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GENERAL INTRODUCTION

ABSTRACT

This section presents the context in which this research has been
initiated and conducted. Then a detailed literature survey concerning the
catalytic reaction studied and the types of catalytic formulations employed
are proposed. The limitations of nowadays understanding and existing know-
how are exposed in correlation with our own objectives. Finally, our strategy
established in order to address these issues is depicted.
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1. CONTEXT

The intensive use of petroleum both as energy and as chemical
feedstock source has prompted huge progresses in our society in the past
century. More recently however, growing concern has been rising
concerning (i) the limited stocks of petroleum and the increasing difficulty to
extract it at reasonable cost and (ii) the huge environmental impact of the
anthropogenic production of CO, through the combustion of fossil fuel.
These emissions are the main cause of the unprecedented rate of global
warming we are currently experiencing. Up to now, the energy industry is
still widely relying on petroleum and other fossil resources. However,
intense efforts are conducted to develop alternative renewable energy
sources [1]. As far as the chemical industry is concerned, efforts are
conducted in two directions. Firstly, alternative production methods are
developed that are relying on renewable carbon sources (e.g. vegetable
fibres-derived plastics) [2-3]. Secondly, intensive efforts toward carbon and
energy efficiency are realized [4-5]. This last strategy drives the
(petro)chemist toward transformation and synthesis processes that are
realized with low energy input (low temperature, low pressure) and with
excellent selectivity. The parsimonious use of hydrocarbon is one of the
strings to the bow of our society in its will to address current challenges. In
that perspective, heterogeneous catalysis is recognized as a privileged tool to
increase energy efficiency and fuel economy, to improve efficiency in the
use of petroleum-based feedstock in chemical processes and to lower
emissions of toxic or greenhouse gases in petroleum refineries [6].

Propene is an important chemical feedstock that is produced from
petroleum at the refinery. The demand for propene is structurally rising as it
is used in the production of wide arrays of products (Figure i). It is the
monomer of polypropylene and the source of various oxygenates (acrolein,
acrylic acid, propylene oxide, methacrolein, etc.) that are involved in the
production of plastics, resins, surfactants and solvents. The proportion of
propene that can be recovered by simple distillation of crude oil is low. This
is why, propene is further produced by steam cracking (along with ethylene)
or fuel catalytic cracking of higher hydrocarbon fractions (Figure ii) [7].
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These two processes can be qualified as “by-products processes” since
propene is only obtained as a by-product of other hydrocarbons. The
selectivity towards propene is relatively low (Figure iii). Moreover, the
processes of cracking involve high temperature (500-850 °C) and usually
high pressure (1-50 bar) conditions. In other words, they involve high energy
costs.

Others
Cumene
3%

Acrylic acid 4%

Polypropylene

Oxo-alcohol 65%

7%
Propylene oxide
8%

Figure i: Principal uses of propylene (data reproduced from a
Lummus Technology report [8]).

In this context, alternative routes that would be more
environmentally-friendly and more cost-effective are desirable for the
production of propene. This is why active fundamental and applied
researches are conducted on the light olefin metathesis reaction. This
reaction indeed allows the on purpose catalytic production of propene from
ethene and butene. It is non thermal, meaning that the energy input is very
low. It can be conducted at low temperature, atmospheric pressure and with
excellent selectivity (Figure iii) provided that an efficient catalyst is used.
Moreover, ethene and butene, unlike propene, tend to be produced in excess
at the refinery, resulting in relatively low price. It is thus particularly
appealing for the petrochemical industry to master the metathesis technology
since it gives the possibility to regulate the stocks of hydrocarbons as a
function of the needs or as a function of the price of the market. As the
metathesis reaction is equilibrated, one could use exactly the same process
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(catalyst, industrial plant) to perform the reverse reaction, in case the market
situation demands it. Historically in fact, the first industrial olefin metathesis
process (Phillips triolefin process, operated for 6 years from 1966) was the
production of high-purity ethene and but-2-ene from surplus propene [9].
More recently, the Lummus Technology Company has developed
commercial solutions for the conversion of C2 and C4 olefins to the desired
C3 alkene (propene). At the moment 26 metathesis units are either in
operation or under design and construction. Their technology, called “Olefin
Conversion Technology” (OCT) is claimed to be the lowest capital route for
ultra-high purity propylene production [10]. The “Institut Frangais du
Pétrole” and the Chinese Petroleum Corporation have also jointly developed
a process for the production of propene from ethene and butene [11].

On purpose processes

(6%) Ethylene plants
(64%)

FCC
(30%)

Figure ii: Modes of production of propylene. By-products processes,
namely vapour cracking in ethylene plants and fluidized catalytic
cracking represent the large majority of the production. Olefin
metathesis and propane dehydrogenation are the two available on
purpose processes but they represent only 6% of the production of
propene (data reproduced from a Lummus Technology report [8]).

Molybdenum oxide, along with rhenium [12-16] and tungsten [17-
19] oxides, is known to catalyze this interesting reaction. The discovery of
the metathesis reaction was actually made on supported Mo oxide catalysts,
more than 40 years ago [20]. However, the mechanisms that lead to the
formation of active metathesis centres on MoQ;-based catalysts are far from
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being elucidated. Also, the actual nature of the active metathesis site is still
under debate. The achieved performances are dictated by important
parameters such as the catalyst formulation, the mode of preparation of the
catalyst and the procedure used for its activation. However, only few data
are available from the scientific literature on these aspects. Further
fundamental understanding is needed as there is evidently still room for
performance improvement. This work addresses some of the essential issues
in the understanding of the genesis and of the nature of the active metathesis
centres in MoOj-based catalysts and proposes innovative preparation
methods to obtain efficient metathesis catalysts.

100
i 80
z ,
S 601
[}
o
) 407
c
()
2 20 '
) e
0 \ ‘
naphta VC FCC PDH OCT

Figure iii: Propene selectivity in the existing propene production
technologies. Naphta vapour cracking (VP) and fluidized catalytic
cracking are “by-products technologies”. Propane dehydrogenation
(PDH) and olefin conversion technology (OCT) are “on-purpose
technologies exhibiting good to excellent selectivities (data
reproduced from a Lummus Technology report [8]).

2. LITERATURE SURVEY ON METATHESIS

21. Discovery

The word “metathesis” has a Greek root meaning ‘“changing
position”. The metathesis of olefins can be defined as a reaction by which
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the chemical groups located around the double bond of an alkene are
exchanged. It can be formalised as in Scheme 1i.

In 1960, a first open publication mentioned particular polymerization
reactions actually based on the metathesis reaction [21]. The olefin
metathesis was really discovered at Phillips Petroleum Company four years
later, when Banks and Bailey [20] described the “olefin disproportionation”
with alumina-supported molybdenum oxide, molybdenum hexacarbonyl and
tungsten hexacarbonyl. These catalysts produced ethene and butene from
propene. The mechanism of this reaction (Scheme ii) was clearly established
only in 1971 by Hérisson and Chauvin [22] who proposed a 4-membered
metallacycle intermediate to account for this transalkylidenation reaction.
The key step is a reaction between an olefin and a transition metal alkylidene
complex (M=CHR ; also called carbene) to give a unstable
metallacyclobutane intermediate [23].

R R, R R R, R,

NS N N

c——-=cC -~ c——-=cC c—=cC

/ AN / AN / AN

H H H H H H
Scheme i: Schematic representation of the metathesis reaction. The
chemical groups around the double bond (H, R, and R,) are
exchanged to give new olefins. In the case of the self-metathesis of
propene, R; = H and R, = CHj;. Thus, the produced olefins are ethene
and butene.

Whilst the early discovery of the metathesis reaction was made on
relatively undefined catalysts, sensitive to air, moisture and very short-lived,
it rapidly became evident that the development of reliable and effective
metathesis catalysts would have a great importance in organic synthesis.
Indeed, with the metathesis of two alkenes, a new C-C bond is catalytically
created, which allows for example the closing or the opening of organic
rings. The goal was thus to find catalysts that are well-defined, selective and
stable and to develop means to adjust their reactivity depending on the
targeted reaction. Research on the chemistry of metal carbene, also termed
metal alkylidene, allowed stepping further in that direction.
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Richard R. Schrock highlighted the interest of molybdenum and
tungsten as the most suitable metals for achieving effective catalysts. The
real breakthrough of Schrock’s research was the development, in 1990 of a
new type of organometallic catalysts in which the metal is surrounded by
iso-propyl and phenylic groups [24]. These complexes are still being the
object of intense researches [25-26].

—I[M]
/
H
H H H CHj
/
\|T/ ~_ - H T_C\H
A o
C
M 3

Scheme ii: Chauvin’s mechanism applied to one catalytic cycle in the
metathesis of propene. 1 is the starting metal carbene active centre, in
which the metal with its ligands ([M]) is doubly linked to a carbon
atom. When propene approaches the carbene, electrons displacements
yield a four-member ring species called metallacyclobutane (2). A
second electron rearrangement leads to the formation of a new olefin
(here ethene). The remaining carbene (3) is different from 1. Upon
further reaction with propene, the carbene will allow the formation of
butene following the same mechanism.

Robert H. Grubbs, working mainly on ruthenium-based catalysts,
developed a “general catalyst” that is stable in air, highly selective (but less
reactive than Schrock’catalysts) and that still works efficiently in the
presence of alcohols, water and carboxylic acids [27]. Note that the stability
of metathesis catalyst towards impurities is still a crucial issue that must be
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carefully taken into account in the design of metathesis set-ups (see
Experimental part Section 0, p. 33)

Olefin metathesis is now successfully used in a wide range of
applications including drug synthesis [28-31] and polymerization reactions
[32-37]. Chauvin, Grubbs and Schrock were awarded the 2005 Nobel Prize
in Chemistry for their works on the development of metathesis methods in
organic synthesis [38].

2.2. Homogeneous organometallic metathesis catalysts

Separately from the discoveries made on oxides in the petroleum and
chemical industries, fundamental research was conducted on the chemistry
of metal carbenes [39]. The group of Schrock first studied tantalum carbenes
and discovered that bulky alkoxide ligands slow down the rearrangement of
the tantalacyclobutane rings to olefins and promote olefin metathesis [40].
Tungsten carbenes were then investigated and it soon became clear that the
ligands around the metal carbene should be sterically demanding and should
create an electron deficiency to account for the stability of the complex
toward bimolecular decomposition. It was early found that the activity of
tungsten carbene complexes correlates roughly with the electron-
withdrawing power of the ligands (e.g. hexafluoro-fert-butoxide ligands
promoted higher activity). Imido ligands surrounded by large organic groups
were then targeted in order to maximize steric protection at the metal centre
and to limit the tendency of the imido group to bridge between metal centres
[41].

The actual intermediate proposed by Chauvin in the metathesis
reaction could be isolated by Feldman and Schrock [42].
Tungstacyclobutane intermediates were indeed characterized on a
crystallographic basis. However, these stable species do not exhibit high
metathesis activity. Indeed, the opening of the ring to yield an olefin is so
slow that the metal is blocked in the tungstacyclobutane configuration [41].
This led Schrock and co-workers to envisage the use of Mo-analogues, since
the molybdenum-ligand bonds were known to be generally weaker than
tungsten-ligands bonds. Moreover, molybdenum is cheaper than tungsten.
Molybdenum bisalkoxide catalysts soon became a wide class of very
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efficient homogeneous metathesis catalysts (Scheme iit).
Mo(CHR’)(NAr)(OR), complexes would react bimolecularly with
themselves if the ligands would not prevent them from doing so because of
steric hindrance [23]. The size (and thus the steric hindrance) of the alkoxide
and imido groups, as well as their electronic properties were very elegantly
exploited as instruments to control the metathesis activity of the complexes.

The nature of the alkylidene affects the reactivity of the complex:
Mo=CH, are much more reactive than Mo=CHR’ species, while Mo=CR’,
are by far less reactive. The electron withdrawing effect of the alkoxide
ligands determines strongly the reactivity of the alkylidene complex. The
more electron withdrawing the alkoxide, the more electrophilic the metal,
and the more active the catalyst.

It is important to notice that the alkylidene, in imido alkylidene
complexes can exist in two stereoisomeric forms. This observation is the
starting point for a huge field of research aiming at the development of
stereoselective metathesis catalysts [43-50] having a crucial importance for
example in the production of polymers by metathesis polymerization

reactions.
i-Pr i-Pr
PCY3 H
HaC ﬁ _)<—PhCH3 R“‘\_\\\\CI &
3 u
FaC OlineMo CH, CI/I Ph
l PCy;
F3C
9)
X
FaC 1 2
CFs

Scheme iii: Examples of Schrock’s catalysts (1) and of Grubbs’
catalysts (2). (i-Pr = iso-propyl, Ph = phenyl and PCy; =
tricyclohexylphosphine)
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2.3. Heterogenized organometallic catalysts: bridging the
gap between homogeneous and heterogeneous catalysis

As a rule, for industrial processes, the use of heterogeneous catalysts
is more convenient than the use of homogeneous catalysts. The main
intrinsic advantages of heterogeneous catalysts are linked to the ease of
separation from the reaction medium, the possibility to recycle them and to
run continuous flow processes. As homogeneous organometallic complexes
proved to be very active and selective for numerous metathesis reactions, it
was tried to support them on solids. An additional key reason why supported
well-defined metathesis catalysts are very desirable is that very active
complexes, if well immobilized, would not have the possibility to be
decomposed by bimolecular reactions [23]. The strategy consists in using
silica as a solid siloxy ligand for the grafting of an organometallic complex
to form immobilized and isolated alkylidene complexes (Scheme iv).

Ar H H
tBu tBu
| e ="
9 Y
'm tBu | o~ g e 3 o
oS i - <
. LY o N R W
/ o S O~wsg;
[e] AN O\\\\ ‘ \ /\/
‘ S / o °© VWV 7
tBu {Bu AAAA NANN ‘

Scheme iv: Grafting of an organometallic metathesis complex
precursor onto silica to give a well-defined and highly active
heterogeneous metathesis catalyst. Redrawn from Blanc et al. [51]

An impressive number of excellent results have been obtained via
this strategy in the past decade [52-61]. However, it should be reminded that
the organometallic chemistry that leads to these interesting complexes
remains heavy and expensive.

10
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2.4. Heterogeneous catalysis with supported oxides:
cheap and robust catalysts for high tonnage applications

The huge tonnages that are to be treated with high space velocities in
the industrial plants dedicated to the conversion of light olefin imply large
fixed bed reactors with large amounts of catalysts (in the order of the ton)
[8]. Therefore, for this particular application - as opposed to fine organic
synthesis and metathesis polymerization - catalysts that are robust, cheap and
easy to prepare are highly regarded. This is why active research is ongoing
concerning the development of Re, W or Mo oxide based catalysts [9].
Current investigations include works on new catalytic formulations [62], on
new preparation methods [14, 63-64] and fundamental works on the nature
and genesis of the active metathesis centres [65].

It is interesting to notice that, in a recent review [40], Schrock
insisted on the definitions of (i) well-defined metathesis catalysts and (ii)
metathesis catalysts precursor or “precatalysts”. The distinction arises from
the fact that in homogeneous organometallic catalysis it is possible to
precisely characterize the species that are actually active in the metathesis
reaction — e.g. by spectroscopic means or X-Ray analysis. Also when
supporting well-defined organometallic complexes onto inorganic supports
like silica, it is possible to predict (or even trace) its reaction with the fed
olefin and the nature of the persistent new alkylidene complex derived from
that reaction. In that sense, organometallic chemistry-derived catalysts are
“well-defined catalysts”. On the contrary, metathesis catalysts based on
inorganic oxides should be classified among the group of catalyst precursors
or “precatalysts”. Supported oxides catalysts initially have neither a carbene
nor an alkyl or allyl group that can readily generate a carbene to yield active
sites. The metal carbene can only be formed by interaction of the substrate
olefin itself with the transition metal centre [9]. Even if the solids can be
thoroughly characterized, both the formation of the carbene active species
and the nature of this active species remain very difficult to depict precisely.

Several studies were published 20-40 years ago as attempts to
describe the mechanism of alkylidene sites formation on supported metal
oxide catalysts on experimental basis [66-70]. These draw attention to the
formation of m-alkyl complexes as key intermediates in the initiation step.

11
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None of these works however allows describing in details a common
mechanism for the formation of carbenes from supported oxides. More
recently, kinetic methods [71] and poisoning experiments [72] evidenced
that the number of active centres in a molybdena-alumina catalyst is only a
small fraction of the Mo atoms present (ca. 1 % [71]). Spectroscopic
methods can therefore be misleading since characterizing the majority sites
instead of the actually active centres. The latter active centres could only be
readily described with operando or in situ techniques [63] and provided that
a distinction can be made between active and non active Mo atoms.
Presently, the attention is often brought to computational studies which
allow evaluating the viability of given mechanisms on theoretical basis (vide

infra).

The present study focuses on correlations between various physico-
chemical properties of the precatalysts and the catalytic activity reached with
them. The description of the active sites at the molecular scale is not in the
scope of this work. Remembering always that the samples are only the
precursors of the actual active species, we will systematically by-pass
Schrock’s distinction and always talk about “catalysts” for what he would
have called “precatalysts”. Albeit the detailed destription of the formation of
carbenes on supported oxides remains unclear, progresses are being made in
the understanding of the chemistry of these systems and on their
optimization. An overview of the recent developments (theoretical and
experimental) in the case of MoO;-based catalysts is presented below.

2.4.1. Theoretical investigations

Since the structure and the formation of surface alkylidene centres
on supported oxide catalysts are not described unambiguously via
experimental means, many studies propose to step forward in this direction
by means of computational approaches [65, 73-83]. The density functional
theory is applied to calculate the geometry and the location of potential Mo-
alkylidene species at the surface of well-defined supports. Then, from their
relative energy, the probability of existence of these species is evaluated. By
analogy with the homogeneous organometallic catalysts, where the stability
and the reactivity is governed by the electronic properties of the ligands, in
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supported oxide catalysts, the carrier is considered as a multidentate ligand
of the metal centre. The local electronic properties of the support (depending
for example on the crystallographic plane on which the Mo species is
grafted) and the geometry of each considered active site determine the
relative stability of the molybdacyclobutane intermediate and thus the
reactivity in alkene metathesis. While calculations on the chemistry of the
surface alkylidene species are numerous, the issue of the actual genesis of
these species from the reaction of the alkene with the pretreated oxide
surface is still unresolved. In a recent publication, the goup of Bao has
addressed the problem with the aid of density functional calculations [73].
These authors show that the first step of the formation of the Mo-alkylidene
is the formation of the oxamolybdacyclobutane intermediate in which four
single bonds constitute a “MoOCC” ring. The opening of this ring leads to
the Mo-methylidene species and to formaldehyde (Scheme v).

o o

\/ o\ /CHZ

/Mo\ H,C=—=CH, /Mo\

o) o] o o] + CH,=0

| |
Ly Ly Ly Ly
Scheme v: Schematic representation of the phenomenon that is
described theoretically from DFT calculation. The stability of a
hyphothetical Mo site, as well as the stability of the corresponding
carbene species, are calculated, considering the support to which they
are linked as ligands (e.g. L, L,). Adapted from Guan et al. [73]

Recent works reported by Handzlik et al. should be mentioned as
well [65]. Applying a new periodic model, on a series of potential
monomeric methylidene centers on alumina they were able to demonstrate
that the molybdacyclobutane species are in many cases significantly more
stable than the metathesis reactants (they considered ethene). This means
that in a large majority the sites are reactive with the olefin and yield the
four-member ring species. However, the release of the new olefin and the
restoration of the carbene site by means of metallacycle opening is the rate
limiting step. In many cases, the sites are blocked at the molybdacyclobutane
step. Only some of the envisaged structures were shown to be active at low
temperature (room temperature) and this was linked to the role of the
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support. Indeed, in some cases, the support imposes a constraint on the Al-
O-Mo bonds that reduces the stability of the metallacycle by deforming the
environment of Mo atoms. The deformation imposed by the surface on the
coordination of Mo atoms leads to reduced stability of the
molybdacyclobutane and to higher activity. The recent results of Guan et al.
[73] confirm these findings. In addition, these authors have demonstrated the

(VD

superior activity of the molybdenum centres in the Mo'"~ oxidation state as

(VD

compared to Mo™. In other words, Mo™"" sites generate more readily the

corresponding Mo-methylidene upon reaction with the olefin, than Mo,

It is clear that these approaches bring new crucial insights to the
understanding of the formation mechanism of active metathesis centres. Yet,
these computational methods are based on models and on simplified
hypotheses. Confronting computational findings with experimental data is in
any case compulsory.

2.4.2. Experimental investigations on the formulations and on the
preparation methods

As seen from the previous sections, heterogeneous catalysts based
on Mo oxide can not be comprehensively depicted by simple analogy with
organometallic complexes. In addition, their behaviour and performances
can not be completely described and predicted by theoretical calculations.
Direct experimental studies on the activity of the samples and on the
correlations that exist between their catalytic performances and their
physico-chemical properties are thus very informative.

It is worth warning that the direct comparison of the results found in
the literature is generally delicate. The activation procedures and the reaction
conditions are very often different when the results arise from different
research groups and these have marked impacts on the observed catalytic
behaviour. Moreover, activity data are frequently expressed in variable
terms. As a consequence, the ranking of different catalytic formulations must
always be made with much care. Only results obtained in very similar
conditions can be compared directly. The following sections summarize the
recent findings keeping in mind this precaution.
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2.4.2.1.  Effect of the support

Various refractory materials have been used as supports, in
particular Si, Al, Zr, Ti oxides; SiO, and Al,O; being the most commonly
tested [9]. In their comprehensive review, Ivin and Mol insist on the
importance of the chemical interactions between the support and the
transition metal [9]. One interesting study was published recently by
Handzlik et al. [84] in which one silica, one alumina and one silica-alumina
were used as supports for the preparation MoQs;-based metathesis catalysts.
They identified the silica-alumina-supported catalyst as the best support. The
alumina supported catalyst was only interesting at high Mo loading. The
silica-supported catalyst was only active after activation under the olefin
flow at relatively high temperature. These results were tentatively correlated
to the presence of acidic sites at the surface of silica-alumina which would
have a beneficial electron withdrawer effect on the Mo centres. However,
only one support of each type was used and even if the superiority of the
samples containing both silica and alumina was assessed, the actual role of

Al and the optimum support composition was not determined.

The group of Bao et al. mainly reported on HBeta zeolite-supported
MoO; metathesis catalysts [85]. Interestingly they also reported dramatic
improvement when Al,O; was added to this silicic support in the preparation
of their metathesis catalyst [86-87].

Other authors claim that ordered mesoporous supports induce
enhanced catalytic activity as compared to their amorphous analogues [14,
88-90]. It is not clear whether the geometry of the support has a direct
impact on the reactivity of the Mo species deposited on it or if the positive
effect is merely linked to an improved accessibility of the active centres.
Another interesting attempt concerned pillared clays Mo-based catalysts and
gave moderately active catalysts [91].

From the literature, it appears obvious that the nature of the support
impacts on the catalytic behaviour of the catalyst. However, few systematic
comparative studies have been reported. More importantly, no convincing
explanation of the role of the support in real catalysts has been proposed up
to now. One striking example is the case of silica-alumina support, which is
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often chosen but for which the choice was only justified by isolated attempts
[92].

2.4.2.2. Effect of the MoO; loading

The MoO; loading is obviously an important parameter that is very
often screened in the reported studies. Mo oxide is the active phase so it can
be expected that the introduction of higher amount of Mo in the catalyst
would lead to higher number of active sites and to better performances. It is
however well-known that such simple relationship between the loading in
active phase and the catalytic activity is rare. In the case of MoOs-based
metathesis catalysts, studies show that there is no direct relationship between
catalytic activity and MoO; loading [93]. Very often, the activity increases
with the increase in the MoO; only up to a given loading. Then the
performances level off or decrease sharply [84, 86, 93-95].

This behaviour is usually discussed in relationship with the
spreading of Mo oxide on the available support surface. It is commonly
accepted that MoOs crystals are inactive [96]. Overloading of the catalyst is
thus generally seen as deleterious since the production of inactive crystals is
favoured when the surface density of Mo increases.

However, it has to be recalled that, even in low-loaded catalysts
where the dispersion is excellent, only a small fraction of Mo atoms yields
active metathesis centres [71]. This is why efforts should be made, not only
towards formulations that keep high dispersion of the Mo phase, but also on
trying to identify the nature of the well-spread species that actually yield

active sites and on increasing their proportion.

2.4.2.3. Effect of the mode of preparation

The most convenient way to prepare a MoOs-based catalyst is to
impregnate a Mo precursor on the dedicated support and to decompose this
precursor by thermal treatment to the Mo oxide phase. Wet impregnation of
ammonium heptamolybdate (AHM) is commonly used for that purpose [97-
100]. However, as inferred from the previous paragraphs, the morphology of
the MoOj; deposit, the nature and proportion of Mo oxide species and the
interaction of Mo atoms with the support are crucial parameters that dictate
the performance of the catalyst. In that perspective, it is important to work
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on the improvement of existing preparation procedures and to explore
alternative preparation routes.

Balcar and co-workers have proposed a very convenient method for
the transfer of Mo oxide onto a support by simple “thermal spreading” [93].
The direct spreading of MoO; on an inorganic support was already used in
the preparation of catalysts dedicated to other reactions [101]. The
occurrence of gas-phase transport governing this phenomenon was
demonstrated by other authors as well [102]. This method allows the use of
fragile ordered mesoporous support whose structure would be partially
destroyed upon impregnation with aqueous solution of AHM. This easy,
cheap and environmentally attractive technique yielded active metathesis
catalysts, exhibiting predominantly isolated surface molybdenum oxide
species and dispersed polymolybdates (at low MoOj; loading) [88]. Thermal
spreading of Bis(acetylacetonato)dioxomolybdenum (VI) (MoO,(CsH;0,),)
on alumina was also proposed by Handzlik et al. [103] who also put forward
a positive influence of the better spreading reached through this technique as
compared to classically prepared MoQO;/Al,O; catalysts. The sublimation of
Mo(CO), is another very effective dry process for the formation of dispersed
Mo species at the surface of silica or alumina [104-105].

The Balcar group recently reported on the preparation of metathesis
catalysts by immobilization of bis(acetylacetonato)dioxomolybdenum and
bis(glycolato)dioxomolybdenum on mesoporous molecular sieve SBA-15
[63]. Tested in the liquid phase metathesis of 1-dodecene, these catalysts
outperformed classical MoQO;/SiO, and MoOs/SBA prepared by a classical
route. This effect is interpreted in terms of a better dispersion achieved with
the new precursors proposed in the study, as supported by Raman
spectroscopy.

Catalysts prepared by wet impregnation of AHM must be calcined to
decompose the salt and form the MoO; phase. A molybdena-alumina
catalyst was either calcined under air at 550 °C or evacuated under reduced
pressure at 250 °C [106]. Both were activated under Ar at 600 °C prior to the
propene metathesis test reaction. It was shown that the preliminary treatment
influences the final reactivity toward propene. The authors link the better
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performances of the evacuated sample to the increased reducibility and
improved spreading of the Mo oxide phase.

From these studies, it appears that progresses are still possible based
on the development on new alternative preparation methods.

2.4.3. Experimental investigations on the activation and on the
genesis of active sites

MoO;-based catalysts are always activated prior to reaction with the
olefin(s). Usually, the pre-treatment is carried out in a flow of inert gas at a
temperature ranging from 500 °C to 800 °C or at lower temperature under
vacuum [107]. This step is dedicated to the complete removal of residual
adsorbed water and oxygen. Additionally, a partial reduction of Mo atoms is
sometimes claimed to be the condition to generate active species [96].
Photoreduction of MoOs/SiO, catalysts was used to produce unsaturated
Mo™ species that react effectively with the olefin to generate the active
molybdenum carbenes [66, 108-111]. Nevertheless, more recent results
indicate that Mo""
[73] and prove the inactivity of some reduced species [112]. In any case,

centres are the precursors to active metathesis centres

performing such thermal or photo pre-treatment is essential in the
subsequent genesis of active metathesis centres. However, it is clear that the
creation of active sites occurs at the first stage of the reaction with the olefin.
The activation merely allows creating the adequate conditions for the
formation of the carbenes. No systematic study was reported that
unambiguously elucidates the role of this activation step in the genesis of
active metathesis centres. Several papers highlight the importance of the
procedure used, e.g. the strong influence of activation temperature [113],
while other reports support the idea that the details of the activation
procedure do not decisively dictate the final performances reached. For
example, treatment of a molybdena-alumina catalyst in inert or in air
(followed by flushing in inert) resulted in similar metathesis performances
[114]. In practice, different inert gases, different activation temperatures and
durations are used in an apparent arbitrary way. The most common

activation procedure is a treatment under inert atmosphere around 550 °C

[9].
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It should be mentioned also that an important field of research
concerns the treatment of the catalysts with co-catalysts. This strategy relies
of the use of compounds (e.g. Me,Sn) that promote the formation of metal
carbenes on the catalyst surface [103, 115-117].

3. TOWARDS THE OBJECTIVE OF THE THESIS

As exposed in the previous sections, remaining questions persist in
the route to mastering the performances of MoOs-based heterogeneous
metathesis catalysts. This study proposes to address some of these remaining
issues on systematic experimental bases. Original strategies that are
proposed in the literature regularly yield improvements in the performance
of these systems. This study will thus also investigate alternative routes to
the production of MoO;-based metathesis catalysts in the perspective of
further progress in that field.

Even if Mo oxide is the active phase of the catalyst, actually
accomplishing the catalytic role, it is clear that the inorganic carrier on
which it is supported plays a key role. Silica and silica-alumina supports are
the most often proposed supports. Recent results indicate the superior
activity of silica-alumina-supported Mo oxide as compared to silica-
supported catalysts. The actual impact of the presence of Al in silica-rich
supports is not yet understood and will be investigated systematically here.

The intricate relationship between the MoO; loading and the
metathesis activity is the next issue that will be addressed. Because this
question is linked to the spreading of the Mo oxide phase and since the
calcination step most probably influences this parameter too, the impact of
the calcination temperature will also be assessed. Depending on the Mo
loading and on the thermal treatment, different Mo species can be expected.
The pragmatic conclusions concerning the optimum loading and optimum
calcination temperature will expectantly be accompanied by a better
fundamental understanding on the nature of the most active species.

Keeping in mind the preliminary identification of relevant physico-
chemical properties that dictate positively the performances of the catalysts,
the next objective will be to explore alternative methods for the preparation
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of MoOs-based metathesis catalysts. The purpose will be to propose ways to
amplify these properties and to look for improved catalytic performances.
The mode of deposition or the mode of incorporation of Mo oxide in the
catalyst can indeed impact the final properties of the catalysts as well as their
performances.

Overall, the aim of this study is to develop further understanding of
the genesis and nature of the active metathesis centres on MoQOjs-based
heterogencous catalysts. In the context of actual challenges, this study is
prompted to offer new guidelines for progressing towards improved catalytic
processes that would allow regulating the stocks of light hydrocarbons in a
more efficient way.

4. STRATEGY

The strategy that was used in this research to answer the questions
raised in the previous sections can be articulated around three parts, as
outlined below. It is based on the dedicated preparation of catalytic
formulations, on their extensive physico-chemical characterization and on a
standard activity measurement procedure. The details of the latter procedure
were chosen as to fit closely the experimental conditions of major works
reported previously in the literature — mainly by the group of Handzlik [71,
84, 103, 106, 115, 118] — and thus to allow proper comparisons.

In the first part, a classical approach for the preparation of MoOs-
based metathesis catalysts will be used to highlight the most adapted
composition and some of the decisive physico-chemical properties that
dictate the activity of the catalysts. In this perspective the first strategy is to
prepare a set of model catalysts with different silica-alumina supports in
order to identify the best support composition and to elucidate the effect of
Al in Mo0O;/Si0,-Al,0; catalysts. Then, starting from a given catalytic
formulation which proved to be successful in the targeted reaction, the
loading of active phase and the calcination temperature will be varied
systematically. The results obtained in this first part will be used as a starting
point for the following axes of research.
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The second part will focus on alternative procedures to produce a
molybdena phase at the surface of a silica-alumina support. The approach
relies on the fact that several parameters of the classical preparation method
can be varied on purpose in order to exacerbate one given property. More
precisely, two strategies will be evaluated. In the first one the nature of the
precursor used in the wet impregnation will be changed, aiming at the
formation of a highly dispersed Mo oxide phase. The two alternative
precursors chosen will hopefully either allow the production of smaller
molybdate clusters in solution (leading to a better spreading of the active
phase) or be more readily converted to Mo oxide upon moderate calcination
(leading to a reduced tendency of MoQOj to sinter). The second strategy will
rely on a very simple preparation method reported recently: the direct
thermal spreading of MoO; onto the desired support. This technique was
chosen for its simplicity — which makes it very attractive for industrial
applications, but also because it is thought to yield well-spread molybdate
species.

