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“If we knew what it was we were doing, it would not be called research, would it?”

Albert Einstein
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ABSTRACT

In this thesis | present my most relevant research work | performed as a main author from
2002 until these days in the field of Catalysis by Oxides by grouping it on a thematic basis.
Consequently, each chapter in Section A presents a research direction which corresponds to
several papers. | tried to avoid technical details in the text and illustrate the main ideas using
results and their discussion. It is worth noting that the results presented here were mainly
obtained in the Laboratory of Chemical Technology and Catalysis from the University of
Bucharest but also in laboratories abroad where | worked or we are collaborating with.

Chapter | presents the most relevant of my results on the subject of the oxidative
dehydrogenation (ODH) of light alkanes following two main directions: i) enhancing the ODH
selectivity of highly active catalysts and ii) developing new effective catalysts for ODH of light
alkanes. Thus, we have shown that the ODH reaction of n-butane over highly active and selective
TiP,O7 catalysts can be further improved by addition of CO; in the feed and that phosphating
ceria produces an increase in ODH selectivity mainly at the expense of total oxidation products.
We studied new rare earth and transition metal-containing mixed-oxides obtained from layered
double hydroxides (LDH) precursors as ODH catalysts. We have shown first that the use of the
LDH-derived Mg-containing mixed oxides as catalysts in the ODH reaction favored the
desorption of alkenes, and, consequently, improved the ODH selectivity. Among them the Co-
containing system was the most active and selective for propane ODH. In this case we have
shown that the well-dispersed cobalt species with tetrahedral coordination played a main role in
the ODH reaction of propane into propene, the highest propene yields being obtained with the
catalysts containing 7.5-9 at % Co with respect to cations.

Chapter 1l is dedicated to the study of total oxidation of short-chain alkanes over different
novel oxide-based catalysts with the aim of finding highly active catalysts for volatile organic
compounds (VOCs) destruction, capable to replace the precious metal catalysts presently used.
Thus, we have studied Pb and Ba titanates, LDH-derived transition metal-containing mixed
oxides and Ni and Co ferrospinels. The most active and stable catalyst in the total oxidation of
methane was the LDH-derived Cu-containing system. In this case we have shown that the active

sites were the highly reducible copper species, their optimum dispersion being observed for the



catalyst containing ~ 12 at % Cu with respect to cations. We have also shown for the first time
that Co ferrite was highly active and stable in the total oxidation of propane as a VOC model.

Chapter 111 is focussed on the study of oxidation catalysts by electrical conductivity
measurements, a powerful technique for catalysts characterization that can provide information
on the nature of surface oxidizing species, of structure defects and of the oxidic phase involved in
the catalytic reaction which allows us to explain the catalytic behavior of the catalysts studied and
to propose a reaction mechanism. Thus, we studied by electrical conductivity measurements ceria
and phosphated ceria, catalysts for isobutane ODH, Pb and Ba titanates, catalysts for methane
total oxidation, and vanadium antimonate and mixed vanadium and iron antimonate, catalysts for
propane ammoxidation, the relationship existing between their redox and catalytic properties
being evidenced and their catalytic behavior explained.

Chapter IV is devoted to the study of catalytic processes involving the acid-base
properties of the catalyst, such as conversion of ethanol into higher added value products over
LDH-derived mixed oxides, cyanoethylation of methanol over transition-metal containing Mg-Al
hydrotalcites and their corresponding mixed oxides and esterification of n-butanol with acetic
acid over almina-supported molibdena and vanadia catalysts. Thus, we have shown that the Pd-
containing LDH-derived mixed oxide was active for ethanol conversion into n-butanol while the
Cu-based catalyst oriented the transformation towards n-butanol or 1,1-diethoxyethane depending
on the reaction conditions and on the copper content. In the cyanoethylation reaction of methanol
MgAIO system showed the best catalytic performances which diminished after introduction of
the transition metal cations, the equilibrium between basic and acid sites being a key factor.
Finally, we have shown that molybdena supported on y-alumina acts as an efficient stable solid
acid catalyst for the esterification of acetic acid with n-butanol, while vanadia supported on -
alumina loose its activity because of the leaching of the active component.

In Section B a plan for my research and academic career development is emphasized,
different research topics in the field of Catalysis by Oxides that I intend to tackle in the future

being described and justified based on a literature survey.



REZUMAT

Tn aceasti teza sunt prezentate cele mai relevante rezultate ale activitatii mele de cercetare
efectuata in calitate de autor principal Tn domeniul Cataliza pe Oxizi din 2002 pana in prezent,
grupate pe baze tematice. Astfel, fiecare capitol din Sectiunea A prezinta o directie de cercetare
careia 1i corespund mai multe publicatii. Am incercat sa evit detaliile tehnice in text si sa ilustrez
ideile principale cu rezultate si discutia acestora. De notat ca rezultatele prezentate aici au fost
obtinute Tn principal in Laboratorul de Chimie Tehnologica si Cataliza al Universitatii din
Bucuresti dar si in alte laboratoare in care am lucrat sau cu care colaboram.

Capitolul | prezinta cele mai relevante dintre rezultatele mele pe tema dehidrogenarii
oxidative (DHO) a alcanilor inferiori urmarind doua directii principale: i) imbunatatirea
selectivitatii pentru DHO a catalizatorilor foarte activi si ii) obtinerea de noi catalizatori eficienti
pentru DHO a alcanilor inferiori. Astfel, am aratat ca DHO a n-butanului pe catalizatorii foarte
activi si selectivi TiP,O7 poate fi Tnca ameliorata prin adaugarea de CO; in amestecul reactant
precum si faptul ca fosfatarea dioxidului de ceriu are ca rezultat o crestere a selectivitatii pentru
DHO 1in principal pe seama produsilor de oxidare totala. Am studiat drept catalizatori pentru
DHO noi oxizi micsti cu lantanoide si metale tranzitionale obtinuti din precursori hidroxizi dubli
lamelari (HDL). Am aratat in primul rand ca utilizarea oxizilor micsti cu Mg obtinuti din
precursori HDL drept catalizatori in DHO favorizeaza desorbtia alchenelor si, in consecinta,
creste selectivitatea pentru DHO. Printre acestia sistemul cu Co s-a dovedit a fi cel mai activ si
selectiv pentru DHO a propanului. In acest caz am aritat ci speciile de Co inalt dispersate cu
coordinare tetraedrica joaca un rol important in DHO a propanului in propend, cele mai bune
randamente pentru propena fiind obtinute cu catalizatorii ce contin 7.5-9 at % Co fatd de cationi.

Capitolul II este dedicat studiului oxidarii totale a alcanilor inferiori in prezenta unor noi
catalizatori pe baza de oxizi metalici cu scopul de a gasi catalizatori cu activitate ridicatd in
distrugerea compusilor organici volatili (COV) capabili sa inlocuiasca catalizatorii de metale
nobile utilizati in prezent. Astfel, am studiat titanati de Pb si Ba, oxizi micsti ce contin cationi de
metale tranzitionale obtinuti din precursori HDL si ferite spinelice de Ni si Co. Cel mai activ si
stabil catalizator in oxidarea totala a metanului s-a dovedit a fi sistemul pe baza de Cu obtinut din
precursori HDL. In acest caz am aritat ca centrii activi sunt speciile de cupru inalt reductibile,

dispersia optima a acestora fiind observata pentru catalizatorul cu ~ 12 at % Cu fata de cationi.



Am aratat, de asemenea, pentru prima data ca ferita de Co este foarte activa si stabila in oxidarea
totald a propanului ca model de COV.

Capitolul III este centrat pe studiul catalizatorilor de oxidare prin masurdtori de
conductivitate electrica, o tehnica excelentd de caracterizare a catalizatorilor care poate da
informatii despre natura speciilor oxidante superficiale, a structurii defectelor si a fazei oxidice
implicate in reactia catalitica, permitandu-ne astfel explicarea comportamentului catalitic al
catalizatorilor studiati i elaborarea unui mecanism de reactie. Astfel, am studiat prin mésuratori
de conductivitate electrica dioxidul de ceriu pur si fosfatat, catalizatori pentru DHO a
izobutanului, titanatii de Pb i Ba, catalizatori pentru oxidarea totald a metanului precum si
antimoniatul de vanadiu si antimoniatul mixt de vanadiu si fier, catalizatori pentru amonoxidarea
propanului, fiind evidentiata relatia existentd intre propritatile lor redox si catalitice §i explicat
comportamentul lor catalitic.

Capitolul 1V este consacrat studiului unor procese catalitice care implica proprietatile
acido-bazice ale catalizatorilor, cum ar fi conversia etanolului in produsi cu valoare adaugata
ridicatd pe catalizatori oxizi micsti derivati din HDL, cianoetilarea metanolului pe catalizatori
HDL cu Mg, Al si metale tranzitionale si oxizii micsti corespunzatori precum si esterificarea n-
butanolului cu acid acetic pe catalizatori de oxid de molibden si oxid de vanadiu suportati pe
alumina. Astfel, am aratat ca oxidul mixt cu Pd derivat din HDL este activ pentru conversia
etanolului in n-butanol in timp ce catalizatorul pe baza de Cu orienteaza transformarea fie catre n-
butanol sau 1,1-dietoxietan in functie de conditiile de reactie si de continutul de Cu. In reactia de
cianoetilare a metanolului, cele mai bune performante catalitice le-a avut sistemul MgAIO acestea
diminuandu-se in urma introducerii de cationi de metale tranzitionale in oxidul mixt, echilibrul
dintre centrii acizi si bazici fiind un factor cheie. In sfarsit, am aritat ci oxidul de molibden
suportat pe y-alumind este un catalizator solid acid eficient si stabil pentru esterificarea acidului
acetic cu n-butanol, in timp ce oxidul de vanadiu suportat pe y-alumina isi pierde activitatea ca
urmare a pierderii componentei active.

In Sectiunea B este prezentat un plan de dezvoltare al carierei mele academice si de
cercetare, fiind descrise si justificate pe baza unui examen al datelor de literatura diferite subiecte

de cercetare din domeniul Cataliza pe Oxizi pe care intentionez sa le abordez n viitor.
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I. CATALYTIC OXIDATIVE DEHYDROGENATION OF LIGHT
ALKANES

A potential route for short-chain alkane (C,-C,) valorization is their conversion to
unsaturated hydrocarbons which are largely used as starting materials in chemical industry.

Dehydrogenation of light alkanes is an equilibrium endothermic reaction that requires
relatively high temperature to obtain a high yield of alkenes. However, the alkane conversion is
limited by thermodynamic equilibrium and the high reaction temperature favors thermal cracking
reactions of the alkane and coke formation, resulting in a decline in product yield and an increase
in catalyst deactivation [1].

Oxidative dehydrogenation (ODH) of light alkanes may offer a promising alternative for
the production of alkenes compared to the dehydrogenation process. ODH has the advantage of
an exothermic reaction, without thermodynamic limitations and with a low risk of catalyst
deactivation through coking because the reaction is run in an oxidative environment. In spite of
being intensively studied for a long time, the conventional oxidative dehydrogenation of light
alkanes is still far from industrial application [2]. Nevertheless, it is worth noting that the concept
of oxydehydrogenation is already used in industry to convert propane into propene in a two-step
process. For example, in the STAR process (UHDE) a conventional dehydrogenation step is
followed by an oxidation step in which oxygen is admitted to the system for converting hydrogen
into water and thus shifting the equilibrium of the dehydrogenation reaction to the products side
[3].

The main difficulty in obtaining high alkenes yields by conventional ODH of the
corresponding alkanes arises from the fact that alkenes are more reactive than alkanes, thus being
prone to further oxidation to produce carbon oxides. Therefore the catalytic oxidative
dehydrogenation of light alkanes with high yields remains a challenge, the key aspect being the
development of catalysts capable to accelerate only the sequence of consecutive elementary steps
leading to the desired product (alkene) and suppress all other possible elementary steps, parallel

or consecutive [4].
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Due to the above-reported considerations my research work was oriented in the direction
of developing and studying new active and selective catalysts for oxidative dehydrogenation of
light alkanes. Taking into consideration that for being effective, a catalyst needs first of all to be
selective (i.e. to produce minimal amounts of undesirable products), its activity being the second
concern, we paid a special attention to improve the oxidative dehydrogenation selectivity. The
most relevant results of my work in the field of ODH of light alkanes are presented below
following two main directions: i) enhancing oxidative dehydrogenation selectivity of highly
active catalysts and ii) developing new effective catalysts for oxidative dehydrogenation of light
alkanes.

It is worth noting that the research work presented in this chapter was a natural
continuation of my PhD research work as the oxidative dehydrogenation was the subject of my
PhD thesis entitled “Oxidative dehydrogenation of n-butane over metal pyrophosphates based
catalysts” and defended in 2002 at Université Claude Bernard Lyon I, France. It is available in
full-text form at the URL http://tel.ccsd.cnrs.fr/documents/archives0/00/00/14/74/index_fr.html
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I.1. ENHANCING THE OXIDATIVE DEHYDROGENATION
SELECTIVITY

I.1.1. Enhancing the oxidative dehydrogenation selectivity with carbon

dioxide as soft co-oxidant

Carbon dioxide is a promising nonconventional oxidant (or co-feed gas) for catalytic
oxidative dehydrogenation of light alkanes to alkenes [5-19] and ethylbenzene to styrene [19-24].
The CO; serves as a medium for supplying heat for the endothermic dehydrogenation reaction, as
a diluent for enhancing the equilibrium conversion of light alkanes and as an agent for the
removal of coke formed on the catalyst. On the other hand, contrarily to what is traditionally
believed, CO, is not inert in the oxidation reaction. Oxygen species produced by its dissociation
can modify the oxidation state of the atoms on the surface of the catalysts and can directly
participate in the oxidation of the hydrocarbon [14-17]. The oxidative dehydrogenation of light
alkanes and ethylbenzene in the presence of carbon dioxide has been reviewed in Refs. [25, 26].

Several studies on n-butane oxidative dehydrogenation in the presence of CO, [9-13]
showed that the effect of carbon dioxide was rather benefic in this reaction. This is why we
studied the oxidative dehydrogenation of n-butane over two different titanium pyrophosphates,
TiP,0;-M1 and TiP,07;-M2, in the presence of carbon dioxide and we compared the results with
those obtained in our previous studies where we have shown that titanium pyrophosphate was an
active and selective catalyst for the oxidative dehydrogenation of n-butane to butenes and
butadiene [27, 28]. This work has been published in Ref. [29].

We have shown that, over all the range of temperatures considered, addition of CO; in the
feed slightly decreased n-butane conversion but strongly increased the selectivity to
dehydrogenation products at the expense of carbon oxides and cracking products, for both
titanium pyrophosphates studied (Fig. 1.1). For example, on TiP,07,-M1 at 530 °C, the conversion
passed from 25 % in absence of CO, to 20 % in presence of CO,, whereas the total selectivity for
butenes and butadiene passed from 56 % to 83 %. These results were in line with those obtained
by Ge et al. [12] over a V-Mg-O catalyst and may be explained by the fact that the addition of
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CO; in the feed leads to the competition between molecular O, and CO, adsorption on the active
sites and the decrease of the amount of adsorbed molecular O, which is believed to be responsible
for the total oxidation. Furthermore, CO, may poison the non-selective sites on the catalyst
surface resulting in the decrease of the deep oxidation [12]. Nevertheless, it is noteworthy that
Dury et al. [15] observed during oxidative dehydrogenation of propane over NiMoO, based
catalysts that the addition of CO, had a contrary effect: an increase in the conversion of propane
accompanied by a decrease in the selectivity for propylene. Therefore, it seems that the effect of
the addition of CO, in the feed on the catalytic performances depends on the nature of the

catalyst.
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Figure 1.1. Catalytic performances of TiP,07-M1 (a) and TiP,0,-M2 (b) in the oxidative
dehydrogenation of n-butane with air, in absence (solid symbols) and presence (open symbols) of
CO,. Reaction conditions: temperature range 450-570 °C, the molar ratios in absence and
presence of CO, were air/n-butane = 5/1 and air/n-butane/CO, = 5/1/0.5, respectively, and the
VHSV with respect to n-butane was equal to 1000 h™. e, o — conversion; m, o — total

dehydrogenation selectivity; ¢, ¢ — COy selectivity; A, A — cracking selectivity.
The rates of formation of dehydrogenation products, cracking products and total oxidation

products for the reaction over both pyrophosphates at 530 °C, in the absence and in the presence

of carbon dioxide, were calculated and are presented in Table I.1. It can be observed that, over
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TiP,0O7;-M1 in the presence of carbon dioxide, the rates of formation of cracking products and
total oxidation products decreased 5.7 and 2.3 times, respectively, while the rate of formation of
dehydrogenation products increased only 1.2 times. For the reaction over TiP,07;-M2 in the
presence of carbon dioxide, the rates of formation of cracking products and total oxidation
products decreased 1.8 and 4.0 times, respectively, while the rate of formation of
dehydrogenation products increased 1.1 times. This suggests that the observed loss in the overall
activity in the presence of carbon dioxide is due to reduction of the reaction rates towards both

cracking products and total oxidation products.

Table 1.1. The rates of formation of dehydrogenation products, cracking products and total

oxidation products for the reaction at 530 °C, in the absence and in the presence of CO..

Catalyst Reaction Reaction rate (10" mol g* s™) towards:

mixture Dehydrogenation Cracking COx
with CO; 24.0 14 03.5

TiP,0;-M1 .
without CO, 20.2 8.0 08.0
with CO; 22.3 2.6 03.3

TiP,0,-M2 .
without CO, 20.9 4.6 13.2

In our previous studies [27, 28] we have shown for the reaction with air in the absence of
CO,, that the catalytic performances of the crystalline titanium pyrophosphate phases were better
than those of the similar amorphous compounds. This observation seems to remain valid for the
reaction in the presence of CO, when TiP,07,-M1, a crystalline compound, was more active and
selective than TiP,0,-M2, an amorphous compound. As we have already shown, the activity of
the catalysts depends almost exclusively of the ability of the titanium to undergo oxido-reduction
[27] and the crystalline pyrophosphate is more reducible than the amorphous one [27, 30]. On the
other hand, the lower selectivity of the amorphous pyrophosphate compared to the crystalline
pyrophosphate may be due to the overoxidation of the reaction products in the pores which

presence was related to its high surface area [27].
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It is noteworthy that the selectivity vs. conversion data for the reactions in the presence
and in the absence of CO, showed that the presence of CO; in the reaction mixture inhibits the
parallel reaction of n-butane leading to carbon oxides. This result is in line with the hypothesis
that the addition of CO, in the feed leads to the competition between molecular O, and CO,
adsorption on the active sites resulting in a decrease of the amount of adsorbed molecular O,
which is believed to be responsible for the total oxidation.

When air was replaced with CO, over TiP,0,-M1 catalyst (Fig. 1.2 compared with Fig.
I.1(a)), an important decrease of the catalytic activity was observed within all the range of
temperatures considered, even though accompanied by an important increase of the
dehydrogenation selectivity. We have shown that at temperatures higher than 450 °C, the activity
of TiP,0; catalyst in the oxidative dehydrogenation of n-butane depends on the degree of
reduction of the catalyst [27, 28, 31]. So, this fall of activity observed when air was replaced with
CO; would be explained by the fact that the catalyst reduced by n-butane is very difficult to be
reoxidized by CO,. On the other hand, by studying the n-butane oxidative dehydrogenation on the
TiP,0O7;-M1 catalyst in the TAP reactor [31] we observed that a strong adsorption of carbon
dioxide on the catalyst surface takes place. This may be another important factor that has to be
considered for explaining the loss of activity observed when air was replaced with CO..

