface Area 2.016675 m°

Specific Surface Area

3736381 m” g

BJH (Adsorption)
Pore Radius Cumulative Pore
(A) Volume (cc g 107)

814.989479 4211614
160.850173 4.03251
106.216649 3.929396
74.945447 3.715394
60.121336 3.591567
48.194609 3.363503
41.543763 3.167965
37.000637 2.982252
32.603068 2.829688
28.965029 2.537139
26.258014 2.38445
23.82944 2.09091
21.841507 1.910043
20.112715 1.75543
18.581563 1.67703
17.150425 1.262867
15.916384 1.03682
14.76672 0.637315
13.730276 0.413731

Total Pore Volume is 4.049085x10™ cc g for all pore less than 1406.934593 A
Average pore radius is 21.673831 A
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