In the third and last part of this document, a non-conventional
preparation route will be investigated. The strategy relies on the non-
hydrolytic sol-gel chemistry that is thought to lead to a very different kind of
MoOs-based catalysts. Indeed, this technique consists in the one step
preparation of a mixed oxide through the condensation of chloride and/or
alkoxide precursors in the absence of water [119]. Instead of depositing the
active phase on a preformed support, Mo species will be incorporated
directly with the other components of the catalyst. Very likely, the nature of
the Mo species created will be different from the species found in catalysts
prepared in two steps starting from preformed supports. The technique is
recognized as yielding very homogeneous mixed oxides with each metal
statistically dispersed in the solid [120-122]. Therefore, the approach could
allow us studying the potential of monomeric molybdate species in the
metathesis reaction. One challenge however will be to efficiently involve Mo
atoms in the reaction, since it is supposed that part of it will be “lost” in the
bulk of the material and thus not accessible at the surface for catalytic
reactions. This technique has never been used to prepare catalysts based on
Si, Al and Mo oxide and was only scarcely used in the preparation of
heterogenecous catalysts [123-131]. This technique additionally presents
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competitive advantages with respect to the more conventional hydrolytic sol-
gel technique (cost of the precursors, control on the kinetics of the synthesis)
[121].

It must here be recalled that the current industrial interest for the
metathesis of light olefins is linked to the possibility to produce propene
from the cross-metathesis of ethene and butene. In fact, historically, the
reverse reaction was important because the industry was facing surplus of
propene [9]. The self-metathesis of propene has frequently been used and is
still used as a probe reaction to measure the catalyst metathesis activity. This
reaction is equilibrated and non-thermal, meaning that the potentialities of
catalytic formulations can actually be measured in both directions. At the
laboratory scale, it is more convenient to run the reaction in the propene to
ethene/butene direction because only one gaseous reactant has to be fed. The
whole strategy of this project was thus centred on the measurement of the
activity of the studied catalysts in the self-metathesis of propene to ethene
and butene. A catalyst that would be highlighted as excellent in the self-
metathesis of propene should also perform well in the cross-metathesis of
ethene and butene.
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ABSTRACT

This section describes the experimental set-ups used to (i) prepare
the catalysts, (ii) characterize their physico-chemical properties and (iii)
evaluate their performances in the metathesis of propene. Mainly the
techniques employed systematically in most chapters are described in details
here. Techniques that are only specifically used in given chapters are
described in specific experimental sections. Some important parameters of
catalyst preparation and characterisation will occasionally be repeated in
each chapter for the sake of clarity.
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1. CATALYST PREPARATION

Two types of catalysts were investigated in this study: supported Mo
oxide catalysts and Si-Al-Mo mixed oxides. The details of their preparation
are outlined below.

1.1. Supported molybdenum oxide

Catalysts were prepared by the addition of molybdenum oxide onto
preformed silica or silica-alumina supports. The supports used are described
below. Different methods were used to transfer MoOj; or its precursor onto
the support.

1.1.1. Preparation of the supports

All supports used in this study were calcined at 500 °C under static
air for 15h. The supports used in this study can be classified in two
categories:

- One commercial silica-alumina catalyst support purchased from
Aldrich, Grade 135 (denoted A). This support contains 13 wt. % of
alumina and has a specific surface area of 490 m? g™

- One set of silica-alumina prepared by co-precipitation (sol-gel),
through hydrolysis of ethyl orthosilicate and aluminium
isopropoxyde, as described by Rouxhet et al. [132-133]. The
procedure involved a purification of the reagents and their
hydrolysis at controlled pH. The products were heated at 500 °C in
air before storage. These samples are denoted SAx where x stands
for the silica weight content in %.

1.1.2. Wet impregnation

A wet impregnation method was used to prepare supported
molybdenum oxide catalysts. Different precursors were used.
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1.1.2.1. Ammonium heptamolybdate (AHM)

12.2682 g of ammonium heptamolybdate was dissolved in 1 1 of
distilled water to obtain the precursor solution (6.66 g of Mo per liter).
(NH4)¢M050,4.4H,0 was purchased from Aldrich and had a purity of 99.98
%. For each impregnation the desired volume of the precursor solution
(depending on the targeted nominal MoQO; loading) was diluted with distilled
water to 200 ml. 4g of calcined support was the mixed with this
impregnation solution for 2 hours. Water was then evaporated under reduced
pressure in a rotavapor at 40 °C. The recovered solid was dried at 110 °C for
one night and calcined at the desired temperature (300 °C, 400 °C or 500 °C)
for 2 hours in a muffle furnace under static air.

1.1.2.2. Oxalic acid additive

The preparation of the precursor solution is similar to the one
described above. Here, oxalic acid (Aldrich, 98 %) is added during the
preparation of the precursor solution via dissolution of AHM (6.66 g of Mo
per liter). The amount of oxalic acid is calculated in order to reach three
moles of acid for one mole of Mo. This solution was then used for the wet
impregnation in a procedure identical to the one described in Section 1.1.2.1.
The drying and calcination steps were also identical.

1.1.2.3. Molybdenum oxide hydrates

A solution of molybdenum oxide hydrates was prepared from
metallic molybdenum (99.95 %, Alfa Aesar) and a 15 % w/w solution of
hydrogen peroxide (obtained from the dilution of a 30 % w/w solution from
Aldrich, semiconductor grade). 2 g of metallic molybdenum powder was
added progressively to 30 ml of the hydrogen peroxide solution. The mixture
was kept at 0 °C in an ice bath. After effervescence had ended a platinum
grid was placed into the solution in order to catalyse the decomposition of
excess hydrogen peroxide. The solution was finally filtered and diluted to
the desired concentration and used as impregnation solution as described in

Section 1.1.2.1. The drying and calcination steps were also identical.
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1.1.3. Thermal spreading

An appropriate amount of molybdenum oxide powder (Aldrich 99,5
%) was mixed with the calcined support. The mechanical mixture was hand-
ground in an agate mortar for 5-10 minutes and was then placed in a muffle
furnace and heated at 500 °C for 8 hours under static air.

1.2. Non-hydrolytic sol-gel catalysts

A non-conventional method for the preparation of MoOs-Si0,-Al,03
catalysts and based on the non aqueous sol-gel route [121] was investigated.
This part of the work was realized in collaboration with the group of Dr.
Mutin, in the Institut Charles Gerhardt, Université de Montpellier 2 in
Montepellier, France.

The non-hydrolytic sol-gel syntheses were performed under an argon
atmosphere using a glovebox. SiCly (Alfa Aesar 99.9%), AICl; (Alfa Aesar
99.9%), and MoCls (Alfa Aesar 99.6%) were used as received. Diisopropyl
ether (‘Pr,0) was purchased from Aldrich with 99% purity and was further
dried by distillation over sodium wire. The chloride precursors were
introduced first in a 50 ml Pyrex glass tube, and then the stoichiometric
amount of 'Pr,O was added. More precisely, as each O atoms in the oxide
must orginate from 'Pr,0, the number of moles of 'Pr,0 is calculated as the
number of O atoms needed to convert each mole of MoCls, AICI; and SiCly
into MoQOs, Al,O; and SiO, respectively (3 x number of moles of MoCls +
1.5 x number of moles of AICI; + 2 x number of moles of SiCly). In the end
the solvent — CH,Cl, — was introduced. The solution obtained was frozen in
liquid nitrogen under vacuum and the tube was sealed. The tube was heated
in an oven at 110 °C for 4 days under autogeneous pressure (ca. 0.7 MPa).
After cooling to room temperature, the tube was opened and the gel was
crushed in a mortar, and then dried at 20 °C under vacuum (0.00001 MPa)
for 12 h. The xerogel was then calcined for 5 hours at 500 °C in flowing air
(50 ml min™") leading to white to pale yellowish powders.
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2. CATALYST CHARACTERIZATION

21. Chemical analysis

The weight percentages of Mo, Si and Al were measured by
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) on
an Iris Advantage apparatus from Jarrell Ash Corporation. The materials
were dried at 105 °C prior to measurements. In Chapter 2, the ICP-AES
technique will be applied on liquid samples. Details on these experiments
will be given in a dedicated section (p. 59).

2.2. Textural analysis

N, physisorption experiments were performed at -196 °C on a
Micromeritics Tristar. The samples were outgassed at 150 °C under vacuum
(2 Pa). The specific surface area was determined from the BET method in
the 0.05 — 0.30 P/P, range. The pore size distribution was derived from the
desorption branch using the BJH method. The average pore diameter is
calculated as (4 * Pore Volume / BET specific surface area). The micropore
volume was estimated using #-plot analysis in the 0.35-0.05 nm range.

2.3. X-Ray Diffraction

X-ray diffraction (XRD) measurements were performed with a
Siemens D5000 diffractometer using the Ko radiation of Cu (A = 1.5418 A).
The 20 range was recorded between 5 © and 75 ° at a rate of 0.02 ° 5. The
ICDD-JCPDS database was used to identify the crystalline phases. In
Chapter 4, in-situ XRD experiments are presented (experimental details are
provided in p. 125)

2.4. Raman spectroscopy

2.4.1. Confocal Raman spectroscopy

Raman characterization was done on the InVia Raman microscope
(Renishaw) equipped with a diode light (785 nm). Resolution was set to 4
cm™. Acquisition time was 10 s and 10 scans were recorded and averaged for
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each sample. The laser power was set to 10 mW and the 50x objective was
used.

2.4.2. Fourier Transform Raman spectroscopy

Some precursor solutions were analysed in by Raman spectroscopy,
using the Bruker RFS 100/S apparatus. About 1 ml of the solution was
introduced in a dedicated quartz cell. A coherent Nd-YAG laser of 1064 nm
wavelength was used and its power was set to 450 mW. The resolution was 4
cm and the frequency was analyzed in the 1600-100 cm™ range. For each
reported spectra 720 scans were recorded and averaged.

2.5. X-Ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos
Axis Ultra spectrometer (Kratos Analytical — Manchester — UK) equipped
with a monochromatized aluminium X-ray source (powered at 10 mA and 15
kV). The pressure in the analysis chamber was about 10°® Pa. The analyzed
area was 700 um x 300 pm. The pass energy of the hemispherical analyzer
was set at 160 eV for the wide scan and 40 eV for narrow scans. Charge
stabilization was achieved by using the Kratos Axis device. The electron
source was operated at 1.8 A filament current and a bias of —1.1 eV. The
charge balance plate was set at —2.8 V. The sample powders were pressed
into small stainless steel troughs mounted on a multi specimen holder. The
following sequence of spectra was recorded: survey spectrum, Cls, Ols, Si
2p, Al 2p (when needed), Mo 3d, Mo 3p + N 1s (when needed), CI 2p (when
needed) and Cls again to check for charge stability as a function of time and
for the absence of degradation of the sample during the analyses. The
binding energy (BE) values were referred to the C-(C, H) contribution of the
Cls peak fixed at 284.8 eV. Molar fractions (%) were calculated using peak
arecas normalized on the basis of acquisition parameters after a linear
background subtraction, with experimental sensitivity factors and
transmission factors provided by the manufacturer. Spectra were
decomposed with the CasaXPS program (Casa Software Ltd. UK) with a
Gaussian/Lorentzian (70/30) product function.
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2.6. Magic-angle spinning nuclear magnetic resonance

These experiments were realized in collaboration with the
Laboratoire de Chimie des Matériaux Inorganiques (CMI), 1.S.1.S, Facultés
Universitaires Notre-Dame de la Paix (FUNDP), in Namur, Belgium.

The environment of Si and Al atoms has been studied by measuring
the magic-angle spinning nuclear magnetic resonance (MAS-NMR) of the
*Si and *’Al isotopes. NMR spectra of solids have usually very broad bands,
due to dipolar interactions between nuclear spins. Because of such
interactions, and because each dipole has a fixed orientation in the solid, a
multitude of peaks are generated for each dipole. These interactions are
actually cancelled if the sample is tilted to the “magic angle” (54°44 with
respect to the direction of the magnetic field). In addition, a spinning is
imposed to the sample in order to reduce field inhomogeneities in the solid
sample. The technique allows differentiating Si or Al atoms coordinated in
different environment.

The Bruker Avance 500 apparatus was used to record the Al
resonance, using a flip of 10 ° (with respect to the vertical) and recording
5000 scans for each sample at intervals of 0.1 s. The sample rotation speed
was 15000 rpm. To record the Si resonance the Varian 400 apparatus was
used with a flip of 30°. Between 20000 and 40000 scans were recorded for
each sample at intervals of 6 s. The sample rotation speed was 7000 rpm. In
Chapter 4, special experiments were realized on “fresh” sampes (directly
after the preparation and without ageing or storage). Details about these
analyses are given in a dedicated section (p. 125).

2.7. Transmission electron microscopy

Transmission electron microscopy (TEM) analyses were performed
using a LEO922 electron microscope operating at 200 keV. The powdered
samples, dispersed in 2-butanol, were deposited on copper grids coated with
a porous carbon film and the solvent was then evaporated.
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2.8. Acidity measurements

Acididy data will be presented in Chapter 1 and 5 as obtained via
NH;-chemisorption and NH;-Temperature Programmed Desorption
respectively. The results obtained by these two distinct sets of experiments
are not directly comparable. The first one measures the amount of
chemisorbed ammonia at a given temperature and under vacuum. The
second one follows ammonia desorption during a progremmed temperature
increase. The detailed experimental details are thus provided directly in the
chapters (see p. 41 and p. 152).

29. Time-of-flight secondary ion mass spectroscopy

This surface characterization will only be used in Chapter 5 with the
aim to finely characterize the outermost surface of the non-hydrolytic sol-gel
catalysts. Details are given directly in the chapter (p. 152).

3. CATALYTIC ACTIVITY MEASUREMENTS

The evaluation of the metathesis activity of the catalysts was
performed in collaboration with the group of Dr. Rodemerck at the Leibniz-
Institut fiir Katalyse e.V. an der Universitdt Rostock, in Rostock, Germany.

3.1. Apparatus

All experiments were carried out in a multi-channel apparatus with a
capacity of treating of up to 15 samples under identical conditions (Figure E-
1) and equipped with one by-pass line [16, 134]. The whole design allows
fully automated control of gas flows via mass flow controllers. To divide the
common flow equally between the 15 ports, capillary feeding lines are used
and their length (which determines the drops of pressure) is adjusted if
needed. Three temperature zones (gas pre-heating, reactor, and post reactor
lines with 16-port valve) are automatically controlled along with reactor
switching and product sampling (Scheme E-1).
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Figure E-1: 15-channel reactor used for carrying the metathesis
reaction.

All catalysts were sieved and selected in the 200-315 pm
granulometric size range. The catalysts (200 mg except in Chapter 5 were
100 mg were used) were introduced in straight quartz reactors (5 mm i.d.). In
each experiment, several samples were pre-treated in parallel by heating up
to 550 °C (temperature ramp of 5 °C min™) in N, (Air Liquide, 99.999 %
purity) of 14 ml min™ flow in each reactor and keeping this temperature for 2
h. Afterwards the system was cooled down to the reaction temperature (40
°C) under the same N, flow. A propene (Air Liquide, 99.95 % purity) flow
of 8 ml min™" was admitted for one hour sequentially in each reactor in order
to measure the initial metathesis activity of each sample. During activity
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measurement, the other reactors are kept under the same N, flow. Propene
and nitrogen were purified over Molsieve 3A (Roth) filters. N, was also
purified by an oxygen filter (Oxysorb-glass, Linde). The composition of the
reaction gas was analyzed by an Agilent 6890 GC. Product analysis took
about 6.5 min for each injection. The separation of hydrocarbons was
performed on a HP-AL/M column (30 m length, 0.53 mm i.d., 0.15 pm film
thickness) applying a temperature ramp between 90 and 140 °C and FID
detection. The experiments were carried out at atmospheric pressure.

3.2. Expression of the catalytic performances

The selectivity to metathesis products was always found to be very
close to 100% (typically 99%). Only traces of secondary metathesis products
(1-butene, pentenes, hexenes) and isomerisation products (isobutene) were
detected. The activity is calculated on the basis of metathesis products
(ethene and trans- and cis-butene) formation. It will be expressed either in
“average turn-over frequency” (TOF) or in specific activity. The TOF is
defined as the number of propene molecules converted to metathesis
products per atom of Mo introduced in the reactor and per second.' The
specific activity is defined as the number of moles of propene converted per
gram of catalyst and per hour.

" It must be stressed that this value is an average for all Mo atoms present in the
catalyst and not a real turn over frequency for each active site. As a reminder, only a
small fraction of the Mo atoms are thought to exhibit a catalytic activity. It is
however not possible — in the framework of this study — to determine this proportion
in each case. Therefore, the total amount of Mo atoms (active and inactive) is taken
into account in the calculation of this average turn-over frequency and the actual
turn over frequency of a given active site is of course underestimated.
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Scheme E-1: Schematic representation of the 15-channel reactor
apparatus.

Blank experiments showed no activity at all. One reference catalyst
was tested three times in the same experiment to evaluate the repeatability of
the measurement. There was no difference between catalysts tested just after
activation (as soon as the reaction temperature was reached) and the catalysts
that were kept in the N, flow for several hours after activation and before
reaction. The repeatability of the measurements appeared excellent, with a
standard deviation lower than 1 % in relative. The same catalyst was again
tested during two other experiments to evaluate the reproducibility of the
measurements (independent sampling, independent activation and reaction
procedures). The reproducibility of the activity measurement was
satisfactory as well since the standard deviation was ~ 3 % in relative.
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3.3. Precautions regarding metathesis activity
measurements

The experimental setp-up described above takes into account many
practical precautions that must be taken to run the metathesis reaction in a

reliable way. Some of them are listed below.

3.3.1. Impurities

Metathesis catalysts are very sensitive to water and oxygen (and also
to organic oxygenates). It is crucial to purify both the activation and the
reaction gases via dedicated filters. When the filters are saturated, a
progressive drop in the metathesis activity is observed in the experiments.

3.3.2. Hydrocarbon traces

The activation step is designed to remove all traces of adsorbed
water and oxygen. It is performed at relatively high temperature (here 550
°C). It is crucial that this step is performed in a pure inert gas. At high
temperature, traces of hydrocarbons in the flow can presumably alter the
properties of the catalyst (the organic is oxidized by Mo oxide which is thus
reduced). Traces of hydrocarbons may arise from the adsorption of the
reactants (here propene) on the inox lines during the previous catalytic test.
In the following experiment, when the furnace is heated for activation,
propene may desorb from the lines, join the pretreatment flow and react with
the hot catalyst. This problem is solved by using a hot box that heats the
whole system at 120 °C and allows the flushing of adsorbed hydrocarbons
from the lines before the samples reach a high temperature.

3.3.3. Temperature increase rate

Water is a poison for the active metathesis centres, but should also
not be present during the activation step. In the case of porous samples that
are not stored under totally dry conditions, the intrinsic humidity of the
materials should not be underestimated. As a note, after outgassing for N,-
textural measurements, a weight loss of ca. 10 % was classically observed
with the samples used in this study. Upon heating the samples to the
activation temperature, this water evaporates. It appeared crucial to increase
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the temperature at a moderate rate (here 10 °C min™) to allow the departure
of water before the high activation temperature is reached. In fact
experiments carried out with very rapid temperature increase led to lower

metathesis activity and to an important lack of reproducibility.

3.3.4. Control of the temperature

The metathesis reaction is run at relatively low temperature, close to
ambient. The regulation of the temperature is thus delicate. Marked
differences were observed when the reaction was run at slightly lower or
high temperatures. Here the circular multi-channel furnace was checked to
be thermally very homogeneous and the temperature controllers were
accurate enough to keep a reaction temperature of 40 °C + 1.
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Part I

On the catalytic formulation

ABSTRACT

In this first part, typical MoQOs-based catalysts prepared by the wet
impregnation of ammonium heptamolybdate onto silica and silica-alumina
supports are evaluated in the metathesis of propene. The first aim (Chapter
1) is to determine the most appropriate support for preparing such catalytic
formulation. The second chapter presents the results obtained with a set of
Mo0s/Si0,-Al,05 catalysts. In that section, the effect of the MoO; loading
and the effect of the calcination temperature are screened. The results
presented in Part 1 will be used as reference data throughout the following
parts of this document.
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CHAPTER 1:

EFFECT OF AL ON THE PERFORMANCES OF
MO0OO3/SI0,-AL,0O3 IN THE METATHESIS OF
PROPENE

ABSTRACT

This chapter highlights the essential effect of alumina on the
catalytic behaviour of silica and silica-alumina supported molybdenum oxide
catalysts in the metathesis of propene. MoQO;/Si0,-Al,0; catalysts with ~6 %
MoO; weight are prepared via wet impregnation of ammonium
heptamolybdate on a set of amorphous mesoporous silica-alumina with silica
weight content comprised between 100 and 75 %. The addition of aluminim
oxide into silicon oxide increases the acidity of the catalyst. It also affects
the mode of deposition and the dispersion of Mo. Overall, the presence of Al
is crucial for the metathesis reaction. It appears that the acidity, created by
the introduction of alumina in silica, is beneficial for the metathesis reaction
at low temperature. An optimum of activity is however found for the catalyst
supported on the silica-alumina containing 15 weight % of AlO;.
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1. INTRODUCTION

As far as the catalytic upgrading of light alkenes is concerned,
different kinds of chemical transformations may be envisaged. An important
and widely studied catalytic process is the selective oxidation of light
hydrocarbons which is often performed with Mo-based heterogeneous
catalysts [135]. Classically, the catalysts are prepared by depositing Mo
oxide onto an inorganic support: silica [136-137], magnesium oxide [138],
alumina [139], etc. It is of common conception that acidic supports should
be avoided because acidic sites provoke coke formation and C-C bond
cleavage which lead to catalyst deactivation and/or to poor selectivity [140].
In silica-based materials, the introduction of Al that substitutes Si atoms
brings significant additional acidity [133, 141-142]. Therefore, in selective
oxidation reactions, pure silica supports are usually preferred to silica-
alumina supports [143].

The situation is less clear for the metathesis of light alkenes.
Classically, Mo oxide is deposited onto a support (silica [90, 144], silica-
alumina [84, 86, 145], alumina [103, 146], titania [147-148], magnesia
[149], zirconia [150] and even synthetic clays [91]) by impregnation,
grafting or sublimation. It is commonly accepted that the nature of the
support can have a major impact on the performance of the active phase.
Silica-alumina and silica supported catalysts are more frequently proposed as
best supports for MoOs-based metathesis catalysts. The rare comparative
studies concerning the effect of the support seem to indicate the better
performances of molybdenum oxide when deposited onto silica-alumina [84,
92, 115, 145, 151]. However, the actual effect of alumina on the activity of
Mo is not fully identified. As the metathesis of light alkenes is conducted at
relatively low temperature and under anaerobic condition, coke formation
and C-C bond cleavage would presumably not occur. On the other hand the
process might demand reactive surface species that would allow activation
and breaking of the C=C double bond. In that sense, unlike the case of the
partial oxidation reaction, the presence of alumina could be advantageous
and it is of primary interest to investigate its effect in a systematic way.
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As stated in the Introduction, the role of the support is sometimes
interpreted in comparison with the situation encountered in the metathesis
with organometallic catalysts complexes for which the effect of each ligand
surrounding the metal active centre is more straightforward. Indeed, one can
compare the interactions (chemical bonds) between the Mo species and its
support to the interaction between the metal centre of a homogeneous
catalyst and its ligands. In that way, the superior activity of silica-alumina
supported Mo oxide catalysts was tentatively attributed to the electron
withdrawing effect created by acid centres found at Si-O-Al bridges [84].
Also, attempts are made to describe the nature of the molybdenum active
species by theoretical calculations [65, 73]. These computational works
show that the role of the support is to impose a constraint on the M;-O-Mo
bonds (where M; is the metal of the support), that deforms the Mo
environment and reduces the stability of the metallacyclobutane
intermediate, leading to facilitated metallacycle opening and enhanced
turnover frequencies [65]. Such approaches however need to start from
simplified systems (for example isolated Mo species deposited on silica or
alumina but not polymolybdates on silica-alumina) and omit parameters like
surface irregularities, etc. So, experimental investigations on the effect of Al
are still needed.

In this work, model catalysts are prepared by the wet impregnation
of a molybdenum salt onto a series of preformed silica and silica-alumina
supports. They mainly differ by the composition of the support since the
MoO; loading was kept approximately constant, around 6 wt. %. The
catalysts and the supports are characterized in terms of texture, bulk and
surface composition, crystallinity and acidity. The purpose of this study is to
identify the most suited support for Mo oxide as metathesis catalyst. In
addition, characterization data will be correlated to activity measurements in
order to elucidate the effect of Al on the catalytic behaviour of the catalysts.

2. SUMMED UP EXPERIMENTAL

The samples are prepared by wet impregnation of ammonium
heptamolybdate on a set of silica-alumina, denoted SAx, where x is the silica
wt. %. The catalysts, denoted SAxMo have a nominal MoQO; weight loading
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of 6 %. Details of the preparation are given in the Experimental section,
paragraph 1.1, p.24.

ICP-AES (p. 27), N,-physisorption (p. 27), XPS (p. 28) and XRD (p.
27) measurements are described in the Experimental section. The metathesis
activity of the samples was measured at 40 °C after activation under N, as
depicted in the Experimental section, p. 30.

The acidity of the samples was measured by NH;-chemisorption. It
was performed on the Micromeritics ASAP2010Chemi apparatus. The U-
shaped sample tube containing 150 - 200 mg of catalyst was first flushed
under a He flow at 300 °C for 2h and then evacuated at 50 °C for 2 h down
to a residual pressure of <6.6 107 MPa (5 umHg). A first NH; adsorption
isotherm was measured at 50 °C. Then the sample was evacuated at the same
temperature and down to 6.6 10”7 MPa. After that a second NH; adsorption
isotherm was taken. The difference between the two isotherms represents the
amount of NHj still chemisorbed on the sample at 50 °C (and under
vacuum). The intercept of a linear interpolation built on the difference points
measured between 0.026 and 0.091 MPa is taken as a measurement of the
acidity of the sample, expressed in terms of ml of chemisorbed NH; per
gram of catalyst (Figure I-1). This value is then normalized by the specific
surface area of the sample, to give its “total surface acidity”. The same
experiment is carried out a second time (on a fresh sample), also taking the
two consecutive isotherms at 50 °C but running the intermediate evacuation
step at 150 °C. The difference between the two isotherms gives the amount
of NH; still chemisorbed at 150 °C and under vacuum (6.6 10”7 MPa), which
is also normalized by the specific surface area to give the “strong surface
acidity” of the sample. The standard deviation for each reported value is
lower than 10 % in relative. A representative example is given in Figure I-1
for the SA90Mo catalyst.
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Figure I-1: Example of chemisorption measurement on the SA90Mo
catalyst. All isotherms are measured at 50 °C. (o) First isotherm, (x)
second isotherm after evacuation at 50 °C and down to a pressure of
6.6 107 MPa. (m) Difference (measuring the amount of NH;
chemisorbed on the catalyst as the intercept of the linear interpolation
line with the y-axis). This first experiment is used to determine the
total number of acid sites. The second experiment (not shown) is
designed to determine the number of strong sites: the same first
isotherm is obtained; then after evacuation at 150 °C, only strongly
chemisorbed NH; remain on the sample after evacuation and the
second isotherm is thus closer to the first one and the difference is
smaller.

3. RESULTS

3.1. Catalyst characterization

The nominal composition of the supports has been verified by ICP-
AES and the surface of these supports was also studied by XPS (Figure 1-2).
The proportion of SiO, both in the bulk of the materials and at its surface
corresponds well to the ratio calculated from their nominal compositions. It
is important to note that the texture of the supports varied along the range of
composition investigated (Table I-1). The specific surface area (SSA)
decreases when the proportion of alumina increases. This is inherent to the
preparation method and has to be taken into account in the discussion of
other results. After impregnation of MoOs, the SSA decreased slightly with
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respect to the SSA of the corresponding supports. The MoQO; loading is in
the same order for each catalyst (around 6 wt. %). A non-negligible
variability has however to be noticed.

=100 - B

c

s 8

‘®

8 90 - 5

£ &

o

o 4 o

I &

& 80 - 8

.g @

g | °

)

~ 70 -

)

U) T T T
70 80 90 100

SiO, nominal composition / %

Figure I-2: SiO2 content in the support as determined (o0) from the
nominal composition of the support, (A) from ICP-AES and (0) from
XPS measurements.

Table I-1: Specific surface area of the catalysts and supports (N,-physisorption) and
MoOj; loading (ICP-AES).

SSAsquort SSAcaayst  MoOj; loading

mgh) (mgh (wt.%)

SA100Mo 481 413 7.3
SA95Mo 397 341 5.8
SA90Mo 263 246 5.5
SA85Mo 171 155 43
SA80Mo 169 164 43
SA75Mo 152 141 7.6

In XRD experiments all samples were characterized by a broad band
around 20-25 °, typical of amorphous solids (Figure I-3). In addition, traces
of crystalline orthorhombic MoO; were sometimes found as evidenced by
the small diffraction lines mainly found around 27.3° and 23.3° (JCPDS 05-
0508). The tendency to form MoQO; crystals is slightly more pronounced on
silica (SA100Mo) as compared to silica-alumina. The catalyst with the
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highest alumina content (SA75Mo) is the only sample which does not

exhibit diffraction lines at all.

Intensity / a.u.
*
o

M%W

10 20 30 40 50 60 70

2 theta/”°

Figure I-3: XRD patterns obtained with (a) SA100Mo, (b) SA95Mo,
(c) SA90Mo, (d) SA85Mo, (e) SA80Mo and (f) SA75Mo. Following
JCPDS 05-0508, the peaks at 27.3 ° and 23.3 ° correspond
respectively to the (021) and to the (110) crystallographic planes of
orthorhombic MoO;.

The amount of ammonia chemisorbed per gram of sample was
normalized by the specific surface area of each sample (Figure 1-4). For the
set of support compositions investigated here, and with the exception the
SA75 sample, the higher the Al content, the higher the total acidity. On the
basis of Infra Red spectroscopy coupled with pyridine adsorption, a similar
trend was found by Rouxhet and co-workers on the bare SAx supports [132].
In the latter study, the total acidity was shown to increase when the alumina
content was increased from 0 to 25 and to start to decrease smoothly when
the Al,O; content was further increased (up to ~75 wt. %). The total acidity
of SA80 was however not measured in that study, so that the maximum
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measured here could not be observed. It is a well-known fact that silica-
alumina materials are more acidic than silica powders [132-133, 141]. From
NH;-chemisorption measurements, it appears clearly that the silica support is
virtually not acidic. Only a very small amount of weak acidic sites is
detected, while the strong acidity equals zero for the silica support. As soon
as a small amount of Al is introduced (5 wt.% of Al,O; in SA95), the total
acidity increases significantly and a relatively important proportion of strong
acid sites is present. This strong acidity is even more pronounced when the
alumina content is raised up to 10 wt. % and then remains approximately
constant in the supports with a higher Al,O; content.

The total surface acidity of the SAxMo catalysts is clearly dependent
on the support composition (Figure I-4b). The same trend is found as for the
supports: the total acidity increases with the amount of Al,O; (except for
SA75Mo). For most catalysts, the amount of strong acid sites does not seem
to be affected by the impregnation of MoO; (SA100Mo, SA90Mo,
SA85Mo) or only increases slightly (SA95Mo, SA80Mo). The only notable
exception is SA75Mo which exhibits an unexpected high proportion of
strong acid sites. As it will be discussed later, the particularity of the support
of this catalyst seems to affect the properties of the deposited Mo oxide
phase. From the comparison between the supports and the catalysts, three
important observations can be made: (i) in SAxMo and for x comprised
between 100 and 80, the impregnation of MoQO; mainly generates additional
weak acid sites, (i) in the SA75Mo sample in contrast, the impregnation
generates strong acidity and (iii) the silica-based catalysts (SA100Mo)
exhibits only weak acid sites.
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Figure I-4: Surface acidity of (a) the SAx supports and (b) of the
SAxMo catalysts probed by NHs-chemisorption. The total acidity
(amount of chemisorbed NHj per square meter of sample at 50 °C) is
represented by the light grey columns and the strong acidity (amount
of chemisorbed NHj; per square meter of sample at 150 °C) is given in
the dark grey columns. The weak acidity can be visualized as the
difference between both values.

3.2. Catalytic activity

The catalysts were tested in the self metathesis of propene at low
temperature (40 °C). In these conditions, primary metathesis products
(ethene, cis- and trans-butene) were produced with selectivity close to
100%. The supports were all checked to be totally inactive. The evolution of
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the activity with time-on-stream is showed in Figure 1-5. All catalysts are
active in the metathesis reaction but the silica-based catalyst is clearly
weaker than the catalysts based on silica-alumina. Moreover, fast
deactivation takes place with SA100Mo during the first 20 min of the
reaction. Al-containing catalysts deactivate slower. It appears that increasing
the Al,O; content results in higher stability of the catalyst. For SA85Mo,
SA80Mo and SA75Mo a maximum in activity is even noticed after about 14
min time-on-stream. Note also that the level of activity (in TOF) compares
well with reports of the literature for similar systems and similar
experimental conditions [64, 84, 87, 94, 106, 152].