Fig. 1.2 shows the comparison of dehydrogenation with N, (data from ref. [32]) and with
CO; over TiP,07-ML1. It can be observed that in the dehydrogenation with carbon dioxide the n-
butane conversion was lower than in the dehydrogenation with nitrogen, within all domain of
temperature. This could be explained by the strong adsorption of carbon dioxide on the catalyst
surface, as observed by studying the n-butane oxidative dehydrogenation on the TiP,0,-M1
catalyst in the TAP reactor [31], which may compete with that of n-butane. At temperatures lower
than 550 °C, the selectivity for dehydrogenation products was much higher in the
dehydrogenation with carbon dioxide compared with the dehydrogenation with nitrogen. At
temperatures higher than 550 °C, when the cracking reaction became important in both
dehydrogenation with nitrogen and carbon dioxide, the differences between the selectivities for
dehydrogenation products are not significant. Yet again, these results clearly show that carbon
dioxide is not an inert gas for the dehydrogenation of n-butane, improving the dehydrogenation

selectivity in particular at lower temperatures.
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Figure 1.2. Catalytic performances of TiP,O7-M1 in the dehydrogenation of n-butane with N,
(solid symbols) and with CO, (open symbols). Reaction conditions: temperature range 490-600
°C, the molar ratios N,/n-butane and CO,/n-butane were kept at 5/1 and the VHSV with respect

to n-butane was equal to 1000 h™. e, o — conversion; m, o — total dehydrogenation selectivity; A,

A — cracking selectivity.

In conclusion, the oxidative dehydrogenation of n-butane over TiP,O; catalysts can be
successfully improved by addition of CO; in the feed. It leads to the competition between
molecular O, and CO; adsorption on the catalyst surface and the decrease of the amount of
adsorbed molecular O, which is believed to be responsible for the total oxidation. On the other
hand, when air was replaced with carbon dioxide as unique oxidant, an important decrease of the
catalytic activity was observed probably due to the fact that the catalyst reduced by n-butane is
very difficult to be reoxidized by CO,. Another factor that has to be considered for explaining this

loss of activity is the strong adsorption of carbon dioxide on the catalyst surface.
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1.1.2. Enhancing the oxidative dehydrogenation selectivity of ceria-based

catalysts using phosphorus as additive

The literature demonstrates that phosphorus, and surface-phosphorus in particular, plays a
crucial role in phosphate based catalytic systems. There is yet no consensus on the precise nature
of the role that surface phosphorus plays in these catalytic systems, but the results presented in
the literature suggest that adding phosphorus to certain phosphate based catalysts may improve
their catalytic performances [33-35]. Consistent with this, it was found [36-39] that catalytic
activity could be significantly improved by adding phosphate to certain oxide catalyst surfaces
through pretreatment with triethylphosphate, phosphoric acid or ammonium phosphate, but there
are not many studies reported in the literature in this direction up to now and the role of surface
phosphorus is yet not totally understood. Thus, for explaining the enhanced dehydrogenation
reaction of ethane over tin(IV)-phosphorus catalysts Argent et al. [36] considered that highly
nucleophilic surface phosphorus oxide sites favor hydrogen abstraction. Maiti et al. [37] also
showed that, in the oxidative dehydrogenation of ethane over phosphated silica and alumina, the
activation barriers for the rate-limiting steps were lowered by ~10 kcal/mol in the presence of
phosphorus. Kaddouri et al. [38] showed that the addition of P,Os to the Ni-Mo-O system
increased its performance in terms of both propene selectivity and propane conversion. They
claimed that phosphorus acts as a promoter preventing propene degradation. El-Idrissi et al. [39]
showed that the addition of phosphorus to Cr/TiO, resulted in a remarkable increase in the
activity and ethylene selectivity. They attributed these improvements to the fact that phosphorus
contributes to the stabilizing octahedral Cr®* species in a well defined environment and adjusts in
an advantageous way the acid properties of the active surface.

On the other hand, CeO; is an important active component of the combustion catalysts
due to its large concentration of oxygen vacancies, fast exchange of surface oxygen with gas
phase oxygen and high diffusion rates of bulk oxygen toward the surface [40-42]. For selective
oxidative dehydrogenation the mobility of the lattice oxygen in the catalyst must be low enough
to inhibit the successive oxidation of alkene. The phosphatation of ceria could have as an effect a
substantial increase in the selectivity for oxidative dehydrogenation at the expense of the total
oxidation. This could be explained by a reduction of the mobility of the lattice oxygen as a result

of the interaction of ceria with the phosphate phases formed at the catalyst surface. In this
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manner, particularly selective catalysts could be obtained. This is in line with the results obtained
by Larese et al. [43, 44] which showed that the amount of labile surface and bulk oxygen and the
bulk oxygen diffusion rates were significantly reduced and the reduction of Ce(IV) present in the
Ce0O, solid was affected when ceria was contaminated with phosphorus. The monazite phase
present in the surface and subsurface region of the solid has been proposed to be responsible for

these effects.

Oxidative dehydrogenation of isobutane

Taking into consideration the above literature data, we studied the oxidative
dehydrogenation of isobutane over surface-phosphated ceria catalysts containing two different
amounts of phosphorus, the catalytic performances of the phosphated ceria being compared with
those of pure ceria [45]. The physico-chemical characteristics of the catalysts studied are resumed
in Table 1.2. Note that cubic CeO, fluorite phase was observed in all the catalysts. The presence

of cerium (111) phosphate, CePQ,4, was also evidenced in the phosphated samples.

Table 1.2. The physico-chemical characteristics of the catalysts.

Catalyst  Surface Atomic composition Surface atomic ratio ~ H, consumption by
area evaluated by EDX (%) evaluated by XPS TPR (umol g™)
(m?/g) P Ce o) P/Ce  Ce(lV)/Ce
CeO; 6.4 - 354 64.6 - 1.00 216.5
1.1P/Ce0O;, 3.3 2.6 43.1 54.3 0.57 0.36 203.8
2.2P/Ce0; 2.6 6.9 33.5 59.6 0.83 0.47 154.7

The catalytic properties are presented in Table 1.3. It can be observed that, by adding
phosphorus to ceria and with increasing the phosphorus content in the catalyst, the catalytic
activity in the reaction of isobutane decreased, this decrease being less significant as the
temperature increase in the range considered, so that at 570 °C the activity remained almost
constant for the three catalyst samples. At higher temperatures, i. e. 610 °C, the catalytic activity
in the reaction of isobutane increased by adding phosphorus to ceria and with increasing the
phosphorus content in the catalyst. This corresponds to a compensation effect in catalysis [46] as
shown in Fig. 1.3 where the Arrhenius plots for the isobutane conversion on the three catalysts are
presented.
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Table 1.3. Catalytic performances of the ceria and phosphated ceria catalysts in the reaction of isobutane.®

Catalyst Reaction Isobutane Selectivities (%)
temperature (°C)  conversion (%) Isobutene CO CO; Cracking
CeO; 450 07.0 24.2 05.1 54.1 16.6 (15.9)°
490 08.0 34.2 06.1 40.1 19.6 (18.0)
530 09.0 42.0 08.6 25.9 23.5(22.3)
570 10.5 35.2 12.4 16.8 35.6 (32.7)
610 11.8 26.1 16.6 10.2 47.1 (36.6)
1.1P/CeO, 450 04.5 72.7 06.0 10.9 10.4 (07.2)
490 06.5 71.2 04.4 08.1 16.3 (11.0)
530 08.5 69.4 02.0 04.2 24.4 (15.5)
570 111 67.6 01.5 03.6 27.3 (16.5)
610 13.5 49.2 01.7 03.5 45.6 (25.2)
2.2P/Ce0, 450 03.5 94.0 01.0 03.0 2.0(1.2)
490 05.5 90.0 03.3 04.1 2.6 (2.2)
530 08.0 88.0 03.9 03.8 4.3 (3.9)
570 11.0 87.0 03.0 02.7 7.3 (6.4)
610 14.7 68.4 02.6 02.5 26.5 (16.1)

% Reaction conditions: air to isobutane molar ratio equal to 2.5, VHSV with respect to isobutane equal to 1000 h™.

® Propene selectivity in the cracking products.
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The apparent activation energies on CeO,, 1.1P/CeO, and 2.2P/CeO, catalysts are
increasing, i. e. 4.2 kcal/mol, 8.7 kcal/mol and 11.4 kcal/mol, respectively, and are comparable
with those reported in the literature for the same reaction [47]. These results suggest that adding
phosphorus to ceria new catalytic sites for the isobutane reaction are created but less strong.
Phosphorus acts as a poison for ceria in the isobutane reaction at temperatures lower than 570 °C,
point that corresponds to the isokinetic temperature. At temperatures higher than the isokinetic
point phosphorus acts as a promoter for ceria in the isobutane reaction, in line with the observed

compensation effect.
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Figure 1.3. Arrhenius plots for the isobutane conversion on the CeO; (e), 1.1P/CeO, (m) and
2.2P/Ce0O;, (A) catalysts.

It has already been shown [48] that surface Ce(IV) species in interaction with CePO, are
able to activate isobutane. Thus, we consider that low reducible Ce(1V) species in interaction with
surface phosphorous evidenced by H,-TPR (Fig. 1.4) are the new catalytic sites formed at ceria
surface that could explain the observed compensation effect in the catalytic reaction. Moreover,
the observed decrease of the isobutane conversion at temperatures lower than 570 °C by adding
phosphorus to ceria and with increasing the phosphorus content is correlated with the observed
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shift of the reduction temperature to higher temperatures in the TPR experiments: lower the

reduction ability of Ce(IV), lower the catalytic activity.
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Figure 1.4. TPR profiles for the CeO,, 1.1P/CeO, and 2.2P/CeO, catalysts.

On the other hand, by adding phosphorus to ceria and by increasing its content, an
important increase of the selectivity for isobutene (the oxidative dehydrogenation product) at the
expense of the carbon oxides and the cracking products was also observed. This is well evidenced
for the reaction at 570°C where the conversion was almost constant and equal to approximately
11 % for all three catalysts (isoconversion): the selectivity for isobutene passes from 35.2 to 67.6
and 87.0 % for CeO,, 1.1P/CeO, and 2.2P/CeO, catalyst, respectively. At the same time, the
selectivity for carbon oxides passes from 29.2 to 5.1 and 5.7 %, and the selectivity for the
cracking products, from 35.6 to 27.3 and 7.3 %. This increase in isobutene selectivity can be
correlated with the observed decrease of the H,-TPR cerium reducibility, in line with what has

been postulated by Michalakos et al. for vanadium based catalysts [49].
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In conclusion, adding phosphorus to ceria, on one hand, and increasing phosphorus
content, on the other hand, results in a modification of the physico-chemical characteristics of the
catalyst. Among these, the redox ability of the catalytic material strongly decreases. In line with
this, the catalytic activity decreases with an important increase of the selectivity for isobutene
mainly at the expense of the combustion products. On the other hand, the formation of low
reducible Ce(IV) species in interaction with surface phosphorous in the phosphated catalysts

explains the compensation effect in catalysis observed.

Oxidative dehydrogenation of propane

In spite of being intensively studied for a long time, the conventional oxidative
dehydrogenation of propane is still far from industrial application [2]. The main difficulty in
obtaining high propene yields by ODH of propane arises from the fact that propene is more
reactive than propane, thus being prone to further oxidation to produce carbon oxides.

In order to meet the selectivity challenge, Grasselli and Callahan [50] considered the
active site isolation as a basic approach. Active site isolation is a model based on the idea that the
selective oxidation requires smaller amounts of oxygen than total oxidation. Accordingly, the
limitation of the oxygen availability around the active site determines a decrease of the selectivity
toward total oxidation in favor of selective oxidation [51]. The original model developed for the
U-Sb-O catalyst [52, 53] showed that the dissolution of a redox active component (uranium
oxide) in a redox stable matrix (antimony oxide) at an optimum dilution led to an increased
selectivity for acrolein in the selective oxidation of propene.

Another approach considered for the increase of the selectivity in the partial oxidation was
the decrease of the mobility of the lattice oxygen. A high mobility of the lattice oxygen is one of
the key features of metal oxides used as total oxidation catalysts [54].

Taking these into consideration and based on the above presented results we decided to
investigate the effect of surface-phosphating ceria, on one hand, and of doping ceria with
phosphorus, on the other hand, on the selectivity of ODH of propane. The results obtained were
published in Ref. [55]. The physico-chemical characteristics of the catalysts are resumed in Table
I.4. Note that the phosphorus contents were much lower than for the phosphated-ceria samples

previously studied.
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Table 1.4. Specific surface areas and chemical compositions of the catalysts.

Catalyst BET P/(P+Ce) (%) P/Ce (%) Elemental composition
surface from EDX (at. %)
area nominal from from from P Ce @)
(m#g) EDX EDX XPS
CeO; 25.7 - - 0 0 0 34.64  65.36
0.01P@CeO;, 25.3 - - - <30 <LD?* 3368 66.32
0.1P@CeO, 21.1 - 1.25 1.27 25.5 0.43 33.86  65.71
0.3P@Ce0, 19.9 - 2.19 2.24 - 0.81 36.20  62.99
0.9P@Ce0, 16.9 - 6.44 6.89 76.1 2.16 31.37  66.47
0.5P-CeO, 321 0.5 0.47 0.47 <8.0 0.17 35.82 64.01
1P-CeO;, 42.5 1 0.86 0.87 - 0.33 37.60  62.07
2P-CeO, 24.1 2 1.70 1.73 16.9 0.57 3289  66.54
4P-CeO, 31.7 4 3.85 4.00 30.4 1.24 31.00 67.76

& Limit of Detection.

The catalytic performances of the prepared catalysts in the oxydehydrogenation of
propane are resumed in Fig. 1.5. For the surface-phosphated samples (Fig. 1.5.a) the selectivity to
propene increased with the increase of the phosphorus content reaching a plateau for phosphorus
contents higher than 0.8 at. % (0.3P@CeO, catalyst). Thus, for the 0.3P@CeO, and 0.9P@CeO,
catalysts, in which the CePO, phase becomes detectable by Raman spectroscopy [55], the
selectivity for ODH remained almost unchanged but was more than double compared with pure
ceria. It is worth noting that the increase in ODH selectivity was achieved mainly at the expense
of total oxidation selectivity. At the same time, the addition of phosphorus to ceria led to a
decrease of the catalytic activity, but the further increase of its content led to an increase of the
catalytic activity that passes through a maximum for a phosphorus content of 0.8 at. %
(0.3P@Ce0;, catalyst). These results may suggest that, indeed, for surface-phosphated samples,
the active and selective sites for ODH are Ce*" cations in interaction with phosphorus, as it was
also suggested previously. Once the amount of phosphate groups in the surface and subsurface
region of ceria is high enough, CePO, begins to nucleate, and adding more phosphorus leads to

growth of the CePO, crystals as it was shown by Efstathiou et al. [56]. Taking into consideration
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that the interaction of Ce** cations with phosphate groups is the cause of reduced oxygen mobility
and reduced oxygen storage capacity [56], the correlation between the increased selectivity and
phosphorus content may thus be explained. On the other hand, the selectivity for ODH in the case
of the surface phosphated samples does not pass through a maximum value at a certain
phosphorus content, as would be expected for a catalyst fully obeying the site isolation principle
[51]. This suggests that the Ce** species isolation takes place only at a low phosphorus content
while for phosphorus contents higher than 0.8 at. % (when CePO, begins to nucleate) new
catalytic sites selective for ODH reaction were formed. It is noteworthy that CePO, containing
Ce*" species as an impurity has also been shown to be a selective catalyst for ODH of isobutane
[48]. It is worth noting that the surface-phosphated catalysts preserved their catalytic activity
under the reaction conditions for the 40 h of on-stream reaction suggesting their high stability.

For the bulk-phosphated solids an increase in the ODH selectivity can also be observed
with the increase of phosphorus content, mainly at the expense of total oxidation selectivity (Fig.
1.5.b). However, the increase is smaller than that observed for the surface-phosphated samples,
probably because of the lower surface concentration of Ce** cations in interaction with
phosphorus. These data suggest that this interaction provide the selective catalytic sites and are in
line with both the surface chemical analysis and the DRIFT spectra [55]. As in the case of
surface-phosphated ceria, the catalytic activity decreased by adding phosphorus to ceria, but a
further increase of the phosphorus content led to an increase of the activity/selectivity confirming
that indeed the association of Ce** cations with phosphorus corresponds to the active sites.

A different behavior has been observed for the 4P-CeO, catalyst, i.e. the catalyst with the
highest quantity of phosphorus in the bulk-phosphated series. At both reaction temperatures, an
oscillating behavior was observed. High conversions corresponded to high total oxidation
selectivity, while low conversions to high ODH selectivity. This effect could be justified by the
formation of coke deposits on the surface of the catalyst, which grow until they are burned off by
the gas phase oxygen, producing CO, and giving rise to the observed increase in total oxidation
selectivity. The accumulation of coke deposits on the catalyst are likely caused by a decrease in
lattice oxygen mobility due to the presence of phosphorus [56] in a higher quantity. The lowered
lattice oxygen mobility would determine a slow reoxidation of the catalytic sites, thus leading to

adsorbed hydrocarbonate species.
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Figure 1.5. Effect of phosphorus content on the catalytic properties of (a) surface-phosphated and
(b) bulk-phosphated ceria catalysts for the reaction of propane at 600 °C, air to propane molar
ratio = 2.5 and VHSV of 9000 h™.

It is worth noting that the selectivity vs. conversion data (not shown here) suggested that,

for CeO, the total oxidation product (carbon dioxide) was formed by both direct oxidation of
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propane and further oxidation of propene while for the phosphated samples carbon dioxide was
formed rather by further oxidation of propene than by direct oxidation of propane [55].

In conclusion, adding phosphorus to ceria and increasing its content produces an increase
in propane ODH selectivity at the expense of total oxidation selectivity for both surface-
phosphated and bulk-phosphated ceria catalysts. The deactivation of the ceria catalyst and the
formation of active sites selective for ODH consisting in Ce*" cations in interaction with
phosphorus are the main causes for the observed increase in ODH selectivity. The isolation of
Ce*" species takes place only at low phosphorus content while at high content, CePO, starts to
nucleate and new catalytic sites selective for ODH reaction were formed. In the case of the bulk-
phosphated ceria the increase in the selectivity was smaller than in the case of the surface
phosphated samples, most likely due to a lower surface concentration of Ce*" cations in
interaction with phosphorus. This was most probably associated to the decrease of the lattice

oxygen mobility.
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1.2. NEW MIXED OXIDE-BASED CATALYSTS FOR PROPANE
OXIDATIVE DEHYDROGENATION

1.2.1. Oxidative dehydrogenation of propane over LnMgAIO (Ln = Ce,
Sm, Dy, Yb) mixed oxides catalysts

Heterogeneous catalysts for the oxidative dehydrogenation of propane typically contain
vanadium and molybdenum as the critical elements [57-65]. Nevertheless, among other oxide
systems, those containing rare-earth oxides are also reported as active and selective [66-68]. It
has been shown that y-Al,O3-supported rare-earth (Y, Dy, Tb, Yb, Ce, Tm, Ho and Pr) oxides are
reactive in propane oxidative dehydrogenation, but propene selectivities were relatively low,
namely under 40 % [66]. Taking into consideration the electron-donating character of the olefinic
species, it was of interest to investigate whether the propene selectivity could be enhanced by
increasing the catalyst basicity. It is well known that the LDH-derived Mg-containing mixed
oxides exhibit a high amount of strong basic O sites [69], their use as catalysts in the ODH
reaction being expected to improve the ODH selectivity. For this reason we prepared Mg-Al
mixed oxide-supported rare-earth oxides from layered double hydroxide (LDH) precursors and
we studied their catalytic properties in the oxidative dehydrogenation of propane. The obtained
results were published in Ref. [70].