TOF/10%s™
N

0 20 40 60
Time / min

Figure I-5: Evolution of the metathesis activity with time on stream
with (¢) SA100Mo, (o) SA95Mo, (x) SA90Mo, (0) SA85Mo, (A)
SA80Mo and (o) SA75Mo.

4. DiscussIiON

Silica-alumina prepared both industrially or at the laboratory scale
usually can not be seen as a homogeneously mixed oxide materials as they
exhibit heterogeneities at the nanoscale [153]. However, both surface and
bulk characterizations showed that the composition of the support is close to
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the nominal composition indicating that the composition of the support was
well controlled during the preparation and that alumina is not preferentially
located in the bulk or segregated at the surface.

The strategy was to systematically vary the composition of the
support while keeping the MoO; loading constant. Nevertheless a significant
variability was noticed from ICP-AES measurements. These discrepancies —
that are attributed to errors in the preparation procedure — were noticed at a
late stage of this research and could not be corrected. It might be argued that
the undesired variability in the loading is superimposed to the intended
variation in the composition of the support, thereby introducing a bias in the
study. The next paragraph shows that this bias was probably not so

impacting and explains how it was tried to take it into account.

Textural analysis shows that the specific surface area (SSA) of the
silica-alumina systems tends to decrease with the increase in Al-content. As
expected, further decrease is resulting from the impregnation of Mo oxide.
The variation of the SSA with respect to the composition of the support
affects the Mo surface density. In turn, this might affect the morphology of
the MoQ; layer that is deposited on the support (e.g.: formation of crystals).
So, this important parameter would vary, even if the loading was kept
precisely constant. However, considering the loadings and the SSAs
encountered here, all catalysts are in the sub-monolayer range (as a
guideline, a loading of 10 % would spread as a monolayer of Mo oxide on a
surface of about 110 m?). Additionally, XRD results show that the tendency
to form MoQ; crystallites is not correlated to the decrease in SSA in the set
of catalysts investigated here. The Mo oxide deposit appears totally
amorphous in the SA75Mo catalyst and only small diffraction lines appear in
the other formulations, revealing traces of MoO; crystallites. SA100Mo is
the catalyst in which the presence of small crystallites is slightly more
marked, even though it has the highest SSA. This must be correlated to the
well-known poor interaction between silica and MoO; that tends to favour
the agglomeration of Mo oxide during calcination. Overall, the properties of
the Mo oxide phase seem to be more influenced by the composition of the
support, that by the small changes in loading or by the available surface
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offered by the support. As the activity are discussed in terms of TOF the
performance of the catalysts are normalized on the basis of the loading.

The results reported in Figure I-4a unambiguously show the effect of
Al on the acidity of the supports. While silica only exhibits a small amount
of weak acid sites, all silica-aluminas exhibit higher total acidity and a
significant proportion of strong acid sites. In fact, the range of composition
of the silica-alumina supports studied here was selected on purpose. The
superior acidity of silica-alumina is indeed reported to be particularly
marked when the proportion of Al,O; is comprised between 5 and 25 wt. %
[132]. A mixed SiAlO, phase is mainly formed in that case. The SiAlO,
phase bears acidic Si-(OH)-Al bridging hydroxyl groups created by the
substitution of AI’* for Si*" in a tetrahedral arrangement [133]. In contrast, in
silica-alumina having 25 wt. % alumina or more, a highly dispersed alumina
phase builds up at the expense of the mixed SiAlO, phase and this was
associated to the appearance of Lewis acidity as confirmed by Rajagopal et
al. [141]. SA75 is thus situated at the border of the two zones described
above. The fact that the continuous and linear tendency found in Figure 1-4
is broken at the level of this catalyst is not surprising. It should thus be
considered that the nature of the acidic site may be different in SA75 and in
the other silica-alumina supports studied. Finally, correlating our acidity
measurements with previous investigations, it can be stated that (i) the
acidity of the silica support is very low, (ii) the acidity of the SAx support
increases when the SiO, content decreases from 95 to 80, as the mixed
SiAlOy phases builds up, thereby creating bridging OH acidic groups and
(ii1) the SA75 sample seems to already exhibit a particular character, most
probably due to the appearance of an alumina phase at the expense of the
mixed SiAlO, phase which results in a lower weak acidity.

In the catalysts (Figure 1-4b), even if Mo oxide partially covers the
support surface, the same trend is noticed as in the SAx series. In other
words, the nature of the support determines strongly the acidic properties of
the catalyst. The impregnated MoQ; phase appears to bring additional weak
acidity to the SAxMo catalysts with x comprised between 100 and 80. The
extent of this increase in weak acidity is roughly the same for all catalysts.
Such increase in acidity provoked by the impregnation of Mo oxide is a
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classical observation, also noticed in the case of titania-supported catalysts
[154]. The peculiar acidity of the SA75 support translates into peculiar
acidity of the SA75Mo catalyst. Here, the impregnation of Mo oxide
provokes an increase in the strong acidity. Reports indicate that the
spreading of MoQ; is more effective on a support exhibiting higher number
of Lewis sites [155]. XRD results (Figure 1-3) also suggested that the
spreading was better in SA75Mo. The model of Rouxhet et al. [132] implies
that an alumina phase starts to develop in the SA75 support, which decreases
the proportion of Si-Al bridging hydroxyl groups and creates additional
Lewis acidity. Like described by Rajagopal et al. the heterogeneity of such
support gives rise to a variety of Mo oxide species which results in different
acidic characteristics [141]. These additional acidic sites found in SA75 may
be responsible for a particular mode of deposition of the MoO; phase which
would tend to develop a stronger acidity.

The depicted evolution of the metathesis activity with time (Figure I-
5) is commonly observed in the metathesis of propene with Mo oxide-based
catalysts [64, 84]. The latency stage sometimes observed corresponds to the
formation of surface carbene species by reaction of propene with activated
Mo sites. The nature of these activated sites is still under debate as results
indicate that isolated [9, 74, 88, 108, 156], dimeric [74] or well-spread
polymeric [88, 157] MoO, species are the actual active sites. It is however
known that a thermal activation is needed to remove traces of molecular
oxygen and water [118]. Surface carbenes, produced from the reaction of Mo
sites with the olefin at the very beginning of the reaction, then act as the
catalytic active sites. It is thought that deactivation occurs when an oxidation
reaction occurs instead of the metathesis reaction, leaving a reduced Mo site
[110, 118, 152] or when the fragile carbene active centre reacts with trace
impurities (O, or H,O) [158].

In our experimental conditions only alumina-containing catalysts
exhibit high activity in the metathesis of propene. The activity of the
molybdena-silica catalyst is comparatively very low. Other studies focussing
on MoOs/SiO, metathesis catalysts were published and the results are not in
contradiction with ours since (i) the activity was low [84], (ii) a special
activation procedure based on UV or gamma irradiation had to be used [109,
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144, 159] or (iii) the reaction temperature was much higher (leading to
important decrease in selectivity, since oxidation and isomerization reactions
also take place) [84]. In order to better visualize the role of Al, it was chosen
to compare the catalysts on the basis of the activity reached after 14 min
time-on-stream (Figure 1-6). The catalysts can be ranked as follows:
SA100Mo< SA95Mo < SA75Mo < SA90Mo < SA80Mo < SA85Mo. Thus,
15 wt. % content of alumina in silica-alumina is identified as the best
support composition for preparing Mo-based metathesis catalysts, even
though the supports with 10- and 20 wt. % of alumina yield similar results.
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Figure I-6: Metathesis activity (TOF measured after 14 minutes time-
on-stream) obtained with SAxMo10 catalysts. The standard deviation
for metathesis activity measurement was about 3 % in relative (see
Experimental section p. 30).

The activity results discussed here should be understood in the light
of acidity measurements (NH;-chemisorption in Figure I-4). The presence of
Al in the formulation provides a marked acidic character. On the one hand, it
is known that the presence of Al “switches off” the ability of the catalyst to
perform well in selective oxidation reactions. This tendency can be
understood as follows: stronger acidity results in a stronger adsorption of the
hydrocarbon, which, under high reaction temperatures and in the presence of
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0,, leads to the over-oxidation of the hydrocarbon to CO and CO,. On the
other hand, it is shown here that the presence of Al “switches on” the ability
of the catalyst to perform well in the metathesis reaction. The presence of
strong acidic sites can be regarded as a key factor dictating the activity of the
systems. Indeed the activity of the catalysts exhibiting virtually no strong
acidity is very low. However, the total amount of acidic sites follows better
the trend observed in the activity. Figure I-7 indicates clearly the reasonable
correlation between the total acidity and the activity developed by the
catalysts.

10

TOF /103%™
N

0 0.01 0.02 0.03 0.04 0.0t
Total surface acidity / ml NH; m™

Figure I-7: Correlation between the activity (expressed in TOF) and
the total surface acidity as measured via NH; chemisorption.

In the set of catalysts investigated here, the maximum in total acidity
(SA80Mo; see Figure 1-4) almost fits the maximum observed in activity
(SA85Mo; see Figure 1-6). This rough correspondence indicates the
existence of an optimum in the alumina content (15-20 %) which translates
in an optimum in terms of surface density of acidic sites and in terms of
activity. Following Handzlik et al.[84], our interpretation is that the acidic
sites present in silica-alumina play the role of electron withdrawer on the Mo
species deposited on them. It appears that the presence of a mixed SiAlOy
phase exhibiting Si-(OH)-Al species is beneficial for the genesis of active
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metathesis centres. This interesting mixed phase builds up when the alumina
content increases from 5 to 20 wt. %. A MoO, species located on such
acidic site displays a certain electron deficiency which, exactly like in the
case of homogeneous catalysts where the electron deficiency on the Mo
centre is provoked by electron withdrawer groups (e.g.: imido alkylidene),
favours the completion of the metathesis reaction mechanism [23]. The
catalyst based on the support containing 25 wt. % of alumina exhibited a
higher proportion of strong acidic sites and this was tentatively attributed to
the appearance of a new alumina phase that governs a different mode of
deposition of MoO;. These strong sites appear less appropriate for the
metathesis reaction. This is coherent with a recent report showing that
excessive acidity is deleterious for the metathesis reaction: in MoO;/HBetal-
AlLOs catalysts the addition of Mg resulted in the tempering of the support
acidity and in increased the catalytic performances [62]. Let us finally note
that further studies should be conducted concerning the nature of the acidic
sites (Br@nsted vs. Lewis) in order to go further in the understanding of the
nature of the acidic sites that dictate the performances of Mo0O/Si0,-Al,04
metathesis catalysts.

5. CONCLUSION

MoOj; supported on silica-alumina with low Al,O; content (between
0 and 25 wt. %) has been studied as catalyst for the metathesis of propene.
The main conclusion of this work is very pragmatic: MoOs/SiO,-Al,04
catalysts should be used for the metathesis reaction. The marked acidic
character of Al-containing materials as compared to Al-free samples seems
to be decisive. The nature of the support strongly determines the acidic
properties of the catalyst. While this acidity is commonly accepted to be
deleterious for performing partial oxidation reactions of such hydrocarbons,
it is identified as beneficial for the metathesis reaction. All silica-alumina
supported catalysts were significantly active in the metathesis of propene
while the activity of the silica-based catalyst was very low. However, an
optimal Al,O; content in the support was found around 15 wt. %.

Considering the crucial impact of the chemical composition of the
support on the performances of the Mo oxide phase, improvement of
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catalytic formulations could be obtained through strategies based on the
development of a more intimate interaction of the active phase with the
support.
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CHAPTER 2:

Mo0QO5/S10,-AL,0O3 METATHESIS
CATALYSTS PREPARED BY THE CLASSICAL
WET IMPREGNATION TECHNIQUE: EFFECT
OF MOQO3; LOADING AND OF CALCINATION
TEMPERATURE

ABSTRACT

The classical wet impregnation of ammonium heptamolybdate onto
a commercial silica-alumina support has been used to prepare MoQO;/SiO,-
ALO; catalysts. The effect of the Mo loading and the effect of the
calcination temperature are studied. The samples are characterized by N,-
physisorption, XRD, Raman spectroscopy, MAS-NMR spectroscopy, TEM
and X-ray photoelectron spectroscopy and evaluated in the metathesis of
propene. It is shown that the temperature of calcination influences the
performances of the catalyst. High temperature treatments are necessary to
efficiently decompose the Mo salt precursor. The performances are levelling
off when the MoO; loading is increased above ~8 wt. %. This effect is
correlated to the appearance of MoOs crystals an Al,(MoQy); at relatively
high loading.
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1. INTRODUCTION

It is shown in the first chapter of this thesis that the nature of the
support for the active MoOj; phase is crucial for the production of active
metathesis sites. More precisely, the crucial role of Al for obtaining MoO;-
based catalysts that are active in the metathesis of light olefins at low
temperature is clearly highlighted. Our systematic investigation confirmed
previous reports [84, 115] that indicated silica-alumina as the privileged
support for MoOs-based metathesis catalysts and correlated this effect with
the generation of higher acidity. In the present chapter, a commercial silica-
alumina support is used as a support. Its composition (ca. 13 wt. % of Al,O;)
is very close to the optimum composition determined in Chapter 1, namely
ca. 15 % of alumina.

Supported MoO;-based catalysts are conventionally prepared by the
wet impregnation of ammonium heptamolybdate (AHM) on an appropriate
support [100, 160]. The preparation involves (i) the dissolution of the Mo
salt in water to obtain an impregnation solution, (ii) the impregnation of the
support by stirring a suspension of it in the impregnation solution (iii) the
evaporation of water, (iv) the drying of the recovered solid and (v) the
calcination of the sample. Even if this standard methodology is indeed
widespread, many experimental parameters can decisively affect the
properties of the catalytic material that is produced. It is crucial to determine
precisely the experimental conditions in which each step is conducted. The
specific description of the method is given in the experimental part (p. 25).
Most parameters (volume of impregnation solution, amount of support,
impregnation, drying and calcination times, etc.) are fixed.

In the framework of this study, it was decided to look at two
important parameters of the preparation: the molybdenum loading and the
calcination temperature. These parameters were chosen because of their

potential impact on the final performance of the yielded metathesis catalysts.

Molybdenum oxide being the active component of the catalyst, its
loading is evidently crucial. In principle, the amount of active centres could
be partially linked to the amount of Mo introduced in the formulation.
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Changing the targeted MoO; loading induces a change in the AHM
concentration in the fixed impregnation solution volume. Also, as the
available surface area of the support remains constant, the Mo surface
density in the resulting catalyst varies. In turn, the mode of dispersion of Mo
oxide can be affected as well as the nature of the Mo species stabilized on
the support.

The calcination of the catalyst leads to the decomposition of the
ammonium salt and to the formation of a MoO, phase. Changing the
calcination temperature may affect the efficiency of this step (well-formed
Mo oxide phase vs. partially decomposed molybdenum salt). Also, the
strength of the thermal treatment may affect the dispersion of the Mo phase.
Indeed, high temperature treatments are known to favour sintering
phenomena, potentially leading to catalysts bearing higher proportions of
MoOs crystals, for example. On the other hand, MoOs is known to be quite
volatile and harsh thermal treatment might conversely promote better Mo
dispersion on the support, or provoke Mo losses.

In this chapter, MoQ;/Si0,-Al,O; catalysts are prepared by the wet
impregnation of ammonium heptamolybdate on a commercial silica-
alumina. The samples are calcined either at 300 °C, 400 °C or 500 °C. Then,
the MoQO; loading is systematically varied. The catalysts are characterized by
Ny-physisorption, ICP-AES, XRD, XPS, MAS-NMR and Raman
spectroscopy and evaluated in the self metathesis of propene.

2. SUMMED UP EXPERIMENTAL

The catalysts are prepared by wet impregnation of ammonium
heptamolybdate (AHM) on a commercial silica-alumina purchased from
Aldrich (~13 wt. % of Al,Os). The samples are denoted AAXY, where the
first ‘A’ is the Aldrich support, the second ‘A’ stands for the AHM
precursor, x is the nominal MoO; weight loading (%) and Y is the
calcination temperature (°C). Both the loading and the calcination
temperature are screened. First, the loading (x) is fixed at 8 wt. % (following
typical loading proposed in the literature [88, 93, 145] and the effect of
calcination is followed (Y = 300, 400 and 500 °C). Then, the best calcination
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is selected and the loading is screened in a lager range (from 4 to 15 wt. % of
MOO3).

The samples are characterized by ICP-AES, N,-physisorption, XRD,
XPS, TEM and *’Al MAS-NMR as described in the Experimental section,
paragraph 2. The impregnation solution was also studied by FT-Raman

spectroscopy.

3. RESULTS

3.1. Catalysts preparation and characterization

The initial precursor solution (6.66 g of Mo per litre) was obtained
by dissolution of ammonium heptamolybdate in distilled water. In Raman
spectroscopy (Figure II-1), this solution exhibited two main bands at 942 cm’
"and 895 cm that are attributed to the presence of the heptamolybdate ions
(respectively the vy MoO, and the v,; MoOy, vibrations) [98, 161-162]. The
pH of this precursor solution was 5.4. The desired volume of this solution
(depending on the targeted MoQO; loading) was diluted in water and used for
the impregnation of the support (see Experimental section, p. 24).

942

895

Intensity / a.u.
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Figure II-1: FT Raman spectrum of the initial AHM precursor
solution used for the preparation of the catalysts.

60



Chapter 2: Wet impregnation of AHM

Table II-1: Experimental MoO; weight loading (ICP-AES) and textural properties
(N,-physisorption).

Catalyst MoO; loading SSA Pore volume Pore diameter
name (wt. %) (m? g™ (ml g'l) (nm)

A - 490 0.71 5.8

AA4500 3.8 440 0.63 5.7

AA8300 7.9 420 0.60 5.7

AA8400 8.3 400 0.57 5.7

AA8500 8.1 420 0.60 5.7

AA11500 10.9 380 0.55 5.8

AA15500 15.2 350 0.52 59

The experimental MoO; weight loading and the textural properties
of the catalysts are given in Table II-1. The experimental loading fits with
the nominal composition of the samples. All samples were mesoporous, with
N, adsorption-desorption isotherms of type IV according to the BDDT
classification. Such isotherms are shown in Figure II-2 in the case of the bare
support taken as a representative example for all investigated catalysts. The
calcination temperature has no significant effect on the specific surface area
of the 8 % loaded samples. When the calcination temperature is fixed at 500
°C, the specific area and the pore volume clearly tend to decrease with
increasing MoQOj; loading. On the other hand, the mean pore diameter tends

to remain constant or to increase slightly after impregnation.
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Figure II-2: N, adsorption (e) and desorption (o) isotherms at -196°C
for the silica-alumina support (“A”).
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Figure II-3 and Figure 1I-4 were drawn in order to better visualize
the effect of the MoO; loading and of the calcination temperature on the
porosity developed by the support. Increasing the loading does not affect
significantly the pore size distribution (Figure II-3). In the same way, for
AAS catalysts calcined at different temperature, no obvious alteration of the
pore size distribution curve is obtained (Figure 11-4).

XRD patterns of the catalysts reveal the presence of a very broad
band (15 — 30 °) typical of amorphous samples. In addition, diffraction lines
related to the presence of MoQ; crystals are detected in some cases. At 8%
nominal weight loading, MoOs crystals tend to form if the calcination
temperature is high (Figure II-5). More precisely, after calcination at 300 °C
no crystallites are detected in XRD (JCPDS 05-0508); small diffraction lines
corresponding to traces of crystalline MoQ; are distinguished on the catalyst
calcined at 400 °C; these lines are much more pronounced after calcination
at 500 °C. In the catalysts calcined at 500 °C (Figure II-6), the diffraction
lines related to orthorhombic MoO; grow in intensity as the loading
increases. Only the AA4500 sample appears amorphous. The average size of
the crystals detected in samples AA8500, AA11500 and AA15500 was
estimated via the Debye-Scherrer law to always fall in the 35-40 nm range.”

KxA

* The Debye-Scherrer equation is : D = ————
P xcosd

In which

- D is the average size of the diffracting domain

- K is a constant used to take the morphology of the crystal into account (here the
crystals are approximated to be spherical and K is set to 1)

- A is the wave length of the R-ray source (here 0.1541 nm)

- B is the corrected peak full width at half maximum (in radian)

- 0 is the Bragg angle

The measured peak full width at half maximum (Byca, in °) is corrected taking into
consideration the width obtained with a reference large quartz crystal (Bguar, here
measured to be 0.1°) :

2 2
ﬂ = ﬂpeak - ﬁquartz
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Figure II-3: Pore size distribution of (¢) the support (m) AA4500, (A)
AA8500, (x) AA11500 and (0) AA15500.°
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Figure I1-4: Pore size distribution of (¢) the support (m) AA8300, (e)
AAB400 and (A ) AA8500.

3 If the classical pore size distribution curves are drawn (adsorption data normalized
by the total mass of the sample analyzed), a systematic downward shift of the curve
(following the ordinate axis) is observed for each loading increment. Actually, this
shift is simply due to the addition of an increasing mass of MoO; which is not
porous. As the porosity of the sample originates solely from the support, adsorption
data have here been normalized by the mass of support.
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Figure II-5: XRD patterns of 8% Mo0O;/Si0,-AL,03 catalysts
prepared by wet impregnation of an ammonium heptamolybdate and
calcined at (a) 300 °C, (b) 400 °C and (c) 500 °C. The crystallographic
planes of orthorhombic MoOj; are detected at 12.8 ° (020), 23.3 °
(110), 25.7 ° (040), 27.3 ° (021), 33.7 ° (111) and 46.3 ° (210) and are
marked with # symbols (JCPDS 05-0508).

Transmission electron microscopy confirms the presence of bulky
MoO; crystals in the samples with high loading and calcined at high
temperature. The most evident case of AA15500 is presented in Figure I1-7
and compared to the bare support. The support is made of irregular porous
particles (Figure II-7a). In the catalyst, the same type of particles is detected
along with aggregates of crystalline particles in some places (Figure 1I-7b, c
and d). The size of these particles is in the order of 20-60 nm, thus consistent
with the XRD evaluation.

Raman spectroscopy was also tentatively used to identify the nature
of Mo oxide species present in the catalysts. It was found that the support
itself gives a strong background signal, most probably due to fluorescence
created by defects and impurities in the support (Figure II-8).
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Figure II-6: XRD patterns of MoO;/Si0,-Al,0; catalysts prepared by
wet impregnation of an ammonium heptamolybdate solution and
calcined at 500 °C: (a) AA4500, (b) AA8500, (c) AA11500 and (d)
AA15500. # symbols indicate the diffraction lines of orthorhombic
MoO; (JCPDS 05-0508).

In some spectra, only a broad band is found around ca. 950 cm™.
This signal is attributed to surface polymolybdates [162]. In other spectra,
sharper lines at 995 and 819 cm™ were also detected, as clear evidence of the
presence of MoOs crystals [162]. AAXY samples were thus found to be quite
heterogeneous in terms of Mo species detected by Raman spectroscopy
(Figure II-8). This must be correlated to the fact that the MoOs crystals form
aggregates and are not homogeneously dispersed in the solid, while the area
analyzed by the confocal tool is small. In fact, the signals of crystalline Mo
oxide were only detected on samples that yielded MoOj; diffraction patterns
in XRD. Despite many attempts, it was not possible to establish a
reproducible method for analyzing AAXY samples by Raman spectroscopy.
The main conclusion that can be drawn from these experiments however, is
that Raman spectroscopy confirms XRD analysis: signals related to the
presence of MoOj; crystals were detected on the catalysts that were calcined
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at relatively high temperature (AA8400 and AA8500) and on catalysts with
relatively high loading (AA11500 and AA15500), but never on the other

samples.

500 nm 200 nm

200 nm ‘

Figure II-7: TEM micrographs of the support (a) and of the AA15500
sample (b, ¢ and d).

The *’Al MAS-NMR spectrum of the bare support is composed of
three bands around 2, 30 and 54 ppm (Figure II-9). This spectrum closely
resembles the one reported by May et al. [163] concerning a silica-alumina
prepared by the sol-gel method with aluminium isopropoxide and
tetraethoxysilane as precursors (13 wt. % Al,Os). The signal around 54 ppm
is attributed to tetrahedrally coordinated framework Al atoms (Alrgr)
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typically found in silico-aluminic materials [164]. This coordination
corresponds to Al atoms isomorphously substituting Si*" in silica [165-167]
or to a “transition alumina phase” that may form following segregation of
phases during the preparation (and singularly during calcination) [168-169].
It is often referred to as the “framework tetrahedral species” [170]. The
signal at about 2 ppm corresponds to Al octahedrally coordinated (Alpcr). It
is attributed either to y-Al,O; [168-169] or to an amorphous polymeric
aluminium oxide phase [171]. The intermediate band at 30 ppm is often
contradictorily attributed to distorted tetrahedral Al shifted by a strong
quadrupolar interaction [172-173] or to five-fold coordinated Al species
(Alpgy) [174-176]. Recent studies on amorphous silica-alumina systems and
based on multiple quantum MAS-NMR measurements (that can distinguish
between these two coordination states by separating the quadrupolar and
chemical effects on the chemical shifts) unambiguously showed that this
signal is attributable to five-coordinated Al atoms [164, 170]. In silica-
aluminas, this coordination was assigned to the interface between an
alumina-type phase and a truly mixed silica-alumina phase [177].

Intensitu / a.u.

100 300 500 700 900 1100
Raman shift / cm™’

Figure II-8: Raman spectra of (a) the support and of the AA8500
sample at three different positions (noted b, ¢ and d) on the sample.
The “*” marks indicate the Raman signals of MoOs crystals and the
“#” mark indicate the broad band related o polymolybdates .
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Figure II-9: Al MAS-NMR spectra of (a) the support, (b) AA8
uncalcined (c) AA8300, (d) AA8400 and (e) AA8500. The Alrgr,
Alppy and Alper broad signals are indicated on the first spectrum.
[AIMog] and Al,(MoQ,); are marked with “*” and “#’respectively.

The introduction of Mo by wet impregnation of AHM modifies the
*7Al MAS-NMR fingerprint of the fresh support. In the uncalcined catalyst
the Alpcr component is significantly reduced. The Alpey signal also
decreases slightly in intensity. Additionally, one sharp signal arises at 15
ppm. Several authors attribute this band to a hydrated form of Al,(MoOy);
[85, 178] while others attribute it to the Anderson-type heteropolyanion
[AI(OH)sMoeO15]> [179-180]. The calcination step again perturbs the *’Al
MAS-NMR spectra of the samples. The signal at 15 ppm decreases and,
when the calcination temperature is 400 °C or higher, a peak at - 14 ppm
appears, which is broadly accepted to account for Al,(MoQO,); (non-
hydrated) [85, 178]. The Alpcr contribution (at ca. 2 ppm) increases back
after calcination. The intensity of this signal increases with the calcination
temperature. Finally, let us note that the intensity of the signal at 15 ppm
does not depend on the calcination temperature changes.

When the calcination temperature is kept at 500 °C and the MoO;
loading is varied (Figure II-10), the proportions of Alrgr, Alocr and Alpgy do
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not change noticeably. On the other hand, the intensity of the signals due to
the aluminium molybdate (at -14 ppm) phase increases obviously. This
phase is barely detected at 4 % wt. loading but clearly increases at higher
loading. The peak at 15 ppm is always present.
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Figure I1-10: >’Al MAS-NMR spectra of (a) the support, (b) AA4500,
(c) AA8500, (d) AA11500 and (e) AA15500. The Alrgr, Alpgy and
Alpcr broad signals are indicated on the first spectrum. [AlMog] and
Aly(Mo00Oy); are marked with “*” and “#’respectively.

The amount of Mo detected at the surface of the catalyst in XPS is
obviously dependent on the loading: for the series of catalysts calcined at
500 °C a linear relationship is observed between the bulk and the surface Mo
/ (Si+Al) atomic ratios. Interestingly, the calcination temperature also has a
drastic effect (Figure II-11). In particular, catalysts calcined at higher
temperature exhibit a superficial Mo signal more intense than what would be
expected in the case of a totally homogeneous solid.
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Figure II-11: Mo / (Si+Al) atomic ratio determined from XPS as a
function of the bulk Mo / (Si+Al) ratio for (A) AA8300 (¢) AA8400
and (m) AAx500. The dotted line represents the value expected for
totally homogeneous samples (same amount of Mo at the surface and
in the bulk). Note: the bulk ratios are calculated from the experimental
compostion determined by ICP-AES.

For the series of samples with 8 % MoO; weight loading and
calcined at different temperatures a window of the XPS spectra around 400
eV has been recorded specifically to track the presence of nitrogen (Figure
1I-12). In this range of binding energies, the N 1s peak falls close to the Mo
3ps» peak. It was found that nitrogen — originating from the ammonium
heptamolybdate precursor — is still detected on these calcined catalysts. This
is particularly true for the catalyst calcined at lower temperature. Visibly, the
intensity of the N 1s peaks decreases with increasing temperature. In
ammonium heptamolybdate ((NH4)sMo0,0,4.4H,0) there are 6 atoms of
nitrogen for 7 atoms of Mo, meaning that the expected N / Mo atomic ratio
is 0.86. Experimentally, a ratio of 0.82 was found by analysing pure AHM in
XPS. The same ratio calculated from the quantification of N and Mo in the
AAS samples equals 1.24, 0.79 and 0.25 respectively for AA8300, AA8400
and AA8500. For a sample that was prepared by impregnation and then dried
but not calcined, this ratio was measured to be 1.79. In other words, the wet
impregnation clearly tends to provoke a relative increase in the proportion of
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N at the surface of the catalyst and the calcination temperature has a marked

impact on the removal of the ammonium species.
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Figure II-12: Part of the XPS spectra of (a) AA8300, (b) AA8400 and
(c) AA8500. The mark (1) indicates the N s contribution and the
mark (2) indicates the Mo 3p;,, contribution.

3.2. Activity measurements

The evolution of the specific activity for propene metathesis of the
catalysts with time-on-stream is shown in Figure II-13. All catalysts
exhibited a short latency stage followed by a maximum of activity after
about 20 minutes. Then a slow deactivation takes place. As all catalysts
follow approximately the same trend (except AA4500 which deactivates
slightly slower) it was decided to compare the catalysts in terms of
“maximum specific activity”. This parameter was arbitrarily defined as the
average of activity measured at 14, 22 and 30 minutes. This is the period
where the activity of the catalysts is the most stable. It is plotted in Figure II-
14 to allow the direct comparison of the catalysts.
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Figure 11-13: Evolution of the specific activity with time-on-stream
during one hour of catalytic test with (e) AA4500, (A) AA8300, (o)
AA8400, (¢) AA8500, (A) AA11500 and (m) AA15500 (Note: a
technical problem interrupted the experiment after 46 minutes for the
AA15500 sample). Specific activity is expressed in terms of mmol of

propene converted to metathesis products per gram of catalyst and per
hour.
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Figure I1-14: Maximum specific activity obtained with (A) AA8300
(¢) AA8400 and (m) AAx500 as a function of the MoO; weight
loading.
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It appears clearly that increasing the calcination temperature leads to
increased catalytic performances, even though MoQO; crystals form.
Comparing the catalysts calcined at 500 °C, Figure II-14 shows that the
activity first increases significantly when the loading is raised from 4 to 8 %.
Further increase in the MoQ; loading does not provoke any significant

increase in the performances.

4. DiscussION

4.1. Interaction of Mo with the support

The interaction between Mo species and the support during the
impregnation step deserves being addressed, before discussing the two
parameters that were systematically studied in this chapter. Indeed, the
inorganic support onto which the active phase is deposited is sometimes
visualized as an inert component of the catalyst having mainly a physical
role of carrier of the active phase. Nevertheless, several works (for example
from the groups of Weckhuysen [98, 181], Che [179, 182], etc.) have
demonstrated that oxomolybdenum species interact strongly with an alumina
support. It was explained for example that the electrostatic interaction
between the heptamolybdate anions in solution and the surface of the support
favours a preferential adsorption of Mo at the external surface of the
particles of the support [98]. Such uneven distribution of the Mo phase could
be observed here also, even if the support is a silica-alumina with high
proportion of silica. Chapter 1 showed that the composition of the support
has a marked impact on the catalytic behaviour of the active component.
More precisely, the presence of alumina in the support was decisive. Here,
some results indicate that the support is actually reacting chemically with the
Mo precursor and interacts strongly with the active phase of the catalyst.
Such interaction should thus be considered.