Poorly crystallized layered hydrotalcite-type structures, as generally observed for
multicationic LDH, were detected on all the LnMgAI-LDH precursors. Poorly crystallized CeO»,
Sm(OH); and Dy,0O3; were also detected in Ce-, Sm- and DyMgAI-LDH, respectively. The
samples calcined at 750 °C exhibited, in all cases, diffraction lines corresponding to the MgAIO
mixed oxide phase with the periclase-like structure and lines corresponding to CeO,, Sm,0s3,
Dy,03 and Yb,0O3; phases for Ce-, Sm-, Dy- and Yb-Mg-Al-O mixed oxides, respectively. The
physico-chemical characteristics of the mixed oxides catalysts are resumed in Table I.5.

The conversion of propane and the product selectivities as a function of reaction
temperature are depicted in Fig. 1.6. The blank tests have shown that the non-catalytic oxidative
conversion of propane is not significant in our testing conditions (Fig 1.6.a). For all the catalysts
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the conversion increased with increasing the reaction temperature while the propene selectivity
decreased to the benefit of CO, for Ce-based system and of cracking products for the other

systems. Note that the Yb-based system was not active at temperatures lower than 500 °C.

Table 1.5. Physico-chemical characteristics of the catalysts.

Catalyst Specific surface Ln content by EDX  Total basicity by H, consumption
area (m2/g) (% at. with respect  CO,-TPD by TPR (mol
to cations) (mmol CO,/g) Hz/mol Ln)
Ce-Mg-AlI-O 157 5.6 1.63 0.13
Sm-Mg-Al-O 160 5.2 2.18 0.12
Dy-Mg-Al-O 102 5.1 2.52 0.18
Yb-Mg-Al-O 142 5.6 1.96 0.19

For the reaction at 500°C the catalytic activity followed the order: Dy > Sm > Ce > Yb.
The differences in conversions indicate the influence of the metallic properties on the rate-
determining hydrogen abstraction by the catalysts [66]. In the case of Ce-Mg-Al-O system, the
sum of the selectivities of CO and CH,4 was not equal to that of ethylene, as was the case with the
other systems, but much higher within all the range of temperatures studied. This suggests that
for Ce-based system, total oxidation products (COy) were formed not only from C1 species
resulting from the cracking of propane, but also by the direct oxidation of propane or by further
oxidation of propene. This was not the case for Sm-, Dy and Yb-Mg-Al-O catalysts. Note that the
selectivity vs. conversion data (not shown here) confirmed that, among the catalysts studied, the
parallel reaction of propane leading to carbon oxides is specific only for Ce-based system. It has
also been shown that the oxidative dehydrogenation selectivity followed the order: Dy > Sm > Yb
> Ce.

A linear correlation between the catalyst CO,-TPD basicity and the propene selectivity
was observed as shown in Fig. 1.7 both for the reaction at 500 and 550 °C. The direct relationship
found between surface basicity and propene selectivity can be accounted for by the electron-

donating character of the olefinic species and the consequent easier desorption from a more basic
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surface, thus preventing further overoxidation into carbon oxides. Interestingly, the most selective

catalysts proved to be the most active as well.
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It is noteworthy that the Mg-Al mixed oxide-supported rare-earth oxides studied in this
work exhibit better performance in terms of selectivity to propene than the y-Al,O3-supported
rare-earth oxides in Ref. [66], confirming the expected effect of magnesium.

Finally, we note that no correlation between the H,-TPR reducibility of the rare-earth

cation and the catalytic performances was observed, suggesting that the surface-adsorbed oxygen
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but not lattice oxygen species are involved in the reaction. A similar result was obtained by Al-
Zahrani et al. [66] for y-Al,Os-supported rare-earth oxide catalysts by estimating the lattice
oxygen reactivity from the reduction potential of the cation.
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Figure 1.7. Propene selectivity versus the catalyst basicity for the reaction at 500 and 550 °C over

the studied catalysts.

In conclusion, the Ln-Mg-Al-O mixed oxides catalysts derived from LDH precursors are
relatively good catalysts for the ODH of propane. The best yields in propene were obtained with
Dy- and Sm-Mg-Al-O systems, Dy-based catalyst being the most selective one. A linear
correlation between the catalyst basicity and the propene selectivity was observed. The LDH-
derived catalysts exhibit better performance in terms of selectivity to propene than the y-Al,Os3-
supported rare-earth oxides. It seems that the surface-adsorbed oxygen but not lattice oxygen

species are involved in the reaction over Ln-Mg-Al-O mixed oxides catalysts.
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1.2.2. Oxidative dehydrogenation of propane over transition metal-

containing mixed oxides catalysts derived from LDH precursors

The catalytic oxidative dehydrogenation (ODH) of propane into propene has been widely
investigated as an alternative to the most largely used pyrolysis processes. A wide variety of
catalytic systems has been proposed for this reaction, the most studied being based on vanadium
[57, 58, 71-80] or molybdenum [61, 64, 81-87]. Though scarcely studied, other transition metal-
based catalytic materials could exhibit comparable catalytic efficiencies [66, 88-95]. Thus, Al-
Zahrani et al. [66] showed that Cr, Mn, Zr or Ni oxides supported on y-Al,O3 were reactive in this
reaction. The Cr-Al-O mixed oxide led to the highest propene yield (~ 9 %) at 450 °C and was
more active and selective than a Mo-Al-O mixed oxide catalyst studied as a reference. Jibril et al.
[88] studied Kieselguhr-supported transition metal oxides (metal cations being Cr, Mn, Co, Ni, V
and Mo) and showed that Mn- and Co-based catalysts exhibited the maximum propene yields: ~ 5
% and ~ 4 %, respectively, for the reaction at 500 °C. Ge et al. [89] investigated lithium salts-
promoted Portland cement-supported MnOy catalysts and showed that they give more than 60 %
alkane conversion and 80 % olefins selectivity at 650 °C for ODH of ethane and propane to
ethylene and propylene, respectively. Jalowiecki-Duhamel et al. [90] studied Ce-M-O mixed
oxides (M = Ni, Cu, Co, Cr, or Zn) and showed that Ce-Ni-O was the most efficient catalyst
yielding 5.4 % of propene at 375 °C. Wang et al. [91] studied the ODH of ethane and propane
over LiCl-promoted NiO/sulfated zirconia catalysts. They were very active and selective in both
reactions leading to 73.5 % ethylene yield at 650 °C and 10.4 % propylene yield at 600 °C,
respectively. More recently, Wu et al. [92] showed that TiO,-doped nickel oxide yielded 12 %
propene from propane at 300 °C. A Co (7.6 wt. %)/TiO, supported catalyst has been found active
in the ODH of ethane with an ethylene yield of 13.2 % at 550 °C [93]. CoH-containing BEA,
MFI, MOR and FER zeolites have been found active for the ODH of ethane and propane, the best
alkene vyields of ~ 3 % being obtained in both cases with Co-BEA catalyst. Their activity has
been influenced by the zeolite topology and decreased following the order: Co-BEA > Co-MFI
>> Co-MOR > Co-FER [94]. Cobalt incorporated into the framework of MCM-41-like silicas has
been reported to be active and selective for the ODH of isobutane into isobutene, even though
methacrolein and other oxygenates were also formed in noticeable quantities [95]. The best
isobutene yield obtained with Co-MCM-41 was 3.3 % for the reaction at 525 °C. It has been
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shown that the active and selective sites in Co-MCM-41 were Co?* species with a unique
tetrahedral coordination.

On the other hand, it is well known [69] that the mixed oxides obtained by thermal
decomposition of LDHs show high surface area and metal dispersion, small crystallite size and
good stability against sintering, properties which are usually required for high-temperature
oxidation catalysts. Moreover, as the adsorbed alkenes are subjected to further transformation
into carbon oxides negatively affecting the ODH selectivity and the LDH-derived Mg-containing
mixed oxides exhibit a high amount of strong basic O sites [69], their use as catalysts in the
ODH reaction is expected to favor the desorption of alkenes, species with an electron-donating
character, and, consequently, to improve the ODH selectivity. It must be pointed out that mixed
oxides derived from LDH precursors and containing vanadium have already been studied as
catalysts for the oxidative dehydrogenation of light alkanes [96-101]. VMgAIO mixed oxides
[100, 101] were indeed characterized by catalytic performances comparable or better than that of
reference VMgO catalysts [102, 103] in the oxidative dehydrogenation of propane.

These results reveal the strong potentialities of transition metal-containing mixed oxides
derived from LDH precursors as oxidation catalysts and led us to study a series of MMgAIO
mixed oxides (M = Mn, Fe, Co, Ni, Cu and Zn) in the oxidative dehydrogenation of propane. Our
work has been published in Ref. [104].

A well crystallized LDH structure has been evidenced for MgAI-LDH precursor. Less
crystallized structures, as often observed for multicationic LDH, were detected on all MMgAI-
LDH samples. Silver and palladium cations cannot be introduced in the brucite-like layers or only
in minor amounts regarding Pd [105], so in addition to the LDH phase, crystallized Ag,O and
poorly crystallized PdO phases were observed for AgMgAI-LDH and PdMgAI-LDH samples,
respectively. For all MMgAIO mixed oxides calcined at 750 °C the well known MgAIO mixed
oxide phase with the periclase-like structure has been observed. The periclase-like phase alone
was observed in the case of CoMgAIO, NiMgAIO and CuMgAIO samples. Reflections
corresponding to the MnAl,O, and ZnAl,O, phases were also observed for MnMgAIO and
ZnMgAIO catalysts, respectively. In the case of FeMgAIO catalyst, the broad and weakly intense
reflections can correspond both to Fe,O3 and FeAl,O4 phases whose peaks were superimposed.
PdO phase was observed in the case of PAMgAIO. In the case of AgMgAIO sample metallic
silver was clearly evidenced in agreement with the total decomposition of bulk Ag,O above
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300°C [106]. The physico-chemical characteristics of the mixed oxide catalysts are resumed in
Table 1.6.

Table 1.6. Physico-chemical characteristics of the mixed oxide catalysts.

Catalyst Surface  Transition metal Chemical composition ~ H, consumption
area content (% at. with (% at.) by EDX ? by TPR
(m?g™)  respect to cations) (umol g™
theor. EDX M Mg Al
MgAIO 188 - - - 2223 671 -
MnMgAIO 134 5.0 6.1 2.00 2262 813 765
FeMgAIO 172 5.0 6.8 1.99 19.50 7.70 70.4
CoMgAIO 167 5.0 7.5 1.97 1722 7.03 828
NiMgAIO 161 5.0 6.3 1.83 19.47 799 1005
CuMgAIO 157 5.0 6.7 1.74 18.32 5.95 276.0
ZnMgAIO 144 5.0 6.5 2.14 22.74 8.15 1.6
AgMgAIO 137 5.0 6.6 1.73 18.78 5.68 120
PdMgAIO 151 5.0 4.0 1.05 18.70 6.69 -

# Oxygen in balance.

The conversion of propane and the product selectivities as a function of the reaction
temperature obtained with the different MMgAIO (M = Mn, Fe, Co, Ni, Cu and Zn) catalysts
were presented in Table 1.7. We have previously shown that the contribution of the homogeneous
reaction is negligible in these reaction conditions [70]. For all the catalysts the conversion
increased with the reaction temperature. We noted that MgAIO was not active below 500 °C.
Propene selectivity behaved differently depending on the nature of the catalyst. It went through a
maximum at 500 and 550 °C for MnMgAIO and FeMgAIO, respectively, whereas it decreased
continuously in the temperature range from 450 to 600 °C for CoMgAIO, NiMgAIO, CuMgAIO
and ZnMgAIO catalysts. It is noteworthy that this decrease for propene selectivity occurred to the
benefit of CO4 for CuMgAIO and of cracking products for CoMgAIO, NiMgAIO and ZnMgAlIO.

MgAIO was, on one hand, less active than the transition metal-containing catalysts.
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Table 1.7. Catalytic performances of the MMgAIO catalysts in the oxidative dehydrogenation of propane.?

Catalyst Reaction Propane Selectivities (%) Specific rate Eact
temperature  conversion Propene Cracking Carbon (10°mol g*s?)  (kJ mol™)
(°C) (%) products oxides

MnMgAIO 450 2.7 73.4 55 21.1 0.93 53.6
500 4.6 83.3 8.6 8.1 1.58
550 7.1 75.9 14.7 9.4 2.44
600 12.9 70.3 19.9 9.8 4.44

FeMgAIO 450 0.9 36.0 12.8 51.2 0.38 75.3
500 1.9 47.8 25.1 27.1 0.79
550 3.7 53.6 33.7 12.7 1.54
600 7.9 47.4 43.2 9.4 3.30

CoMgAIO 450 15 92.5 3.0 4.5 0.54 82.0
500 3.1 90.3 5.7 4.0 1.12
550 7.2 82.0 14.4 3.6 2.60
600 15.4 67.5 29.5 3.0 5.56

NiMgAIO 450 1.0 86.4 7.5 6.1 0.39 88.3
500 2.1 79.6 15.7 4.7 0.82
550 5.2 70.8 25.6 3.6 2.03
600 12.4 66.3 30.8 2.9 4.83

CuMgAIO 450 2.5 26.1 13.9 60.0 0.80 51.5
500 4.3 21.6 16.2 62.2 1.38
550 6.8 18.4 16.6 65.0 2.18
600 11.0 11.1 17.2 717 3.53

ZnMgAIO 450 0.6 76.7 11.8 11.5 0.26 95.8
500 1.7 73.6 14.7 11.7 0.72
550 3.6 67.9 17.8 14.3 1.52
600 9.8 64.0 29.4 6.6 4.15

MgAIO 500 0.8 10.8 2.9 86.3 0.34 127.2
550 2.9 20.5 12.8 66.7 1.24
600 7.7 25.6 28.3 46.1 3.31

% Reaction conditions: total VHSV = 9000 h™*; propane-to-oxygen molar ratio = 2.
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On the other hand, it showed an increase of propene and cracking products selectivities at
the expense of COy selectivity as the reaction temperature increased. The highest propene yields
were obtained in all cases above 550 °C where the catalysts can be ranked in the order:
CoMgAIO > MnMgAIO > NiMgAIO > ZnMgAIO > FeMgAIO > CuMgAIO. It must be pointed
out that in all cases the sum of selectivities of COx and CH,4 was higher than the selectivity of
ethylene in the temperature range studied, the highest values being observed for CuMgAIO. This
suggests that the total oxidation products (COy) were formed not only from C1 species resulting
from the cracking of propane, but also by the direct oxidation of propane or by further oxidation
of propene. This is in line with the activity of these catalysts in the short-chain hydrocarbon
combustion in an excess of air reported elsewhere [104]. It is worth noting that the selectivity vs.
conversion data for MNnMgAIO, CoMgAIO and NiMgAIO catalysts, leading to the highest
propene yields, showed that the total oxidation products (COy) were formed rather by oxidation
of propene than by direct oxidation of propane, the oxidative dehydrogenation ability of the
catalysts following the order: CoMgAIO > MnMgAIO > NiMgAIO.

We noted that no close correlation could be observed between the reducibility and the
catalytic behaviour of the samples suggesting that the reducibility is not the only determining
parameter.

In conclusion, during the oxidative dehydrogenation of propane performed within the
temperature range 450 — 600 °C, the propene selectivity passed through a maximum for
MnMgAIO and FeMgAIO catalysts. For CUMgAIO it decreased continuously to the benefit of
COy and for CoMgAIO, NiMgAIO and ZnMgAIO it also decreased to the benefit of cracking
products. Considering the propene yield, the catalysts can be ranked in the order: CoMgAIO >
MnMgAIO > NiMgAIO > ZnMgAIO > FeMgAIO > CuMgAIO. We suggested that total
oxidation products observed (COy) during the oxidative dehydrogenation were formed not only
from C1 species resulting from the cracking of propane, but also by oxidation of propene owing
to the activity of these catalysts in this reaction. No close correlation between the H,-TPR
reducibility of the catalysts and their performances in the oxidative dehydrogenation of propane
into propene could be observed.
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1.2.3. Oxidative dehydrogenation of propane over cobalt-containing

mixed oxides obtained from LDH precursors

We showed in the previous section that MMgAIO mixed oxides (M = Mn, Fe, Co, Ni, Cu
and Zn) obtained from layered double hydroxide (LDH) precursors were active and selective for
ODH of propane, the best propene yields being obtained with CoMgAIO catalyst. Here we
resume the study of CoMgAIO mixed oxides with different cobalt contents (1 — 20 at. %) as
catalysts for ODH of propane, which has been published in Ref. [107].

All the Co(x)MgAI-LDH precursors exhibited the LDH structure. As the nominal Co
content was increased the crystallinity decreased but no Co-containing phase was detected
suggesting that multicationic brucite-like layers containing Co, Mg and Al cations were formed.
In all the Co(x)MgAIO samples calcined at 750 °C the well known Mg(Al)O mixed oxide phase
with the periclase-like structure was detected. For Co loadings higher than 7 %, diffraction peaks
ascribed to CoAl,O4 and/or Co3O, spinel phases were observed. The physico-chemical

characteristics of the Co(x)MgAIO catalysts are resumed in Table 1.8.

Table 1.8. Specific surface areas, chemical compositions and TPR data obtained with the
Co(x)MgAIO catalysts.

Catalyst Surface Cocontent (%  Chemical Total H, consumption by
area at. with respect  composition by EDX TPR

(m?g™)  to cations) (%at)?

theor. EDX Co Mg Al umol g mol Ha/mol Co

MgAIO 188 - - - 2223 671 - -
Co(1)MgAIO 122 1.0 1.3 044 2572 728 167 0.07
Co(3)MgAIO 81 30 35 121 2653 692 - -

Co(5)MgAIO 167 5.0 75 197 1722 7.03 828 0.08
Co(7)MgAIO 109 7.0 9.1 313 2375 748 - -

Co(10)MgAIO 114 100 127 416 2135 732 2670  0.13
Co(20)MgAIO 114 200 224 766 1871 7.74 6333 0.8

# Oxygen in balance.
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The conversion of propane and the product selectivities as a function of the reaction
temperature obtained with the different Co(xX)MgAIO catalysts were presented in Table 1.9. We
have shown that the contribution of the homogeneous reaction is negligible in these reaction
conditions: the propane conversion in the absence of a catalyst was lower than 2 % for the
reaction at 600 °C [70]. For all the catalysts the conversion increased with the reaction
temperature. We noted that MgAIO was not active below 500 °C. Propene selectivity decreased
continuously in the temperature range from 450 to 600 °C for all the cobalt-containing catalysts,
probably due to the increase in the conversion, a well known fact in the ODH of light alkanes. At
the same time, the selectivity for cracking products (ethene and methane) increased in all cases,
as expected, with the reaction temperature. It is noteworthy that the observed decrease of
selectivity for propene with the reaction temperature occurred mainly at the benefit of cracking
products for Co(1)MgAIO, Co(3)MgAIO, Co(5)MgAIO and Co(7)MgAIO samples and of COx
for Co(10)MgAIO and Co(20)MgAIO samples. Moreover, the Co(10)MgAIO and Co(20)MgAIO
samples gave much larger quantities of COx within all the temperature range studied. This is not
surprising if one considers that, on one hand, a higher number of active centers will increase the
probability of further oxidation of propene [95] and, on the other hand, the Co3O4 spinel phase,
active for short-chain alkanes combustion [108, 109], has been clearly evidenced by XRD and
Raman spectroscopy in Co(10)MgAIO and Co(20)MgAIO samples [107].