The *’Al MAS-NMR investigations showed that the environment of
Al atoms changed after impregnation with ammonium heptamolybdate. As
mentioned in the result part, the attribution of the peak at 15 ppm is a matter
of debate. In fact many researchers attribute this signal to a “hydrated form
of aluminium molybdate”. It is indeed usually detected along with the peak
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at -14 ppm (related to the Al,(Mo0Q,); phase) in proportions that depend on
the hydration of the sample. Bao et al. have extensively reported the
occurrence of this signal in Mo/HBeta-Al,O; metathesis catalysts and have
even correlated the build up of the aluminium molybdate (hydrated and non-
hydrated forms) with a decrease in the metathesis activity of their catalysts
[86-87]. Their attribution relies on the work of Edwards and Decanio [183]
who provided the tentative formula [Al(OH),(H,0)¢.,].(M0O,) with n= 1 or
2.

In the late 1990 however, Carrier et al. described the interaction of
AHM with alumina during the preparation of MoOs/Al,O3 catalysts and
proposed a more precise attribution of the peak at 15 ppm [179]. This work
demonstrated the formation of an Anderson-type heteropolymolybdate
[AI(OH)sMo4Oys]* during the impregnation step. This species (abbreviated
to [AlMog]) forms during the impregnation step by complexation of
dissolved AI’" cations with oxomolybdenum species in solution. [AIMog]
gives a sharp NMR signal at 15 ppm. It was also observed by Plazenet et al.
in the preparation of zeolite-supported MoOs; catalysts [184]. A debate
followed, because the result implied that many reported works had to be re-
interpreted in some ways [185-187]. In fact the calcination of [AIMog] yields
both MoO; and Al,(MoQO,); following the decomposition reaction (1) and
the rehydration of such calcined catalyst can lead to the partial reconversion
of AlL(MoO,); to [Al(OH)MoeOs]” following equation (2) [187].
Nowadays, such Al NMR peak at ca. 15 ppm is more frequently attributed to
the presence of the [AlMog] species [180, 188-189] even though some
groups continue to consider simply a “hydrated form of aluminium
molybdate” [190].

2 H3[AI(OH)sMogO15] =2
9 MoOs3; + Al(MoOy4); + 9 H,O (D)

2A12(MOO4)3 + 24 Hzo >
[AI(OH)sMogO 15> + 3 [AL(H,0)]*" + 6 OH )
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In any case, NMR results show that the impregnation of the silica-
alumina support with ammonium heptamolybdate implies strong interactions
between Mo species and Al atoms from the support. The interaction is strong
enough to extract Al atoms from their initial environment, to form a new
compound. Calcination then affects again the nature and proportions of Mo
species at the surface of the catalyst.

4.2. Effect of the calcination temperature

4.2.1. Nature of Mo species

The thermal treatment influenced markedly the crystallinity of the 8
% loaded catalysts. Higher calcination temperature obviously favoured
sintering of the MoQ; phase to form crystals. Note that the small diffraction
lines on the 8 % loaded catalyst calcined at 400 °C correspond well to those
detected on similar samples — prepared on non-commercial supports of
similar composition — in Chapter 1. As far as Raman measurements are
concerned, the formation of MoO; crystals is also confirmed for the catalysts
calcined at higher temperature. It must be stressed that the relative band
intensities for MoO; and for polymolybdates do not reflect the relative
amount of each species. The high Raman cross-section of MoQO; makes this
species a strong Raman scatterer [191], so the concomitant presence of the
broad signal at ca. 950 cm™ and at 819 and 995 cm™ probably reveals a small
proportion of crystals as compared to the amorphous polymeric species.
Finally, TEM micrographs unambiguously evidence the formation of MoO;
crystals aggregates at the outer surface of the support particles.

The main observation made from *’Al MAS-NMR measurements is
that an aluminium polymolybdate phase ([AlMog] or
hexamolybdoaluminate) appears after impregnation of AHM. Calcination
provokes the partial conversion of this phase to an aluminium molybdate
phase (Al,(MoOy);) (detected in NMR at -14 ppm) and to crystalline MoOs
(detected in XRD, Raman and TEM). At first sight, XRD diffractograms do
not totally rule out the presence of crystalline Al,(MoQ,); since the main
diffraction line of this phase (23.4° following JCPDS 20-0034) falls very
close to one of the main diffraction line of MoOj; (23.3°). However, the other
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smaller peaks of Al,(MoQ,); are not detected ( 26.3 °, 22.2 °, 21.0 °, 28.1 °,
etc.). In addition, the presence of the other minor diffraction lines related to
MoOs (12.7 ©, 33.7 °, 39.0 °, etc.) and their relative intensities attest that
only MoOs; is detected. Accordingly, the aluminium molybdate phase is
either amorphous or present in the form of very small crystallites. The
[AlMog] phase is not detected in XRD on calcined catalysts either (a
reference spectra is published in ref [191]).

4.2.2. Location of the Mo phase

The Mo / (Si+Al) atomic ratio is sometimes used as an indication of
the spreading of Mo onto a silica-alumina surface. Indeed, when Mo atoms
are dispersed over the support and cover Si and Al atoms, the ratio is
supposed to increase. Conversely, if Mo atoms are poorly dispersed, Si and
Al atoms are detected with a high intensity and the ratio should remain low.
Here, the Mo / (Si+Al) ratio was appreciably higher as the catalysts were
treated at higher temperature. At first glance, this observation is not in line
with the detection of MoQO; crystals that build up as the calcination
temperature increases. Indeed, in the presence of bulky crystals, part of the
Mo atoms are presumably not detected by XPS and the support is supposed
to be covered to a lesser extend. As a result, the Mo / (Si+Al) ratio might be
expected to be lower for the samples that contain crystals.

However, one should not forget that the support used in this study is
highly porous. In fact, the high Mo / (Si+Al) ratio can simply be explained
by the fact that the Mo phase builds up at the outer surface of the support
particles. Indeed, the textural properties of the support are not significantly
affected by the impregnation. Only a limited decrease in the raw pore
volume is observed for the AA8 catalysts as compared to the bare support
(Table II-1). The pore size distributions (Figure II-4) and the mean pore
diameters (Table II-1) are not affected. These observations indicate that the
MoO; deposit is rather located at the external surface of the support particles
and does not fill the interior of the pores. In addition, in the samples that
contain MoQ; crystals, the estimation of their size via the Debye-Scherrer
equation supports the idea that the MoQO; crystals are located at the outer
surface of the support particles. Indeed, the average crystal size (35-40 nm)
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is much higher than the average pore size (ca. 5 nm), implying that such
crystals could not be accommodated inside the porosity of the support. So, as
MoO; crystals form at the outer surface of the support particles and not
inside the pores, the Mo surface concentration detected by XPS is high.

It is well-known that the wetting of the support by Mo oxide is
promoted by high temperature treatments. So two opposite phenomena take
place during calcination: (i) Sintering to bulky MoO; crystals at the outer
surface of the particles (when the temperature, the Mo surface density and
the number of nucleation points are high) and (ii) Spreading of Mo atoms on
the whole available support surface (potentially including the interior of the
pores). The Mo deposit that forms on the support after evaporation of water
is likely poorly dispersed; due to the interaction of heptamolybdate ions with
the external surface of the support (see section 4.1.). This agglomerated but
amorphous phase — formed by adsorbed heptamolybdate species and
[AlMog] — appears to be only weakly perturbed by calcination at 300 °C.
Treatments at higher temperature on the other hand change the morphology
of the deposit. During that process, part of the Mo atoms would crystallize
into bulk MoO; or convert into Al,(MoQ,);. The other Mo atoms
(presumably those that are not included in [AlMog] or those that are not
enough agglomerated to nucleate and sinter into MoOs crystals) could be
dispersed at the surface of the support under the effect of temperature.

4.2.3. Correlation with metathesis activity

Overall, increasing the calcination temperature led to a marked
increase in catalytic activity. This crucial effect of calcination temperature
may appear surprising considering the activation step at 550 °C under
nitrogen that all catalysts undergo before being tested. While this activation
could have been expected to level off the properties of similar catalysts, our
results show that the “preparation history” of the catalysts is crucial.

As discussed above, higher calcination temperature led to higher
proportion of crystalline MoQs. The higher activity of the catalysts treated at
higher temperature thus appears in contradiction with reports that indicate
the inactivity of crystalline MoO; in the metathesis reaction [88, 96].
However, only crystalline MoQO; is detected in XRD. With this technique,
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the quantitative description of amorphous species (which presumably yield
active centres) is impossible unlike the study of crystals (which are supposed
to be inactive). Also, it should be recalled that only a very small fraction of
the Mo atoms present in the catalyst are thought to turn into active centres
[71]. So, even if the tendency of Mo atoms to form crystals clearly increases
when the calcination temperature is raised, it may be put forward that the
nature and proportion of remaining amorphous species are also affected by
the calcination temperature, thereby influencing also the activity of the
catalysts.

Another impact that the calcination temperature might have on the
amorphous Mo species is linked to the chemical environment of the Mo
atoms. The environment of Al atoms as studied by MAS-NMR indirectly
gives indications on the interaction of these atoms with Mo atoms. It seems
that mainly Alocr and Alpgy atoms are extracted from their natural position
in the silica-alumina and participate in the interaction with Mo. However, the
calcination step decreases the interaction between Al and Mo species. The
calcination at 300 °C provoked the quasi-restoration of each species. In other
words, the environment of most Al atoms in the calcined catalysts is not very
different from their environment in the fresh support. Nevertheless, some Al
atoms are involved in aluminium-molybdenum phases. Calcining the catalyst
at higher temperature provokes the conversion of part of the [AIMog] phase
into aluminium molybdate. Note that even if this correlation between the
calcination temperature and the extent of the conversion from [AlMog] to
Al,(MoOy); appears logical, conclusions about the hydrated to non-hydrated
forms of aluminium-molybdenum phases should be drawn with much care.
Indeed, the catalysts were mostly stored in a desiccator but also frequently
manipulated under ambient condition. No particular treatment was applied
on the catalysts before MAS-NMR analysis to control their humidity
content. Such aluminium molybdate phases were reported to be inactive for
the metathesis reaction [85-87].

It was shown (Figure II-12) that the removal of ammonium moieties
is not completed after the two hours of calcination. At low calcination
temperature the amount of remaining N is high. On the 300 °C-treated
sample, the N / Mo atomic ratio is even higher than for pure AHM. This can
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be explained by the strong interaction between the Mo,0,," species and
surface of the support [98]: during the impregnation, the Mo clusters are first
fixed on the support, while the counter cations are still in the impregnation
solution. Ammonium ions are subsequently deposited on top of the Mo
deposit at the end of the evaporation step. This coverage might be the cause
of the lower activity of the samples calcined at low temperature. In addition,
if the cation of the precursor salt was preserved after calcination, part of the
Mo introduced in the preparation is likely preserved in its initial cluster form
as well (M07OZ46'). Mo atoms included in heptamolybdate clusters are most
probably inactive. From Chapter 1, it is known indeed that the interaction of
the Mo moieties with the support is crucial. Very likely, an intimate
interaction (maybe chemical bonds) between Mo and Si and Al atoms is
necessary. Mo atoms included in the heptamolybdate cluster and not in
direct contact with the support do not fulfil this condition.

4.3. Effect of the MoO; loading

4.3.1. Nature of Mo species

When the thermal treatment was kept constant, a clear increase in
the intensity of the crystalline MoOQj; diffraction lines was observed with
increasing loading. This suggests that the proportion Mo atoms involved in
crystals is rising when the MoO; loading increases. In parallel, the
proportion of Mo detected in XPS increases in a linear fashion (Figure II-
11). Also, regardless of the Mo loading, the porosity of the support was not
significantly affected. These observations indicate that the MoO; crystals
build up at the outer surface of the support. The environment of Al atoms
appears only slightly affected by changes in the MoO; loading. The main
modification concerns the signal of the aluminium molybdate phase which
increases with increasing loading.

4.3.2. Correlation with metathesis activity

A levelling off in the performances of the catalysts was observed
above 8 wt. % MoO; loading (Figure II-14). This loading corresponds to the
appearance of MoQO; crystals in XRD (Figure II-6). The Al,(MoOy); phase
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also builds up noticeably when the loading is increased above 8 wt. % of
MoO; (Figure 1I-10). Such plateau in the relationship between loading and
activity is classically observed with supported MoOs catalysts [9, 113, 192].
Also, in a preliminary phase of the present study, AAx400 catalysts with
loading between 4 and 18 wt. % have been tested in the metathesis of
propene at 40 °C (Figure II-15). The activity of the AA8400 sample is very
close to the result presented above (Figure II-14). As the catalytic
installation and some details of the activation procedure were different,
direct comparison of these results with the results presented throughout the
present document is delicate. Nevertheless, as published in reference [64],
exactly the same kind of loading-activity relationship was found. The
activity first increased when the loading increases from 4 to 8 wt. % MoO;
loading and then a plateau is reached.

Our interpretation is that the number of dispersed — potentially active
— species does not increase when the loading is increased above 8 % because
most additional Mo atoms join either the inactive MoO; crystals or
aluminium molybdate phase. At this stage it is not possible to discriminate
which of these species has the most decisive responsibility in limiting the
performances of the MoQO3/Si0,-Al,05 catalysts.
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Figure II-15: Maximum pecific activity of AAx400 samples in the

self-metathesis of propene at 40 °C, after activation under He at 550
°C. Data reproduced from [64].
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5. CONCLUSION

This chapter highlighted the impact of two important parameters in
the preparation of a MoO3/Si0,-Al,O5 catalyst by wet impregnation of
ammonium heptamolybdate: the calcination temperature and the loading.
These two parameters influence markedly the proportions of the different
Mo species detected in the catalysts, as depicted in Scheme II-1. This study
also showed that the support interacts with Mo species in solution during the
impregnation step. In fact a hexamolybdoaluminate phase is formed after
impregnation. This species is partially converted upon calcination to MoOs
crystals and Al,(MoO,);. Raman spectroscopy shows also that part of the Mo
phase is preserved as amorphous surface polymolybdate.

AT e DY, caonan ESTY
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| 009 — PO
Variable proportions of

Mesoporous Uneven Mo deposit MoO,, Al,(Mo0,);, MoO,
silica-alumina ([Mo,], [AIMog]) crystals

Scheme 1II-1: Schematic representation of the preparation of
Mo0O3/Si0,-Al,0; catalysts via the wet impregnation of AHM and
subsequent calcination.

It was shown that the calcination temperature has a marked impact
on the activity of the catalysts: samples treated at 500 °C perform better than
catalysts treated at 400 °C, themselves being more active than those treated
at 300 °C. After calcination at higher temperatures, the amount of Mo oxide
at the surface of the support appeared higher (XPS), which is correlated to
the build up of MoO; crystals at the outer surface of the support. It is
suggested that the dispersion of the remaining amorphous species is affected
(beneficially) by high calcination temperature. The decomposition of the
precursor salt is also more readily achieved. One interesting strategy that
might be investigated in a future project is to increase the duration of the
thermal treatment. If the complete conversion of the ammonium
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heptamolybdate deposit into molybdenum oxide in strong interaction with
the support is important, then increasing the duration of the calcination
might have a positive impact.

Increasing the MoO; loading from 4 to 8 wt. % increases the
metathesis activity of the catalyst. Above 8 % however, inactive MoO;
crystals and an Al,(MoQO,4); phase build up preferentially and the
performance of the catalyst levels off. As a conclusion, for this kind of
systems prepared through the most classical approach of wet impregnation
with ammonium heptamolybdate, overloading should be avoided. Ca. 8 % is
identified as a limit above which further increase in the loading is useless.
Strategies for improving the performances of MoQ;/Si0,-Al,O; catalysts
should be based on the search for better spreading of the active phase on the
whole available support surface (including the pores). Impeding the
formation of the [AlMog] heteropolyanion during impregnation also appears
to be a relevant approach because this species was shown to convert into
inactive MoQ; crystals and aluminium molybdate.
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INTERMEDIATE CONCLUSION FOR PART |

This first part has investigated the effect of the composition of the
metathesis catalysts, and several parameters of their preparation. A first
systematic investigation on the effect of Al in MoO;/Si0,-Al,0; was
presented in Chapter 1. It highlighted the crucial role of Al in creating
acidity in the support. This acidity dictates the acidity of the catalysts
obtained after deposition of MoQO; by wet impregnation of the support.
Finally, the metathesis activity correlates well with the acidic properties of
the catalysts. Comparing the performances of the catalysts in the metathesis
of propene and in its selective oxidation, it was explained that the
substitution of Al for Si atoms in the support has opposite effects in these
two different reactions. The presence of Al induces a stronger interaction
between the olefin and the catalyst. This is deleterious for the partial
oxidation reaction but crucial for activating the metathesis reaction. Overall,
it is evident from this first part that catalysts based on silica-alumina should
be preferred to silica-based formulations for the metathesis of light alkenes.

The second chapter examined the classical wet impregnation of
ammonium heptamolybdate on a commercial silica-alumina. After having
identified the importance of the calcination step, and the better performances
of 500 °C-treated samples as compared to samples treated at lower
temperature, the effect of the MoO; loading was investigated. It appeared
clearly that overloading should be avoided since above ~8 wt. % in MoQO;
the performances of the catalysts level off. This limitation can be correlated
with the appearance of significant amounts of crystalline MoO; and of
Al(M00Qy,);. Overall the performances of such classical catalysts seem to be
restricted to about ~16 mmol.g'.h'. This threshold is in the same order as the
best activities reported in previous studies. The value will be considered as a
reference mark for further attempts presented in the following parts of the
present work to improve the performances of MoQ;-based metathesis
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catalysts. Two relevant strategies for increasing the activity of MoQ;-based
metathesis catalysts can be suggested from the results of Chapter 2:
improving the dispersion of Mo oxide and avoiding the formation of
hexamolybdoaluminate during the impregnation.
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Part 11

On the modes of deposition of MoOj; onto
S10,-Al,0;

ABSTRACT

In Part I, the most classical wet impregnation with ammonium
heptamolybdate was used as preparation method to assess the superior
activity of silica-alumina-supported Mo oxide catalysts and to probe the
impact of the MoQ; loading and of the calcination temperature. In this part,
alternative methods are used to deposit Mo oxide onto silica-alumina. In
Chapter 3, two different Mo precursors are used in the wet impregnation of
the support: a polyoxomolybdenum solution with oxalic acid and a
molybdenum oxide hydrates solution. Using these alternative precursors, the
formation of MoO; crystals and Al;(Mo0QO,); can be avoided which can result
in improved metathesis activity. The effect of the loading and of the
calcination temperature is also screened for these systems. In Chapter 4, a
very easy preparation process is proposed: the simple thermal spreading of
molybdenum oxide onto the support is shown to yield good metathesis
catalysts.
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CHAPTER 3:

PREPARING METATHESIS CATALYSTS
VIATHE WET IMPREGNATION OF SILICA-
ALUMINA WITH ALTERNATIVE PRECURSORS

ABSTRACT

This chapter explores the properties and metathesis activity of
MoO0s5/Si0,-Al,05 catalysts prepared by wet impregnation of a commercial
silica-alumina with two Mo precursors that were chosen as alternatives to the
classical ammonium heptamolybdate precursor. Using ammonium
heptamolybdate with oxalic acid as an additive or starting from molybdenum
oxide hydrates as precursors yield MoO; phases exhibiting particular
properties and catalytic behaviours as compared to the reference catalysts
presented in Chapter 2. The present chapter shows that this strategy can be
relevant for reaching higher activity. When improved performances are
reached, correlations can be established with (i) the better spreading of the
Mo oxide phase and/or (ii) the low amount of aluminium molybdate formed.
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1. INTRODUCTION

The first part, and more precisely Chapter 2, highlighted the intrinsic
limitation of the catalysts prepared by wet impregnation of ammonium
heptamolybdate on a commercial silica-alumina support. Namely,
overloading should be avoided because above a given loading (ca. 8 wt. %
MoOs), additional Mo atoms tend to join inactive MoQO; crystals or
Al(Mo0Qy,); and the number of well-spread — potentially active — species
does not increase. Bearing in mind this limitation, one relevant strategy is to
try to improve the dispersion of the Mo oxide phase that forms at the surface
of the support. This can be done in two ways: (i) changing the nature of the
molybdate species that are transferred to the support during the impregnation
and (ii) changing the nature of the chemical groups that must be removed

during calcination in order to allow lower temperature treatment.

The dissolution of the ammonium heptamolybdate salt in water to
form the impregnation solution leads to Mo,0,,% species in solution, in
complex equilibrium with other species [98]. Once deposited onto the
surface of the support, these 7-Mo atom clusters could be seen as potential
nucleation points for the growth of MoOj; crystals. In other words, it can be
put forward that breaking the heptamolybdate cluster to form monomeric or
at least smaller molybdate species in solution would lead to a better
spreading of the MoO; phase created at the surface of the support. This
better spreading could in turn inhibit the tendency of Mo atoms to
agglomerate (sinter) and form MoQ; crystals. This hypothesis led us to add
oxalic acid in the heptamolybdate impregnation solution. Beltran et al.
indeed reported that molybdenum oxalate forms stable dimeric and
monomeric complex species in aqueous solution [193]. Our strategy is also
supported by earlier studies that showed how the addition of oxalic acid had
a marked impact on the morphology of a MoO; phase formed at the surface
of a silica powder [160] or at the surface of Si wafers [194]. It was suggested
that the heptamolybdate cluster is broken and that oxalate ions stabilize
smaller Mo complexes, which leads to a better spreading of the Mo species
at the surface of the support. However, no evidence of the influence of oxalic
acid on the Mo speciation was given. Also, the concept of tailoring the
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morphology of the MoO; deposit was not valorised in catalytic reactions in
these cases. Using complexing agents like oxalic acid, but also like citric
acid, is often used to prepare Mo-based catalysts [154-155, 160, 181, 195-
197]. In addition to a potential effect on the Mo speciation in the solution,
such organic ligands will probably alter significantly the interaction between
the support and the oxomolybdenum species. For example, while the
heptamolybdate anion tends to interact strongly with the external surface of
alumina extrudates, Weckhuysen et al. have successfully used citric acid as a
complexing agent to decrease such strong interaction and ensure
homogeneous distribution of the Mo phase inside the porosity of the carrier
[98].

With the same aim of improving the dispersion of the Mo active
phase, a second strategy was imagined. The idea is to use a Mo precursor
which could presumably be decomposed at lower calcination temperature.
Lower temperature treatment might satisfactorily reduce the tendency of the
Mo oxide phase to sinter. The preparation of a “peroxopolymolybdate”
solution was performed following the method of Kudo. This method
involves the use of hydrogen peroxide to oxidize metallic Mo [198-199].
The species formed in solution can be described by the following general
formula: MoO;.nH,O.mH,0,. Upon catalytic removal of the excess of
peroxide species, the yellow solution is composed of molybdenum hydrates
[200]. It was used for the impregnation of the silica-alumina support. The
Mo speciation in solution is not clearly established but could of course be
different from the situation encountered in AHM or AHM-oxalate solution.
The group of Brégault highlighted the quality of this kind of precursors for
the production of highly dispersed MoO, by impregnation on silica [97, 201-
202]. It is noteworthy that only water and possibley hydrogen peroxide
moieties must be removed from the catalyst to obtain the desired MoO;
phase. No ammonium moieties or organic ligands need to be thermally
decomposed.

2. SUMMED UP EXPERIMENTAL

The catalysts were prepared by wet impregnation of ammonium
heptamolybdate in the presence of oxalic acid (‘Ox’) or of molybdenum
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oxide hydrates (‘P’). They are denoted AOxx and APxY, where ‘A’ stands
for the Aldrich commercial silica-alumina support, ‘Ox’ and ‘P’ are the
precursor solution used, x is the MoO; weight loading (%) and Y is the
calcination temperature. AOxx catalysts were all calcined at 400 °C, so the
calcination temperature is not mentioned in the name of the samples. Details

on the preparation are given in Experimental section, p. 25.

The catalysts were characterized by N,-physisorption, XRD, XPS,
Raman spectroscopy, ICP-AES and MAS-NMR, as described in the
Experimental section (from p. 27).

In this chapter, an additional experiment was carried out on the
impregnation juice. The latter is abbreviated “IJ” and defined as the
impregnation solution at the end of the impregnation procedure. In this test,
the wet impregnation procedures were repeated as described in p. 24 as to
prepare one AA10, one AOx10 and one AP10 catalyst. At the end of the 2 h
stirring step, the suspension was allowed to rest for exactly 10 min during
which sedimentation of the solid at the bottom of the flask occurred. Then 1
ml of the liquid phase (IJ) was collected with a pipette and the amount of
Mo, Si and Al in solution was analysed by ICP-AES. Also one blank
impregnation was realized using water as impregnation solution and the
impregnation juice was also analyzed after 2h stirring and 10 min rest.

3. AHM wiITH OXALIC ACID

3.1. Results

3.1.1. Catalysts characterization

The initial precursor solution (“Ox”) was obtained by dissolving
AHM into water and adding oxalic acid as to have three moles of acid for
one mole of Mo. The pH of this solution was 1.8. Figure III-1 shows the
Raman spectrum of this impregnation solution. Two bands are detected,
close to the usual signals of heptamolybdate, at 950 and 911 cm™.

Table III-1 includes the experimental MoO; weight loading and the
textural properties of the AOx catalysts. The effect of the MoO; loading was
studied for these catalysts in the 5-19 wt. % range. In general, the
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experimental weight loading corresponds well to the nominal loading. These
samples were all calcined at 400 °C. Analysis of their texture shows that the
specific surface area roughly tends to decrease with increasing loading
(Table III-1). So does the pore volume. The average pore diameter is

significantly lower than in the support.
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Figure ITI-1: FT Raman spectra of the “Ox” precursor solution (6.66
g of Mo.I™).

Table III-1: Textural properties (N,-physisorption) and experimental MoO; weight
loading (ICP-AES) of the AOx catalysts.

Name Calcination MoO; loading  SSA Pore Pore
temperature (wt. %) (m? g'l) volume diameter
O (mlgh (nm)

A - 490 0.71 5.8

AOx5 400 4.5 440 0.56 5.1

AOx10 400 9.6 470 0.51 4.3

AOx13 400 13.3 410 0.44 43

AOx19 400 19.2 310 0.37 4.7

Figure III-2 shows how the impregnation of the support with
growing amount of MoO; using the AHM-oxalate precursor solution has
affected the pore size distribution of the support. For all catalysts, the pore
size distribution curve is significantly affected. A clear downward shift (with
respect to the Y axis) is observed. This correlates with the marked decrease
in the pore volume (Table III-1). Additionnaly, at high Mo loading, the
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shape of the curve is affected. The amount of large mesopores decreases,

while small pores around 2-3 nm come up.
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Figure III-2: Pore size distribution as measured by the BJH method
on the desorption isotherms of (¢) the support, (m) AOx5, (A)
AOx10, (x) AOx13 and (0) AOx19.
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Figure III-3: XRD patterns of MoO3/Si0,-Al,O; catalysts prepared
by wet impregnation of a oxalate complex of Mo solution and
calcined at 400 °C: (a) AOx5 (b) AOx10, (c) AOx13 and (d) AOx19.
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X-ray diffraction analysis of the AOx samples reveals only the broad
band related to the amorphous support (Figure III-3). Even at the highest
MoOs; loading, no crystals are detected.
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Figure I11-4: Raman spectra of (a) the Si0,-Al,0; support, (b) AOxS,
(c) AOx10, (d) AOx14 and (e) AOx19.

The detection limit of XRD for MoO; crystals lays around 5 nm-
sized crystallites [99, 203]. Thus the fact that no diffraction line is detected
only shows that bulk crystals, bigger than 5 nm are absent. In order to go
further in the description of the MoO, deposit in these catalysts, Raman
spectroscopy was carried out (Figure 111-4). As outlined in Chapter 2 (in link
with Figure II-8), such analysis is delicate because of the intense background
of the support. Here also, the signals related to MoO, species were not
recorded on each spectrum and the reported results are those for which the
signal of interest was the most visible. No bands related to crystalline MoO;
were detected, even though the sensitivity of Raman spectroscopy for
crystalline MoQO; species is very high. This confirms XRD analysis
concerning the absence of MoO; crystals and goes further by demonstrating
the absence of even small MoOj; crystallites. Only one large band is detected
around 950 cm™, attributed to the terminal v(Mo=0) vibration of surface
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polymolybdates [99, 162, 204-205]. This band increases with increasing
MoO; loading. It is relatively broad, which can be taken as an indication of
the good interaction between molybdenum oxide species and the support
[99].

Intensity / a.u.

150 100 50 0 -50 -100
5/ ppm

Figure III-5: Al MAS-NMR spectra of (a) the support, (b) AOx10
dried but not calcined, (c) AOx5, (d) AOx10, (¢) AOx13 and (f)
AOx19. The Alrgr, Alpgy and Algcr broad signals are indicated on the
first spectrum. [AlMog] and Al,(MoQO,); are marked with “*” and
“#’respectively.

The environment of the Al atoms present in the silica-alumina
support is drastically affected by the impregnation with the ‘Ox” solution
(Figure III-5). In the 10 %-loaded sample, analysed by MAS-NMR after
drying (uncalcined), the Al and Alpey species disappear almost
completely. Surprisingly, no band directly attributable to the interaction of
extracted Al atoms with Mo is detected, unlike in the uncalcined AAS8
catalyst for which [AlMog] was detected (Chapter 2, Figure II-9). After
calcination at 400 °C, the Alrgr (ca. 54 ppm) signal is almost restored while
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the Alpgy (ca. 30 ppm) increases but remains lower than in the fresh support.
[AIMog] is detected on calcined catalysts (15 ppm). In the catalyst with the
highest loading (AOx19), a small peak at -14 ppm reveals also the presence
of Al,(M0OQy,)s.

At the surface of AOx catalysts, the amount of Mo tends to be lower
than expected for a totally homogeneous solid (Figure III-6). The
relationship between the surface and the bulk Mo / (Si+Al) ratios is not
really linear.
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Figure III-6: Mo / (SitAl) atomic ratio determined via XPS as a
function of the bulk Mo / (Si+Al) ratio for (e) AOx, (A) AP10300, (o)
APx400 and (0) APx500. The dotted line represents the value
expected for totally homogeneous samples (same amount of Mo at the
surface and in the bulk). Note: the bulk ratios are calculated from the
experimental compostion determined by ICP-AES.

To gain further insight on the phenomena that occur during the
impregnation step, an ICP-AES analysis was conducted on the impregnation
juice (see experimental section, p. 89). First, the Al/Si ratio was determined
for the fresh support (solid sample). Then the blank impregnation juice was
analyzed. As small particles of support remained in suspension when the
liquid was sampled, Si and Al were detected in the liquid sample. As
expected, the Al/Si ratio is close to the one of the solid (Figure III-7). In
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contrast, stirring the silica-alumina support in the “Ox” impregnation
solution provoked a marked increase in the Al/Si ratio found in the liquid
phase. In other words, during impregnation, Al atoms are preferentially
dissolved from the solid. Al atoms leach and join the liquid phase. For the
purpose of comparison, the same experiment was realized on the
impregnation juice obtained after impregnation with AHM. It is noticeable
that such Al-enrichment of the liquid phase is also detected, although in a
much lower extend.

pH=2.5

pH=2.7

34 pH=6.1

Al/Si mass ratio
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S F o
v

Figure III-7: Al/Si mass ratio determined by ICP-AES on the solid
fresh support, A (solid) and on the impregnation juices (I1J) sampled
after 2 h of impregnation of the support and 10 min rest with water
(A0), AHM (AA), AHM-oxalate (AOx) and molybdenum oxide
hydrates (AP). The pH of the impregnation solutions was calculated
from the pH measured in the precursor solutions and taking the
dilution factors into account.

N

Figure III-8 shows the C 1s XPS peak of the 10 %-loaded catalysts
before calcination (after drying). The AA10 and AP10 catalysts present a
typical C peak related to classical C contamination, with mainly one intense
component at 284.8 eV corresponding to the carbon atoms linked to other C
atoms or to H atoms (C-(C,H)). The AOx10 catalyst is different and exhibits
an intense component at 289.6 eV corresponding to C atoms doubly linked
to oxygen (C=0O and O-C-O). This signal must be correlated with the
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presence of the oxalate moieties. Note that after calcination at 400 °C, all
samples exhibited a C 1s XPS peak with the classical shape of usual C
contamination (not shown), indicating that the oxalate moieties were

effectively removed after calcination at 400 °C.

Intensity / a.u.
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Figure I1I-8: XPS C 1s peak of the dried (uncalcined) catalysts (a)
AA10, (b) AOx10 and (c) AP10. The marks indicate the three
components of the peak: (1) C-(C,H), (2) C-O and (3) C=0O and
0O-C-0.

The same samples were analyzed by Raman spectroscopy (Figure
I111-9). Both AA and AOx dried samples exhibit a main Raman band at ca.
945 cm’, attributable to polymolybdate species like heptamolybdate. In the
AA catalyst, the second band appears at 896 cm’, exactly like in
heptamolybdate (v,s MoO,, vibration). This band is not clearly visible in the
AOx sample. As expected, the bands are rather broad for these solid samples

and a precise identification of impregnated species is delicate.
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Figure III-9: Raman spectra of dried (not calcined) catalysts: (a)
AA10, (b) AOx10 and (c) AP10.