In all the temperature range studied, the activity decreased by decreasing the cobalt
content in the catalyst in line with the decreased reducibility suggested in the H,-TPR
experiments. We have indeed shown that both the maximum reduction peak was shifted towards
higher temperatures and that the H,/Co molar ratio decreased as the cobalt content decreased
[107]. Moreover, a correlation between the specific rate of propane transformation at 600 °C over
the different Co-containing catalysts and the corresponding total hydrogen consumption in TPR
experiments (Fig. 1.8) has been observed. This suggests that the same CoOy species are involved
in both the catalytic reaction and the reduction.

Note that the observed increase of selectivity toward propene with the reaction
temperature for the MgAIO support is an unusual behavior for the ODH reaction performed over
oxide-based catalyst, although it has been reported in some studies but at low conversions [66,

110, 111]. The highest propene yields were obtained in all cases above 550 °C.

46



Table 1.9. Conversions and selectivities obtained in the ODH of propane with the Co(x)MgAIO catalysts.?

Catalyst Reaction Propane Selectivities (%) Specific rate Eact
temperature  conversion  Propene Cracking Carbon (10°mol g*s?)  (kJ mol™)
(°C) (%) products oxides
Co(1)MgAIO 450 1.8 96.4 2.1 1.5 0.62 57.7
500 3.2 90.8 8.3 0.9 1.10
550 5.1 79.8 18.2 2.0 1.75
600 9.7 70.5 27.9 1.6 3.33
Co(3)MgAIO 450 1.9 96.6 0.9 2.5 0.79 59.5
500 3.7 93.1 25 4.4 1.54
550 6.6 819 13.3 4.8 2.75
600 10.3 70.0 25.5 4.5 4.30
Co(5)MgAIO 450 15 92.5 3.0 4.5 0.54 82.0
500 3.1 90.3 5.7 4.0 1.12
550 7.2 82.0 14.4 3.6 2.60
600 15.4 67.5 29.5 3.0 5.56
Co(7)MgAIO 450 3.0 92.6 51 2.3 1.17 58.3
500 5.2 86.4 10.3 3.3 2.03
550 9.3 72.1 20.5 7.4 3.62
600 15.8 52.2 35.7 12.1 6.16
Co(10)MgAIO 450 3.1 68.4 1.3 30.3 1.21 76.6 / 25.0°
500 6.9 59.5 5.2 35.3 2.69
550 14.6 474 14.7 37.9 5.69
600 18.0 35.8 25.0 39.2 7.02
Co(20)MgAIO 450 6.4 63.4 15 35.1 2.49 93.5/24.3"
500 175 50.3 4.4 45.3 6.82
550 21.7 36.3 10.7 53.0 8.46
600 27.0 24.1 175 58.4 10.52
MgAIO 500 0.8 10.8 2.9 86.3 0.34 127.2
550 2.9 20.5 12.8 66.7 1.24
600 7.7 25.6 28.3 46.1 3.31

Reaction conditions: total VHSV = 9000 h™; propane-to-oxygen molar ratio = 2.

Y For the reaction at high temperatures.
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Figure 1.8. Specific rate of propane transformation at 600 °C, VHSV = 9000 h™* and propane-to-

oxygen molar ratio = 2, versus total hydrogen consumption in TPR experiments.

The evolution of the propane conversion and propene selectivity as well as of the propene
yield as a function of the cobalt content in the catalyst for the reaction temperatures of 550 °C and
600 °C was depicted in Fig. 1.9. For both reaction temperatures considered, the propane
conversion continuously increased with the cobalt content in the catalyst while the propene
selectivity remained almost constant for cobalt contents up to 7.5 at. % (Co(5)MgAIO sample)
then it decreased for higher cobalt contents. For the reaction at 600 °C the propene yield passed
through a maximum of ~ 10 % for cobalt contents between 7.5 and 9.1 at. %, that is for
Co(5)MgAIO and Co(7)MgAIO samples. For the reaction at 550 °C the propene yield increased
continuously up to ~ 7 % for 9.1 at. % cobalt content (Co(7)MgAIO sample) and remained almost
constant for higher contents. It can be underlined that the highest propene yield was reached at
higher temperature (600 °C) below 7 at. % Co content and at lower temperature (550 °C) above
this Co content. Interestingly, as observed by Raman and photoluminescence spectroscopies
[107], the amount of well-dispersed cobalt species with tetrahedral coordination reached a

maximum for Co(7)MgAIO, suggesting that these species play a main role in the ODH of
propane.
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Figure 1.9. The effect of the Co content in catalyst (a) on the propane conversion (4, m) and
propene selectivity (<, o) for the reaction at 550 (4, <) and 600 °C (m, 0) and (b) on the
propene yield for the reaction at 550 (@) and 600 °C (A) (VHSV = 9000 h™' and propane-to-

oxygen molar ratio = 2).
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This type of cobalt species with tetrahedral coordination has already been found to be
active and selective for the ODH of isobutane on Co-MCM-41 catalysts [95]. It is noteworthy
that compared with other cobalt-containing catalysts reported in the open literature [88, 94], the
CoMgAIO catalysts studied in this work gave much higher propene yields.

It must also be pointed out that in all cases the selectivity for COx and CH4 was higher
than that for ethylene in the temperature range studied, the highest values being observed for
Co(10)MgAIlO and Co(20)MgAIlO. This suggests that the total oxidation products (COy) were
formed, not only from C1 species resulting from the cracking of propane, but also by the direct
oxidation of propane or by further oxidation of propene. This is in line with the already reported
combustion activity of cobalt-based catalysts in an excess of air [108, 112].

In conclusion, high surface area CoMgAlO mixed oxide catalysts with different cobalt
contents (1 — 20 at. %) were prepared by calcination of LDH precursors at 750 °C. Beside a
CoMgAIO mixed oxide phase exhibiting the periclase-like structure, Co-containing phases with
the spinel structure were also observed for higher Co contents. One of these highly dispersed
spinel-like phase reached a maximum amount in the Co(7)MgAIO sample. The catalytic activity
in the ODH reaction of propane increased with the cobalt content in the catalyst in agreement
with their increase of reducibility, and the highest propene selectivities were obtained at lower
cobalt content. For all the CoMgAIlO catalysts, the conversion increased with the reaction
temperature, while the propene selectivity decreased continuously to the benefit of COy for the
catalysts with higher cobalt contents and of the cracking products for the catalysts with lower
cobalt contents. The well-dispersed cobalt species with tetrahedral coordination played a main
role in the ODH reaction of propane into propene while the spinel Co3;O4 phase appeared
responsible for the large quantities of COx observed at higher cobalt contents. The highest
propene yields (~ 10 %) were obtained with Co(5)MgAIlO and Co(7)MgAIlO catalysts at 600 °C.
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Il. CATALYTIC TOTAL OXIDATION OF LIGHT ALKANES

Volatile organic compounds (VOCs) emitted during many industrial processes and
transport activities contribute significantly to the atmospheric pollution [1]. One of the most
effective and economically attractive methods of their neutralization is the catalytic total
oxidation to carbon dioxide and water [2]. Light alkanes are amongst the most prevalent
environmental VOCs emissions due to their use as transportation fuels as well as being essential
feedstocks for chemicals production [3]. Although alkane oxidation leads to CO,, another
greenhouse gas, this can be readily absorbed whereas alkanes cannot. On the other hand, the
difficulty in destroying light alkanes by catalytic total oxidation, since they are very difficult to
activate, makes them excellent model compounds to test the efficiency of catalysts for VOCs
combustion, as the catalytic combustion of most organic compounds would be ensured if light
alkanes are quantitatively abated.

Seventy-five percent of the catalysts used for VOCs destruction are precious metal
catalysts, generally supposed to be more active than metal oxide catalysts [4]. Nevertheless they
have some disadvantages like high sintering rates, volatility, poisoning in presence of water or
sulfur compounds and high price [5]. Metal oxides have not these disadvantages and can
furthermore be more easily prepared, which makes them promising substitution catalysts [6].
Moreover, it was recently shown [4] that metal oxides can compete with noble metals in terms of
catalytic performances. Therefore, in recent years, my research work was directed towards the
design of catalytic materials based on transition-metal oxides to replace noble metal catalysts for

VOCs abatement.
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I11.1. Total oxidation of methane over BaTiO; and PbTiO; perovskite

catalysts

Perovskites are extensively studied as catalysts for the total oxidation of methane in
particular due to their thermal, chemical and structural stability and in many cases improved
catalytic activity [7, 8]. Furthermore, their dispersion on supports may lead to increased exposed
surface areas [9]. To our knowledge, none of the BaTiO; and PbTiOs perovskites had ever been
studied before as catalysts for the total oxidation of methane. This is why we decided to study
unsupported and y-Al,Os-supported BaTiO3; and PbTiOs perovskites as catalysts for this reaction.
Our work has been published in Ref. [10].

The physico-chemical characteristics of the catalysts studied are summarized in Table
II.1. Note that for BaTiO3; and PbTiO3 samples the XRD analysis indicated only the formation of
perovskite phases with tetragonal symmetry. After dispersion on y-Al,O3;, Ba and Pb titanates

maintained their structural integrity.

Table 1. Textural properties and surface Ti/M atomic ratios of the catalysts (M = Pb or Ba).

Sample BET surface Average pore Pore volume  XPS surface TVM
area (mz/g) diameter (nm) (cm3 /g) atomic ratio
v-Al203 191.0 05.1 0.350 -
BaTiO3 000.4 60.2 0.006 1.1
BaTiO3/Al203 193.0 04.6 0.350 -
PbTiO3 000.5 15.1 0.002 0.5
PbTiO3/A1203 175.0 06.4 0.270 -

The catalytic activities in methane total oxidation of unsupported and supported
perovskites as well as of the alumina support have been determined in the temperature range of
550-800 °C. The only reaction product detected on unsupported and supported perovskites was
CO,, while with y-Al,Os support a significant amount of CO was found in the products in line
with what was reported in Ref. [11]. As clearly shown by the values of Tsy (temperature

corresponding to 50 % conversion) and of the specific reaction rate in Table I1.2, unsupported
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PbTiO; perovskite was more active than BaTiOs, the last being, surprisingly, less active than
alumina. In terms of the specific activity, both perovskites seem to be less active than alumina.
This may be due to the very high surface area of alumina compared to unsupported perovskites.
On the other hand, both supported catalysts are more active than the corresponding unsupported
perovskites, both in terms of Tsy values and of specific reaction rates. Moreover, an important
increase in the reaction rate per unit mass of active component was observed after dispersion of
the perovskite phase: 25 times for BaTiOs/y-Al,O3 and 30 times for PbTiO3/y-Al,O3 compared
with the unsupported perovskite phases. At the same time, a decrease of the apparent activation
energy was observed for the supported catalysts, more significant for BaTiOs perovskite (Table
I1.2). These observations suggest that dispersion of perovskites on y-Al,O; results in an
interaction of the active component with the alumina support, responsible for the observed

increase of the catalytic activity.

Table 11.2. Catalytic performances of the catalysts in methane combustion.”

Catalyst Tso (°C) E. Reaction rate at Reaction rate over

(kcal/mol)  700°C (10° mol/ g's) perovskite phase at

700°C (10° mol/g's)

1-Al203 719 29.7 5.57 -

BaTiO3 744 38.1 1.95 1.95
BaTiO3/A1203 708 27.4 7.69 47.78
PbTiO3 697 31.1 3.94 3.94
PbTiO3/A1203 678 29.1 11.25 118.98

# Reaction conditions: 5 % vol. CH, in air, total VHSV = 16000 h'.

Note that the specific activity of the supported perovskite phase (the active component) in
the supported catalyst, a, was calculated from the difference between the overall specific activity
of the supported catalyst, a;, and the specific activity of alumina support, ao, as follows:

a = (a; — 0.95a0)/0,05
where 0.95 and 0.05 are factors corresponding to the alumina and perovskite content in the

supported catalyst, respectively.
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In conclusion, the BaTiO; and PbTiO; catalysts, single perovskite phases with an
important surface enrichment in lead for PbTiOj;, exhibit good activity in methane catalytic
combustion, BaTiO; being less active than PbTiOs. Dispersion of perovskites on y-Al,Os results
in an increase of the catalytic activity due to the interaction between the active component and

alumina support.
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11.2. Transition metal-containing mixed oxides catalysts derived from

LDH precursors for short-chain alkanes total oxidation

Only few studies concerned the transition metal-containing mixed oxides derived from
layered double hydroxide (LDH) precursors although recognized as very promising combustion
catalysts due to their high specific surface areas, thermal stabilities and tunable acid-base
properties [12-18]. Kovanda et al. [14] showed that such Mn-Co containing-mixed oxides were
active in the total oxidation of ethanol, while Dula et al. [15] showed that Mn-containing ones
were active in the combustion of toluene. Methane [16, 17] and propane [18] total oxidation was
also successfully performed with such Co- or Cu-containing mixed oxides. These promising
results led us to study a series of MMgAIO mixed oxides (M = Mn, Fe, Co, Ni, Cu, Zn, Ag and
Pd) in the total oxidation reaction of short-chain hydrocarbons. For the sake of comparison, the
total oxidation activity of these catalysts was compared to that of a reference PAMgAIO catalyst.
The obtained results have been published in Ref. [19].

The physico-chemical characteristics of the mixed oxide catalysts were resumed in Table
1.6. The catalytic activities in methane total oxidation performed in the temperature range from
300 to 730 °C and 1 % vol. CHy in air (VHSV = 20000 h™), are shown in Fig. II.1, where the
methane conversions were plotted as a function of the reaction temperature. For the blank
experiment performed to establish the eventual influence of the quartz chips filling the dead
volumes of the reactor, the reaction temperature has been raised up to 780 °C. One can note that
methane ignites above 710 °C, therefore at a temperature ca. 150 °C higher than on MgAIO and
FeMgAIlO, the less active catalysts. The noble metal-containing catalyst PAMgAIO presented the
highest activity with total conversion being reached below 500 °C. Among the non-noble metal-
containing catalysts, CuMgAlO was the most active, total conversion being achieved at 585 °C.
The activity of the different catalysts ranged as follows: MgAlO = FeMgAIO < NiMgAIO <
ZnMgAlO < MnMgAIO < CoMgAIO < AgMgAlO < CuMgAlO < PdMgAIlO. This was
confirmed by comparison of the temperatures, noted T}, Tso and Ty, corresponding to 10, 50 and
90 % methane conversions of the different catalysts (Table I1.3). The specific reaction rate of the
non-noble metal-containing catalysts at 550 °C presented in Table II.3 followed the order already
reported. The methane light-off temperatures estimated for the non-noble metal-containing

catalysts were well consistent with the specific combustion rates.
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Figure 11.1. CHy4 conversion as a function of the reaction temperature for the MMgAIO catalysts
(1 % vol. CHy in air, total VHSV = 20000 h™).

The apparent activation energies (E,.¢) on the different catalysts have been calculated and
are presented in Table II.3. They were in the range from 75 to 116 kJ mol™ and in agreement with
those reported for methane catalytic combustion over transition-metal oxide based catalysts [16,
20]. These values are specific for kinetic regimes free of mass transport limitations [21]. The
apparent activation energy was significantly higher for the reaction on quartz (218 kJ mol™) and
close to previous results [16, 21].

It is noteworthy that the most active non-noble metal-containing catalysts showed H,-TPR
consumption below 350 °C [19]. This suggested that highly reducible metal oxide species played
an important role in the catalytic combustion of methane over these catalysts. This was obvious
regarding CuMgAIlO which exhibited the highest H,-TPR consumption below 350 °C and was

the most active.
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Table 11.3. Catalytic performances in methane total oxidation of MMgAIO catalysts.”

Catalyst Ti0(°C)  Tso(°C)  Too (°C)  Specific rate ° Eact
(10" mol g s (kJ mol™)

PdMgAIO 380 460 477 - 83.3
CuMgAIO 456 543 565 14.1 95.4
AgMgAlO 491 592 629 8.5 91.7
CoMgAIlO 505 612 645 5.5 93.7
MnMgAIO 510 637 691 5.2 74.9
ZnMgAlO 569 671 703 2.2 99.6
NiMgAlO 590 684 729 1.2 116.3
FeMgAIO 585 702 - 1.2 100.9

® Reaction conditions: 1 % vol. CH, in air, total VHSV =20000 h™,

® At 550 °C.

Despite its high catalytic activity, the Pd-containing catalyst was characterized by a low
stability for methane combustion [3]. This was confirmed comparing the activities of CuMgAlO
and PAMgAIO at 560 °C and 470 °C, respectively, in the reaction with 1 % CHjy in air for 20 h
(Fig. 11.2). CuMgAIO catalyst displayed a very good stability, while the conversion decreased
from 60 % to 45 % for PAMgAIO, operating at a reaction temperature lower by 90 °C.

The most active CuMgAIO catalyst was also tested in the total oxidation of ethane,
propane and propene. The characteristic activity data T, Tso, Too, the specific activity at 450 °C
and the apparent activation energy were reported in Table I1.4. Carbon dioxide was the only
product observed in all cases. According to the higher reactivity of light alkenes than alkanes, and
the enhanced oxidability of alkanes with the number of carbon [22], the following increase in
light-off temperature was observed: CsHg < C3Hg < C,Hg < CH4. The specific activity for the
reaction at 450 °C decreased in the following range: CsHg > C3Hg > C,Hg > CH4. The apparent
activation energy decreased from methane to ethane and propane as the strength of the C—H bond
that must be broken to activate the alkane molecule decreased as well [23]. The great decrease of
the apparent activation energy occurring above 350 °C for the oxidation of propene accounted for

the mass transport limitation.
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Figure 11.2. Effect of time on stream on the catalytic properties of CuMgAIO at 560 °C (m) and
of PAMgAIO at 470 °C (<) (1 % vol. CHy in air, total VHSV = 20000 h™).

Table 11.4. Catalytic performances of CuMgAIO catalyst in short-chain hydrocarbon total

oxidation.?

Hydrocarbon T (°C) Tso (°C) Too (°C) Specific rate b Eact
(10"mol g’ s")  (kJ/mol)

propene 288 338 411 244 89.6/11.7°¢
propane 380 438 498 14.8 84.9
ethane 423 498 554 4.6 87.5
methane 456 543 565 23 95.4

* Reaction conditions: 1 % vol. CH, in air, total VHSV = 20000 h™".

® At 450 °C.

“For the reaction at temperatures higher than 350 °C.