3.1.2. Metathesis activity

The evolution of the metathesis activity within one hour of catalytic
test was always similar to the trends depicted in Chapter 2, namely a
maximum in activity is observed after about 20 minutes time-on-stream
followed by slow deactivation (Figure 11-13). In the same way, the specific
activity measured between 14 and 26 min time-on-stream was averaged for
each sample and these values are discussed here. Figure III-10 shows the
metathesis specific activity of AOxx catalysts, along with some of the results
presented in Chapter 2, for the purpose of comparison. It is remarkable that
the curve of activity as a function of the loading is increasing in a linear
fashion. This is different from the situation encountered with AAx catalysts,
for which a plateau was observed from a MoOs loading of about 8 wt. %.
From the results of Chapter 2 indeed, a horizontal line at ca. 16 mmol h” g
appeared as a limit of activity that can be reached with the catalysts prepared
with AHM as precursor and calcined at 500 °C (AAx500). The AAx samples
calcined at 400 °C behaved similarly (Figure 1I-15) and it is reasonable to
imagine a horizontal limit in Figure III-10 corresponding approximately to a
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specific activity of 12 mmol h™' g [64]. These two limits are broken by the
curve of AOxx catalysts at relatively high loading. However, at relatively
low loading the activity of AOxx catalysts is modest and lower than the
AAx500 catalysts with similar loading,.
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Figure I11-10: Specific activity of () AOxx catalysts and comparison
with (0) AAx500 and (0) AA8400 catalysts (Chapter 2).

3.2. Discussion

3.2.1. Effect of oxalic acid on the Mo speciation

Unlike in the case of the impregnation with AHM (pH = 5.4), the pH
of the “Ox” impregnation solution was very low. Depending on the targeted
loading, an appropriate volume of the precursor solution (pH = 1.8) was
diluted in water to reach the 200 ml of impregnation solution. The support
was thus suspended in an impregnation solution whose pH ranged from 2.1
to 2.8 when the nominal loading was respectively 19 and 5 wt. %.

Oxalic acid was added in the impregnation solution with the hope
that it would break the heptamolybdate clusters and stabilize — by
complexation — different Mo species with lower nuclearity. It is difficult to
state firmly whether this effect was obtained or not. Following Himeno et al.
[206], the sharp band at 950 cm™ could be interpreted as the major Raman
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line of M0;0,> species. However, in this case, other bands at 918 and 901
cm” should be present (which is not the case here). As expected, the
mononuclear MoO,* species was not formed (one band expected at 896 cm’!
but only under alkaline condtions). In the present case, oxalic acid lowers the
pH of the solution and does not stabilize mononuclear species by
complexation. To our best knowledge, only one publication related to the
preparation of MoOQOs-based catalyst reports Raman characterization of
molybdenum oxalate in solution. In their paper, Ng et al. [207] show spectra
of molybdenum oxalate in solution as a function of the pH. At pH = 2 the
two most intense peaks are found at 938 cm™ and at 901 cm™, while at
higher pH, the frequency of the Mo=O stretch decreases, indicating a
decrease in the polymerization degree. They claim that monomeric
molybdodioxalate (pH > 4.25) and dimeric molybdooxalate (1.25 < pH <
4.25) species are present in the solution but simply relied on the work of
Beltran et al. [193] for this assertion. It appears consistent to consider that a
peak found higher than 938 cm™ indicates species with higher degree of
polymerization. Indeed, under very acidic conditions species with higher
nuclearity are observed [206]. Here, MogOse* species (971 and 963 cm'l) are
not detected. Ng et al. prepared their solution from molybdenum oxalate
salts and not from AHM, so it is possible that different equilibrium were
reached in their study and in ours. Finally, as the main peak in Figure III-1 is
relatively high (950 cm™) it appears more likely that the heptamolybdate
cluster is conserved in the “Ox” solution used here. Indeed the two Raman
bands that are detected are very close to the typical bands related to AHM.
The small shifts that are noticed might tentatively be explained by a
complexing effect of oxalate ions on the preserved heptamolybdate cluster.
Note also that the band at 911 cm™ is relatively broad and could be an
overlap of two distinct bands.

After impregnation, the bands observed in the liquid state can still be
distinguished, although much less resolved. In view of the large width of the
bands observed for solid-state measurement, it is difficult to discriminate
between different supported polyoxomolybdate species. Most of the species
indeed consist in edge-sharing octahedra with distorted geometry that give
rise to Mo-O vibrations in the same region [191]. In any case, a polymeric
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species, close to heptamolybdate is deposited on the support, as attested by
the main Raman signal at ca. 945 cm™.

3.2.2. Effect of oxalic acid on the support

Characterization results strongly indicate that a partial dissolution of
the support occurred during impregnation in the presence of oxalic acid.
Firstly, the Al/Si ratio measured in the liquid phase after the 2 h of stirring is
strikingly high. This observation, related to the low pH of the solution, is
consistent with the dissolution of aluminic domains of the support. It is well-
known that silica is very resistant against acidic media while alumina already
dissolves around pH 4 [208]. In several cases it was demonstrated that the
dissolution of alumina support must be taken into account in the study of
catalyst preparation [208-209]. In addition to the simple effect of the acidity
of the impregnation medium, the effect of the oxalate ions must be envisaged
here. Carrier et al. [179] have highlighted the works of geochemists and
specialists of soil science who reported that oxalate ions can enhance the
dissolution rate of alumina [210]. This effect has been reported in the case of
aluminosilicate clays, for example [211]. It proceeds via the modification of
the thermodynamic equilibrium between species in solution. The solubility
of aluminium oxide is enhanced because oxalate-aluminium complexes
form, thereby shifting the dissolution equilibrium to the right. Such ligand-
promoted dissolution of alumina-based material is exemplified in Figure III-
11 for the case of halloysite and can be called in the present study to account

for some of our observations.

Secondly, the texture of the support has been strongly affected by
the impregnation procedure, as revealed by the modified pore size
distribution of these samples. This also supports the idea of a partial
dissolution of the support. The pore volume and the mean pore size diameter
both decreased drastically in the case of the impregnation in the presence of
oxalic acid, as compared to the case of the impregnation with pure AHM
(see Chapter 2). It seems that large pore collapsed, while a population of new
very small pores was created during the impregnation. These small pores
may either really be formed from the partial dissolution of the support or
originate from the partial plugging of bigger pores.
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Figure III-11: Effects of oxalate complexes on the equilibrium
solubility of aluminium in the presence of synthetic halloysite (from
reference [211] and reference therein).

Evidently, the environment of Al atoms has changed drastically after
impregnation. As MAS-NMR spectra indicate, in the silica-alumina support
used here, it is the Al species that are prone to leach during the
impregnation. These species — described as framework tetrahedrally
coordinated Al atoms in a mixed silica-alumina phase — were almost totally
consumed after impregnation. In the present case, where oxomolybdate
complexes are present in relatively acidic conditions, it could have been
expected that the dissolution of the alumina-containing support is promoted
by the complexation of A’ ions by oxomolybdate complexes [179]. Indeed
Bergwerff et al. [181] have observed this effect during the preparation of
MoO;/ALLO; extrudates and described it as a chain reaction: AI’" ions
generated by the dissolution of the support are consumed in the formation of
Al(OH)6M060183', which  can  precipitate in the form of
(NH4);AI(OH)sMogO;5. As the A" concentration is kept low, increasing
amounts of aluminium oxide are dissolved. This phenomenon was called to
explain the formation of [AIMog] in the previous chapter, even if the
impregnation solution was not so acidic (the pH of the precursor solution
was 5.4). It was thus reasonable to expect the occurrence of such process
during impregnation with the “Ox” solution. However, no [AlMos] was
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detected on the catalyst after impregnation (before calcination) by *’Al
MAS-NMR. So the partial dissolution of the support can not be linked to the
complexing effect of oxomolybdates in the present case. Instead, it has to be
correlated to the combination of two parameters: (i) the low pH, (ii) the
presence of oxalate ligands. Actually, the affinity of dissolved Al’" cations
for oxalate ligands is stronger than their affinity for oxomolybdenum
species.

3.2.3. Catalysts properties

After the wet step, no hexamolybdoaluminate ([AIMog]) was
detected by *’Al MAS-NMR. However, [AIMog] is present in the calcined
catalysts (Figure III-5). Thus in the present case, the formation of such
aluminium polymolybdate does not take place during the wet step, as
observed in Chapter 2 and from other published studies [98, 179] but after
the drying and calcination steps, when the oxalate ligands are removed by
total oxidation. Actually, it is more reasonable to consider that [AlMog]
forms after the preparation is completed (after calcination), during long-term
storage or during manipulation of the calcined samples under ambient
conditions. Such formation of [AlMog] via hydration of M0O3/Si0O,-Al,03
catalyst under ambient humid condition at room temperature was
demonstrated experimentally [191].

Comparing AA and AOx catalyst, another important difference
concerns the aluminium molybdate phase. Al,(M0QO,); was clearly detected
on the AA8400 sample and its formation was shown to increase with
increasing loading. In the case of the catalysts prepared from the “Ox”
solution, Al,(Mo0Q,); is not detected except as a small signal on the catalyst
with the highest loading. So in the absence of [AlMog] after impregnation,
the formation of Al,(Mo0Q,); during calcination is hampered.

The impregnation with AHM in the presence of oxalic acid followed
by calcination at 400 °C finally led to a totally amorphous Mo oxide deposit,
as confirmed both by Raman and XRD (Figure III-3 and Figure III-4). Once
again, [AIMog] (and Al,(MoQy,); in the case of AOx19) are not detected in
XRD, showing that these species are either totally amorphous, or present as
very small crystallites or in very low amount. The fact that no MoOs crystals
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are found in such MoQ;/Si0,-Al,O; catalysts is a major difference with
respect to the more classical preparation method based on AHM. This effect
can be explained as follows. As demonstrated by Bergwerff et al. [98], the
organic ligands (here oxalate) increase the solubility of Mo, thereby
preventing its fast precipitation at the external surface of the support
particles. This results in a homogeneous Mo deposit on the available support
surface. As Mo species are well dispersed they are less prone to sinter. An
additional reason for the absence of MoQOj is the fact that the formation of
Al(OH)6M060183' was avoided during the wet impregnation in the presence
of oxalic acid whereas it is known that [AIMog] yield MoO; upon calcination
[98, 187]. It could be claimed also that the oxalate ligands indirectly impede
the agglomeration of Mo species by acting as steric spacers during the
adsorption on the support. Mo clusters surrounded by oxalate ligands would
not adsorb on the support in the direct vicinity of each other. The organic
ligands that are removed progressively during calcination would thus hinder
agglomeration and sintering. Finally, another possible factor explaining the
absence of MoO; crystals concerns the dissolution of the support. Dissolved
AP’" ions, possibly complexed by oxalate ligands, will return to the solid
state during water evaporation. These species also might play the role of
“spacers” or “diluting agents” during the formation of the Mo phase. In other
words, this would limit the possibility for pure oxomolybdenum species to
agglomerate close to each other and to sinter under the effect of calcination.

3.2.4. Correlation with metathesis activity

In the end, AOx catalysts have a metathesis activity in the same
order as AA catalysts (Figure I1I-10). At low MoO; loading, they are less
active than the catalysts prepared by impregnation with the classical AHM
solution and calcined at 500 °C. The modest performances of AOx catalysts
can be interpreted in relationship with the phenomenon of support
dissolution. The specific surface area of the final catalyst is negatively
affected by the impregnation with the “Ox” solution. Also, one can imagine
that parts of the Mo species deposited on the support are subsequently
covered by oxalate-aluminium complexes from the solution. Remarkably
however, the metathesis activity rises continuously when the loading
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increases. As a consequence the curves meet and AOx catalysts perform
better than AAx500 catalysts at high loading.

It was shown in Chapter 2 that the calcination temperature had a
marked impact on the metathesis performances of AA catalysts. Namely,
higher calcination temperature led to higher metathesis activity. Here, AOx
catalysts were calcined at 400 °C because this temperature is high enough to
remove oxalate moieties. Comparing the activity of AOx catalysts with the
activity of AA8400 is thus more relevant. Taking also into account previous
results on AAx400 catalysts [64], it seems reasonable to consider that AOx
catalyst perform better than AAx400 catalysts from a loading of 8-10 wt. %
already.

In the previous chapter, MoO; crystals (XRD and Raman) and
Al,(M00,); (NMR) were shown to build up when the activity was levelling-
off. [AIMo¢] was always present in variable amount. In the present case, the
metathesis activity keeps increasing when neither MoO; nor Al,(MoO,);
appear in detectable amounts. In other words, the absence of MoOj; crystals
and of aluminium molybdate in the whole range of loading can be correlated
with the continuous increase in activity. To be accurate, traces of
Al (Mo00Q,); are observed on AOx19. At this level the slope of the activity-
loading curve indeed gets slightly smaller. The [AI(OH)sMosOs]* species
on the other hand form in growing amount in parallel with the increasing
loading and increasing activity. Let us remember that such species can also
form during storage and handling of the sample, as result of hydration of
supported Mo oxide [191]. In any case the presence of this species can not
be correlated with any deleterious effect on the metathesis activity.

In the end, the strategy consisting in the use of oxalic acid as an
organic complexing is relevant to some extent. The control of the nature of
the Mo species in solution at the molecular scale was not achieved and the
beneficial effects of the addition of oxalic acid in terms of metathesis
activity are rather modest. Nevertheless, the use of oxalic acid was shown to
prevent the formation of MoOj; crystals and of aluminium molybdate, which
led to a linear relationship between the specific activity and the MoOs
loading.
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4. MOLYBDENUM OXIDE HYDRATES

4.1. Results

4.1.1. Catalyst characterization

The initial molybdenum oxide hydrates solution was obtained by
reaction of metallic Mo with an aqueous solution of hydrogen peroxide
followed by catalytic removal of the peroxide in excess (the solution is
denoted “P” for peroxide; see Experimental Section, p. 25). The pH of this
yellow solution was 2.0. Figure III-12 shows the Raman spectrum of this
precursor solution. Two bands are detected at 949 and 967 cm™. These bands
may be attributed to Mo0;0,0> and MogOa" species respectively [206].
Noticeably, no band was detected in the 848-856 cm™ range, where the
vibration modes of side-bonded peroxo ligands are usually expected [212-
213] which indicates that the peroxide species have efficiently been removed

catalytically by the treatment with the platinum grid.
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Figure I1I-12: FT Raman spectrum of the “P” precursor solution (8 g
of Mo.I™)

For these catalysts the effect of the temperature (300 °C, 400 °C and
500 °C) has been investigated. Also, the loading has been varied in the 5-20
wt. % range for the 400 °C and 500 °C-calcined samples. The experimental
MoO; loading mostly fits the targeted one or is slightly lower than expected
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(Table 1III-2). Such discrepancies are attributed to the incomplete
recuperation of the Mo that is projected on the walls of the flask during the
reaction of metallic Mo and the H,0, solution (these droplets are tentatively
recovered during the preparation but some are lost). The filtration is another
step of the preparation that can cause losses of Mo (partly remains adsorbed
on the filter even after multiple washing).

Table III-2: Textural properties (N,-physisorption) and experimental MoO; weight
loading (ICP-AES) of the AP catalysts

Name Calcination MoO; SSA Pore volume Pore diameter
temperature loading (m*g") (ml g'l) (nm)
(&) (wt. %)
A - 490 0.71 5.8
AP10300 300 9.3 380 0.51 54
AP5400 400 5.0 430 0.59 5.5
AP10400 400 9.3 390 0.54 5.6
AP14400 400 12.9 370 0.52 5.6
AP20400 400 20.3 330 0.46 5.6
AP5500 500 4.6 390 0.57 5.8
AP10500 500 9.5 370 0.51 5.5
AP14500 500 12.9 320 0.47 5.9
AP20500 500 18.8 290 0.43 6.0

Catalysts having similar loading and calcined at different
temperature have very similar texture as shown by similar SSA, pore volume
and average pore diameter (Table III-2). This is further confirmed by the
overlaid pore size distribution curves shown in Figure I1I-13 for the case of
the 10 %-loaded samples. Catalysts having different MoO; loading mainly
differ in terms of specific surface area and pore volume: both decrease with
increasing loading. The mean pore size remains quite stable or decreases
slightly. The shapes of the pore size distribution profiles are only slightly
affected (Figure I1I-14). Unlike in the case of AA catalysts, the porse size
distribution curves of AP catalysts are clearly shifted downwards (with
respect to the Y axis) upon the addition of Mo oxide.
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Figure III-13: Pore size distribution determined by the BJH method
applied on the desorption isotherms of (¢) the support, (m) AP10300,
(x) AP10400 and (A ) AP10500.
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Figure III-14: Pore size distribution determined by the BJH method
applied on the desorption isotherms of (#) the support, (m) AP5500,
(A) AP10500, (x) AP14500 and (©) AP20500.

In line with the previous section on the preparation of MoQO3/SiO,-

catalysts via impregnation in the presence of oxalic acid,

investigations were conducted on the impregnation juice and on the dried
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(but not calcined) catalysts after impregnation with the molybdenum oxide
hydrate solution. Figure III-7 shows that in this case also the liquid phase in
contact with the support during 2 hours of wet impregnation is enriched in
Al. The effect is more marked than in the case of impregnation with AHM
but less marked than in the case of the “Ox” solution.

Unlike AOx and AA catalysts, no nitrogen peak is observed at the
surface of the uncalcined catalysts (not shown) since no ammonium salt was
used in the preparation of the precursor solution. The carbon peak simply
reveals usual carbon contamination, as no organic compound was used in the

preparation either (Figure III-8).

The Raman spectra of the uncalcined catalysts barely reveal a broad
and poorly resolved peak around 958 cm™ (Figure I11-9). This frequency can
correspond to polyoxomolybdenum species with higher nuclearity than

heptamolybdate, e.g. MogOys*.

XRD investigations showed without ambiguity that all AP samples
are amorphous. No MoQO; crystallites were detected even for the catalysts
with the highest loading and calcined at the highest temperature (Figure I11-
15 and Figure I1I-16).

Intensity / a.u.
?

Bragg angle / ©

Figure III-15: XRD patterns of MoO5/Si0,-Al,05 catalysts prepared
by wet impregnation of a molybdenum oxide hydrates solution (~9 wt.
% MoOs3) and calcined at different temperature: (a) AP10300, (b)
AP10400 and (c) AP10500.
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Figure III-16: XRD patterns of MoO5;/Si0,-Al,05 catalysts prepared
by wet impregnation of a molybden oxide hydrates solution and
calcined at 500 °C: (a) AP5500 (b) AP10500, (c) AP14500 and (d)
AP20500.

In the same way, Raman spectra never showed bands related to the
presence of MoQO; crystals (Figure I1I-17). Instead a broad band around 950
cm' is always detected. It is attributed to surface polymolybdates. In some
cases (like AP14400) a shoulder at ~990 cm™ was detected. Consistently,
Hinokuma et al., reported that the condensation of such peroxopolyanions
gives large chain-shaped polyanions based corner-sharing [MoOsOH]
octahedral which were characterized by Raman bands at 950 and 980 cm™
[198]. The shoulder at 990 cm™ is too high to account for MogO»" species.
Watson et al. proposed that the bands associated with isolated terminal
Mo=0 stretching are visible in the 970-1005 cm’ region [214-215].
However, working with TiO,-SiO, supports, they observed several better
resolved bands in this region, making that such monomeric molybdate are
improbable. Bearing in mind that Raman measurements were very delicate
(in line with the fluorescence of the support and with the low response of
amorphous species) and considering the large width of the Raman bands
discussed, it will be considered that the band at 950 cm™ sometimes
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accompanied by a shoulder at 990 cm™ is associated to an stoichiometrically
ill-defined amorphous surface polymolybdates.

Intensity (a.u.)
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Figure III-17: Raman spectra of (a) the SiO,-AL,O; support, (b)
AP5400, (c) AP10400, (d) AP14400 and (e) AP20400.

The Mo surface concentration measured in XPS increases linearly
with increasing MoOj; loading (Figure I1I-6). Unlike in AAXY catalysts, the
surface Mo / (Si+Al) atomic ratio is always lower than expected for a totally
homogeneous solid. In addition, in AP catalysts, the calcination temperature
has no marked effect on the Mo / (Si+Al) atomic ratio.

After impregnation of the support with the “P” solution, the
environment of Al atoms is affected (Figure I11-18). Mainly the Alpgy (ca. 30
ppm) and Alrgr (ca. 54 ppm) components of the *’Al MAS-NMR spectra
decrease suggesting again that these species are sensitive to the low pH. In
AP10 catalysts, a small amount of [AlMog] (15 ppm) is detected after
impregnation (Figure III-18). After calcination at 300 °C, 400 °C or 500 °C,
the Alrgr signal tends to be restored and the signal of [AlMog] increases
slightly. After calcination at 500 °C, traces of Al,(MoQ,); are detected at -14
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Figure I11-18: A1 MAS-NMR spectra of (a) the support, (b) AP10

dried but not calcined, (c) AP10300, (d) AP10400 and (e) AP10500.

The Alrgr, Alppy and Alger signals are indicated on the first spectrum.

[AlMog] and Aly(MoQy,); are marked with “*”” and “#’respectively.
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Figure III-19: A1 MAS-NMR spectra of (a) the support, (b)

AP5400, (c) AP10400, (d) AP14400 and (¢) AP20400. The Alrgr,

Alpgpy and Algcr signals are indicated on the first spectrum. [AlMog]

and Al,(M0Q,); are marked with “*” and “#’respectively.
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In the catalysts calcined at 400 °C, the [AlIMog] species (15 ppm) is
always present (Figure III-19). Its intensity does not increase proportionally
with increasing loading. Instead, it decreases as the loading get higher than
10 wt. %. Al,(MoOQy); (-14 ppm) appears only above this loading and its
signal is very intense only in the AP20400 catalyst. Similarly, in the
catalysts with MoOs; loading in the same range and calcined at 500 °C, the
[AIMog] species is always present (Figure I11-20). Its intensity does not vary
in parallel with the MoO; loading; instead the proportion of this species
decreases at high loading. Traces of Al,(MoQ,); already appear at relatively
low loading even if it remains low up to 14 wt. % in MoOs;. Here also the
intensity of this peak at -14 ppm increases with increasing loading. In
AP20500 the aluminium molybdate phase is more abundant than in
AP20400.
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Figure II1-20: A1 MAS-NMR spectra of (a) the support, (b)

AP5500, (c) AP10500, (d) AP14500 and (e) AP20500. The Alrgr,

Alpgny and Algcr signals are indicated on the first spectrum. [AIMog]
and Al,(Mo0O,); are marked with “*” and “#”respectively.
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4.1.2. Metathesis activity

The activity of AP catalysts develops with time on stream in a
similar way as already depicted for AA catalysts. Here also, the
performances of AP catalysts will be discussed on the basis their maximum
specific activity obtained by averaging the activity measured after 14, 20 and
26 min (Figure I1I-21). Also reminded on the Figure are the results obtained
with AA catalysts (Chapter 2, Figure 1I-14). The activity of the 10 wt. %
loaded catalysts was slightly dependent on the calcination temperature. The
400 °C-treated sample that is the most active, followed by the catalysts
calcined at 500 °C and finally the one calcined at 300 °C. The effect of the
loading was screened for the catalysts calcined at 400 °C (apparently the best
calcination temperature) and at 500 °C (for the purpose of comparison with
AAx500 catalysts).
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Figure III-21: Specific activity of APx catalysts. (A) AP9300, (¢)
APx400 and (m) APx500. For comparison, the activity is also given
for AAXY catalysts: (A) AA8300, (¢) AA8400 and (o) AAx500.
Horizontal dotted lines are guide to the eyes indicating the plateau
observed in the activity of AA catalysts as described in Chapter 2.

The superiority of APx400 catalysts as compared to APx500
catalysts is confirmed at 14 wt. % MoO; loading. The highest activity is
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reached with AP14400. Overall, the relationship between the metathesis
activity and the MoOs loading is different from the trends depicted in the
case of AA or AOx catalysts. Here, the activity first increases steeply when
the loading is increased up to 14 wt. %. Then a marked decrease is observed.
While AP14400 and AP14500 catalysts are much more active than AA
catalysts with corresponding loading and calcination temperature, the
activity of the 20 wt. % loaded catalysts falls down around the plateau of
activity described earlier for AAx500 catalysts.

4.2. Discussion

4.2.1. Mo speciation in the molybdenum oxide hydrates solution

It is clear that the molybdenum species in the “P” impregnation
solution are different from those found in the AHM or “Ox” ones. Here, the
most intense signals are found at higher frequencies (Figure III-12),
suggesting more condensed polymeric species. The peak at 950 cm™ could
be attributed to the trimolybdate anion (Mo;0,,>) following Himeno et al.
[206]. However, the peak at 967 cm” should be attributed to MogOa~ which
also generates a peak around close 950 cm™ [162, 206]. The presence of the
trimolybdate species is not demonstrated. The presence of species with
nuclearity even higher than eight, like Mo;O e (main Raman signal
expected at 983 cm™) can not be ruled out since it may be comprised in the
high frequency shoulder of the 967 cm™ peak.

4.2.2. Effect on the support

As the solution is very acidic (almost as acidic as the “Ox” solution),
partial dissolution of the support was expected. Indeed, the Al/Si ratio
measured by ICP-AES in the impregnation juice was relatively high (Figure
I111-7). In addition to the effect of the pH, a ligand-promoted dissolution can
be envisaged under the effect of oxomolybdenum species, that would lead to
the formation of the [AlMog] species, as observed in the case of MoO;/Al,O;
catalysts preparation [179]. Indeed, this species is observed in MAS-NMR
after the impregnation (Figure III-18). However, even if the pH of the
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impregnation solution is close to the pH of the “Ox” solution discussed
previously, the extent of the dissolution of the support is clearly smaller.

Here, the porosity of the support is moderately affected by the
preparation. The specific surface area and the pore volume decrease more
than in the case of impregnation with AHM (Table III-2). The mean pore
size diameter tends to decrease slightly after impregnation. In addition,
Figure I11-13 and Figure III-14 show that this is not a simple effect of the
addition of non porous MoOj; but that the porosity of the support itself is
clearly affected. Overall, it must be concluded that the MoO, phase enters
the pores. In parallel, the Alrgr and Alpey signals are only slightly reduced
after impregnation, unlike in the case of impregnation with the Mo-oxalate
solution. This confirms that the drastic alteration of the support described in
the previous section was promoted by oxalic acid, while here the sole effect
of the the acidity of the solution is not enough to provoke a considerable
dissolution of the support.

4.2.3. Catalysts properties

4.2.3.1. Absence of MoOs crystals

All AP catalysts were totally amorphous. The calcination
temperature has no effect on the crystallinity of the catalysts, unlike in the
case of AA catalysts. In the latter case indeed, calcination at 400 °C and 500
°C provoked the appearance of MoO; crystals. Here, the strategy was to use
a precursor which decomposes at lower temperature, so that smoother
treatment would be enough to obtain a MoOs phase at the surface of the
support. In the end, it appears that no MoQO; crystals form even after
calcination at high temperature. This can appear surprising because the
species found in the impregnation solution are also polymeric species and
could thus also act as potential nucleation points for Mo oxide sintering.
However, rational explanations can be put forward to explain such result.

Firstly, as discussed above, the Mo species are thought to enter the
pores of the support instead of precipitating mainly at the outer surface of the
particles, like in the case of AA catalysts. This is suggested both by textural
analysis and by the determination of the Mo surface concentration by XPS.
Comparing Figure I11I-6 with Figure II-1, the Mo concentration detected by
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XPS at the surface of AP catalysts is indeed low, which is coherent with the
idea that Mo atoms actually cover the walls of the pores. In this case Mo
atoms that are located inside the porosity of the particles will not be detected
by XPS. It should be remembered that the tentative formula of the species
formed in solution via the oxidation of Mo by the hydrogen peroxide
solution is MoO;.nH,O.mH,0, (with m presumably close to 0 after the
treatment with the Pt grid). It is reasonable to put forward that such species
interact less with the positively charged support surface than the
heptamolybdate anions. Indeed if present as anionic species in a very acidic
solution, the Mo entities should be more protonated than the heptamolybdate
cluster under moderate pH. So during the impregnation with the ‘P’ solution,
the Mo species have a better opportunity to be transported on the whole
available surface, including the interior of the porosity, instead of
precipitating mostly at the outer surface of the particles, like in the case of
AA catalysts. Mo species (even polymeric species with high nuclearity) that
are well dispersed on the whole available surface have a lower probability to
agglomerate and to form nucleation point for sintering.

The second plausible explanation to account for the absence of
MoOs; crystals concerns [AlIMog]. This species is detected in the dried
catalyst (Figure III-18) but in lower quantities than in AA catalysts. It is
known that hexamolybdoaluminium yields crystalline MoO; (and aluminium
molybdate) upon calcination [98, 187]. The lower amount of [AlMog]
formed during impregnation may account for the lower tendency to form
crystalline molybdenum trioxide during calcination. However, this
interpretation must be handled with care. It is considered that [AIMog] forms

I** cations during impregnation. Yet MAS-

by complexation of dissolved A
NMR spectra of calcined samples show that the intensity of this signal at 15
ppm increases after calcination. This shows that such aluminium
polymolybdate forms not only during the wet step. In fact it must be
remembered that [AlMog] can also form after catalyst preparation, during
storage and manipulation under ambient conditions, via hydration of
supported Mo oxide [191]. So it is not ruled out that the observed (small)
peak of [AlMog] is (partly) due to humid ambient conditions during sample
handling on the bench. In this case, the correlation between the low amount

of [AIMog] after impregnation and the absence MoQO; crystals would be even

117



Chapter 3: Alternative precursors

more evident. MAS-NMR investigations should be conducted on the
samples immediately after impregnation or immediately after calcination and
in dehydrated conditions to ascertain this link.

4.2.3.2. Limited formation of Al;,(M0Qy);

Whatever the calcination temperature, the MAS-NMR peak of
[AlMog] has approximately the same intensity after calcination. On the other
hand the calcination temperature determines whether Al,(MoQO,); forms or
not. In fact among the 10 wt. % loaded samples, only the catalyst treated at
500 °C exhibits traces of this aluminium molybdate phase.

When the calcination temperature is kept constant and the MoO;
loading is varied the proportions of alumimiun molybdate and of aluminium
polymolybdate change. Formation of Aly(Mo0QO,); is favoured when the
loading increases. It seems that, above a certain limit in terms of MoO;
loading, the formation of high amounts of aluminium molybdate can not be
avoided. This transition occurs clearly when the MoO; loading increases
from 14 to 20 wt. %. In fact, when the loading is 14 wt. % the Al,(M0O,);
peak is very small and at lower loading, only traces of Al,(MoQ,); are
sometimes detected. If APx400 and APx500 samples are compared to
AAx500 catalysts (see Chapter 2, Figure 1I-10) the following observations
can be made about the -14 ppm peak: (i) at 4-5 wt. % loading, traces of
Al,(MoOy); (if any) are detected regardless of the preparation method (ii) at
8-10 and 11-14 wt. % loading a real peak is detected for AA catalysts, while
only traces are detected in AP samples and (iii) at high loading (17-20 wt.
%) all catalysts exhibit a significant amount of Al,(Mo0Q,);. This shows that
the preparation of MoQO;/Si0,-Al,0; catalysts via the impregnation of
molybdenum oxide hydrates solution impedes the formation of Al,(MoQ,);

at intermediate loading.
4.2.4. Correlation with metathesis activity

Increasing the calcination temperature of AAS8 catalysts resulted in a
marked increase of activity. Here, the calcination temperature of the AP10
catalysts has a smaller impact. Interestingly however, the 400 °C-treated
sample is the most active. No discrimination can be made between the three
AP10 catalysts on the basis of their texture, their surface composition (XPS)
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or their crystallinity (XRD, Raman). In MAS-NMR, the intensity of the
[AIMog] species is similar in both catalysts. A small difference between
AP10400 and AP10500 can however be noticed in MAS-NMR
spectroscopy: traces of Al,(MoQ,); are detected in the catalyst calcined at
500 °C, while this species is not detected at all in the catalyst calcined at 400
°C. So aluminium molybdate can tentatively be pointed out as responsible
for the lower activity of the AP10500 catalyst. The lower activity of the
AP10300 catalyst can not be explained at this stage.

The dependence of the metathesis activity of AP catalysts as a
function of the MoOj; loading is different from the relationship established in
Chapter 2 and 3 for AA and AOx catalysts respectively. In the present case,
a marked increase in activity is observed when the loading rises up to ca. 14
wt. %. The superior activity of AP catalysts in the range of intermediate
loading (8-14 wt. %) can be interpreted in relationship with physico-
chemical characterization data. Firstly, AP10 and AP14 catalysts are totally
amorphous even when the calcination is carried out at high temperature
while AA8500 and AA11500 exhibit MoO; crystallites (Figure II-6).
Exactly like in the case of AOx catalysts, the activity increases linearly with
the loading as long as no MoQO; crystals form. This tends to confirm the
deleterious effect of MoOj; crystals. Secondly, in addition to MoQO; crystals,
Al,(MoQy); is also clearly present in AA8500 and AA11500, as witnessed
by a noticeable peak at -14 ppm (Figure II-10). In the case of AP10 and
AP14 catalysts, whether calcined at 400 or 500 °C, this peak is either absent
or barely detectable (Figure I1I-19 and Figure I11-20). Again, the presence of
aluminium molybdate appears detrimental.