In conclusion, the Pd-based catalyst was the most active for the complete oxidation of

methane, total conversion being achieved at 488 °C. Among the non-noble metal-containing
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catalysts the sequence of activity followed the order: MgAlO = FeMgAIO < NiMgAlO <
ZnMgAlO < MnMgAIO < CoMgAIO < AgMgAIlO < CuMgAIlO showing that highly reducible
cationic species play an important role in the catalytic combustion of methane. Total conversion
with the most active CuMgAIO catalyst was achieved at 585 °C. It is highly stable, while for
PdMgAIO conversion decreased from 60 to 45 % after 20 h of reaction at 470 °C. The CuMgAIO
mixed oxide catalyst was also able to perform the complete oxidation of other short-chain

hydrocarbons, i.e. ethane, propane and propene.
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11.3. Total oxidation of methane over Cu-based mixed oxides obtained

from LDH precursors

A number of studies related to the total oxidation of methane on Cu based catalysts were
published up to now [17, 20, 24-28], alumina being used as support for copper oxide in most
cases. All these studies show that copper based systems are very active catalysts for methane total
oxidation, the nature of the support and the Cu loading being important factors determining the
catalytic performances. On the other hand, it has recently been shown [29] that adding magnesia
to CuO/y-Al,O; enhances the activity of carbon monoxide oxidation.

We showed in the previous chapter that among MMgAIlO mixed oxides (M = Mn, Fe, Co,
Ni, Cu, Zn and Ag) obtained from layered double hydroxide (LDH) precursors the CuMgAIlO
was the most active catalyst in methane total oxidation. Thus, here we resume the study of
CuMgAIlO mixed oxides with different copper contents (1 — 20 at. %) as catalysts for the total
oxidation of methane, which has been published in Ref. [30].

Physico-chemical characteristics of the catalysts are resumed in Table I1.5. Note that the
XRD analysis of the LDH precursors showed the presence of the LDH phase with low
crystallinity as generally observed for multicationic LDH. For the samples with copper contents
higher than 7 %, we noted the presence of CuO tenorite. The formation of copper-side phases is
often observed in the case of copper-containing hydrotalcites due to the Jahn-Teller effect in the
Cu”" ions [31]. The Mg-Al mixed oxide phase with the periclase-like structure was detected in
the mixed oxide catalysts after calcination at 750°C. CuO with a higher crystallinity than in the
LDH precursor and copper aluminate were also detected for Cu loadings higher than 7 %. The
average crystallite size of CuO increases from 18 to 35 nm, while that of CuAlLO4 remains
constant at ca. 10 nm when the copper content in the catalyst increases from 10 to 20 %. At lower
loadings, Cu can form a solid solution with Mg and Al, or give well dispersed CuO crystallites
not detected by XRD. The XRD patterns of the catalysts recorded after the catalytic test showed
no modifications even after the long-term runs.

The catalytic activities in methane total oxidation are resumed in Table I1.6. As clearly
shown by the values of Tsp and Tg (temperature corresponding to 50 % and 90 % conversion,
respectively), and of the specific reaction rate, MgAIO was the less active, while both

Cu(10)MgAIO and Cu(20)MgAIO gave the highest activity with total conversion being achieved
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at temperatures lower than 525 °C. Nevertheless, we note that the temperature at which the
reaction starts (Tonset) on Cu(20)MgAIO is 50 °C higher than on Cu(10)MgAIlO. Taking into
account that VOCs catalytic combustion process requires the heating of great amounts of air up to

the reaction temperature, a difference of 50 °C becomes significant.

Table 11.5. Physico-chemical characteristics of the catalysts.

Catalyst Specific Copper content Chemical Total H,
surface (% at. with composition (% at.) consumption
area respect to cations) by EDX* (mol Hy/mol Cu)

(m’g™) theor. byEDX Cu Mg Al

MgAlO 188 - ; - - ;
Cu()MgAIO 163 (161)° 01.0  01.1 027 1894 575 0.76
Cu(3)MgAlO 155 03.0 - - - _
Cu(5)MgAlO 157 05.0 067 1.74 1832 595 029
Cu(7)MgAIO 163 07.0 ; . - ;
Cu(10)MgAlO 169 (163)° 10.0 123 326  17.05 6.04 0.20
Cu(20)MgAlO 114 (108)° 20.0 229 636 1497 646 022

* Oxygen in balance.
" After the catalytic test.

¢ After the long-term runs.

Table 11.6. Catalytic performances in methane total oxidation of CuMgAIO catalysts.

Catalyst Tso (°C) Too (°C) Specific rate (510°C)  E,q
(10".mol/g.s) (kcal/mol)
Cu(1)MgAIO 626 658 00.3 31.1
Cu(3)MgAIO 568 588 05.7 26.6
Cu(5MgAIO 543 565 06.6 22.8
Cu(7)MgAlO 522 560 12.2 21.1
Cu(10)MgAlO 482 519 18.4 15.8
Cu(20)MgAlO 490 504 21.9 21.8
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For the Cu-containing samples the activity increased with the Cu content up to 10 % and
remained constant above this content, i.e. for Cu(20)MgAIlO. This behavior suggested that the
activity of bulk CuO is substantially lower than that of highly dispersed CuO, as already shown in
the literature [26, 28]. The activity ranges as follows: Cu(20)MgAIO = Cu(10)MgAIO >
Cu(7)MgAIO > Cu(5)MgAIO > Cu(3)MgAIO > Cu(1)MgAlO > MgAIlO. However, when the
methane conversion per unit mass of copper (mol methane converted per g Cu per second) is
considered (Fig. I1.3), the order of activity is somewhat modified: Cu(10)MgAIlO > Cu(5)MgAIlO
> Cu(20)MgAIlO > Cu(1)MgAIO. This sequence suggests that the Cu(10)MgAlO sample displays
the optimum dispersion of the copper-containing species in the MgAlO matrix. A similar
behavior has already been observed for supported Cu catalysts [24, 28]. This decrease of specific
activity observed for Cu(20)MgAIO catalyst can be assigned to the CuO average crystallite size.
It is worth noting that the results obtained with the best catalysts are comparable or even better

than those reported up to now in the literature with CuO based catalysts.

—e— Cu(1)MgAIO
—a— Cu(5)MgAIO
—— Cu(10)MgAIO
—*— Cu(20)MgAIO

0.01 ~

Specific activity (mol methane/g Cu . s)

300 400 500 600

Temperature (°C)

Figure 11.3. Specific activity per unit mass of copper as a function of the reaction temperature
for Cu(1)MgAIlO, Cu(5)MgAIlO, Cu(10)MgAIlO and Cu(20)MgAIO catalysts (1 % vol. CHy4 in
air, total VHSV = 20000 h™").
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The apparent activation energies (E,) on the different catalysts have been calculated
being presented in Table II.6. In contrast with CuO supported on alumina where E, does not
depend on the CuO loading [25, 28], the E,r on Cu-Mg-Al-O catalysts decreased when the
copper content increased up to 10 % (Cu(10)MgAlO sample), being then higher for
Cu(20)MgAIO sample. This evolution means that the nature of the active site changes with the
Cu content, in agreement with the H,-TPR data [30]. The most efficient catalyst is
Cu(10)MgAlO, in line with the observed variation of the specific catalytic activity. On the other
hand, the values obtained for the E, were in agreement with those measured for methane
catalytic combustion over supported CuO catalysts [20, 32]. These values show that the kinetic of
the reaction is chemically controlled.

It is interesting to note that a linear correlation was observed between the H, consumption
below 400 °C and the specific activity of the catalysts (Fig. I11.4). Such correlation was not found

for the H, consumption at higher temperature suggesting that only the highly reducible copper

species were catalytically active.
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Figure 11.4. Specific activity of the catalysts versus H, consumption below 400 °C.
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It is worth noting that both Cu(10)MgAIO and Cu(20)MgAIO catalysts display a very
good stability as shown in Fig. IL.5.
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Figure 11.5. Effect of time on stream on the catalytic properties of (a) Cu(10)MgAIO at 515 °C
with 1 % CHy 1n air then at 555 °C with 2.5 % CHy in air and (b) Cu(20)MgAIO at 495 °C with 1
% CHy4 then at 590 °C with 2.5 % CHy in air (total VHSV = 20000 h'!in all cases).

In conclusion, the Cu-free MgAIO mixed oxide was the less active, while both
Cu(10)MgAIlO and Cu(20)MgAIO gave the highest activity, allowing total conversion of methane
at temperatures lower than 525°C. For the Cu-containing samples the activity increased with the
Cu content up to 10 %. Above this content the influence becomes negligible in terms of methane
conversion, but the Cu(10)MgAlO sample showed the best specific activity per unit mass of
copper. Under all the experimental conditions investigated, no CO could be detected at the

exhaust. The Cu-Mg-Al mixed oxide catalysts showed a good stability during the catalytic test.
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11.4. Co and Ni ferrospinels as catalysts for propane total oxidation

Up to now, there are no studies investigating spinel ferrites as catalysts for light alkanes
total oxidation although they were shown to be effective catalysts for the total oxidation of VOCs
[33-35] as well as for CO oxidation [36]. We resume here a study of Co and Ni ferrospinels,
prepared by coprecipitation or by mechano-chemical method, used for the first time as catalysts
for total oxidation of propane. It has been published in Ref. [37].

The physico-chemical characteristics of the ferrospinel catalysts are resumed in Table I1.7.
For all the solids, the crystallized ferrospinel structure was observed. For CoFe,O4 samples, a tiny

amount of a-Fe,O; phase was also noted.

Table I11.7. Physico-chemical characteristics of the ferrospinel catalysts.

Sample Mass % by EDX  BET surface Pore Average  H; consumption
area (m’/g)  volume poresize by TPR (mol
(cm’/ g) (nm) Hy/mol ferrite)
Ni ferrite-M1°  Ni: 33.8 (34.5)" 53.8(51.2) 0.32 20.8 2.07
Fe: 66.2 (65.5)
Co ferrite-M1°  Co: 34.1 (34.5) 20.5(21.1)  0.16 27.4 2.02
Fe: 65.9 (65.5)
Co ferrite-M2°  Co: 34.4 (34.5) 08.4 (8.1) 0.07 29.4 2.13

Fe: 65.6 (65.5)

*Theoretical mass % in parentheses.

® Prepared by coprecipitation.

¢ Prepared by mechano-chemical method.

The catalytic activities of the prepared ferrospinels in propane total oxidation are resumed
in Table II.8. As clearly shown by the values of Tj¢ (temperature corresponding to 10 %
conversion), Tso (temperature corresponding to 50 % conversion), Tgy (temperature
corresponding to 90 % conversion) and of the specific reaction rate, Co ferrite-M1 was the most
active catalyst giving total conversion at temperatures as low as 400°C, the sequence of activity

following the order: Co ferrite-M1 > Ni ferrite-M1 > Co ferrite-M2. It has already been shown
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that Co-containing catalysts are more active than Ni-containing ones in methane combustion [38].
We noted that the catalyst prepared by the mechano-chemical method (Co ferrite-M2) was less
active than that prepared by coprecipitation (Co ferrite-M1) probably due to the lower specific

surface area of the former.

Table 11.8. Catalytic performances in propane total oxidation of ferrospinels catalysts.”

Catalyst Ti0 (°C)  Tso (°C) Too (°C)  Specific rate (10".mol/g.s)  Eae
320°C 350°C (kcal/mol)

Ni ferrite-M1 330 370 415 1.3 24 15.8

Co ferrite-M1 310 335 360 1.7 8.6 39.6

Co ferrite-M2 380 450 490 0.5 0.9 21.5

# Reaction conditions: 2 vol % propane in air, total VHSV = 6000 h™".

The apparent activation energies (E,) corresponding to propane transformation on the
different catalysts have been calculated from the Arrhenius plots obtained from the experimental
data up to 60 % conversion. The differences observed between the activation energies suggest
that the nature of the catalytic site differs from one ferrite to the other. On the other hand, if one
takes into consideration the catalytic activities observed it is clear that the surface density of the
active sites also differs from one ferrite to the other. The values obtained for the activation
energies fall within the usual range measured for propane total oxidation over oxide-based
catalysts working within the chemical regime [39, 40]. These values suggest that the kinetic
regime is chemical, i.e. the rate determining step is the surface chemical reaction.

The stability of Co ferrite catalysts was studied and the obtained results can be observed
in Fig. 11.6, where the propane conversions in terms of the time on stream for Co ferrite-M1 at
340 °C and Co ferrite-M2 at 480 °C are shown. No deactivation was observed in any of the
samples after 24 h, in line with the observation that the physico-structural characteristics of the
catalysts did not change after the catalytic tests. Both Co-ferrite catalysts display a good stability,

at least for the reaction conditions and the reaction time chosen.
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Figure 11.6. Effect of time on stream on the catalytic properties of Co ferrite-M1 at 340 °C and
Co ferrite-M2 at 480 °C (2 % vol. propane in air, total VHSV = 6000 h™).

In conclusion, high surface area ferrospinels of nickel and cobalt were prepared and their
catalytic properties for the catalytic total oxidation of propane were for the first time investigated.
Co ferrite was more active than Ni ferrite prepared using the same method, Co ferrite-M1 being
the most active among the tested catalysts giving total conversion at temperatures as low as
400°C. The physico-chemical characteristics of the Co ferrite and its catalytic properties are
determined by the method used for the catalyst preparation. The ferrospinel catalysts showed a
good stability during the catalytic test. In all the experimental conditions tested, no CO could be
detected at the exhaust.
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I11. CHARACTERIZATION OF OXIDATION CATALYSTS BY
ELECTRICAL CONDUCTIVITY MEASUREMENTS

Electrical conductivity measurements carried out on oxides used as catalysts in oxidation
reactions involving redox processes between reactants and catalysts can provide information on
the nature of surface structure defects, the existence of oxidizing species (ionosorbed oxygen
species, active surface anions) and the nature of the oxidic phase involved in catalytic reactions as
described in Ref. [1].

The electrical conductivity o of an oxide catalyst can be expressed by the formula:
%

o=

where R is the electrical resistance and t/S is the geometrical factor including the thickness t of
the catalyst pellet and the cross sectional area S of the circular platinum electrodes having the
catalyst pellet in between.

To compare the electrical conductivities of the oxide samples, it is required that they have
similar textures and identical surface states. This requirement is easily fulfilled if all the samples
have similar textures. Indeed, the electrical conductivity of semiconducting oxide powders can be
written as:

c=A'n ()

where n is the concentration of the main charge carriers and A is a coefficient of
proportionality which includes the mobility of the main charge carriers and the elementary charge
of the electron and depends on the compression of the powder and on the number and quality of
contact points between particles [1]. If the samples are compressed at the same pressure and have
similar BET surface areas and the electrical measurements are standardized, A can be considered
as identical for all the samples under identical conditions. Thus, the electrical behavior of these
catalysts will generally be a function of the temperature, whose influence can be followed in the
same range as that of catalysis, of the oxygen pressure and of the nature of the gas phase in
contact with the solid. Consequently, electrical conductivity measurements can constitute a useful

tool to characterize oxidation catalysts [1].
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This technique was largely used in catalysis [2-13], some of the most interesting results
obtained being resumed below. Thus, Herrmann et al. [4] established the p-type character of the
V-P-O catalysts used for the partial oxidation of n-butane to maleic anhydride and clearly
evidenced the redox mechanism involved with the initial hydrogen abstraction from n-butane by
O species from surface V¥'—O pairs. Using the same technique, a change in the nature of the
semiconductivity that passes from p-type under air to n-type under n-butane — air reaction
mixture was evidenced for Ti and Zr pyrophosphates used as catalysts for the
oxydehydrogenation of n-butane, and a reaction mechanism involving surface O™ species was
proposed [5, 6]. The same reaction was studied over promoted and unpromoted nickel
molybdates and by using the electrical conductivity measurements the n-type character of the
solids and the role of the promoter have been established and a redox-type reaction mechanism
has been proposed [7, 8]. In the case of Mo-V-M-O (M = Zn, Ni, Cu, Sb) oxides, catalysts for
isobutane oxydehydrogenation, it has been shown that they were of n-type or of p-type as a
function of their composition and redox-type reaction mechanisms have been proposed.
Moreover, a correlation between the electrical conductivity and the catalytic activity was found
for both n-type and p-type series suggesting that the rate of electronic transfer is a key factor
determining the catalytic activity [10]. Millet et al. [11] studied by electrical conductivity
measurements V-Sb-(Fe)-O catalysts which are active in the ammoxidation of propane, and found
that an increased concentration of cationic vacancies and isolated V* species, due to the
introduction of increasing amounts of Fe in the lattice, led to a proportionally higher activity.
Supported oxide-based catalysts, such as V,0s-WO3/TiO; used in selective catalytic reduction
(SCR) deNOy reaction, have also been studied by means of electric conductivity measurements
[12]. It has been shown that the SCR deNOy reaction over V,0s5-WO3/TiO, catalyst is a redox
process assisted by acidic sites necessary for the dissociative chemisorption of ammonia. Finally,
this technique was used for the characterization of TiO,-based photocatalysts, the detrimental
effect of Cr-doping TiO; being recently explained by an electron-hole recombination [13]. We
also applied the electrical conductivity measurements to the characterization of the oxide-based
catalysts studied in both oxidative dehydrogenation and total oxidation of light alkanes, the

results obtained being presented in this chapter.
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I11.1. Study by electrical conductivity measurements of semiconductive

and redox properties of ceria and phosphated ceria catalysts

Up to now there are several studies concerning the use of ceria and CeO,-containing
materials as catalysts or catalysts’ supports, a book being already devoted to this topic [14]. Also,
several studies concerning the electrical properties of pure and doped ceria have already been
performed and reviewed in Refs. [14, 15]. The electrical properties of these materials are mainly
associated to the presence of oxygen vacancies also recognized to play a key role in the catalytic
activity by improving the lattice oxygen mobility and lability, and, for the noble metals supported
on ceria-based materials, by favoring the electronic transfer from the support to the noble metal
[16].

For better understanding the catalytic behavior of ceria and phosphated ceria in oxidative
dehydrogenation of isobutane described in Chapter I, their DC-electrical conductivity was studied
as a function of the temperature, the air pressure, the nature of different gaseous reactant
atmospheres and the reaction mixture. Reaction mechanisms for the transformation of isobutane
over these catalysts have been proposed and a correlation between their semiconductive and
catalytic properties has been established. The results obtained have been published in Ref. [17]
and are presented below. Note that the common reference state for ¢ determination has been
chosen under air at atmospheric pressure and at 490 °C or 610 °C. At these temperatures, which
are in the range used in the catalytic reactions, most of the ionically adsorbed species such as
H;O", HO which would produce an additional surface conductivity are eliminated. The solid was
initially heated from room temperature to the desired temperature at a heating rate of 5 °C/min.

First, the electrical conductivities of the ceria and phosphated ceria samples have been
measured as a function of temperature to determine the activation energy of conduction E., under
air at atmospheric pressure, in the temperature range from 400 to 660 °C. Linear variations of the
semi-log plots [logo = f(1/T)] were observed showing that all the compounds behaved as
semiconductors whose electrical conductivities varied exponentially with temperature according

to the typical activation law:

G =0, -exp(— E}j 3)

where oy is the preexponential factor. The slopes of the semi-log plots enabled one to calculate
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the E. values presented in Table III.1. It can be observed that the activation energy of conduction
decreased by adding phosphorus to ceria and by increasing its content. It is noteworthy that the
electrical conductivity of the samples increased following the order: CeO, < 1.1P/CeO, <
2.2P/Ce0,. This means, according to Eq. (2), that the concentration of charge carriers increased

by adding phosphorus to ceria and by increasing its content.

Table I11.1. Electrical characteristics of ceria and phosphated ceria samples.

Catalyst E.* (kJ.mol™) Exponent n °
CeO, 139.8 4

1.1P/CeO, 80.9 20
2.2P/CeO;, 59.6 -

? Activation energy of conduction.
® From Eq. (4)

According to the Heckelsberg criterion [18], as the electrical conductivity was lower
under air than under nitrogen within all the temperature range considered, the CeO, and
1.1P/CeO; samples have a n-type semiconductor character. The 2.2P/CeO, sample could be an
intrinsic semiconductor as the electrical conductivity under air was practically equal to that under
nitrogen.

Fig. I1I.1 shows the variations of ¢ as a function of oxygen pressure at 490 °C in a log—log
plot. It clearly appeared that CeO; and 1.1P/CeO, samples were of the n-type under oxygen since
0c/0Po, < 0, while no dependence of ¢ on the oxygen pressure was observed for 2.2P/CeO;
sample.

It is generally assumed that the electrical conductivity ¢ of n-type oxides varies as a

function of partial pressure of oxygen Po, and temperature T, according to the equation:

o(p, ,T)=C-P;"" -exp(— ARHch (4)

where AH, represents the enthalpy of conduction and C is a constant which only depends on
various characteristics of the sample (charge and mobility of the charge carriers, number of
contact points between grains etc.) [1]. The value of the exponent n can be indicative of the

nature of the defects in the solid, which generate charge carriers.
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Figure 111.1. Variation of ¢ as a function of the oxygen pressure for CeO, (m), 1.1P/CeO, (A)
and 2.2P/CeO; (®) at 490 °C (Po, in atm; ¢ in ohm™.cm™).

The values of the exponent n calculated for the different solids from the slopes of the log—
log plots in Fig. III.1, are presented in Table III.1. From these values, only CeO, behaved
according to a simple conduction model with n equal to 4. Such a value corresponds to the

formation of singly ionized anionic vacancies according to the equations:
05 530, + V5 (5)
V5 5 Vg +¢ (6)
where O represents an oxygen anion of the solid in regular lattice points, V; a filled anionic

vacancy, V, a singly ionized anionic vacancy and e'a quasi-free electron.

The mass action law applied to Egs. (5) and (6) gives:

K; =Py [V5] (7)

Ko =[Vo1le')/ Vo] @®)
The electroneutrality condition

[e'1=[V5] ©)

combined with the mass action law yields:
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o oc[e'] = (KK) Py (10)
In the case of CeO, sample the log-log plot of o as a function of P, in air gives a

descending straight line whose slope is indeed equal to —1/4 (Fig. III.1). In addition, constants Ks
and Ky follow the van’t Hoff’s law as a function of temperature:
K, = (Ky),exp(-AH,/RT) (11)
K, = (K¢),exp(—AH/RT) (12)
where AHs and AHg are the enthalpies of reactions (5) and (6). Combining Egs. (10), (11) and
(12), one gets:

RT | Fos (13)

coule']= [(Ks)o(Kﬁ)o]m exp[— M} ~1/4

Generally, the ionization energy of the first electron AHg can be neglected with respect to
the formation enthalpy of anionic vacancies AHs. Consequently, for CeO, the heat of formation
of anionic vacancies is equal to 2E,, that is 279.6 kJ.mol" (per mole of vacancies). This enthalpy
value is lower than that already reported for ceria (396 kJ.mol™") [15] or other n-type oxide such
as titania (342.7 kJ.mol™) [19], but higher than that of tin oxide (226.0 kJ.mol™") [20] and gives
information about the lability of surface lattice oxygen anions able to react with isobutane. Under
our experimental conditions, CeO, was active, as a n-type semiconductor, for the reaction of
isobutane but gave high quantities of carbon oxides (see Table 1.3) suggesting a high reactivity of
the surface lattice oxygen anions in line with the relatively low enthalpy of formation of anionic
vacancies observed.

The case study of the two phosphated ceria samples was more complex. Thus, for the
1.1P/CeO, sample the value of n was equal to 20 being significantly higher than 4 or 6 that
respectively correspond to the formation of singly or doubly ionized vacancies. Such a
phenomenon could be explained by a more complex model involving two different sources of
electrons, one of them being independent of the partial pressure of oxygen:

6=0,+0, (14)

with o, = A(K,K,)" szm and o, independent of the partial pressure of oxygen P, . Such a

model has already been proposed for TiO; and related compounds [21] and vanadium antimonate

based catalysts [11]. In the present case, a linear relationship was obtained when plotting the total
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conductivity ¢ as a function of P;!" confirming the existence of a source of conduction electrons

whose nature was independent of oxygen pressure. Moreover, the y-intercept representing the

conductivity o, at the temperature concerned, it was possible to separate the two contributions.
Thus, o, being equal to 4.54-107 ohm™.cm”, o, was calculated by subtracting o, from o

according to Eq. (14) and was represented as a function of the oxygen pressure in a log—log plot.
The obtained plot exhibited the expected —1/4 slope confirming, thus, the model proposed.

In the case of 2.2P/CeQ, sample, the variation of ¢ with P, displayed in Fig. III.1, shows
that the electrical conductivity is practically independent of the oxygen pressure. This could lead

to the conclusion that this material is rather an intrinsic semiconductor (9c/0P, =0) as also

suggested by the Heckelsberg criterion. If that were the case, the theory would imply that the
band-gap energy Eg should be equal to twice the activation energy of conduction E. (Eg = 2E,).
Consequently, Eg should be equal to 119.2 kJ.mol™, that is 1.24 eV. However, the band-gap
energy determined from the UV spectrum of 2.2P/CeQO, sample was equal to 3.2 eV. This value is
quite different from that calculated, and the solid cannot be considered an intrinsic semiconductor
under our conditions but an extrinsic one with sources of electrical charge carriers independent of
oxygen pressure.

The observed increase of the electrical conductivity of the samples caused by adding
phosphorus to ceria and by increasing its content must be related to the P-CeO, interaction and
could be explained taking into consideration a partial dissolution of P(V) in the lattice of ceria
occurring via the substitution of P(V) to Ce(IV) ions in the surface and subsurface lattice
positions of ceria. It is noteworthy that it has already been shown that P(V) ions can enter the
fluorite CeO; structure by the substitution of Ce(IV) with P(V) [22]. This causes a doping effect
according to the valence induction law of Verwey [23]. Each dissolved P(V) species shares four
electrons with four O* neighbor anions, whereas the fifth electron is delocalized around the P(V)

impurity as represented in Fig. II1.2.

0"
| |
-cevV-0 0-Ce"V -

| |
@)
Figure 111.2. Doping of ceria by P(V) dissolved species.
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The P(V) impurities are associated with donor levels between the conduction band and the
valence band of ceria. A small energy is sufficient to ionize this donor level and to enable the
fifth electron to reach the conduction band. This explains the observed decrease of the activation
energy of conduction E; (Table III.1) under air caused by adding phosphorus to ceria and by
increasing its content. Moreover, these substitution defects can be associated to the source of
conduction electrons whose nature is independent of oxygen pressure evidenced in the
phosphated ceria samples. On the other hand, the introduction of a higher valence cation, such as
P(V), not only increases the substitution defects responsible for the increase of the charge carriers
concentration but also reduces the vacancy population according to the reactions (15) and, to a
lesser extent, (16):

PO+ V) S 2P, +50; +¢' (15)
P,O, +V;" S 2P, +50; (16)

In that way we can explain the weakened dependence of the electrical conductivity on the
oxygen pressure for 1.1P/CeO, and 2.2P/CeO, samples. Moreover, the consumption of oxygen
vacancies results in lower surface lattice oxygen mobility and reactivity, in line with the hydrogen
temperature-programmed reduction (H,-TPR) data (see Fig. 1.4), explaining the observed
decrease of the catalytic activity of the studied catalysts in the order CeO, > 1.1P/CeO; >
2.2P/CeQ; for the reaction at 490°C. The observed increase of the isobutene selectivity following
the order CeO, < 1.1P/CeO, < 2.2P/Ce0O,, can also be correlated with the decrease of the lattice
oxygen mobility and lability suggested by the weakened dependence of the electrical conductivity
on the oxygen pressure observed by adding phosphorus to ceria and by increasing its content.

To get information on the solids under conditions as close as possible to those of catalysis,
the electrical conductivity measurements were performed at a temperature within the reaction
temperature range during sequential periods under air, under nitrogen, under isobutane-air
mixture (reaction mixture with an air-to-isobutane molar ratio equal to 2.5) and under isobutane-
nitrogen mixture (nitrogen-to-isobutane molar ratio equal to 2.5). The results obtained at 490 °C

are displayed in Fig. I1L.3.
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Figure 111.3. Variation of the electrical conductivity under sequential exposures to air (®), N,
(0), 1-C4H ¢ — air mixture (reaction mixture) (A ) and i-C4H;o — N, mixture (A) for CeO; (a),

1.1P/CeO; (b) and 2.2P/CeO; (c) at 490 °C (o in ohm™.cm™).
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The solids were heated from room temperature to 490 °C, at a heating rate of 5 °C/min in
air flow at atmospheric pressure. After reaching the steady state under the air flow, nitrogen was
introduced over the samples. As expected, the electrical conductivity increased for CeO, and
1.1P/CeO; samples and remained constant for 2.2P/CeO,, confirming again the n-type character
of CeO; and 1.1P/CeO, samples according to the Heckelsberg criterion. Then, air was again
introduced over the samples and, after reaching the steady state, an isobutane-air mixture
(reaction mixture) was passed over the samples. In the case of CeO,, the electrical conductivity
immediately increased abruptly by 4 orders of magnitude. The same increase of the electrical
conductivity was observed for 1.1P/CeO,, but within less than 2 orders of magnitude so that it
becomes lower than that of CeO,. These behaviors correspond to the n-type semiconductive

character, since, for oxide semiconductors, the n-type criterion is 80/8P02 < 0 or, considering
isobutane as a reductant, 0c/0P;.c My > 0. Surprisingly, for 2.2P/CeO, sample the electrical

conductivity slightly decreased under the isobutane-air flow. This behavior corresponds rather to

the p-type character, since, for oxide semiconductors, the p-type criterion is 0c/0Po, > 0 or,
considering isobutane as a reductant, 06/0P;.c o < 0.

After reaching the steady state under the isobutane-air flow, air was again introduced over
the samples. The electrical conductivity decreased immediately and reached a plateau for CeO,
and 1.1P/CeO, samples confirming the n-type character of both solids. In the case of 2.2P/CeO,
sample the electrical conductivity slightly increased, but the plateau corresponding to the new
steady state under air was not the same as before the isobutane-air mixture sequence, suggesting a
new state of the solid that obviously corresponds to a reduced oxide.

After reaching the steady state under the air flow, the isobutane-nitrogen mixture was
introduced in contact with the samples and then, after reaching the steady state under this
mixture, the air sequence was repeated for observing the reversibility of the phenomena. Again,
an important increase of the electric conductivity was observed for CeO, and 1.1P/CeO, samples
corresponding to their n-type semiconductive character. Under air their electrical conductivities
decreased immediately and reached a plateau confirming the reversibility of the phenomena
observed. For the 2.2P/CeO, sample, the electrical conductivity slightly decreased under the
isobutane-nitrogen flow suggesting again a p-type character for this sample. Under air, the

electrical conductivity of the 2.2P/CeO, sample increased and reached a plateau identical to that
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reached after the isobutane-air sequence, but different from that corresponding to the initial state
suggesting an irreversible reduction of the solid.

The reversible redox process observed in the case of the CeO, and 1.1P/CeO, samples
during successive sequences under isobutane-air mixture or isobutane-nitrogen mixture and air
can be explained as follows. Isobutane is oxidized by reaction with surface lattice oxygen anions,

thus partially reducing the surface. The increase of 6 can be ascribed to the creation of anionic
vacancies, V;, by reduction of the solid by isobutane:

O +1-CsHjp = 1-C4Hs + H,O + V] (17)
followed by the spontaneous ionization of the anionic vacancies according to the following
equations:

Vo5 V) +¢e (18)
V58 Vi +e (19)
where O} represents an oxygen anion of the solid in regular lattice points (O*7), V7 a filled

anionic vacancy, V; a singly ionized anionic vacancy and V" a doubly ionized anionic vacancy.

The release of free electrons into the conduction band of the solid accounts for the
observed increase in electrical conductivity. The subsequent introduction of air over the samples
restores the initial value of o indicating the refilling of the previously created anionic vacancies
by dissociation of oxygen and capture of free electrons according to the reactions:

1120, + Vi +¢e' 5 O] (20)
120, + VS +2e' S O] (21)

This behavior is in agreement with a Mars — van Krevelen type mechanism [24]. Note
that, in our case, the reactions (19) and (21) involving doubly ionized anionic vacancies are
negligible as suggested by the variation of the electrical conductivity as a function of oxygen
partial pressure.

The case of 2.2P/CeO, sample is more complex. It seems to behave as a p-type
semiconductor with positive holes, h*, as the main charge carriers under the reaction conditions.
For confirming this behavior and for explaining the inverse order of activity observed at
temperatures higher than 570 °C, that is 2.2P/CeO; > 1.1P/CeO, > CeQ,, electrical conductivity

measurements were performed with 2.2P/CeO, at 610 °C during sequential periods under air,
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under nitrogen, under isobutane-air mixture and under isobutane-nitrogen mixture, the results

obtained being presented in Fig. I11.4.

Air | N, | Air | i-Co=Air | Air | i-Co=N, | Air | i-C,—Air | N, | Air

Ilg o
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Time (min)

Figure 111.4. Variation of the electrical conductivity under sequential exposures to air (®),
nitrogen (©O), isobutane — air mixture (reaction mixture) ( A) and isobutane — nitrogen mixture (A)

for 2.2P/Ce0; at 610 °C (o in ohm™.cm™).

It can be observed that, as expected, the electrical conductivity of the solid remained
almost constant during air-nitrogen-air sequential periods. When the air flow was replaced by the
isobutane-air mixture (reaction mixture), the electrical conductivity firstly decreased abruptly and
then increased to reach the plateau corresponding to the steady state. This corresponds to the
combination of two opposite phenomena, an initial reduction by isobutane followed by a kind of
reoxidation of the surface region as already observed for vanadium pyrophosphate under n-butane
[4] and confirms the p-type behavior of the 2.2P/CeQ, catalyst under the isobutane-air mixture.
After reaching the steady state under the isobutane-air flow, a new sequence of air was introduced
over the 2.2P/CeO, sample. The electrical conductivity slightly increased to reach a plateau
which is different from that observed under air before the isobutane-air mixture sequence
suggesting a new state of the solid that obviously corresponds to a reduced oxide. After reaching

the new steady state under the air flow, a sequence of isobutane-nitrogen mixture was introduced
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over the sample. The electrical conductivity firstly decreased abruptly and then increased slowly
to reach the plateau corresponding to the steady state. This confirms the p-type character of the
2.2P/CeQ; catalyst in the presence of isobutane. When air was again introduced over the sample,
the electrical conductivity increased immediately and reached a plateau corresponding to a new o
value different from the previous value under air suggesting that the solid was further and
irreversibly reduced by the isobutane-nitrogen mixture. The air was replaced by a new isobutane-
air flow when the solid was again reduced, then a sequence of nitrogen was admitted over the
sample. One can observe that the electrical conductivity decreased to reach the plateau
corresponding to the new steady state under nitrogen. When air was finally introduced over the
sample, the electrical conductivity increased and reached a plateau that did not correspond to the
fully oxidized initial solid but was similar to the value observed during the last sequence under air
suggesting a redox behavior of the 2.2P/CeO, catalyst. It is noteworthy that for the reduced solid,
the electrical conductivity under nitrogen was lower than that under air. This confirms that,
according to Heckelsberg criterion, it behaves as a p-type semiconductor.

The results obtained with 2.2P/CeO, catalyst showed that it behaves as an extrinsic
semiconductor with sources of electrical charge carriers independent of oxygen pressure under air
but became a p-type semiconductor under the reaction mixture (isobutane-air). Such a
phenomenon can only be explained by a change in the structure of the solid, at least in the surface
region [11]. The existence of such an irreversible change was supported by the fact that after the
first reduction, the solid underwent redox cycles that were not completely reversible and
remained characteristic of a p-type semiconductor. For explaining this behavior we have to
consider the 2.2P/CeO, catalyst as a mixture of two conducting phases, CeO, and CePO,, as
evidenced by XRD [25]. It is well known that in a mixture of two conducting oxides, the overall
conductivity of the sample becomes governed by the more conducting component above a certain
percentage, called the percolation threshold [12]. In our case, the CePOy is rather a surface phase
as expected taking into consideration the method of preparation used for the phosphated samples
and as confirmed by the XPS analysis [25]. For confirming that the surface CePO4 phase was
responsible for the electrical conductivity behavior of the 2.2P/CeO, sample under sequences of
reactants, electrical conductivity measurements of CePO,4 (Alfa Aesar) were performed at 610 °C
during sequential periods under air, isobutane-air mixture, nitrogen and isobutane-nitrogen

mixture [17]. Its behavior was very similar to that of the 2.2P/CeQ; catalyst. This confirms that
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the electrical conductivity behavior of the 2.2P/CeQO, catalyst was mainly determined by the
cerium (III) phosphate phase evidenced on its surface. Moreover, the activation energy of
conduction E. under air at atmospheric pressure, determined for CePO4 sample from the semi-log
plot [loge = f(1/T)] in the temperature range from 400 to 660°C, was equal to 0.65 eV. This value
is strongly similar to that obtained for the 2.2P/CeO, sample, i.e. 0.62 eV, suggesting that the
charge carrier formation needs similar energies in the two samples [26]. Consequently, the p-type
conductivity observed for the 2.2P/CeQ, catalyst after reduction during the sequence under
isobutane-air mixture flow could be explained considering only the contribution of the surface
cerium (IIT) phosphate phase to the overall electrical conductivity of the 2.2P/CeO, sample and
regarding this phase as a Ce(IV)-doped CePOj,. Note that, it has already been shown that a ceria-
doped CePOy, catalyst was active and selective in isobutane oxydehydrogenation reaction [27]. In

this case, the following electrochemical equilibrium can be assumed:
Ce** S Ce’ +h° (22)
If one considers that from the chemical point of view, a positive hole corresponds to an
electron vacancy in the valence band of lattice O anions, i. e. the "chemical site" of a positive
hole corresponds in fact to a lattice Oy, anion [4], according to the reaction:
O +h" 5 0O (23)
the transformation of isobutane into isobutene over 2.2P/CeQ; catalyst can be written:
i-C4Hyo + Of, — i-C4Hy* + (HO)’ (24)
i-C4Ho® + Oy, — i-C4Hs + (HO') (25)
Water elimination generates oxygen vacancies, according to the reaction:
2(HO) S H,0y + OF + V' (26)
These vacancies must be filled in by gaseous oxygen in order to reoxidize the solid:
1/2 Oy + V5 — O +2h° (27)

This suggests that the overall reaction mechanism on 2.2P/CeO, catalyst can also be

assimilated to a Mars — van Krevelen type mechanism [24], but in this case the

oxydehydrogenation reaction involves surface lattice O™ species (O, ), whereas for CeO, surface

lattice O*" anions (OF) are involved. The O species are known to be quite active species for

alkanes’ oxidation [4], explaining the highest activity observed for 2.2P/CeQO, catalyst at 610 °C.
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The weak variations of the electrical conductivity observed in that case suggest a low
concentration of O species on the surface in line with the high isobutene selectivity measured
during the catalytic process (see Table 1.3). If the O species were too numerous on the surface,
they might promote isobutane combustion rather than oxydehydrogenation.