Similar interpretation can be developed to explain why the activity
of AP catalysts suddenly drops when the MoOs; loading is set to 20 wt. %
(AP20400 and AP20500). This loading corresponds to the sudden increase in
the intensity of the peak at -14 ppm. In fact the amount of Al,(Mo0Q,); in
AP20400 and AP20500 appears similar to the amount detected in AA15500
which itself is a bad metathesis performer.
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5. CONCLUSION

The use of alternative precursors for the formation of a MoQO; active
metathesis phase at the surface of a silica-alumina support has been
investigated (Scheme III-1). In the first case, oxalic acid was added to a
solution of ammonium heptamolybdate. The second precursor solution was
obtained by oxidation of metallic Mo with a hydrogen peroxide solution. It is
shown that the nature of the precursor can have marked impacts on (i) the
transformation of the support and on its reactivity towards Mo species, (ii)
on the final catalyst properties and (iii) on the metathesis activity that can be

reached.

Partial pore collapse Even Mo deposit
No MoO; crystals No MoOj; crystals

Scheme III-1: Scematic representation of the preparation of
Mo0O3/Si0,-Al,0; catalysts via wet impregnation of AHM in the
presence of oxalic acid (left) and with a molybdenum oxide hydrates
solution obtained for the H,O,-assisted oxidation of metallic Mo

(right).

The presence of oxalic acid apparently did not lead to the
stabilization of oxomolybdenum species with low nuclearity. Instead, the
heptamolybdate cluster appears to be preserved. The solution of
molybdenum oxide hydrates contains polymeric species like MogOs" and
the presence of species with even higher nuclearity is not ruled out.
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Both investigated precursor solutions are very acidic, which has an
impact on the support. Indeed, as alumina is known to be prone to
dissolution under acidic conditions, partial dissolution of the support during
the impregnation step has been evidenced. In the presence of oxalate ligands,
the dissolution is more pronounced because the formation of Al-oxalate
complexes promotes the dissolution process. As a result, the texture of the
samples obtained via impregnation in the presence of oxalic acid is
significantly affected.

Unlike catalysts prepared via the impregnation of AHM, the samples
obtained via the alternative precursors are totally amorphous whatever their
loading and calcination temperature. In the presence of oxalate ligands stable
complexes are formed which prevent the formation of [AlMog] and the rapid
precipitation of Mo anions at the outer surface of the support particles. In the
case of the impregnation with the molybdenum oxide hydrates solution, Mo
atoms appear to be better dispersed down to the bottom of the pores (as
compared to impregnation with AHM). In parallel, the formation of [AIMos]
is low. In both cases, the improved dispersion of Mo species on the whole
available surface of the support hampers their sintering to MoO; crystals.

Aluminium molybdate was also formed to a lesser extent in the
catalysts prepared via the alternative precursors. This is explained by the fact
that lower amount (if any) of [AlMog] is formed during impregnation with
the ‘Ox’ or the ‘P’ solutions as compared to the case of AHM.

In the end, AOx catalysts do not perform significantly better than
AAXx500 catalysts. This is tentatively linked to the dissolution of the support
which alters the textural properties of the samples and probably causes
partial coverage of Mo sites by re-adsorbed Al atoms. However, the activity
reached with AOx catalysts is generally higher than what would be expected
for catalysts prepared via impregnation of AHM and calcined at the same
temperature (AAx400). In addition, the important result obtained with these
catalysts is the linear relationship between the MoOj; loading and the specific
activity. This finding is in line with the absence of crystalline MoO; and
Al(M00Q,);, which further recognizes these species as detrimental for the
development of a high metathesis activity.
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AP catalysts with intermediate loading are significantly more active
than AA catalysts. Here, the limit reached in Chapter 2 is clearly broken.
These best catalysts present the combination of favourable factors: the
texture of the support is not strongly affected, there is no MoO; and only
traces of Al,(MoQy); (if any) are detected. At 20 wt. % loading, the specific
activity drops and this phenomenon is correlated with the abrupt production
of aluminium molybdate.

122



CHAPTER 4:

FACILE PREPARATION OF M0O3/SI0,-
AL,O; METATHESIS CATALYST BY THERMAL
SPREADING OF MOLYBDENUM OXIDE

ABSTRACT

This chapter reports a very straightforward preparation method to
produce active metathesis catalysts. The simple physical mixing of
molybdenum oxide with a silica-alumina support followed by an adapted
thermal treatment leads to the spreading of Mo oxide species at the surface
of the support. Characterization (XRD, in situ XRD, Raman spectroscopy,
XPS) shows that the spreading is particularly efficient at low loading. Bulky
MoOs; crystals are converted partly to well-spread MoO, species in close
interaction with the support and partly to very small MoOs crystallites. The
metathesis activity of these catalysts is in the same order but slightly lower
than the activity reached with samples prepared by classical wet
impregnation. This study confirms the superior activity of well-spread Mo
oxide species as compared to MoO; crystallites.

123



Chapter 4: Thermal spreading

1. INTRODUCTION

In the classical preparation of MoQO;-based metathesis catalysts by
impregnation of a support with a Mo precursor — usually ammonium
heptamolybdate (AHM) — followed by calcination, the dispersion of the
active phase is not really controlled (see Chapter 2). Mastering the nature of
Mo surface species that form on the support is not easy. That is, there is no
guarantee to obtain a homogeneous deposit at the surface of the support.
Two main reasons for this can be cited. Firstly, strong interactions between
the species in solution and the support can prevent the species to reach the
bottom of pores [98]. In consequence, the Mo deposit is not dispersed on the
whole available surface. Agglomerated Mo deposit may be more readily
converted to MoQ; crystals upon calcination. Secondly, the drying step (e.g.:
in a rotavapor) implies that part of the support is already dry, sticking on the
edge of the flask, while another portion is still in contact with the remaining
solution. In these cases the amount of Mo that is actually deposited on
different particles of support can be different, which results in different
surface densities and uneven distribution of dispersed and agglomerated
species. Very often for example, increasing the Mo loading or the calcination
temperature unavoidably leads to the formation of MoOQ; crystallites, even
though the theoretical monolayer coverage is not reached. In our targeted
reaction, such MoO; crystals are undesired [64, 88, 96]. This was identified
as a limitation for the MoOs/SiO,-Al,0; metathesis catalysts presented in
Chapter 2. Even if some improvements were reported in Chapter 3, it still
appears attractive to search for alternative methods to deposit a Mo oxide
phase at the surface of the support.

Several reports from the literature showed that molybdenum trioxide
can be transported in the gas phase and spread at the surface of another solid
if an appropriate thermal treatment is applied [102, 216]. Recently, such
direct thermal spreading (TS) of MoO; has been proposed for the preparation
of metathesis catalysts [88, 93]. The technique allows getting rid of the wet
state step, which is inherently one cause of the lack of homogeneity of
catalysts prepared by wet impregnation. An interesting justification for using
this technique is the fact that the nuclearity of the transported species is low.
Glinther et al. proposed that (MoOs); molecules desorb from bulk MoO; and
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are transported during thermal spreading [217-218]. Indeed, MoQj; trimers
are the major species found in MoQ; vapour under the range of temperature
used for thermal spreading. This is an important difference with the situation
encountered in the liquid phase where dissolved polyoxomolybdenum
species with high nuclearity may lead to aggregated Mo deposit and may
constitute nucleation points for the sintering to MoOs.

Interestingly, the technique is very easy and cheap: only one step, no
waste water and no energy spent for vacuum drying. For the conversion of
large amounts of light alkenes in a refinery, such cheap preparation of
heterogencous metathesis catalysts would be highly regarded. In addition,
the thermal spreading of MoOs could presumably result in catalysts having
new physico-chemical properties. By comparison with the catalysts
described in previous chapters, one could possibly obtain valuable
information on the nature of active (or inactive) Mo species.

In this chapter, catalysts obtained by the thermal spreading of
molybdenum oxide on a silica-alumina support are described in detail. The
process is also followed by means of in situ X-ray diffraction experiment
and its efficiency is assessed by various characterization tools (XPS, TEM,
Raman, XRD, MAS-NMR). The catalysts are evaluated in the metathesis of
propene and compared with classical catalysts (Chapters 1 and 2).

2. SUMMED UP EXPERIMENTAL

Catalysts were obtained by direct thermal spreading of MoO; on the
Aldrich silica-alumina support, following the technique proposed by Topka
et al. [88]. The desired proportions of Mo trioxide and support are
mechanically mixed and ground and then heated at 500 °C for 8 h in static
air. Samples are denoted ATSx where “A” stands for the Aldrich silica-
alumina support, “TS” stands for thermal spreading and where “x” is the
MoO; nominal weight loading (in %).

Raman, XRD, ICP-AES, N,-physisorption, TEM and XPS
characterization have been described earlier (Experimental section, p. 27).

Like in previous chapters, most Al MAS-NMR spectra were
recorded on samples that were previously stored for several months in a
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desicator and often manipulated under ambient condition. No particular care
was taken regarding the degree of hydration of the sample. Here, some
dedicated experiments were carried out in order to evaluate the impact of the
degree of hydration of the sample and of its ageing. A freshly calcined
support and a freshly prepared ATS10 catalyst were analyzed rapidly after
preparation (after the last thermal treatment, the samples were stored for one
night in an oven at 110 °C and then analysed; the only contact with ambient
conditions was during ca. 10 min needed for sampling and analysis). The
same samples were then also analyzed after a 2-week ageing period under
ambient conditions.

For in situ XRD experiments, a HTK10 furnace from Anton Parr
was interfaced to the goniometer. The thermal spreading conditions were
reproduced in that chamber. The crushed mechanical mixture (about 50 mg)
was deposited on a Pt plate and heated to 500 °C under static air.
Diffractograms were recorded every hour and also at room temperature
before and after that thermal treatment. In addition, the Debye—Scherrer
equation was used to estimate the size of the molybdenum trioxide crystals
from the width of the peak at 25.7 © and 27.3 °. The crystallites were
considered to be spherical and the peak width for a reference quartz crystal
was 0.1 °.

3. RESULTS

3.1. Catalyst characterization

Table IV-1: MoO; weight loading (ICP-AES) and textural properties (N»-
physisorption).

Name MoO; loading SSA Pore volume  Pore diameter
(wt. %) (m? g™ (ml g) (nm)

A - 490 0.71 5.8

ATSS 4.2 430 0.61 5.6

ATS10 8.9 380 0.56 6.0

ATS14 11.5 350 0.54 6.1

ATS20 16.5 340 0.52 6.0

126



Chapter 4: Thermal spreading

The MoO; weight loading was always found to be fairly lower than
the nominal one (Table IV-1). Textural properties of the solids evolve as
follows with increasing MoQO; loading: specific surface area and pore
volume decrease steadily while mean pore size diameter is barely affected
(slight tendency to increase). These trends are confirmed by the very similar
shapes of the pore size distribution curves and by the fact that the curves
tend to be lower for each MoQO; loading increment (Figure IV-1).
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Figure IV-1: Pore size distribution obtained from the BJH method
applied on the desorption isotherm on (¢) the support, (m) ATSS, (A)
ATS10, (x) ATS14 and (©) AT20.

An in situ XRD experiment was conducted in order to follow the
phenomenon described in the literature as “thermal spreading”. This
experiment evidenced the progressive disappearance of the MoOs crystals
provoked by the thermal treatment. In Figure IV-2 the evolution of two main
diffraction lines of MoQO; is followed as a function of time during the
thermal treatment conditions. At room temperature, the orthorhombic MoO;
phase (25.7 ° and 27.3 °, following JCPDS 05-0508) is detected for this 10 /
90 (wt. %) mechanical mixture of MoO; and silica-alumina. Increasing the
temperature to 500 °C first provokes the conversion of this phase to its
monoclinic form (the peak at 25.7 © shifts to 25.0 ° as per JCPDS 47-1081).
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It is obvious that the diffraction lines then disappear progressively with time.
The thermal spreading is actually completed after about 10 hours.
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Figure IV-2: In situ XRD investigation of the effect of the thermal
treatment at 500 °C of the MoOj; : SiO,-Al,0; mechanical mixture (10
% - 90 % in weight).

Consistently with in situ XRD, no MoOj; crystals were detected in
classical XRD surveys (Figure IV-3), even in the catalysts with higher MoO;
loading. Only a very small diffraction line appears at 27.3°, suggesting the
presence of traces of crystalline molybdenum oxide in the catalyst with the
highest loading. For the sake of understanding, the complete XRD
diffractograms of the 10 : 90 (wt. %) mechanical mixture of MoOs; and
silica-alumina before and after the thermal treatment are compared in Figure
IV-4. The Debye-Scherrer equation was applied on the peaks at 25.7° and
27.3° to estimate the average size of the crystals in the commercial MoOs.
The calculation yields a size of ca. 140 nm. It is commonly accepted that the
Debye-Scherrer law applies in a range from a few nm to 100 nm. As a
consequence, the value determined here is imprecise and should simply be
seen as an indication that the crystals are in any case relatively big, with a
size clearly higher than 100 nm.
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Figure IV-3: XRD patterns of MoO;/SiO,-Al,0; catalysts prepared
by thermal spreading of MoO; at 500 °C: (a) ATSS, (b) ATS10, (c)

ATS14 and (d) ATS20.
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Figure IV-4: Comparison between the XRD patterns of the MoO; :
Si0,-Al,0; mechanical mixture (10 % - 90 % in weight) and (b) the
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catalyst obtained from it after thermal spreading (ATS10).

The mechanical mixture and the corresponding ATS10 catalysts
were investigated in transmission electron microscopy (Figure V-5). In the
mechanical mixture, irregular particles (presumably consisting in the
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agglomeration of smaller particles) are detected with a size in the 100 nm
range. These correspond to the support particles. In addition, some big and
regular crystals of MoQO; are observed. Their size is comprised between 100
and 1000 nm. In the ATS10 sample, only irregular particles similar to those
observed in the mechanical mixture are distinguished. The particles in Figure
IV- 5c appear however slightly different from the ones observed in the fresh
mechanical mixture (Figure IV- 5a). It seems that a kind of coating occurred
around the particle, like a cement surrounding the irregularities of the
particles. In the same time, the bulky regular structures attributed to MoOs
crystals are not detected anymore in the sample after thermal spreading.

J

200 nm

Figure IV- 5: TEM micrographs of (a) a particle of the silica-alumina
support found in the 10 : 90 wt. % MoOs : SiO,-Al,O3; mechanical
mixture, (b) a bulk MoOs crystal found in the same mixture and (c) a
particle of the ATS catalyst after thermal spreading. Each scale bars
represent 200 nm.
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In XPS, the proportion of Mo detected at the surface of the 10 : 90
wt. % MoOs; : SiO,-Al,03; mechanical mixture is very low. It increases
drastically after thermal spreading (Figure IV-6). This evidences
unambiguously the spreading of Mo oxide at the surface of the silica-
alumina support. When the MoOs loading is varied, the Mo / (SitAl) ratio
evolves linearly. The proportion of Mo at the surface is very close to or
slightly higher than the proportion of Mo in the bulk composition of the
samples. It is noteworthy that this ratio remains lower than in the case of the
reference AAx500 catalysts. At 8-10 wt. % loading, the surface of the ATS
catalyst exhibits a similar proportion of Mo as in AA8400 and significantly
more Mo than in AA8300. In the same way, ATS catalysts exhibit a higher
Mo / (Si+Al) atomic ratio than APx catalysts.
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Figure IV-6: Surface Mo / (Si+Al) atomic ratio measured by XPS as a
function of the bulk Mo / (Si+Al) ratio for (¥) ATSx catalysts and (%)
the 10 : 90 (wt. %) mechanical mixture of MoO; with the support
(before thermal treatment). The arrow indicates the evolution of the
Mo / (Si+Al) ratio after thermal spreading. For comparison, the data
obtained with (A) AAx500, (m) AA8400, (o) AA8300 and (¢)
APx500 catalysts (Chapters 2 and 3) are also given. The dotted line
represents the value expected for totally homogeneous samples (same
amount of Mo at the surface and in the bulk). Note: the bulk ratios are
calculated from the experimental compostion determined by ICP-
AES.
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Raman spectroscopy revealed the band attributed to 2D
polymolybdates (around 950 cm™). This indicates that MoO; crystals are
partly converted into amorphous Mo species during the thermal treatment
(Figure IV-7). This band is growing as the MoOj; loading is increased.
However, in contradiction with XRD and from ~8 wt. % loading (ATS10),
Raman spectroscopy enlightens the presence of growing amount of
crystalline Mo oxide (main sharp bands at 666, 819 and 995 cm™). Only the
ATSS sample shows absolutely no peak related to MoO; crystallites.
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Figure IV-7: Raman spectra obtained on the MoO;/SiO,-Al,03
catalysts prepared by thermal spreading of MoO; at 500 °C: (a)
support, (b) ATSS, (c) ATS10, (d) ATS14 and (¢) ATS20. Note: the
diffractogram of ATS20 has been attenuated (signal divided by 3) to
fit in the artwork. As a result, the noise and the band at 950 cm™ are
also graphically attenuated.

The ’Al MAS-NMR spectra of these samples have been recorded
(Figure IV-8). The Alrr (54 ppm), Alpgny (30 ppm) and Alper (2 ppm)
components of the signal are not significantly perturbed by the thermal
spreading of MoOs;. On the other hand, a signal appears at ca. 15 ppm,
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attributed to [AlMog]. Its intensity does not seem to increase in line with the
MoO:; loading.
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Figure IV-8: Al MAS-NMR spectra of (a) the support, (b) AT5, (c)

ATSI10, (d) ATS14 and (e) AT20. The Alrgr, Alppy and Alger broad
signals are indicated on the first spectrum. [AlMog] is marked with

23]

In order to verify the possible effect of ageing on the formation of
[AIMog], one spectrum was recorded directly after the preparation of TS10
(Figure IV-9). No [AlMog] is detected in this “fresh” TS sample. Leaving the
newly prepared TS10 sample on the bench under ambient conditions for two
weeks led to the re-appearance of the peak at 15 ppm. This demonstrates that
the [AIMOg] species also form upon ageing and not only during the wet step
of an impregnation. It was observed also that the proportions of Alrgr, Alpey
and Alpcr in the “fresh TS10 catalysts (Figure IV-9) are different from those
found classically with aged samples (Figure IV-8). For a comparison
purpose the same procedure was applied on the freshly calcined support and
on a two-week aged support sample. The same changes in the Alrgr, Alpey
and Algcr proportions were observed and ageing provoked the restoration of
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the initially obtained spectra. This shows that such modifications are simply
due to the extent of the hydration of the support.
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Figure IV-9: Al MAS-NMR spectra of (a) the freshly calcined
support, (b) the same sample after 2 weeks ageing under ambient
conditions, (c) the “fresh” TS10 catalysts, (d) the same TS10 catalyst
after 2 weeks ageing under ambient conditions. The Alrgr, Alpgy and
Alpcr broad signals are indicated on the first spectrum. [AlMog] is
marked with “*”,

3.2. Metathesis activity

ATS catalysts were active in the metathesis of propene and their
specific activity followed the same evolution with time as previously
described for MoQ3/SiO,-Al,0O5 catalysts. Figure IV-10 shows that the
maximum activity remains quite stable on the whole range of MoOs loading
investigated. Actually, the activity increases smoothly when the loading
increases up to 11.5 wt. % (ATS14). Then the performances level off
(plateau or slightly decreasing curve). Figure IV-10 also reports the activity
of AAx (Chapter 2) and SA85Mo (Chapter 1) catalysts for the purpose of
comparison. At the lowest loading, the ATS catalyst compares very well to
catalysts prepared by classical wet impregnation. When the loading
increased, ATS catalysts are always fairly less active.
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Figure IV-10: Specific activity of (A) ATSx catalysts, (0) AAx500
catalysts (see Chapter 2) and (0) SA85Mo (see Chapter 1) in the self-
metathesis of propene at 40 °C.

4. DiscussION

4.1. Feasibility of thermal spreading to prepare
metathesis catalysts

The thermal spreading method appears as an attractive route because
it is very straightforward. However, as observed from chemical analysis
(Table IV-1) part of the MoOs; introduced in the preparation (typically ca.
15% of the introduced MoQ;) was lost during the preparation, presumably as
a result of sublimation. This issue would of course need to be addressed in
the perspective of scaled up preparation.

4.2. Conversion of bulk MoO3; to amorphous surface
species

The thermal spreading seems to efficiently convert pure MoOj
crystals into amorphous molybdenum oxide spread over the surface of the
support. Indeed, XRD (ex situ and in situ), XPS and Raman
characterizations converge to indicate such conversion. Characterization
shows the effects of the thermal treatment: (i) MoQO; diffraction lines
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disappeared entirely (Figure IV-2 and Figure IV-3), (ii) the surface
concentration of Mo detected in XPS increased significantly (Figure IV-6),
and (iii) a Raman band attributed to amorphous surface polymolybdates
appeared (Figure IV-7). MAS-NMR investigations show that intimate
interaction is created after thermal spreading between Mo and Al atoms (at
least part of them) since an aluminium polymolybdate phase is detected,
exactly like in the case of impregnated catalysts (Figure IV-8). This result is
further analyzed later in this discussion. The effect of the thermal treatment
1s also demonstrated in TEM. A first indication that MoO; has indeed
covered the silica-alumina particles was found via the comparison of the
support particles before and after the thermal treatment: it seemed that the
particles after thermal spreading are embedded in a MoO; film. Note that
artefacts are frequent in TEM analysis and this visual effect can not be taken
as an irrefutable proof of the thermal spreading of MoQ;. On the other hand
the absence of big MoO; crystals in the treated samples — while these
structures were clearly observed in the fresh mechanical mixture —
demonstrates the conversion of MoOj; crystals upon thermal treatment.

The very low Mo / (Si+Al) atomic ratio determined via XPS at the
surface of the mechanical mixture reveals the heterogeneity of the mixture.
Would the mixture be really homogeneous (like in a reference compound in
which the Mo / (Si+Al) ratio would be fixed by stoichiometry), the ratio
would reach the expected value of 0.045 (calculated for a 10 : 90 wt. %
mixture of MoOs; : Si0,-Al,0;). In fact, in the mechanical mixture, MoOs is
present as bulky 3-dimentional crystals surrounded by smaller silica-alumina
particles. When pressed together in the sample holder, only the surface of
MoOs; crystals that reach the 10 nm external surface of the sample will be
probed by XPS. Considering the large size of these MoO; crystals (as
estimated via the Debye-Scherrer equation in XRD and as observed in
TEM), a large proportion of Mo atoms will not be detected. This situation is
depicted schematically in the upper part of Scheme IV-1. The steep increase
in the Mo / (Si+Al) atomic ratio after thermal treatment is unambiguous
evidence that the Mo dispersion increases in the sample. If the MoO, phase
is dispersed over the surface of the silica-alumina material (but also if very
small crystallites persist), the distribution of Mo atoms in the samples will be
more homogeneous. The divergence between surface composition (obtained
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via XPS) and bulk composition (nominal composition or experimental
composition determined via ICP-AES) will be reduced. The fact that the Mo
/ (Si+Al) ratio reaches ca. 0.043 in ATS10 shows that a very homogeneous
distribution of Mo in the sample is reached (lower part of Scheme IV-1).

Mo / (Si+Al) =
0.005 (XPS)
0.045 (nominal)

Mechanical mixture J

X0 01 .

X O 0.043 (XPS)

v e 0K { =03
0.040 (ICP)

Scheme IV-1: Schematic representation of the mechanical mixture
and of the ATS catalysts. In the mechanical mixture, grey balls
represent support particles and dark blue squares represent bulky
MoO; crystals. In the catalyst, after thermal spreading, grey balls
surrounded by a blue line represent support particle covered by an
amorphous MoO, phase and small dark blue squares represent
persistent MoQOj5 crystallites. Dotted horizontal lines schematize the
depth explored in XPS (ca. 10 nm). Note: this illustration is drawn as
a guide to the eye only; relative proportions in size are not respected.

What is not depicted in Scheme IV-1 is that silica-alumina particles
are actually highly porous. Textural analysis showed that the decrease in
specific surface area and in pore volume after thermal spreading is relatively
important. Figure IV-1 showed unambiguously that the porosity of the
support is affected. In parallel, the mean pore diameter remains relatively
stable or tends to increase slightly. Results from Chapters 2 and 3 indicated
that most Mo atoms were located at the outer surface of the silica-alumina
particles in the AAx500 catalysts, while Mo entered the pores of the support
in the case of AP catalysts. If the XPS Mo / Si +Al atomic ratio of ATS
samples is compared to the same ratio obtained on the catalysts prepared
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with impregnation methods (Figure IV-6, Figure II-11 and Figure III-6), it
appears that ATS catalysts exhibit more Mo at their surface than APx500 but
less than AAx500. Consequently, it can be concluded that Mo oxide indeed
gets partly dispersed inside the pores of the support under the effect of the
thermal spreading. The transport of Mo thus seems to operate upon relatively
large distances and down to confined spaces.

4.3. Incomplete conversion of MoO;

Raman spectroscopy, in contradiction with XRD, revealed the
presence of crystalline MoOj; species. The fact that these species are detected
in Raman spectroscopy but not via X-ray diffraction indicates that
crystallites smaller than the XRD detection limit (~5 nm [203]) actually
remained in the mixture after thermal spreading. In other words, the
spreading was not complete. It should be reminded that the procedure
consisted in 8 h of thermal spreading — following the method proposed by
Topka et al. [88], while Figure IV-2 indicates that the complete thermal
spreading (on XRD analysis basis) is only reached after about 10 h for the 10
: 90 wt. % mixture. A relevant strategy would be to investigate the impact of
prolonged thermal spreading time. This effect should in any case be tracked
below the XRD detection limit, by means of Raman analysis.

Only in the sample with the lowest MoO; loading was the thermal
conversion of crystalline MoO; to amorphous well-spread MoO, species
complete. At higher loading, the Raman signals related to crystalline MoO;
increased steeply. In other words, the proportion of Mo atoms that remained
in the form of small MoOj crystallites was rising.

*’Al MAS-NMR results evidenced the presence of [AIMog] in ATS
catalysts. This appeared surprising, since the formation of such compound
was discovered — and is very often discussed — for the case of preparation
steps involving a solid-liquid interface. It must be remembered however that
[AIMog] can actually form independently from any wet step. Indeed, we
showed previously (Chapter 3) that the signal at 15 ppm can appear or
increase in calcined catalysts while it is either absent or small in the dried
sample (e.g. AOx, AP catalysts). In addition, unambiguous evidence of the
conversion of silica-alumina supported MoQ; crystallites into [AIMog] under
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humid atmosphere was provided by in situ Raman spectroscopy [191]. These
results explained the appearance of [AlMog] in aged samples stored in
ambient conditions [185-187]. Our tests on freshly prepared and 2-week
aged samples confirm that [AlMos] was formed during storage and
manipulation of the sample under ambient atmosphere.

In previous chapters, a clear link was established between the
presence of [AlMog] in the dried catalyst before calcination, and the
subsequent formation of both Al,(MoQO,); and MoOs;. The formation of
important amounts of [AlMog] during impregnation led to increased
tendency to form Al,(MoQ,); and MoO; upon calcination. Here, only the
support and bulk MoOj crystals are present when the thermal treatment is
carried out. The latter yields catalysts with no trace of Al,(Mo0Qy);. This
observation supports the idea that such compound, when present in wet-
made catalysts, indeed originated from the transformation of [AIMog]. It also
confirms that [AlMog] is formed after the thermal treatment. As far as
crystalline MoQ; is concerned, ATS and wet-made catalysts differ also
significantly. The small crystallites present in ATS samples clearly originate
from the incomplete conversion of MoQ; crystals, as supported by in situ
XRD. On the other hand, bigger crystals (detectable in XRD) were formed in
AA catalysts by sintering of an amorphous deposit of polymolybdates, with
a probable role of [AlMos] decomposition. So the origin and size of the
crystalline MoOj; species in both systems are different. It should be noted
that the formation of bulk MoQO; crystals upon calcination of AA catalysts
occurred during the 2 hours of thermal treatment at 500 °C. Such crystals
could in principle also be subjected to thermal spreading (also carried out in
static air at 500 °C). The in situ XRD experiment reported in the present
chapter however shows that the thermal spreading of MoQOj; onto the support
is slow. It is thus not excluded that better dispersion of MoOjs in AA catalyst
could be obtained provided that longer calcination durations are applied.

4.4. Correlation with metathesis activity

A distinction can be made between ATSS5 and the other ATS
samples with higher loading in terms of characterization of the Mo oxide
deposit. All characterization techniques show that ATSS5 is very close to
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AA4500 (Chapter 2). In the case of ATSS, the complete conversion of MoO;
was achieved and this translates into good catalytic performances. The
specific activity of ATSS5 is perfectly comparable to those of similar samples
prepared by classical wet impregnation.

On the other hand, ATS catalysts with higher loading are
systematically less active than the reference AAx500 samples. The increase
in loading only leads to a very limited increase in activity. Finally, the
performances of ATS catalysts level off around 12 mol g h™. The following
paragraph is an attempt to correlate the catalytic behaviour of these catalysts
with characterization data, in conjunction with previous discussions about
wet made catalysts.

As discussed above, in ATS catalysts Mo oxide is partly located at
the external surface of the support particles and partly inside the pores. No
direct correlation can be made between specific activity and XPS atomic Mo
/ (Si+Al) ratio. This appeared already from Chapter 3, where AP catalysts
performed better than AA catalysts even if less Mo was detected at their
surface. The absence of bulk MoOj; crystals and of Al,(Mo0QO,); — which have
been pointed as inactive in previous chapters — appears encouraging but is
not translated into outstanding performances or steep activity increase upon
increasing loading. The band detected in Raman spectroscopy at ca. 950 cm™
represents dispersed polymolybdate species which are sometimes proposed
to yield the active centres [88]. Even if its intensity tends to increase with
increasing loading, the increase in activity does not develop in parallel. In
the same time, very small crystallites are detected in Raman spectroscopy.
These Raman lines increase steeply when the MoOj; loading increases. The
occurrence of such small MoO; crystallites is the only observed
characteristic of ATS catalysts that can account for their modest
performances. In consequence, not only the bulky MoOs crystals detected
via XRD or the significant amount of Al,(MoQ,); found on the reference WI
samples are responsible for imposing a limit in the activity of MoO;/SiO,-
AlLOs catalysts. Also the very small (< 5 nm) crystallites left after thermal
spreading are identified as inactive in the metathesis reaction.
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5. CONCLUSION

The direct thermal spreading of MoOj; on silica-alumina is a suitable
and very convenient method for the preparation of active metathesis
catalysts. It avoids the wet state step of classical impregnation methods. As
the process is entirely dry, no [AlMog] is present in the mixture when the
thermal treatment is carried out. Thus no conversion into bulk MoOs crystals
or Al,(MoQO,); occurs under the effect of the treatment at 500 °C. Bulk
MoOs crystals are partly converted to well-spread amorphous MoO, surface
species via thermal treatment in air. This transformation is especially
effective at relatively low loading (ca. 5 wt. % of MoQO;). At higher loading
however, MoQ; crystallites smaller than 5 nm survive the thermal treatment.

Such incomplete spreading of Mo oxide is believed to be the reason
for the modest performances of the catalysts obtained via thermal spreading.
Indeed, when the spreading is complete (low loading), the activity is
comparable to the activity of wet made catalysts, while in the case of
incomplete spreading (high loading), the catalysts are less active.

141



142



INTERMEDIATE CONCLUSION FOR PART Il

This second part investigated alternative modes of deposition of a
Mo oxide phase onto a silica-alumina support, with light olefin metathesis as
the application for the obtained MoOs/SiO,-Al,0; catalysts. In Chapter 3,
the wet impregnation method was carried out, in which alternative Mo
precursors were used. In Chapter 4, a totally dry route was investigated to
disperse directly MoO; on the support. The performances of the new
materials are compared to the reference samples from Part I.

The addition of oxalic acid in an AHM impregnation solution had
marked impacts on the support. Partial dissolution of the aluminic domains
of the silica-alumina was promoted by the low pH of the solution and by the
complexing effect of oxalate on dissolved AI’" ions. The texture of the solids
was significantly affected. The catalysts with relatively high Mo loading
exhibited improved metathesis activity.

In the molybdenum oxide hydrates impregnation solution, the Mo
speciation is different from the classical heptamolybdate cluster encountered
with AHM-based solutions. Upon impregnation of such precursor, the Mo
species are dispersed also inside the pores of the support. Improved
metathesis activities were reached with catalysts with intermediate MoO;
loading.