The equilibrium (22) responsible for the generation of the positive holes obviously
involves the low reducible Ce(IV) species interacting with the phosphate phase evidenced by H,-
TPR experiments [25]. Taking it into consideration, one could explain the lowest activity of the
2.2P/Ce0; catalyst in the series studied at low temperature as well as its highest activity at high
temperatures where the low reducible Ce(IV) species are more easily reduced.

1.1P/CeO; catalyst has an intermediate behavior between CeO, and 2.2P/CeO;: it can also
be considered as a mixture of two phases, CeO, and CePO,, as evidenced by XRD, but the
overall electrical conductivity is governed by the ceria phase. On the other hand, this solid
contains a small, but nevertheless significant concentration of low reducible Ce(IV) species
interacting with the phosphate phase as evidenced in H>-TPR experiments [25]. Consequently, it
is reasonable to consider that, in this case, the reaction mechanism involves mainly surface lattice
O” anions but a mechanism involving surface lattice O species especially at high temperatures
cannot be excluded.

In conclusion, it has been established that pure ceria as well as the two surface-phosphated
ceria, 1.1P/CeO; and 2.2P/CeO,, were n-type semiconductors under air. Their electrical
conductivity increased while their activation energy of conduction decreased following the order
Ce0O; < 1.1P/Ce0;, < 2.2P/CeO; suggesting the formation of substitution defects of Ce(IV) with
P(V) in the phosphated ceria samples. Under isobutane — nitrogen mixture or under isobutane —
air mixture, CeO; and 1.1P/CeO, remained n-type semiconductors whereas 2.2P/CeO, became p-
type semiconductor, its electrical conductivity behavior being governed by the CePO4 phase.

For the 2.2P/CeO, catalyst the oxydehydrogenation reaction involves surface lattice O™
species, whereas for CeO, surface lattice O anions are involved. For the 1.1P/CeO, catalyst the
reaction mechanism involves mainly surface lattice O® anions but a mechanism involving
surface lattice O species, especially at high temperatures, must be considered. These results
explained the difference in catalytic performances encountered on the three solids as well as the
compensation effect in catalysis evidenced. In all cases the overall reaction mechanism can be

assimilated to a Mars and van Krevelen mechanism.
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I11.2. Study of the catalytic activity — semiconductive properties

relationship for BaTiO; and PbTiO; perovskites

For better understanding the catalytic behavior of BaTiO3; and PbTiOs perovskites in the
total oxidation of methane described in Chapter II, their DC-electrical conductivity was studied as
a function of the temperature, the air pressure, the nature of different gaseous reactant
atmospheres and the reaction mixture. A reaction mechanism for the transformation of methane
over barium and lead perovskite catalysts has been proposed and a correlation between their
semiconductive and catalytic properties has been established. The results obtained have been
published in Ref. [28] and are presented below. Note that the common reference state for ¢
determination has been chosen under nitrogen or under air at atmospheric pressure and at 690 °C.
At this temperature, which is in the catalytic reaction temperature range, the ionically adsorbed
species such as H3;O", HO  which would produce an additional surface conductivity are
eliminated.

The electrical conductivities of the perovskites were first measured as a function of
temperature to determine the activation energy of conduction E., under air at atmospheric
pressure, in the temperature range from 500 to 700 °C. The slopes of the semi-log plots [logc =
f(1/T)] enabled one to calculate the E. values: 85.8 kJ.mol™ (0.89 eV) and 104.9 kJ.mol™ (1.09
eV) for BaTiO; and PbTiOs3, respectively. We have also shown that, according to the Heckelsberg
criterion [18], both perovskites have a p-type semiconductor character [28].

It is noteworthy that the electric conductivity of PbTiO; was with ca. 3 orders of
magnitude higher than that of BaTiOs. This means, according to Eq. (2), that the concentration of
charge carriers, i.e. positive holes, was 1000 times higher for PbTiOs than for BaTiOs.

The electrical conductivity o of BaTiO3; and PbTiO; perovskites was measured under air
at 690 °C as a function of oxygen pressure. In both cases it was observed that the conductivity
varied linearly with the oxygen pressure (Fig. II1.5). Moreover, it is confirmed that they are both

of the p-type under air atmosphere since 06/0Po, > 0. The slopes of the log—log plots of ¢ as a

function of Po, in air for BaTiO; and PbTiO; were close to +1/6 and +1/4, respectively.
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Figure I11.5. Variation of & as function of the oxygen pressure for BaTiO; (®) and PbTiO; (m)

(Po, in atm; © in ohm™.cm™).

It is well known [1] that, in the case of a p-type semiconductor ¢ varies with T and Po,
according to the general equation
1/
G = o exp(-EJ/RT) Po, (28)

Depending upon the value of p, the mode of conduction can be related to a special type of
structure defects acting as hole sources.
The model that could explain the p-type character of MTiO; perovskites, M = Ba and Pb,

corresponds to the formation of cationic vacancies involving the following equilibrium:
1205 @ S OF +Vy (29)
where O denotes the neutral oxygen with respect to the lattice on the regular oxygen sites in the

solid and Vy; denotes the cationic vacancy, neutral acceptor level trapped by to positive holes.

With increasing temperature, the acceptor levels can be successively ionized by receiving

electrons from the valence band of the solid according to the following equations:
Vi S V,+h° (30)
Vy, SV, +h (31)

where V,, and V,, represent singly and doubly ionized cationic vacancies, respectively, and h°
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represents a positive hole.

When the equilibrium (30) is dominant, the following chemical total equation can be
written:
1120, 5 05 +V, +h° (32)
The mass action law applied to Eq. (32) gives:

[Vy][h"]
K, = I\1/1)1/2
0,

(33)
and the electroneutrality condition implies:

[Vul=[h"] (34)
The combination of Egs. (33) and (34) yields:

o oc [h"] = KI°Py’ (35)

In the case of PbTiO; the log-log plot of & as a function of Po, in air gives an ascending

straight line whose slope was indeed equal to +1/4 (Fig. IIL.5). In addition, the constant K;
follows the van’t Hoff’s law as a function of temperature:

K7 = (K7)o - exp(-AH7/RT) (36)
AH7 being the enthalpy of the reaction (32).

Combining Egs. (35) and (36), one gets:
12 1/4
G oC [h.] = [(K7)0] : eXp(-AH7/2RT) : P02 (37)

Since the solid is a semiconductor, i.e. having a conductivity varying exponentially with
temperature according to Eq. (28), there results from Egs. (28) and (37), the identity:
AH; =2-E, (3%)
Since E. 1s 104.9 kJ mol! for PbTi0s perovskite, this means that the enthalpy of formation AH5
of singly ionized cationic vacancies V,, is equal to:
AH; = 2-E; = 209.8 kJ.mol .
When the equilibrium (31) is dominant, the following chemical total equation can be
written:
120, S O +V,, +2h° (39)

The mass action law applied to Eq. (39) gives:
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N e
e (40)
and the electroneutrality condition implies:
2[Vyl=[h"] (41)
The combination of Egs. (40) and (41) yields:
cox[h']= (2K14)”3P(1)/26 (42)
Actually, for BaTiOs the log—log plot of & as a function of Po, gives an ascending straight

line whose slope was close to +1/6 (Fig. II1.5). In addition, constant K4 follows the van’t Hoff’s
law as a function of temperature:
Kis = (Ki4)o - exp(-AH;4/RT) (43)
AH14 being the enthalpy of the reaction (39).
Combining Egs. (42) and (43), one gets:
oo [h']=[2(Kia)o] - exp(-AH4/3RT) - o, (44)
Since the solid has a conductivity varying exponentially with temperature according to Eq. (28),
there results from Eqgs. (28) and (44), the identity:
AH4=3-E, (45)
Since E. is 85.8 kJ.mol! for BaTiO; perovskite, this means that the enthalpy of formation AH4 of

doubly ionized cationic vacancies Vj, is equal to:

AHi4 = 3-E; = 257.4 kJ.mol ™.

Note that, as expected, the enthalpy of formation AH;4 of doubly ionized cationic
vacancies in BaTiO3; was higher than the enthalpy of formation AH; of singly ionized cationic
vacancies in PbTiOs.

To get information on the solids under conditions as close as possible to those of catalysis,
the electrical conductivity measurements were performed at a temperature within the reaction
temperature range during sequential periods under nitrogen, under 5 % methane in nitrogen,
under air and under 5 % methane in air (reaction mixture) or 10 % methane in air.

The solids were heated from room temperature to 690 °C, at a heating rate of 5 °C/min in
nitrogen flow at atmospheric pressure. After reaching the steady state under the nitrogen flow, a 5

% methane in nitrogen mixture was introduced over the samples (Fig. 111.6). Surprisingly, an
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important increase of the electric conductivity was observed for BaTiOs; perovskite that
corresponds to the n-type semiconductive character, since, for oxide semiconductors, the n-type

criterion 1is 80/8P02 < 0 or, considering methane as a reductant, 80/8P0H4 > (. For PbTiO3

perovskite, the electrical conductivity strongly decreases initially probably due to the rapid
consumption of positive holes (whose concentration is 1000 times higher than for BaTiOs) from
the p-type solid, and then increases to reach the plateau corresponding to the steady state under
the methane-nitrogen mixture, as in the case of BaTiO3; sample. It is noteworthy that the n-type
electrical conductivity of the PbTiO; sample was with ca. 1.5 orders of magnitude higher than

that of the BaTiO; sample. This means, according to Eq. (2), that the concentration of charge

carriers, i.e. quasi-free electrons, e , was 10 to 100 times higher for PbTiOs than for BaTiOs.
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Figure 111.6. Variations of the electrical conductivity under sequential exposures to nitrogen,
methane — nitrogen mixture, air and methane — air mixture (reaction mixture) for BaTiO; (@) and

PbTiO; (m) at 690 °C (o in ohm™.cm™).

The introduction of methane-nitrogen mixture in contact with the solid changed the nature

of the semiconductivity of both solids, passing from p-type to n-type conduction. Such a
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phenomenon can be ascribed to the formation of free electrons. They can arise from the creation

of anionic vacancies, V{, by reduction of the solid by methane:
205 + CHy = CO,+2H,0+2V] (46)

followed by the ionization of the anionic vacancies according to the Egs. (18) and (19).

After reaching the steady state under the methane-nitrogen flow, a sequence of nitrogen
was introduced over BaTiOs3 perovskite. One can observe that the plateau corresponding to the
new steady state under nitrogen is not the same as before the methane-nitrogen mixture sequence
(Fig. II1.6) suggesting a new state of the solid that obviously corresponds to a reduced oxide.
When air was introduced over the sample, the electrical conductivity decreased immediately and
reached a plateau. This behavior confirmed the n-type character of the solid when contacted with
the methane-nitrogen mixture.

When air was introduced over the PbTiO; sample, the electrical conductivity first
decreased immediately and then increased to reach the plateau corresponding to the steady state
under air (Fig. II1.6). The initial decrease corresponds to the re-oxidation of the solid. After that,
the formation of positive holes takes place.

After reaching the steady state under the air flow, the nitrogen was again introduced in
contact with the samples. In both cases the electrical conductivity regained the initial value under
nitrogen, confirming the reversibility of the phenomena observed.

After the nitrogen sequence, the air flow was again introduced over the samples. As
expected, the electrical conductivity increased in both cases to reach the plateau corresponding to
steady state under air. This behavior confirms the p-type conductivity of both perovskites under
air.

After reaching the steady state under the air flow, the reaction mixture (5 % methane in
air) was introduced in contact with the samples and then, after reaching the steady state under the
reaction mixture, the air sequence was repeated for observing the reversibility of the phenomena.
When the nitrogen was finally introduced in contact with the samples, the electrical conductivity
regained the initial value for both samples, confirming again the reversibility of the phenomena
observed.

When the reaction mixture was introduced over the samples, the electric conductivity
decreased slightly, for both samples. The same behavior, but more pronounced, was observed

when 10 % of methane in air mixture was introduced over BaTiOs sample. These results suggest
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that methane in the reaction mixture transforms by consuming the positive holes evidenced in the
solids under air and it can be proposed that the initial activation step of the methane is a C-H
bond cleavage via the attack by a positive hole:

CH;+h* - CH;*+H' (47)

If one considers that the "chemical site" of a positive hole corresponds in fact to a lattice

O, anion, according to the reaction (23), the initial activation step of the methane may be
written:

CH;+ O — CH;*+(HO) (48)
where Og) represents rather a superficial lattice than a bulk lattice species.

The methyl radical formed is trapped on the Ti*" Lewis acid sites before being further
transformed. Water elimination generates oxygen vacancies, according to the reaction (26).
Carbon dioxide formation also involves positive holes consumption and generates oxygen

vacancies, according to the simplified reactions:

C+20; +2h" 5 COxyg +2 VS (49)
or

C+20; +4h” S COyq+2 V5 (50)

where, for simplicity, we considered a carbon atom, C, instead of CHy species.

Because of the low concentration of methane in air, when the solids are under the reaction
mixture, we did not observe an important reduction of the solid as under methane-nitrogen
mixture flow. On the other hand, the formation of oxygen vacancies proposed is in line with the
observed reduction of the solid under methane-nitrogen mixture flow. These vacancies must be
filled in by gaseous oxygen in order to reoxidize the solid according to Eq. (27). This suggests
that the overall reaction mechanism on Ba and Pb titanates can be assimilated to a Mars and van
Krevelen mechanism [24].

The higher catalytic activity of PbTiOs catalyst compared to BaTiOs can be explained

taking into consideration that the concentration of the positive holes h®, i. e. O, species involved

in the initial activation step of the methane, is 1000 times higher for the former.
In conclusion, both titanates were p-type semiconductors under air but became n-type

semiconductors when contacted with methane. The comparison of BaTiO; and PbTiO; indicated
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that in the case of PbTi0; the electrical conductivity ¢ was approximately 3 orders of magnitude
higher as p-type semiconductors and approximately 1.5 orders of magnitude higher as n-type
semiconductors.

Because under the catalytic reaction conditions they have a p-type character, the

activation mechanism of methane on both perovskites could be based upon the formation of

methyl radicals on lattice Og, species, which are oxidizing species strong enough to attack

alkanes’ C—H bonds. The concentration of the lattice O, species, that are the chemical sites of

the positive holes, was 1000 times higher for PbTiOs than for BaTiOs, explaining why PbTiO3
perovskite was more active than BaTiO; for methane total oxidation. The overall reaction

mechanism on Ba and Pb titanates can be assimilated to a Mars and van Krevelen mechanism.
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111.3. Study by electrical conductivity measurements of redox properties

of vanadium antimonate and mixed vanadium and iron antimonate

Vanadium antimonates are known to be efficient catalysts for the ammoxidation of
propane [29-32]. It is commonly admitted that the active phase of these catalysts is the VSbO,
phase. Its structure is derived from TiO, rutile-type, with two Ti*" cations formally substituted by

one V and Sb cation with however a cation deficiency [33]. This cation deficiency has been

shown to be related to the presence of V**, leading to the formula V.,V 5.Sb* [1,,,O, where []

stands for cationic vacancy [34].

It has been shown that iron could substitute to vanadium and that a continuous solid
solution was formed in the VSbO4,—FeSbO, system [35]. At low loading, iron appeared to
substitute V*" with a resulting charge discrepancy balanced by oxygen vacancies.
Simultaneously, cationic vacancies remained present in the solid with even a small increase of
their content so that a maximum of both types of vacancies was observed between 10 and 20 % of
iron substitution. Such modification generated very active sites for propane activation but more
selective to form propene than acrylonitrile. Iron loading higher than 60 % induced the
disappearance of V** and cationic vacancies, as well as the substitution of V°" by Fe’" in the
lattice structure. It decreased the activity but increased the selectivity to acrylonitrile.

In order to understand the catalytic properties of the vanadium antimonate and to specify
the reasons of the changes in the catalytic properties observed with the substitution of vanadium
by iron, we have characterized by electrical conductivity measurements, the redox properties of
pure vanadium and iron antimonates and of a mixed vanadium-iron antimonate. The vanadium-
iron antimonate was chosen with a stoichiometry corresponding to 10 % of vanadium
substitution, in the range that led to the highest increase in catalytic activity. This was my first
work after the PhD thesis. It was published in Ref. [11] and resumed below.

The variations of log o versus reciprocal temperature under oxygen at atmospheric
pressure between 420 and 480 °C were linear suggesting that all the compounds behaved as
semiconductors whose electrical conductivities varied exponentially with temperature according
to the typical activation law expressed by the Eq. (3). The activation energies of conduction have

been calculated for the different solids and found to be quite similar (Table I11.2).
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Table 111.2. The activation energy of conduction (E.) and
n exponent of Eq. (4) for the different solids.

Catalyst E. (kJ.mol™) Exponent n
VSb 61.0 9.5
10FeVSb 65.1 8.0
FeSb 72.6 4.5

The isotherms of the electrical conductivity as a function of the oxygen partial pressure

were studied at 480 °C. Fig. IIL.7 shows the variations of ¢ as a function of Po, in a log-log plot.
It clearly appeared that all the solids were of the n-type under oxygen since dc/0Po, < 0. For

FeSbO, this result confirmed that previously obtained by Tianshu and Hing, who had already

determined its semi-conduction type [36].
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Figure 111.7. Plots of log 6 = f(logPo,) for VSb (a), 10FeVSb (b) and FeSb (c) at 480 °C

(A —under increasing oxygen pressure, © — under decreasing oxygen pressure).

It is generally assumed that the electrical conductivity ¢ of oxides varies as a function of

the partial pressure Po, and temperature T, according to the Eq. (4). The values of exponent n,

92



indicative of the nature of the solid defects which generate charge carriers, calculated for the
different solids are presented in Table II1.2. From these values, only FeSb behaved according to a
simple conduction model with n approximately equal to 4. Such a value corresponds to the
formation of singly ionized anionic vacancies according to the equations (5) and (6). In this case
Eq. (13) allowed us to calculate the enthalpy of formation of anionic vacancies for FeSb sample
which was equal to 145.2 kJ.mol' (per mole of vacancies). This enthalpy could appear
substantially smaller than that observed for other n-type oxides [19, 20]. However, this low value
could be responsible for a higher lability of surface lattice anions able to react with the mixture
(propene + ammonia) in the ammoxidation of propene into acrylonitrile. Under our experimental
conditions, FeSbO, was efficient, as an n-type semiconductor, for propene ammoxidation but not
for that of propane [35].