Dispersing MoO; directly on the support by means of a simple
thermal treatment at 500 °C is a very straightforward method to obtain
Mo0s/Si0,-Al,05 catalysts. These are active in the metathesis of propene.
However, the technique is adapted only to the preparation of catalysts with
low MoO; loading.

In all preparation methods used, the interaction of Mo atoms with Al
atoms was tracked via MAS-NMR spectroscopy. The latter revealed a clear
link between the presence of [AlMog] in the sample that is subjected to
calcination with the formation of bulk MoOs crystals and of significant
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amounts of Aly(MoOy);. In AA samples, the amount of [AlMog] formed
during the wet step was high and the production of Al,(MoOy); and bulk
MoOs crystals was important. In AOx samples, no [AIMog] was present after
impregnation and only traces of Al,(Mo0QO,); were formed in the catalyst
having the highest loading. Not even traces of MoO; crystals were detected.
In AP catalyst, small amount of [AlMog] in the dried catalyst led to a small
amount of Al,(MoQ,); (depending also on the loading and calcination
temperature) in the calcined samples. It appears that Al,(MoQ,); is the first
species to be formed upon calcination of a sample which contains significant
amounts of [AlMog]. Bulk MoOj; crystals are only formed when the amount
of [AlMog] is higher. In link with activity evaluations it can be concluded
that Al,(MoQy); and crystalline MoO; do not yield active metathesis sites.
Indeed, when MoQ; builds up, the metathesis activity is levelling off. In this
case, Al,(Mo0Qy,); is also present. When crystalline MoQOj; is not present, the
amount of Al,(MoQ,); is inversely correlated with the metathesis activity.

In the case of the dry preparation step (thermal spreading), bulk
MoOs crystals and Al,(MoQ,); are not formed, which has to be correlated to
the absence of [AIMog] in the treated mechanical mixture (only MoO; and
the support). This advantage however does not translate into high metathesis
activity. The reason for that is the incomplete conversion of MoOQO; into
dispersed surface molybdate. Presumably, the proportion of Mo atoms that
remain in small MoOj; crystallites is high and these species are not active in
the metathesis either.

Likely, the presence of [AIMos] at the moment of the calcination has
a negative impact for the above-mentioned reasons. However, it seems
probable also that the intimacy between Al and Mo atoms in the final
catalyst is a positive parameter for the development of active metathesis
centres. Two general observations support this idea. Firstly, the conclusions
of Chapter 1 stress the importance of Al atoms. Secondly, a rough
classification of the catalysts indicates that the systems in which an intimate
contact between Al and Mo atoms was favored perform better: AP
(intermediate loading) = AOx (high loading) > AA > ATS. This intimacy
between Mo and Al atoms should however not take the form of Al,(Mo0Q,)s.
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Finally, it should be stressed that in the case of such metathesis
systems, the species which are difficult to characterize by means of physico-
chemical characterization are actually those species which are thought to
yield the active metathesis centres. Mo atoms which are not included in
MoOs crystallites or Al,(MoQO,); but are converted into dispersed Mo surface
species are indeed not described precisely. Only the broad band at ca. 950
cm” detected in Raman is an indication of the stabilisation of amorphous
species, probably prone to generate active sites. However, it is not excluded
that the very small proportion of Mo atoms that actually turn out to be active
after activation are not detected at all by the set of characterization tools
employed here. For example, the presence of a limited amount of isolated —
or monomeric — molybdates at the surface of the support would be difficult
to evidence via Raman (broad and potentially overlapping Raman bands,
strong background, etc.) or via another characterization tool. So the precise
identification of the nature of the active metathesis centres is still unclear.
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Part 111

On an innovative one step preparation of
metathesis catalysts

ABSTRACT

The previous parts of this document have enlightened the good
performances of MoQOs/Si0,-Al,0; catalysts in the metathesis of propene
and the superior activity of highly dispersed Mo species. These findings
have oriented our attention to an interesting mode of preparation of oxides:
the non-hydrolytic sol-gel chemistry. This technique proved to be effective
in designing solids with tailored composition, texture and homogeneity.

In this part, MoO;-Si0,-Al,0; mixed oxides are prepared via non-
hydrolytic sol-gel and characterized extensively. The location of the Mo
species in such solids is investigated particularly with the help of surface and
bulk characterization tools. The impact of the composition, in terms of MoO;
loading and of Si/Al ratio on the properties of the solids is evaluated. The
astonishing metathesis activity of these new materials is then interpreted in
the light of an intensive survey on their solid state chemistry.
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CHAPTER 5:

PREPARATION OF M0QO5-SI0,-AL,0;
METATHESIS CATALYSTS BY A ONE-STEP
NON-HYDROLYTIC SOL-GEL ROUTE

ABSTRACT

MoOs-based catalysts prepared by the dispersion of Mo-oxide on
preformed supports perform well in the light olefin metathesis. An original
alternative approach for the elaboration of Mo-based catalysts is presented in
this chapter. Mesoporous ternary Si-Al-Mo mixed oxides are prepared in one
step, via non-hydrolytic condensation of chloride precursors. After
calcination, effective catalysts with very good textures and highly dispersed
surface Mo species are stabilized. Upon optimization of the composition,
these new materials markedly outcompete the catalysts prepared by the wet
impregnation of SiO,-Al,O; supports with Mo precursors. The stabilization
of isolated Mo species is evidenced and these species are proposed to be the
main active species in the metathesis of propene.
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1. INTRODUCTION

From the previous chapters of this thesis, it is known that
Mo05/Si0,-Al,05 catalysts perform well in the metathesis of propene. Our
results and several other works indicate the superior activity of highly
dispersed Mo species. Also the intimate interaction of Mo species with the
support seems to be crucial. Classical catalyst preparation methods
systematically consist in two-step procedures in which the support —
prepared or bought in the first step — is covered by the active phase in the
second step. This strategy implies limitations such as the lack of
homogeneity of the active phase deposit (e.g.: formation of crystals in
Chapter 2), the loss of interesting textural properties of the support (e.g. pore
collapse in Chapter 3) or the lack of interaction between the active phase and
the support (incomplete spreading of MoQOj; in Chapter 4). It appears that,
even with elaborate impregnation methods, obtaining a molecular-scale
dispersion of Mo species at the surface of a pre-existing support remains
difficult.

In this context, sol-gel processes leading to MoQO;-Si0,-Al,0; mixed
oxides appear interesting. Mixed oxides have a tremendous importance as
catalysts and catalyst supports and sol-gel processes provide versatile routes
for their synthesis [219-221]. However, in most cases a large part of the
active species are not accessible to the reactants, and the direct sol-gel
preparation of elaborate catalysts involving an active oxide phase dispersed
at the surface of a mixed oxide support remains a challenge. This difficulty
explains why such catalysts are usually prepared indirectly, for instance by
grafting or impregnation of preformed supports [222-223]. Conventional sol-
gel routes are based on the hydrolysis and condensation of molecular
precursors, usually alkoxides. In particular, for SiO,-based materials, the
very different reaction rates of metal and silicon precursors make the
simultaneous control of the structure and texture of mixed oxide gels
difficult. Thus, even for relatively simple binary oxides such as SiO,-TiO,,
complicated experimental procedures are required to prepare homogeneous
mesoporous materials, including prehydrolysis of the less reactive precursors
or modification with chelating agents of the more reactive ones, and low-
temperature extraction with supercritical CO, (aerogels) [224].
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Conversely, non-hydrolytic routes [119] based on the reaction of
chloride precursors with alkoxide precursors or diisopropyl ether were
shown to provide an excellent control over the stoichiometry and the
homogeneity of mixed oxide gels [121]. Furthermore, owing to the generally
high degree of condensation of non-hydrolytic gels, mesoporous xerogels
with high surface area and pore volumes can be obtained by simple
evaporative drying, thus avoiding the supercritical drying step. Accordingly,
these non-hydrolytic routes are attracting increasing attention for the
preparation of mixed oxide catalysts [64, 120, 122, 124-126, 128-131, 225-
233]. Nevertheless, most of these studies concern binary mixed oxides and
reports on the preparation of materials based on three different oxides are
rare [64, 124, 128, 131].

In the framework of our study, non-hydrolytic sol-gel chemistry
appears as a promising tool for the controlled preparation of MoQ;-based
metathesis catalysts. From a fundamental point of view, the physico-
chemical properties of the new solids might differ notably from those of
more classical catalysts, which could bring new insights on the nature of
active metathesis centres. Particularly, the nature of the Mo surface species
will tentatively be described in more details. For that purpose, time-of-flight
secondary ion mass spectroscopy will be used to gain further insights on the
surface chemistry of these new systems.

This chapter reports the first direct non-hydrolytic sol-gel synthesis
of Si0,-Al,05-MoO; olefin metathesis catalysts with well-controlled
textures and composition. The materials are obtained in one step by reaction
of low-cost® chloride precursors and diisopropyl ether. The strategy was to
explore catalysts with compositions similar to classical impregnated
catalysts. Two parameters of the preparation are screened: the SiO,/Al,O;
ratio and the MoQO; loading. In addition, dedicated experiments were carried
out to track the possible mobility of Mo atoms in the xerogel under the effect
of thermal treatment. Such migration was indeed anticipated considering the
low Tammann temperature of molybdenum oxide. The structure and the
catalytic activity in the self-metathesis of propene of these sol-gel materials
are systematically compared to those of catalysts prepared by wet

* As compared to the corresponding alkoxide precursors.
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impregnation of a commercial silica-alumina support with ammonium
heptamolybdate (AAx500, Chapter 2).

2. SUMMED-UP EXPERIMENTAL SECTION

The samples were prepared by a one-step non-hydrolytic sol-gel
route, involving the reaction at 110 °C under autogeneous pressure of SiCly,
AICl; and MoCls precursors with diisopropyl ether (Pr,O) in CH,Cl, as
described in the Experimental section, p. 26. The amounts of precursors and
reactants involved in the preparation of each non-hydrolytic sol-gel catalysts
are reported in Table V-1. These samples are labelled NH Y X, where NH
stands for “non-hydrolytic sol-gel”, where Y represents the Al,O; weight
content (in %) and where X represents the MoO; weight loading (in %).
Actually, in the NH_5 X samples (when the MoOj; loading is screened), the
nominal Al,O; content is only approximately 5 wt. %, because it was chosen
to keep the SiO,/Al,O; ratio constant (and equal to 17, as in NH 5 10). The
precise nominal AL,O; content is 5.3, 5.0, 4.7 and 4.4 wt. % for NH 5 5,
NH 5 10, NH 5 15 and NH 5 20 respectively. The preparation of
NH_ 5 10 was done twice and independently to check the reproducibility of
the preparation route (samples noted NH 5 10a and NH 5 10b). All
samples were calcined at 500 °C for 5 hours in flowing air (50 ml min™).

Table V-1: Amount of reactants involved in each preparation

SiCly (g) AlCL (g MoCls (g) Pr,0 (g CH,CIL, (ml)

NH 0 10  7.733 - 0.572 8.258 14
NH 5 10a  7.196 0.394 0.570 8.400 14
NH 10 10 7.027 0.773 0.567 8.248 14
NH 15 10  6.309 1.178 0.572 8.258 14
NH 20 10  5.885 1.563 0.568 8.145 14
NH 5 0 8.042 0.470 - 8.790 14
NH 5 5 5.858 0.278 0.188 6.677 14
NH 5 10b  4.499 0.263 0.384 6.347 14
NH 515 4793 0.245 0.568 5.885 14
NH 520 4280 0.230 0.751 5.719 14

N,-physisorption, ICP-AES, XRD, TEM and XPS techniques were
conducted as depicted in the Experimental section, p. 26.
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Positive and negative time-of-flight — secondary ion mass
spectrometry (TOF-SIMS) measurements were performed with a Charles
Evans & Associates spectrometer [234]. In the TOF-SIMS experiments, the
sample was bombarded with pulsed Ga” ions (15 keV). The secondary ions
were accelerated to + 3 keV by applying a bias on the sample. The spreading
of the initial energies of the secondary ions is compensated by deflection in
three electrostatic analysers. In order to increase the detection efficiency of
high mass ions, a post-acceleration of 15 keV was applied at the detector
entry. The analyzed area used in this work was a square of 120 um x 120
pum. With a data acquisition time of 5 min, the total dose was about 10 ions
cm”, which ensured static conditions. Charge effects were compensated by
means of a pulsed electron flood gun (E, = 24 eV). For the powders analyzed
in this work, a stainless steel grid (non magnetic) with openings of 2 mm
was placed onto the sample surface in order to prevent variations of the
surface potential. The data acquisition and treatment were made using the
software developed by Charles Evans & Associates. The best mass
resolution obtained with this TOF-SIMS spectrometer is M/AM = 11000 at
m/z = 28 on a Si wafer. The mass resolution was about 3000 at m/z = 29.
This highly facilitated the assignment of ions having the same nominal mass
but different compositions. The powders were pressed on a double-face
silver tape. The amount of powder was adjusted to keep the layer thickness
as small as possible (in order to facilitate the surface potential control during
the analysis) but large enough to prevent detection of the substrate by TOF-
SIMS. Relative intensities of Mo" ion were calculated by dividing the sum of
the contribution of the three main isotopes of Mo (m/z = 92, 98 and 100) by
the sum of all significant contributions. The ions taken into consideration in
this sum are H', CH;", NH,", Al", Si’, SiOH", **Mo", *Mo", Mo, “*MoO",
*MoO" and '"MoO".

The acidity of selected samples was evaluated by NH;-temperature
programmed desorption (NH;-TPD) on a Micromeritics AutoChem 2910
apparatus with a thermal conductivity detector (TCD). A 500 mg sample was
preheated in air flow at 500 °C for 30 min (ramp 10 °C min™). Adsorption of
NH; (5 vol. % in helium; flow rate 30 ml min'l) was done at 100 °C for 45
min. Physisorbed NH; was removed by purging with helium at 100 °C for 1
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hour (flow rate 30 ml min"). The TPD measurement was conducted by
heating the sample from 100 to 600 °C at a 10 °C min™ rate.

3. EFFECT OF SI/AL RATIO IN S10,-AL,05-M00O;
CATALYSTS

3.1. Results

3.1.1. Catalysts characterization

In the first set of samples (Table V-2), the Si/Al ratio was varied and
the nominal MoO; wt. loading was kept constant at 10 wt. %. The range of
Si0,/Al,0; ratio explored varied from infinite (no alumina in NH_0 10) to
3.5 (20 % of alumina in NH_20_10). Chemical analyses by ICP-AES show
that the experimental compositions compare well to nominal ones.

Table V-2: Chemical analysis (ICP-AES) and textural properties (N,-physisorption)
of the samples with variable Al,O; content.

Composition (wt. %) SSA Vp Dp SSAp
Si0, : ALO; : MoO; (m’g)) (mlgh (am)* (m>g')
NH 0 10 90.3:0.0:9.7 740 1.1 5.8 70
NH_5_10a 83.9:5.4:10.7 520 1.5 12.0 40
NH 10 10 79.9:10.0:10.1 330 0.6 7.8 30
NH 15 10 74.0:15.4:10.5 200 0.3 6.5 30
NH 20 10 68.8:19.4:11.8 190 0.3 6.7 30

* Average pore diameter (4 Vp/SSAggr)
® From z-plot analysis in the 0.35 — 0.5 nm range

All samples were mesoporous, with N, adsorption-desorption
isotherms of type IV, according to the BDDT classification (Figure V-1).
The specific surface area of the Si0,-MoQj; catalyst (NH_0 10) reaches 740
m? g, In alumina-containing samples the surface tends to decrease as the
alumina content increases. Also, the pore volume and the mean pore size
diameter of alumina-containing samples tend to decrease with increasing
Al,O; content. The NH_0_10 sample steps out of this trend with rather small
mean pore size diameter and intermediate pore volume. #-Plot analysis
indicated that the surface areca developed by micropore walls (denoted
SSAp) was low.
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Figure V-1: N, adsorption-desorption isotherms of NH_ Y 10
samples. Filled symbols are used for desorption isotherms: (m)
NH 0 10, (A) NH 5 10, (¢) NH 10 10, (¢) NH 15 10 and the
corresponding open symbols are used for adsorption isotherms. The
isotherms of NH 20 10 catalyst are superimposed to those of
NH_15 10 and are not shown for the sake of clarity of the figure.
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Figure V-2: Pore size distribution of (¢) NH 0 10, (e) NH_5 10, (m)
NH 10 10, (x) NH_15 10 and (©) NH_20_10.

Transmission electron microscopy (TEM) of the NH 5 10 sample
showed the presence of porous particles in the 200-1000 nm range, with

mesopores in the 2-15 nm range (Figure V-3).
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A

Figure V-3: Transmission electron micfographs of the NH 5 10
sample. Upper image: one microparticle (scale bar = 100 nm). Lower
image: edge of one microparticle in inverted contrast mode (scale bar
=50 nm)

Temperature programmed desorption of ammonia (NH;-TPD) was
used to probe the acidity of the NH catalysts (Figure V-4). The thermogram
obtained for NH_0 10 showed a broad desorption profile centered at 205°C
and indicating the presence of weak acidic sites. The thermograms of all Al-
containing samples showed that ammonia desorbed up to 500 °C, indicating
the presence of acidic sites with higher strength. Their acidity is intermediate
between the weakly acidic sites of silica and the highly acidic sites found in
zeolites [235]. Following the method of Katada et al. [236] one Gaussian
function was fitted to the peak centred at 205 °C and attributed to weak
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acidic sites. The rest of the peak was attributed to medium and strong acidic
sites (the further deconvolution of this high temperature peak appeared too
delicate). Table V-3 gives the total amount of ammonia desorbed from each
sample, as well as the density of acidic sites derived from this value and
from the specific surface area of each catalyst. It appears that (i) the total
acidity reaches a maximum for the sample with 10 % ALO; (NH 10 10),
while the maximum in terms of surface density of acidic sites is reached for
the NH_15 10 sample and (ii) the proportion of medium and strong acidic
sites continuously increases as the alumina content increases.

300 400 500

T/°C
Figure V-4: NH;-TPD thermograms obtained from (a) NH 0 10, (b)
NH_ 5 10a, (c¢) NH 10 10, (d) NH 15 10 and (e) NH 20 10.

L 1
100 200

Table V-3: Acidity measured by NH;-TPD.

NH; Density of Density of Density of
desorbed acid site weak sites medium + strong sites
(mmol g!)  (nm?) (nm™?) (nm™?)*
NH 0 10 0.9 0.7 0.7 (100 %)  0(0 %)
NH 5 10a 1.0 1.2 0.8 (70 %) 0.4 (30 %)
NH 10 10 1.6 2.6 1.5 (59 %) 1.1 (41 %)
NH 15 10 1.5 4.2 2.3 (54 %) 1.9 (46 %)
NH 20 10 1.4 3.9 2.0 (52 %) 1.9 (48 %)

* under brackets is given the proportion of weak or medium + strong sites.
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The XRD patterns of the NH samples presented in all cases a broad
band around 20-25° typical of amorphous solids. There was no evidence of
crystalline molybdenum oxide in the patterns of the sol-gel samples,
showing that no MoO; crystallites larger than the detection limit — about 5
nm [203] — were present.

Intensity / a.u.
of

Bragg angle / ©
Figure V-5: XRD diffractograms of (a) NH 0 10, (b) NH_5 10a, (c)
NH_10_10, (d) NH_15_10 and (e) NH_20_10.

From Raman spectroscopy the presence of MoQO; crystallites is ruled
out for all investigated NH catalysts (Figure V-6). The molybdenum species
present in these samples are not easy to describe by Raman spectroscopy. In
most cases, no band attributable to MoO, species are detected on the
background of the spectra, itself presumably originating from complex
vibration modes of the silica-alumina matrix and of a broad and intense
signal due to the fluorescence of impurities. It is noticeable that this
background becomes increasingly intense as the alumina content in the
catalyst increases, thereby supporting the idea of increasing amount of
defects in the structure of the silica-alumina matrix as the Al content
increases. The NH 0 10 catalyst is the only sample for which the
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background was not too intense and for which two broad bands could be
distinguished. Their maxima appear around 871-878 cm™ and 945-950 cm™.
The most intense peak is classically attributed to the terminal v(Mo=0)
vibration in amorphous polymeric MoO, species [99, 162], while the other
band is attributed to the vibration of Mo-O-Mo bonds in polymers of
octahedral MoQOg units [205] or to isolated tetrahedrally coordinated Mo
atoms [99].
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Figure V-6: Raman spectra of (a) NH 0 10, (b) NH_5 10a, (c)
NH_10 10, (d) NH_15 10 and (e) NH_20_10.

The surface of the catalysts has been studied by XPS (Table V-4).
Figure V-7 provides a convenient view of three important observations that
can be done from XPS analysis. Firstly, the variation in the nominal Si/Al
ratio is also detected at the surface: the Al surface concentration increases
linearly with increasing AL, O; content. Secondly, the Mo surface
concentration tends to decrease with increasing Al,Os; content. Thirdly, C
surface concentration tends to increase with increasing Al,O; content. This
has to be correlated with the fact that the acidity increases with the Al
content. As the surface becomes more acidic, it tends to adsorb higher

159



Chapter 5: Non-hydrolytic sol-gel

amounts of volatile organic compounds (natural atmospheric compounds or
oil vapours from the XPS vacuum pumps).

Table V-4: Surface composition analyzed by XPS

Surface composition
Si Al Mo O C SIOZ . A1203 . MOO3
(at. %) (at. %) (at. %) (at. %) (at. %) (wt. %)

NH 0_10 31.06 0.00 1.16 65.18  2.60 91.8:0.0:8.2
NH_5_10a 27.12 226 0.98 64.56  5.09 86.4:6.1:7.5
NH_10_10 2790 3.60 0.93 62.52  5.06 84.1:9.2:6.7
NH_15_10 2542 5.48 0.91 62.37  5.81 78.8:14.4:6.8
NH 20 10 2472 7.21 0.89 6122 596 75.0:18.5:6.5
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Figure V-7: Aluminium (¢), molybdenum (m) and carbon (A) atomic
surface concentration measured via XPS on NH_Y 10 samples.

The surface composition in terms of oxides has been calculated,
under the approximation that every Si, Al and Mo atoms are in the oxide
form and thus considering the stoichiometry of SiO,, Al,O; and MoOs;
respectively to calculate the values given in the last column of Table V-4.
Carbon, water and other impurities are omitted. This surface composition is
thus directly comparable to the bulk composition presented in Table V-2. It
appears that the proportion of MoO; at the surface is slightly lower as
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compared to the bulk. In other words, there is a tendency of Mo atoms to
preferentially remain in the bulk of the solids. This tendency is more
pronounced for catalysts with higher alumina content.

3.1.2. Metathesis activity

All NH samples were active in the self-metathesis of propene. The
evolution of the metathesis activity with time on stream (Figure V-8) was
very similar to those already reported in previous chapters for other
MoO05/Si0,-Al,05 catalysts. In most cases, the activity increases during the
first 20 minutes of the test and then a slow deactivation occurs. The alumina-
free sample is the noticeable exception. No activation period is observed and
the activity — which is already the lowest initial activity measured for this set
of catalysts — decreases readily. The rate of deactivation is evidently higher.
Among Al-containing samples, the performances tend to increase as the
AlLOs5 content decreases. Remarkably, the NH 5 10 sample is much more
active than the other Al-containing samples.

30

20 r

10 r

Specific activity / mmol g h™’

0 20 40 60
Time on stream / min
Figure V-8: Evolution of the specific metathesis activity with time on
stream. () NH_0 10, (*) NH_5 10, (¢) NH 10 10, (A) N_15 10
and (m) NH 20 10. Note: a technical problem occurred on the GC

apparatus during the test of NH 10 10, interrupting the analysis for
some minutes.
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3.2. Discussion

3.2.1. Composition, texture and acidity of the catalysts

As far as light olefin metathesis is concerned, formulations involving
three different oxides (Mo, Si and Al) are highly recommended (see ref. [86]
and Chapter 1). The need for acidity of the metathesis catalysts is a well-
known fact and we show here that introducing alumina in NH systems
results in an increase in acidity (as further discussed below). The difficulty to
design ternary mixed oxides including silica and a transition metal oxide
with classical hydrolytic sol-gel technology (related to the very different
reaction rates of silicon and metal precursors) is solved by using non-
hydrolytic sol-gel chemistry. The good agreement between experimental and
nominal compositions shows that the non-hydrolytic route used offers an
excellent control over the composition of the materials. It shows that no
metallic species was lost in the liquid phase or in the gas phase during the
drying step. Moreover, non-hydrolytic sol-gel also provides materials with
satisfactory textures: the catalysts are mesoporous with high surface areas
and pore volumes. TEM images are consistent with N,-physisorption
measurements in showing highly porous materials. The porosity and the
specific surface area developed by the samples were shown to decrease
markedly upon Al introduction. This phenomenon seems to be intrinsic to
silica-alumina based systems (see Chapter 2 and ref [132-133, 141]).

In the same way, the fact that the samples are totally amorphous
(Figure V-5) is very encouraging, since MoO; crystals were identified as
inactive species. Raman characterization allows going further in the
description of the Mo species. In the NH 0 10 sample only amorphous
MoOy species are detected. These are present in the form of surface
polymolybdates or isolated molybdates. The absence of MoOj; crystals in
this sample is noteworthy because it is well recognized that molybdenum
oxide usually tends to form bulky crystals in MoO5/SiO, catalysts prepared
via classical techniques. The preferential formation of Mo-O-Mo bridges
instead of Mo-O-Si bonds is driven by the acid-base nature of the
interactions between silica and molybdena [237]. Both are acidic, so the
interaction between both materials tends to be very weak and calcination
usually leads to sintering of crystalline species. For comparison purpose, a
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MoO0s5/Si0; catalyst with exactly the same nominal composition as NH 0 10
was prepared via wet impregnation (WI) of a silicagel (Degussa Aerosil 200)
with ammonium heptamolybdate, followed by evaporation, drying and
calcination at 500 °C. The preparation procedure is identical to the one
described for the preparation of AAx500 catalysts (Chapter 2). Figure V-9
shows a direct comparison of the Raman spectra of the non-hydrolytic sol-
gel prepared catalyst and of the wet impregnated catalyst. The marked
tendency of the MoQ5/SiO, catalyst obtained by WI to form bulk MoO;
crystals (main sharp bands at 994, 819 and 666 cm™ and smaller bands at
376, 335, 288 and 241 cm™) is evident. The opposite tendency is observed in
NH 0 10: only two broad bands are detected, corresponding to amorphous
MoOy species.

N
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Figure V-9: Raman spectra of (a) MoO5/SiO, catalyst prepared by
wet impregnation of silica with AHM and calcined at 500 °C (same
procedure as for AAx catalysts in Chapter 2) and (b) NH 0 10
catalyst.

Two reasonable arguments can be put forward to extrapolate the
Raman results obtained on the NH 0 10 sample to the whole set of NH
catalysts, namely, to affirm that only amorphous MoOj; species and no MoO;
crystallites are found in NH catalysts. Firstly, the sensitivity of Raman
spectroscopy for MoO; crystals is much higher than for amorphous MoO,
species [191]. The Raman cross section is much higher for crystals. Small
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MoO:; crystallites are usually very easily detected, as described in Chapter 4.
Secondly, in Al-containing samples the fluorescence caused by defects in the
materials would saturate any low intensity signals. Therefore, considering
that no bands related to MoOs; crystal species was detected, it is deduced that
highly dispersed Mo species also occur in Al-containing samples. The higher
affinity of molybdena for alumina (and for silica-alumina) than for silica is

another argument that supports the idea of an excellent dispersion of Mo.
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Figure V-10: Density of acidic sites in NH Y 10 catalysts as
determined by NHj;-chemisorption. Total acidity is shown in blue.

Strong + medium acidity is shown in red. Weak acidity can be
visualized as the difference between both columns.

Chapter 1, as well as studies from the literature, showed that the
catalytic activity of supported molybdenum oxide metathesis catalysts was
strongly influenced by the nature of the support. The high activity of
catalysts supported on silica-alumina has been ascribed to the acidic
character of the support [115, 145]. In the present study, the composition of
the silica-alumina matrix also has a marked influence on the acidity of the
samples. The Al-free catalyst is the less acidic both in terms of absolute
amount of acidic sites and in terms of density of acid sites. Furthermore, it
only exhibits weak acidity. In link with Figure 1-4, the acidity of the NH
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samples is shown in Figure V-10 to allow a direct comparison with the
results described in Chapter 1. It is striking that the evolution of total, strong
and medium acidity with the Al content is very similar in both systems. Thus
from a qualitative point of view, the acidity of SAxMo catalysts evolves in
the same way as the acidity of NH Y 10 catalysts upon variation of the
Si/Al ratio, even though their modes of preparation are very different.

3.2.2. Location of Mo atoms

XPS characterization gives further insights on the location of Mo
oxide with respect to the other components of the catalyst. At first sight, the
composition of the surface looks quite similar to the nominal composition,
confirming that the solids appear relatively homogeneous. Such result cannot
be obtained with classical hydrolytic sol-gel chemistry because in that case,
the reactivity of Si alkoxide is much slower than that of Mo and Al
precursors. The main advantage of the non-aqueous reactions used here is to
partially level off these differences in reaction rates [121]. In fact, the
reactions around silicon precursors are catalyzed by Lewis acids, like AlCI;.
As a consequence, in mixed silica-metal oxide systems the rates of reaction
around silicon and metal precursors become similar which leads to
homogeneous mixed Ti-Si, Si-Al, or Si-Zr oxides [123]. In the present case
however, the Mo surface concentration was systematically slightly lower
than expected in totally homogeneous materials. It must be admitted that the
levelling of the kinetics was only partially achieved. Presumably, the Mo
precursors reacted slightly faster than Si and Al precursors. As MoCls is
consumed faster than the other precursors during the formation of the gel,
the reaction medium gets progressively Mo-poorer. It is thus reasonable to
envisage the occurrence of a Mo concentration gradient in the solid.

An interesting observation is the increasing tendency of Mo atoms to
remain in the bulk of the material as the Al content increases. This trend can
possibly be interpreted in terms of a preferential reactivity of Mo precursors
towards Al precursors (as opposed to Si precursors). Mo-O-Al bonds are
indeed more stable than Mo-O-Si bonds. It should be noted at this stage that
the dispersion of Mo atoms in the solid might be affected by the calcination
step. The observations made here concern calcined samples, but it is not
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ruled out at this stage that the dispersion of Mo atoms in the solid is actually
different in the uncalcined xerogel. Indeed the Tammann temperature of
MoO; is low (261°C), which means that the treatment at 500 °C can provoke
phenomena as diffusion, sintering, migration, etc., during which the location
of a given element with respect to the other components of the catalyst may
change. This issue will be analyzed in details in section 4.

3.2.3. Correlation with metathesis activity

The metathesis activity of the Al-free catalyst is very poor. This
correlates well with the conclusion of Chapter 1: the presence of Al is
essential. Furthermore, the evolution of the activity of NH 0 10 with time
on stream is also comparable to the case of SA100Mo. Fast deactivation
takes place. All Al-containing catalysts perform significantly better.
However, in the set of compositions studied here, the lower the Al content,
the higher the activity. This observation is not in line with the conclusions of
Chapter 1. Let us remember however that XRD and Raman experiments
show the occurrence of highly dispersed Mo oxide species in the case of NH
catalysts. The nature of the MoOy species that are found on NH catalyst is
thus very different from the nature of the species found on catalysts prepared
by wet impregnation. So, direct comparisons are delicate. The two following
paragraphs are attempts to correlate the metathesis activity with physico-
chemical properties of NH catalysts.

A first trivial reason for the lower activity of the NH catalysts with
high Al content (as compared to NH_5 10) is the observation that the Mo
surface concentration in NH catalysts tends to be lower when the Al content
is higher. This can presumably lead to lower amount of active sites at the
surface of the catalysts with high Al content and in turn lead to lower
activity. However, the differences in terms of Mo surface concentration are
not pronounced. Only the NH 0 10 sample exhibit significantly higher
amount of Mo at its surface.

In Chapter 1, the correspondence between the evolution of the total
acidity of the samples as a function of the Al content and the evolution of
their metathesis activity led us to conclude that the total acidity was the key
parameter that dictates the activity. Here, such link can not be made directly.
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The specific surface area is a decisive factor that must be taken into account.
In Chapter 1, the specific surface area changes in the series of catalysts.
However, if the activity is normalized by the specific surface area of each
sample, the ranking of the catalysts does not change appreciably (not
shown): the best supports are those with 15 or 20 wt. % of Al,Os;. The
activity of NH catalysts normalized by their specific surface area is
presented in Figure V-11. Here, the specific surface area decreases steeply as
the Al content increases (Table V-2). This normalization shows that the very
active NH_5_10 actually exhibits roughly the same activity as NH_10_ 10 on
a surface basis. So in this case, the higher specific activity of the 5 wt. %
AL,O; containing catalyst is explained by a textural effect. More
interestingly, the catalysts with 15 and 20 wt. % of Al,O; are significantly
more active on a surface basis. These catalysts are more acidic. Overall, the
activity normalized by the surface area is roughly linked to the acidity when
it is also normalized by the surface area: higher density of acid sites leads
leads to higher activity (Figure V-12).
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Figure V-11: Specific activity of NH_ Y 10 samples (columns) and
the same specific activity values normalized by the specific surface
area (m).

In the end, even if a non negligible proportion of Mo atoms is
probably dispersed into the bulk of the silica-alumina matrix and thus not
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accessible to the reactant, NH systems perform well in the metathesis
reaction. It is reasonable to state that the number of Mo atoms effectively
available at the surface of the catalyst to perform the catalytic act is lower
than in the case of catalysts prepared by wet impregnation. However, the
specific activity is either in the same order as for classical MoQO3/Si0,-Al,0;
catalysts (NH_10 10, NH 15 10, NH 20 10) or significantly higher
(NH_5 10). This means either (i) that a much higher proportion of
accessible Mo atoms yield active sites or (ii) that the active sites formed
from the surface Mo species in NH samples are more active. Our results
support the idea that very well-spread, presumably isolated, MoO, species
are the most active metathesis centre, like earlier suggested by Ono et al.
[204].
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Figure V-12: Correlation between the activity (on a surface basis) and
the density of acid sites in NH_Y 10 catalysts.
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4. EFFECT OF MoO; LOADING IN S10,-AL,05;-M00O;
CATALYSTS

4.1. Results

4.1.1. Catalysts characterization

In the second set of samples, the most favourable Si/Al ratio was
selected and the MoO; loading was varied (Table V-5). Here also, the
experimental compositions correlate well with nominal compositions. When
the MoOs; loading is varied in the 5-20 wt. % range, the texture is not
significantly affected. The specific surface area remains approximately
constant, in the 470-500 m? g”' range, for the four compositions investigated.
The pore volume and mean pore diameter are also very constant, except for
NH_5 5 which exhibits a slightly lower porosity. The microporosity is very
low for all samples. Note that the texture of the NH 5 10b sample is very
similar to the texture of the NH 5 10a sample presented above, showing
that the synthesis route is well reproducible.

Table V-5: Composition (ICP AES) and texture (N,-physisorption) of catalysts.

Experimental
Composition (wt. %) SSA (m*g") Vp (mlg") El};n)a (SS?HI)I,
Si0, : ALO; : MoO; 8

NH 55 903:52:4.6 500 0.9 7.2 40
NH 5 10b 86.4:4.1:9.5 480 1.6 13.1 20
NH 5 15 79.9:4.7:15.4 470 1.6 13.3 0

NH 520 77.0:4.2:18.8 490 1.6 13.3 10

* Average pore diameter (4 Vp/Sggr)
® From r-plot analysis in the 0.35 — 0.5 nm range

In general, NH samples were amorphous (Figure V-13). The only
exception concerned the sample with the highest MoO; loading (NH_5 20)
for which a small diffraction line at 27.5° indicated the presence of traces of
crystalline MoO; (JCPDS 05-0508). Raman measurements, like explained in
the previous section did not allow the identification of specific MoOy species
but excluded the presence of MoQOj crystals (not shown).
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Figure V-13: XRD diffractograms of (a) NH 5 5, (b) NH_5 10, (c)
NH 5 15and (d) NH 5 20. The “*” symbol indicates the trace signal
of the (021) crystallographic plane of orthorhombic MoO; at 27.3 °
(JCPDS 05-0508).

Table V-6: Surface characterisation by (XPS) on the fresh and calcined sol-gel
samples.

Si Al Mo O C Cl Mo 3d3/2 BE Mo 3d3/2

(at%) (at%) (at%) (at%) (at%) (at%) (eV) FWHM (eV)
xNH 5 5* 264 13 03 574 142 04 232.8° 3.1°
xNH 5 10° 229 12 0.5 543 199 12 2324 2.5°
xNH 5 15* 229 15 1.0 520 199 27 2323 2.4°
xNH 5 20* 212 13 14 475 265 2.1 232.4° 2.7°
NH 5 5 207 1.6 04 629 54 <0.1 2331 3.0
NH 510 271 23 10 646 51 <0.1 233.1 2.6
NH 515 272 16 16 641 54 <0.1 233.1 2.4
NH 520 264 1.6 20 644 56 <0.1 233.1 2.3

a9

x” stands for “xerogel”, namely the sample recovered after gelation and drying,
but before calcination.
® data given for the most oxidized (Mo™™") component of the Mo 3d peak

The surface composition of the samples was studied by XPS (Table
V-6). In addition, the effect of calcination was investigated by analysing also
the xerogels obtained after drying (before calcination at 500 °C). The high
amount of carbon and the significant amount of chlorine found on the fresh
xerogels have to be related to the presence of residual O'Pr and Cl groups
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(inherent to the non-hydrolytic route used) at the surface of the xerogels.
After calcination the carbon content decreased to about 5 at. %, and chlorine
was no more detected. The residual carbon content was similar for all
calcined samples (ca. 5 at. %). It is in the same range but slightly lower than
the C contamination found on AAx catalysts (ca. 8 at. %). This shows that
the residual organic groups originating from the non-hydrolytic sol-gel
preparation were effectively removed during calcination and that the
remaining carbon resulted from normal atmospheric carbon contamination.
Importantly, Table V-6 also shows that the surface Mo content of the
calcined samples was significantly higher than in the fresh xerogels.

|
0.12 -
g I
+
wn
< 008 - "
(o] [ }
- !
3 004 - " o
L m a <1>
.“ "’.
0.00 L~ !

0.00 0.02 0.04 0.06 0.08 0.10

Bulk Mo / (Si+Al)

Figure V-14: Surface Mo / (Si+Al) atomic ratio determined by XPS
as a function of the bulk Mo / (Si+Al) atomic ratio for (o) NH 5 X
xerogels (before calcination), (e) NH 5 X catalysts, (A) AA8300,
(¢) AA8400 and (m) AAx500 catalysts. The bulk ratios are calculated
from the composition determined by ICP-AES. The dotted line
represents the ratio expected for totally homogeneous materials. The
arrows indicate the increase in the Mo / (Si+Al) ratio after calcination
of the xerogels.

To verify that this increase was not merely due to the decrease in C
and Cl contents, the Mo / (Si+Al) atomic ratio was plotted as a function of
the MoO; loading determined by ICP-AES (Figure V-14). This ratio was
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significantly higher for the calcined samples than for the fresh xerogels (with
an exception for the catalyst containing only 5% of MoOs). Let us note that
the Mo / (Si+Al) atomic ratios reported for NH samples are not very
different from to those reported for AAx catalysts (Chapter 2, Figure 11-11)
calcined at 300 or 400 °C. The amount of Mo detected at the surface of
AAXx500 catalysts was clearly higher, but this was ascribed to the formation
of MoO; crystallites at the outer surface of the particles, leading to much
higher Mo / (Si+Al) ratios (Chapter 2).

Concerning the outermost surface of the catalysts, as characterized
with time-of-flight secondary ion mass spectroscopy (TOF-SIMS) [234],
Figure V-15 shows that the intensity of Mo" ions detected on NH catalysts
increases linearly with the MoQO; loading and that such ions are detected
approximately at the same level in the AA8400, analysed as a reference.
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Figure V-15: Mo ions relative intensity measured by TOF-SIMS on
(¢) NH 5 X catalysts and (A) on AAS8400. At least three
measurements have been performed on each catalyst. The poorer
reproducibility of the measure on the SG sample was ascribed to the
more open porosity and more irregular surface of these samples

Further insight on the Mo chemical environment might be gained
from the observation of the position and width of the Mo 3d peak. The Mo
3d peak of fresh xerogels showed that two different oxidation states coexist:
while the precursor (MoCls) is based on Mo it is reasonable to think that

172



Chapter 5: Non-hydrolytic sol-gel

D occurs when the xerogel is exposed to air. The

partial oxidation to Mo
calcination step results in the production of fully oxidized Mo species
characterized by a well-defined doublet, with the Mo 3ds;, component at
233.1 eV, as expected for Mo™"? is molybdenum trioxide. The Mo 3d
binding energy (BE) is systematically slightly higher in NH samples than in
catalysts prepared by wet impregnation of heptamolybdate. Indeed AAx
catalysts (Chapter 2) typically exhibit the Mo 3d;,, peak at 232.6 — 232.8 eV.
It is difficult to describe the Mo chemical environment from this shift
because the silica-alumina matrix that interacts with Mo atoms is different in
both cases (different Si/Al composition). This shift is however an indication
that Mo""" cations in NH are more electronegative in NH samples than in
impregnated catalysts. The full width at half maximum (FWHM) is
relatively large for NH samples (Table V-6). For comparison, AAx samples
had FWHM typically in the 1.9 — 2.0 range. This indicates that Mo atoms in
NH catalysts undergo different surroundings while the environment of Mo
atoms tends to be more definite in catalysts prepared by wet impregnation of
AHM.

The negative TOF-SIMS general spectra of AAx and NH catalysts
were different. In Figure V-16 the catalyst prepared by non-hydrolytic sol-
gel with the highest loading is compared to the AA8400 catalyst. Typical
patterns related to fragments containing one Mo atom are found for all
samples regardless of the preparation method (peaks around 114, 129, 145
and 160 are attributed to MoO", MoO,, MoO;™ and MoQ, respectively). On
the other hand, a clear difference appears regarding the detection of clusters
containing more than one Mo atom (patterns around 288, 305 and 432 are
identified as the Mo0,O¢, M0,0O; and Mos;Oy ions respectively). These
signals attributed to “poly-Mo clusters” were detected on samples prepared
by wet impregnation but were never detected on NH samples, even at the
highest loading. The detection of these clusters indicates the occurrence of
Mo oxide oligomers or crystallites at the surface of the WI catalysts, while
their absence in the case of SG samples suggests the occurrence of isolated
Mo oxide surface species.
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Figure V-16: Parts of the negative TOF-SIMS spectra obtained with
AAB8400 and NH_5 20 catalysts. (a) From 99 to 177 m/z. (b) From
270 to 700 m/z. Each spectrum has been recorded at least three times.
The relative intensities of every peak were always in good agreement.
The same results have also been obtained after a repeated experiment
performed six months after the main data acquisition campaign.

4.1.2. Metathesis activity

The evolution of the conversion during catalytic tests with NH
samples is very similar to all other Al-containing catalysts presented before.
An induction period is again observed and the maximum specific activity is
measured around 14-20 min. Increasing the MoO; loading from 5 to 10 wt.
% leads to an important increase in activity. Further increments of loading
provoke further activity increase but the extent of these improvements is

progressively smaller as the loading gets higher.
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Figure V-17: Evolution of the specific metathesis activity with time
on stream. (¢) NH 5 5, (m) NH 5 10, (A) N 5 15 and (e)
NH_5 20.

4.2. Discussion

4.2.1. Texture and structure of the catalysts

The texture of the NH catalysts is dictated mainly by the Si/Al ratio
and the MoO; content has much less influence. In the set of catalysts
investigated in this section, the available surface area can be considered as
constant which allows proper comparison in terms of performances. XRD
and Raman characterizations correlate to confirm that these catalysts are
amorphous. Virtually no bulk MoO; was detected by XRD in the SG
catalysts even at 20 % MoQ; wt. loading, while in the classical impregnation
preparation the formation of crystalline molybdenum oxide occurs at a
loading as low as 8 wt. %. This was identified as a limitation of classical
preparation methods which induced an obvious constraint: overloading of
Mo should be avoided to prevent detrimental effect of bulk MoO; on the
specific activity. As the dispersion of Mo species in the NH samples
appeared excellent, non-hydrolytic sol-gel is perceived as very promising to
overcome this limitation.
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4.2.2. Location and nature of Mo species

The comparison of xerogels and calcined catalysts give valuable
information on the preparation process. It appears clearly that the organic
and chlorinated moieties originating from the reactants involved in the

preparation are effectively removed during calcination.

Very interestingly, XPS results show that the calcination step
modified the dispersion of Mo atoms in the solids. Surface characterization
techniques attest of a significant Mo-enrichment of the catalyst surface after
calcination. The increase in the Mo surface concentration is not linked to the
cleaning of the surface from organic groups and chlorine atoms. Indeed, the
Mo / (Si+Al) ratio increases significantly after calcination. This implies that
Mo atoms migrate towards the surface of the catalyst during the treatment at
500 °C. This phenomenon was anticipated considering the low Tammann
temperature of MoO; (261 °C). This temperature (defined as the melting
temperature of the solid (in K) divided by two) is an empirical parameter
corresponding roughly to the temperature at which solid defects are
abundant enough to allow bulk mobility. As the temperature used in the
calcination step is well above the Tammann temperature of Mo oxide,
calcination can lead to the mobility of Mo species in the bulk of the material
and at the surface. Such migration has already been observed for V oxide
species with similar Tammann temperature (209 °C) during the calcination
of V,0s5-TiO, catalysts prepared by hydrolytic or non-hydrolytic sol-gel
[122, 129, 238].

The remaining question is: are all Mo sites accessible (located at the
surface of the solid) or homogeneously dispersed in the solid? The high
surface area and the porosity of the materials seriously complicate the
quantitative interpretation of XPS data. A first approach to answer this
question is to compare the Mo / (Si+Al) atomic ratio determined by XPS on
the NH samples to the same ratio obtained for catalysts prepared by wet
impregnation (e.g. AA samples from Chapter 2). Indeed, in the latter case,
all Mo atoms are brought onto the preformed support and it could be put
forward that most Mo atoms are effectively detected by XPS. In fact, the line
drawn for NH 5 X catalysts in Figure V-14 is close to the corresponding
point for AA8400 catalysts, indicating a similar amount of Mo at the surface
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of NH catalysts. The data point of the AA8300 sample is even lower. The
AAx500 catalysts exhibit more Mo at their surface but this was ascribed to
the formation of MoOs; crystals at the outer surface of the particles. This
shows that Mo atoms deposited onto the surface of a preformed support are
not always probed to the same extent in impregnated catalysts, even if they
are supposed to be located at the surface of the support. So such direct
comparison can be misleading. The second approach would be to calculate
an expected atomic Mo / (Si+Al) ratio from the bulk composition and to
compare it to the surface ratio. This approach was successfully applied for
V,0s5/Ti0O, catalysts [122]. While the surface V/Ti ratio was equal to the
expected bulk V/Ti ratio in the xerogel (indicating a very homogencous
solid) the surface V/Ti ratio increased significantly in the calcined catalyst
(evidencing the migration of V towards the surface of the particles). In the
present case (Figure V-14) the surface Mo / (Si+Al) ratio is lower both for
the xerogels and for the calcined catalysts than the ratio expected for totally
homogeneous materials. This would indicate that even after calcination, the
Mo concentration is higher in the bulk than at the surface. However the same
conclusion should then be drawn for the impregnated AA8400 catalysts. The
data point is lower than the theoretical line even though all Mo are deposited
at the surface. This discrepancy can also result from the fact that only the
outer surface of the particles is probed, while Mo atoms can be dispersed
down to the bottom of the pores. Additionally, the accuracy of each
sensitivity factors is not assured and this can be misleading. In this study, the
factors provided by the manufacturer were used, which do not necessarily
apply to our materials. For example, the stoichiometric O/Mo atomic ratio in
pure molybdenum trioxide is 3 but a ratio of 2.5 was determined
experimentally by XPS. Similarly, the expected Mo/N ratio in ammonium
heptamolybdate is 1.2 but a value of 1.5 was found experimentally.
Verifying the exactitude of each sensitivity factor is not in the scope of the
present research. Overall, comparing the Mo / (Si+Al) ratio of given
materials with others is delicate.

In the present case, it is the relative increase in the Mo / (Si+Al) ratio
after calcination that must be stressed. This increase is clear evidence of the
migration phenomenon. Furthermore, the extent of the migration is
presumably underestimated in the present case. One should not forget indeed

177



Chapter 5: Non-hydrolytic sol-gel

that the materials that are inspected here are porous, with high surface area.
In such solids, the pore walls are very thin (in the order of a few nm). The
explored depth is in the order of 10 nm with a large majority of the signal
originating from the first nanometer (the efficiency of the production and
detection of photoelectrons decrease exponentially with depth). Thus, the
escape depth of the electrons is in the order of the thickness of the pore
walls. As highlighted by Kerkhof and Moulijn [239], the assumption of a
semi-infinite material depth is not valid in such case. The large majority of
the available surface area is developed in pores of the solids. Therefore, if
Mo migrates isotropically from the bulk of the solid toward its surface, most
of the migration will concern the walls of the pores (arrows (1) in Scheme
V-1) and only a minor part will concern the actual outer surface of the
particles (arrows (2) in Scheme V-1). Any increase in Mo surface
concentration at the outer surface of the particles will be detected in XPS as
an increase in the Mo / (SitAl) ratio (situation (b). On the other hand,
segregation of Mo towards the walls of the pores will not be detected since
the whole thickness of the wall is explored (situation (a)). Note that the
above-mentioned example of the V,05/TiO, catalysts concerned materials
with much smaller surface area, for which the migration phenomenon was
more clearly demonstrated.

Scheme V-1: Schematic representation of the porous NH catalyst
analyzed by XPS. On the left, arrows (1) indicate the migration of Mo
atoms toward the surface of the pore walls as a result of calcination
and arrows (2) indicate the same phenomenon directed toward the
outer surface of the particle. Photoelectrons detected in situation (a)
originate from the walls of the pores. Photoelectrons detected in
situation (b) originate from the outer surface of the particle.
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The Mo chemical environment is different in AA and in NH
samples, as underlined by the different position and width of the XPS Mo 3d
peaks. It is the interaction of Mo atoms with the other components of the
catalysts that dictates such shift and broadening of the peaks. In the MoO;
phase formed at the surface of the support after impregnation of AHM and

calcination, Mo"?

experiences mainly the interaction of neighbouring Mo
atoms. Their environment is well defined and this translates into relatively
narrow XPS peaks. In NH catalysts Mo atoms are dispersed into the silica-
alumina matrix and at the surface. Their environment is more variable which

translates into relatively broad XPS peaks.

Analysis of the surface by TOF-SIMS provides further insights on
the nature of MoO, species at the outermost border of the particles. In
particular, TOF-SIMS gives strong indications that only isolated Mo species
are present at the surface of SG catalysts. On the contrary, cluster ions
containing more than one Mo atom are detected on WI samples. The
occurrence of such species confirms the presence of agglomerated Mo oxide
surface species (bulk crystals or polymeric species) in WI catalysts. In
contrast the non-hydrolytic sol-gel route produces highly dispersed, isolated
Mo oxide species.

4.2.3. Correlation with metathesis activity

The activity measurements in the self metathesis of propene can be
understood in the light of the aforementioned characterization results. As the
specific surface area of NH catalysts is relatively constant, the increase in
catalytic activity can directly be correlated to an increase in the number or in
the efficiency of the active centres at the surface of the catalysts when the
MoOs; loading rises. While the Mo surface concentration appears to increase
linearly with the MoOs content, it is not the case for the specific activity.
This suggests that the proportion of Mo surface species which yields active
centres after activation is decreasing when the loading increases. However,
the situation is different from the one encountered with AA catalysts for
which a clear plateau was observed when the loading reached 8 wt. %. Here
the activity of NH samples continues to rise which indicates that some of the
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additional Mo atoms introduced in the preparation continue to yield
additional active metathesis sites.

AA and NH catalysts are comparable in terms of composition and
have textural properties in the same range. This chapter shows that the
catalysts prepared by non-hydrolytic sol-gel clearly perform better than
reference catalysts prepared by wet impregnation of AHM on the silica-
alumina support. It should be recalled that the Mo surface concentration
detected on AA samples had a marked influence in the metathesis activity of
AAX catalysts. At the surface of NH catalysts, the Mo concentration is at
best the same as in impregnated catalysts. Nevertheless, NH catalysts are
much more active (up to two times more active than the best AAx500
catalysts). This shows that the nature of MoO, surface species produced via
the non-hydrolytic sol-gel route is more appropriate. A possible reason is the
fact that Mo atoms are more electron deficient in NH sampes than in AA
samples (the BE of the Mo 3d XPS peak is shifted upwards). More
importantly, all characterization results indicate an excellent spreading of
Mo atoms in the solid. The better performances of NH catalysts must be
correlated to this improved dispersion. In particular, TOF-SIMS experiments
suggest that mainly isolated Mo species are present at the surface of NH
catalysts. Isolated Mo oxide species have already been proposed as the
active metathesis sites [9, 88, 108, 156] but the debate is not closed because
dimeric species [74] and dispersed polymolybdates are also frequently put
forward [88]. The present study clearly supports the idea that isolated MoO,
species act as the active metathesis centres.

5. CONCLUSION

A new strategy for designing active metathesis catalysts was
investigated. The method differs markedly from classical preparation
methods: instead of depositing a catalytically active phase on a preformed
support, the active phase is directly incorporated with the other components
of the catalyst. Two main parameters of the composition were screened
independently: the Si/Al ratio and the MoQOj; loading. Figure V-18 sums up
the dependence of metathesis activity with catalyst composition.
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Figure V-18: Maximum specific activity (measured at 14 min time-
on-stream) of NH catalysts as a function of the nominal MoOj; loading
(abscise) and of the Al,O;3 content. (0) NH_Y 10 catalysts (the value
of Y is given next to each data point) and (m) NH_5 X catalysts (Y is
always very close to 5 wt. %; SiO,/Al,0; wt. ratio = 17). Note: The
two results corresponding to NH_5 10a and NH_5 10b are very close
to each other. This illustrates the good reproducibility of the
preparation (and of the catalytic test, as already mentioned in the
Experimental Section).

It is evident that the Si/Al ratio influences strongly the performances.
The activity of the Al-free catalyst is very poor, which confirms previous
finding from Chapter 1. Adding small amounts of Al,Os in the formulation
yields very active catalysts. The catalyst having the lowest Al,O; loading (Y
=5 wt. %) was the most active in terms of specific activity. Further increase
in the Al content lowers the specific surface area of the NH catalysts which
decreases the specific activity. However, higher Al content also implies
higher acidity, which is again identified as a positive effect in the genesis of
active metathesis catalysts. When the activity is normalized by the surface
area, the catalysts with 15 and 20 wt. % of Al,O; are the most active ones.

Varying the MoQO; loading but keeping the Si/Al ratio constant
allowed maintaining the most favourable textural properties. The activity of
the catalysts increases as the MoQj; increases, even though a progressive
levelling off is observed.
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The best catalysts prepared via the non-hydrolytic route are much
more active that the best catalysts prepared via other methods used in this
study. To ensure the success of the strategy, three main challenges needed to
be addressed: (i) all requirements related to the use of these materials as
solid catalysts (good texture, control on the composition) should be met, (ii)
the active component should be available for the reactants, at the surface of
the catalyst and (iii) the active species should be present in their most active

form.
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Scheme V-2: Schematic comparison of the classical and the new
preparation routes. Left: a silica-alumina supported MoO;-based
catalyst is obtained via wet impregnation with AHM. As depicted in
Chapter 2, the formation of bulky MoOs crystals can not be avoided
when the loading and the calination temperature are high. With such
uneven distribution of the Mo oxide phase, only a limited proportion
of the Mo deposit can yield active sites upon contact with the olefin.
Right: M00;-Si0,-Al,05; mixed oxide catalysts are obtained via the
non-hydrolytic sol-gel route. Arrows indicate that the distribution of
Mo in the solid changed after calcination (higher Mo surface
concentration). As only very dispersed Mo species are stabilized at the
surface, active metathesis sites are created in larger amount.

The first condition is met since solids with relatively high specific
surface area and open porosity were produced. The marked influence of the
AlL,O5 content must however be stressed. The method is also very reliable as
far as the control on the composition is concerned.
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The active component of the formulation — Mo atoms — is initially
dispersed into the solid matrix of the xerogel. XPS characterization even
suggested the tendency of Mo atoms to build up in the core of the solid
rather than at its surface. Slight differences in the kinetics of the non-
hydrolytic condensation reactions of different precursors presumably explain
this phenomenon. However, it is also demonstrated that the calcination step
induces a partial redistribution of Mo atoms in the solid. Mo atoms migrate
toward the surface of the catalyst. In the end, the concentration of Mo atoms
at the surface of the catalyst is in the same order as (or a bit lower than) in
reference catalysts prepared by wet impregnation of ammonium
heptamolybdate.

The third challenge seems to be decisively met. Even if part of Mo
atoms is probably “lost” in the bulk, the species that are actually exposed at
the surface are very active. All characterization data indicate an excellent
dispersion of Mo atoms with the predominance of isolated molybdate
species. This is the key property of the catalysts prepared via non-hydrolytic
sol-gel, which makes them excellent candidates for accomplishing the
heterogeneous light olefin metathesis.
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INTERMEDIATE CONCLUSION FOR PART Il

In this last part of the thesis, an innovative preparation route has
been investigated for the design of Mo0O;-Si0,-Al,O; mixed oxides
dedicated to the heterogeneous light olefin metathesis. The method, based on
non-hydrolytic condensation of chloride precursors leads to materials with
particular physico-chemical properties and high metathesis activity.

This success shows that strategies based on one-step synthesis of
such ternary formulations are relevant and can be more indicated than
methods in which the support is prepared first and then decorated with the
active phase. In fact, the best catalysts prepared via non-hydrolytic sol-gel
are two times more active than the best catalysts prepared in two steps from
AHM.

The better performances of the mixed oxide catalysts are attributed
to the excellent dispersion of Mo in the material. As expected,
characterization tools indicate that a significant proportion of Mo atoms is
“lost” in the bulk of the materials. The amount of Mo species actually
accessible for the propene molecule at the surface of the catalyst is thus
lower than in the case of impregnated catalysts. And despite this situation,
the number of active sites (or their intrinsic activity) is higher. This shows
that the nature of the Mo surface species has a marked impact on the

metathesis activity.
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GENERAL CONCLUSION

The heterogeneous metathesis of light olefins is a crucial reaction for
the petro-chemical industry. It allows regulating the stocks of light alkenes
as a function of the market and at low energy and environmental cost.
MoOs-based heterogeneous catalysts are highly regarded for that purpose as
they are considered to be robust and cheap. Current challenges however,
concern the mastering of the performances of these catalysts. It is known that
only a small fraction of the Mo atoms present in the formulation actually
turn out to be active. The nature and the genesis of active metathesis centres
is still a matter of debate. As far as applied catalysis science is concerned,
any better fundamental understanding of these systems could be helpfully
implemented in the design of improved catalytic processes.

This thesis work proposes steps forward in the direction of a better
understanding of the genesis of active MoO;-based metathesis catalysts. This
was done in two ways: (i) systematic investigations on decisive preparation
parameters in conjunction with dedicated characterizations and (ii)
exploration of new alternative methods for the preparation of MoQ;-based
metathesis catalysts.

The impact of the composition of the support was investigated. The
presence of Al in silica-rich silica-alumina support has a crucial effect on the
metathesis activity of the Mo oxide phase. The effect of Al is studied on a
systematic experimental base. The beneficial role of Al on the metathesis
activity is linked to the increase in acidity brought about when the alumina
content in the support increases from 0 to 15-20 wt. %. In this range of
composition, a true mixed silica-alumina phase build up and exhibits
interesting acidic Si-O(H)-Al bridges. At higher Al,O; content, a pure
alumina phase appears which is less adequate. An optimum was thus
identified at ca. 15 wt. % of alumina in the support.
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General Conclusion

A systematic investigation on the most classical preparation method
to Mo0O;/Si0,-Al,0; catalysts gave new insights on the genesis of active and
inactive species. In particular, the wet impregnation of heptamolybdate on a
silica-alumina support often leads to the formation of bulky MoQO; crystals as
well as Al,(MoQy). These species appears to have a negative effect on the
performance of the catalysts. The formation of such species is linked to the
preparation method (nominal Mo loading, calcination temperature). This part
of the work identifies a threshold in terms of specific activity. It determines
the limits of the classical preparation approach and highlights guidelines to
overcome them. Precisely, the dispersion of the Mo deposit should be
improved. To do this, the precipitation of Mo species at the outer surface of
the particles of support must be impeded and the formation of the Anderson-
type heteropolymolybdate [AI(OH){MosO,s]” during the impregnation
should be avoided. The following sections of the thesis exploited these
guidelines.

Using alternative precursors for the wet impregnation of silica-
alumina was shown to be a possibly relevant strategy. The addition of oxalic
acid in a heptamolybdate impregnation solution has a marked effect on the
support and on the final catalysts properties. Oxalate ligands promote the
partial dissolution of the aluminic domains of the support and impede the
formation of complexes between dissolved AI’* ions and polymolybdic
anions in solution. Overall, the effect on the metathesis activity is modest but
correlates well with physico-chemical properties of the catalysts: as no
Al,(MoOy); and no bulk MoO; crystals build up when the Mo loading
increases, the specific activity rises linearly with the Mo loading. Using a
molybdenum oxide hydrates solution allows improving the dispersion of the
Mo deposit on the whole available support surface (including the inside of
the pores). In such catalysts the formation of MoOj; crystals is avoided and
the genesis of Al,(MoQ,); is impeded. When the MoOj; loading is in the 8-15
wt. % range, these catalysts noticeably outcompete the catalysts prepared via
impregnation of ammonium heptamolybdate. However, when the Mo
loading and the calcination temperature are high, a significant amount of
Al,(MoQy); finally builds up. As this observation was concomitant to a
sudden drop in the metathesis activity, the aluminium molybdate phase was
clearly identified as inactive and deleterious.
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General Conclusion

The direct thermal spreading of MoO; onto the silica-alumina
support is a straightforward method to obtain active metathesis catalysts. The
conversion of bulky MoO; crystals into amorphous Mo oxide dispersed at
the surface of the support is demonstrated. This effect is however only
partial and small MoOj; crystallites (< 5 nm) remain in the materials, thereby
limiting the activity of the catalysts to a moderate level.

The non-hydrolytic sol-gel technique was successfully implemented
to prepare Mo-Si-Al mixed oxides that exhibited outstanding performances
in the metathesis of propene. Via this route, very homogeneous mixed oxides
with controlled composition and texture can be obtained. The dispersion of
Mo atoms in the silica-alumina matrix appears excellent. The calcination of
the xerogel is a crucial step: it provokes the migration of Mo atoms toward
the surface of the catalysts. Here also, a correlation was established between
the density of acidic sites and the metathesis activity of the catalysts. The
surface area developed by the materials is also a determining factor. Upon
optimization of the preparation, the best catalysts prepared via non-
hydrolytic sol-gel are approximately two-times more active than the best
catalysts prepared by classical wet impregnation. This part of the work
highlights the superior activity of the isolated molybdate species that are
stabilized at the surface of the materials.

In the end, this study has addressed some of the challenging issues
that persist in the development of highly efficient heterogencous catalysts for
the metathesis of light alkenes. Answers and guidelines are proposed on

systematic experimental bases.

It is striking however to realize that the thorough description of the
actual active centres remains complicated. This is linked to the fact that a
very low proportion of Mo atoms present in the catalyst actually turn out to
be active. Mostly, physico-chemical characterizations allow probing the
presence of the species that appear to be inactive (MoO; crystals or
crystallites in XRD, TEM and Raman, Al,(MoQ,); in MAS NMR, “poly-Mo
clusters” in TOF-SIMS, etc.). The actually active metathesis centres are then
depicted by deduction, in opposition to the inactive species. It is easy to
identify typical physico-chemical properties of the catalysts that correlate
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General Conclusion

with poor metathesis activity but it is very difficult to identify which
characteristics correlate with good metathesis activity.

Even if the precise description of active sites should still be
considered as a topical research objective, many valuable indirect insights
are provided by this thesis work on the chemistry of MoOs-based metathesis
catalysts. Taking an overall look at the study, the conjunction of systematic
investigations on given preparation parameters, of original preparation
procedures and of detailed physico-chemical characterization surveys allows
highlighting three essential guidelines. Firstly, the role of the support (or
matrix) on the activity of the Mo phase is decisive. Our results suggest that
the optimization of the support composition (e.g. Al content) and of the
support texture is a relevant approach to reach improved performances. In
addition, it is suggested that the intimacy of the contact between Mo species
and the support — presumably Al atoms — is crucial too. Secondly, improving
the Mo dispersion always has a positive impact the catalyst performances.
That is, avoiding the formation of bulk MoOj; crystals or even stabilizing
monomeric MoO, species are pertinent approaches. Thirdly, the preparation
history of each sample has marked impacts on the final catalyst activity. This
may appear surprising since all samples are activated in relatively harsh
conditions before catalytic test. As thermal treatments (e.g.: calcination)
were shown to have marked impacts on the physico-chemical properties of
the active phase of the catalysts, the impact of the activation procedure could
interestingly be studied in more details. Exploring smoother ways to pre-
treat the sample might be a relevant strategy. All the results presented here
indicate the importance of developing a firm know-how concerning the
preparation parameters in the perspective of performance improvements.
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