The case study of the two vanadium containing antimonates was more complex. The n
values calculated for these compounds were significantly higher than 4 or 6 that respectively
correspond to the formation of singly or doubly ionized vacancies. Such a phenomenon could be
explained by a more complex model involving two different sources of electrons, one being
independent of the partial pressure of oxygen while the other one is related to the defects

connected to it such as anionic vacancies according to Eq. (14). Indeed, a linear relationship was

obtained when plotting ¢ as a function of P;!" for VSb and FeVSb samples confirming the

existence of a source of conduction electrons whose nature was independent of oxygen pressure.
The results of the in situ electrical conductivity measurements under subsequent gaseous
atmospheres are presented in Fig. II1.8. When propane was introduced into the cell, immediately
the electrical conductivity of the three solids increased abruptly. Propane reduced the catalyst,
which behaved as a typical n-type semiconductor. After reaching the steady state under propane,
the cell was evacuated and replaced by pure oxygen. For 10FeVSb and FeSb compounds, the
electrical conductivity decreased as anticipated for n-type semiconductors. By contrast, for VSb
sample the electrical conductivity slightly increased. This appeared more clearly when ¢ was
directly plotted as a function of the sequence duration [11]. Such phenomena were reproducible
and appeared also under the propane-oxygen sequences. The results obtained on VSb showed that
it was an n-type semiconductor but that after reduction it behaved as a p-type semiconductor.
Such a phenomenon can only be explained by a change in the structure of the compound, at least

in the surface region.
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Figure 111.8. Variations of the electrical conductivity at 480 °C under sequential exposures to air,

propane, oxygen and propane-oxygen reaction mixture for VSb (a), 10FeVSb (b) and FeSb (c).
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The existence of such irreversible change was supported by the fact that after the first
reduction, the VSb sample underwent redox cycles that were not reversible and remained
characteristic of a p-type semiconductor. Because this change should be limited to the surface of
the solid, it was not observed by X-ray diffraction. However, XPS analyses indicated that the
surface composition changed during the electrical conductivity measurement as well as during the
catalytic test with an apparent surface enrichment in antimony oxide [11]. It can be assumed that
the increase of electrical conductivity under propane was related to that of the free electrons
concentration originating from the creation of ionized anionic vacancies. Propane removed the
surface lattice oxygen of the oxide phase and created anionic vacancies according to the reaction:

XC3H8 + V(?g4vg;88bg+92 []0.1604 : V(ig4—2xV03.;8+2beg.;2 []0.1604—x + XC3H6 + XHZO (51)

The solid formed containing both cationic and anionic vacancies should not be stable and
a phase transformation should occur leading to a vanadium antimonate richer in vanadium and
supporting an antimony oxide partially coating the surface. This interpretation can be supported
by the fact that such a composition can be obtained when the vanadium antimonate was prepared
with a heat treatment under nitrogen [37]. Such a behavior of vanadium antimonate means that it
contained after reduction only cationic vacancies and mainly vanadium with its lower oxidation
state (V°1), typical of a p-type semiconductor such as NiO [38]. It could be noted that the same
segregation was already observed in SnSbO system [39].

It was shown that at a low substitution level (x < 0.4 in Fe,V,SbO,), Fe** substituted to
V** in the cationic deficient structure of vanadium antimonate leading to a structure with both

cationic and anionic vacancies [35]. For the 10FeVSb sample, the calculated stoichiometry

corresponded to: Fe,hoVot, Vot [1,15Sb55,055 - The substitution of vanadium by iron allowed the

stabilization of the reduced compound with a structure presenting both cationic and anionic
vacancies without phase transformation [35]. Such stabilization effect induced by iron had
previously been observed in FeSnSbO system [40]. The solid then always behaved as an n-type
semiconductor under oxygen and during the following redox cycle under catalytic propane—
oxygen mixtures. The fact that the electrical conductivity cycles were not exactly reversible could
account for a slight transformation of the surface as shown by XPS measurements [11]. Both
types of semiconductivity may co-exist and account for the behavior of the 10FeVSb catalyst.

For FeSb sample the results obtained were typical of a pure n-type semiconductor

behavior.
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Because of the p-type character of the VSb catalyst, the same activation mechanism of

propane as that already postulated by Aika and Lundsford [41] has been proposed. It is based

upon the formation of hydrocarbon radicals initiated by positive holes, h*, related to the presence

of cationic vacancies. These positive holes correspond to electron vacancies in the valence band
of lattice O, anions that can be filled by electrons hopping from neighboring anion leading to the

equivalent equation (23). Propane activation could proceed with a C—H bond cleavage via the

attack by a hole

CiHg+ h* = CsH;"+H' (52)
The chemical support of a hole being an Oy, species, Eq. (52) can also be written as

CsHg + Oy — C3H;* +(HO ) (53)

The radical formed would undergo a second hydrogen abstraction according to a similar
mechanism leading to propene. It could be outlined that such a process is similar to that
encountered in the oxidation of n-butane on (VO),P,0; [4] or on TiP,O; [5] which are p-type
semiconductors.

In 10FeVSb catalyst, the presence of Fe’" allowed the stabilization of the compound with
more anionic vacancies in reducing conditions and limits the formation of surface antimony oxide
as shown from electrical conductivity measurements with mostly a n-type semiconductor
behavior under propane. In this case the activation of propane would be related to the presence of
isolated V species, which have been proposed to be the most active species [42] and that should
correspond to the V*—O already suggested as activation site by Grasselli [43] and Andersson et
al. [44]. It is difficult to know if the concomitant presence of anionic vacancies may play a role or
not. The increase in selectivity to propene detrimental to that in acrylonitrile or CO, may be
explained by the absence of antimony oxide at the surface of the active phase, which has been
shown to be responsible for the selective synthesis of acrylonitrile from intermediate propene
[45], or by the presence of the anionic vacancies that limits the number of active oxygen species
available for the further transformation of the propene or intermediate formed. The presence of
these anionic vacancies in catalytic conditions was clearly demonstrated by the electrical
conductivity measurements data and the n-type semiconductivity observed.

In conclusion, it was established the n-type semiconductor character of VSbO,4 under air,

which is considered as the active phase in the selective ammoxidation of propane. However, it
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has been observed that VSbO4 behaved as a p-type semiconductor under propane or under
oxygen-propane mixture. This could be explained by a surface transformation with the formation
of antimony oxide and a rutile phase richer in vanadium. Such transformation could account for
the surface antimony enrichment observed by XPS.

VSbO, with vanadium partially substituted by iron as well as FeSbO,, appeared also as n-
type semiconductors under air. They kept the same type of conductivity under propane or
propane-oxygen mixture. In the case of the mixed vanadium and iron antimonate, the absence of
a total reversibility of the electrical conductivity supported a partial modification of the surface
with a small increase in antimony surface content.

Because VSbOy transforms under catalytic reaction conditions with the appearance of a p-

type character, the activation mechanism of propane on VSbO, could be based upon the
formation of hydrocarbon radicals on O, i.e. O species, which are oxidizing species strong
enough to attack alkanes C—H bonds. Although that when Fe substituted partially V the n-type of

semiconductivity was kept, the same type of activation could be carried but it would be related to

the presence of isolated V species.
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IV. CATALYTIC VALORIZATION OF LIGHT ALCOHOLS

IVV.1. Ethanol conversion over MMgAIO (M = Pd, Ag, Mn, Fe, Cu, Sm,

Yb) mixed oxide catalysts derived from LDH precursors

The catalytic transformation of ethanol into higher added value products has been
investigated for more than 3 decades [1-5]. Mixed oxides catalysts have been widely used
allowing either the dehydrogenation of ethanol into acetaldehyde followed by the condensation
into acetals or higher alcohols, or its dehydration toward ethylene depending on the balance
between acid and basic functions [6-9].

The synthesis of diethylacetal (1,1-diethoxyethane) from ethanol alone has been scarcely
reported. It generally involves ethanol and acetaldehyde as starting materials [10, 11]. The
diethylacetal is known to be a good additive to diesel fuel blends [12, 13], as well as an important
starting chemical for the perfume industry and the synthesis of polyacetal resins [14, 15].

On the other hand, the conversion of ethanol into 1-butanol is of particular industrial
interest. 1-butanol is indeed a crucial building block for acrylic acid and acrylic esters and is
widely used as a solvent or as an additive to gasoline [7, 16-18]. The potential use of bioethanol
as a raw material could also allow obtaining convenience products coming from renewable
resources widely available throughout the world. Therefore, the Guerbet reaction, which
corresponds to the catalytic transformation of alcohols into higher alcohols, attracts more and
more interest. Several studies of this reaction in liquid phase have shown that a basic catalyst is
needed along with hydrogenating functions [19-22]. Several homogeneous or heterogeneous
catalytic systems have been tested and usually associate basic catalysts with transition metals
such as Ni, Ru or Rh [5, 19-25]. However, the production of 1-butanol from ethanol over mixed
oxides catalysts has seldom been investigated [4, 5].

Thus, we studied the conversion of ethanol over M-Mg-Al (with M= Pd, Ag, Mn, Fe, Cu,
Sm, Yb) oxide based catalysts obtained from LDH precursors. We investigated particularly the
nature of the added cation in order to modify the equilibrium between acid and basic function,

thus modulating the catalytic performances. This work has been done during my post-doc stay in
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the Laboratory of Advanced Materials for Catalysis and Health from the Institute Charles
Gerhardt of Montpellier, France, and has been published in Ref. [26].

The physico-chemical characteristics of the mixed oxide catalysts calcined at 550 °C are
resumed in Table IV.1.

Table IV.1. The physico-chemical characteristics of the catalysts.

Catalyst Surface Pore Phases identified by Total basicity Total acidity
area (m’g™?) volume XRD (mmol CO,g™")  (mmol NH3 g™)
(cm’g™)
Pd5MgAIO 187 (189)*  0.20 Mg(Al)O; PdO 1.94 1.74
Ag5MgAIO 166 0.23 Mg(ADO; Ag,0O 1.62 2.34
Mn5MgAIO 167 (163) 0.22 Mg(AIO 1.36 3.37
FeSMgAIO 213 0.25 Mg(Al)O; FeAlL,O, 1.60 3.51
Cu5MgAIO 180 0.23 Mg(AIO 1.58 2.30
Sm5MgAIO 187 (187) 0.39 Mg(AIO; Sm,0; 1.97 151
Yb5MgAIO 183 0.74 Mg(ADO; Yb,03 1.68 1.54

& After the catalytic test.

The seven M5MgAIO catalysts were evaluated in ethanol conversion performed in a steel
autoclave under autogenic pressure and stirring, the obtained results being presented in Table
IV.2. It can be observed that the ethanol conversion varied between 0.3 % for Fe based catalyst
and 4.1 % for Cu based catalyst. Obviously, the catalytic activity depends on the acido-basic
properties of the catalysts related to the nature of the metal M. In all cases butanol was the main
reaction product. Cu and Pd-based catalysts were the most active, but the former gave both
butanol and 1,1-diethoxyethane as main products, while the later was quite selective to butanol.
Note that they have similar concentrations of strong basic sites, but CubMgAIO has a higher
concentration of strong acid sites as well as a higher total acidity. Sm5MgAIQO is also highly
selective to butanol which is in agreement with its similar total concentration and distribution of
basic sites of different strength than Pd5MgAIO. However, Sm5MgAIO is less active than
Pd5MgAIQ, suggesting that the equilibrium between basic and acid sites is better achieved in this

later sample. The same conversion was reached with Yb5MgAIO and Sm5MgAIO but the former
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was less selective to butanol according, as previously suggested for the other samples, to its lower
basic character. FeSMgAIO and Mn5MgAIO which were amongst the most acid catalysts, were
poorly active and highly selective to 1,1-diethoxyethane and acetaldehyde. Ag5MgAIO which has
the lowest concentration of strong basic sites gave the lowest selectivity to butanol and a high
selectivity to ethyl acetate. These results confirmed that the equilibrium between the acid and
basic functions of the mixed oxides determine the activity and the selectivity in the conversion
reaction of ethanol. The selectivity for n-butanol increased when the number of strong basic sites
increased. This suggests that acetaldehyde self-condensation, catalyzed by the basic sites, would
be the rate determining step of the transformation of ethanol into butanol. The acid properties of

the catalysts play an important role in the formation of the other products.

Table 1V.2. Ethanol conversion and product selectivities over M5MgAIQ catalytic systems.
Reaction conditions: 200 °C, 5 h.

Catalyst ~ Conv Selectivities® (%)
(%)  Acetal Acetal Ethanal Butanal Crotonal Butanol EA  DET
C6 C8

Pd5MgAIO 3.8 2.5 1.0 12.3 7.0 - 727 4.0 0.6
AgSMgAIO 1.6 7.5 1.3 17.5 5.6 3.3 388 259 -
Mn5MgAIO 0.7 6.9 5.0 21.0 4.1 6.8 533 29 -
FeSMgAIO 0.3 26.7 2.4 21.7 - 7.1 39.2 27 -
CuSMgAIO 4.1 35.9 5.1 9.9 1.7 0.2 403 6.9 -
Sm5MgAIO 1.3 6.6 1.2 15.1 4.0 3.6 66.3 3.1 -
Yb5MgAIO 1.2 15.1 3.7 19.1 2.7 2.3 530 4.1 -

 Acetal C6: 1,1-diethoxyethane; Acetal C8: 1,1-diethoxybutane; Ethanal: acetaldehyde; Butanal: butyraldehyde;
Crotonal: crotonaldehyde; EA: ethyl acetate; DET: diethyl ether.

A reaction scheme can be proposed for the reaction of ethanol on MMgAIO (M = Pd, Ag,
Mn, Fe, Cu, Sm, YD) catalysts in agreement with the nature of sites involved and the nature of the
products obtained (Fig. 1V.1). After the first step of ethanol dehydrogenation into acetaldehyde,
two main pathways lead to: (i) 1-butanol by hydrogenation of butyraldehyde formed by self-
condensation of acetaldehyde and (ii) 1,1-diethoxyethane by cross-condensation of ethanol and

acetaldehyde.
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Figure IV.1. Reaction scheme for ethanol transformation on M-MgAIO catalysts. The observed
products are presented in a frame. The continuous line arrows show the two main pathways
leading to the two main products: 1-butanol and 1,1-diethoxyethane. The dotted line arrows show
the secondary pathways of the ethanol reaction. 1 — acetaldehyde; 2 — 1,1-diethoxyethane; 3 —
crotonaldehyde; 4 — butyraldehyde; 5 — 1-butanol; 6 — 1,1-diethoxybutane; 7 — methyl ethyl
ketone; 8 — 2-butanol; 9 — diethyl ether; 10 — ethyl acetate.
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The Pd based catalyst being the most selective for butanol, was more extensively studied.
Firstly, we checked the stability of PA5SMgAIO catalyst and we have shown that the conversion
and the product distribution remained strictly the same for three successive reactions, suggesting
that the catalytic properties are stable at least during three successive reactions.

When the reaction temperature was increased in the range from 200 to 260 °C, the ethanol
conversion increased from ~ 4 % to 17 %. At the same time, the selectivity for butanol increased
up to 81 % at the expense of acetaldehyde and butyraldehyde.

When the reaction time was varied from 2 h to 100 h, the ethanol conversion increased
from 2.1 % to 13.2 % and the selectivity for butanol increased from 65 % to 81.5 % still at the
expense of acetaldehyde and butyraldehyde.

It is well-known that, in the case of mixed oxides obtained from LDH precursors, water
can have a specific influence [27, 28]. Thus, it can influence the structure of the catalysts due to
the well known memory effect of the Mg(Al)O mixed oxide obtained from LDH precursor.
Presence of water is also able to modify the nature of the active sites from Lewis to Brensted
type. Therefore the influence of the addition of water to ethanol was investigated with the most
active PA5MgAIO catalyst. As reported in Table IV.3, only a slight decrease of conversion was
observed whereas selectivities to acetals, acetaldehyde and butyraldehyde were increased at the

expense of that to butanol.

Table 1V.3. Effect of water addition to the reactant on the catalytic properties of the Pd-based

catalyst. Reaction temperature: 200 °C. Reaction time: 5 h.

Reaction conditions Conv Selectivities® (%)

(%) Acetal C6 Acetal C8 Ethanal Butanal Butanol EA DET

with pure ethanol 3.8 2.5 1.0 12.3 7.0 72.7 4.0 0.6
with ethanol 96 % 3.0 9.5 7.6 18.5 11.4 48.2 4.9 -

& Acetal C6: 1,1-diethoxyethane; Acetal C8: 1,1-diethoxybutane; Ethanal: acetaldehyde; Butanal: butyraldehyde; EA:
ethyl acetate; DET: diethyl ether.

In conclusion, ethanol conversion into butanol was performed over MMgAIO mixed
oxide catalysts (M = Pd, Ag, Mn, Fe, Cu Sm, Yb). The nature of the cation M modifies the
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equilibrium between the acid and basic functions and thus determines the catalytic performances.
The better equilibrium allowing reaching the highest butanol yield was obtained with the Pd-
containing mixed oxide. A good correlation was found between the amount of basic sites of
medium and high strength and the selectivity to butanol. On the other hand the presence of a large
amount of acid sites increases the selectivity to 1,1-diethoxyethane and acetaldehyde. The
addition of water to the reaction mixture has a detrimental influence on the selectivity to butanol.

The Pd-containing catalyst exhibited a remarkable stability during the reaction.

103



IV.2. Catalytic conversion of ethanol over CuMgAIO mixed oxide

catalysts obtained from LDH precursors

In the previous section we have shown that Cu and Pd-based catalysts obtained from LDH

precursors were the most active in the series studied, but, while the later was quite selective to

butanol, the former gave both butanol and 1,1-diethoxyethane as main products. Taking it into

consideration and because the Cu-based catalyst is less expensive than the Pd-based one, it has

been further studied. Thus, a series of CuMgAIO mixed oxides with different copper contents (1

— 20 at %) and Mg/Al ratios (1 < Mg/Al < 5) were prepared from LDH precursors, characterized

and tested as catalysts in ethanol conversion, the results obtained being published in Ref. [29] and

resumed below. The physico-chemical properties of the catalysts are reported in Table IV .4.

Table IV.4. Physico-chemical characteristics of the calcined catalysts.

Catalyst Calcination Surface area (m”.g™) Pore volume Copper content® Total basicity
temp. (°C)  [After catalytic test] (cm®g™) (at %) (mmol CO, g

CuO 550 004 - - -

MgAI(3)0 550 224 0.35 - -
CulMgAI(3)O 550 189 0.28 01.1 1.85
Cu3MgAI(3)O 550 174 [175] 0.32 - -
Cu5MgAI(3)0 550 180 0.23 06.7 1.58
CulOMgAI(3)O 550 200 0.31 12.3 1.20
Cu20MgAI(3)O 550 140 0.26 22.9 0.89
Cu5MgAI(5)0 550 150 0.49 - -
Cu5MgAI(1)0O 550 182 [146]" 0.32 - -
Cu7MgAI(3)0 250 013 0.02 - -
Cu7MgAI(3)0 350 222 0.31 - -
Cu7MgAI(3)0 450 187 0.31 - -
Cu7MgAI(3)0O 550 176 [180] 0.32 - -
Cu7MgAI(3)0O 650 170 0.21 - -

% Determined by EDX.

b After 100 h reaction run.
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Fig. IV.2 shows the effect of the Cu content in the CuxMgAI(3)O samples on their
catalytic performances. Note that with MgAI(3)O (Cu-free) catalyst, the conversion was ~ 0.3 %,
the major product being 1,1-diethoxyethane. For the sake of comparison, the catalytic properties
of CuO are also reported on Fig. IV.2. An optimum of conversion of 4.5 % was observed for the
catalyst with 7 % Cu content. This volcano shape can account for a decrease of the conversion
due to a too low number of active sites below 7 % of copper, and to the increase of the CuO

average crystallite sizes above [29].
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Figure 1V.2. Influence of the Cu content on the performances of the CuxMgAI(3)O catalysts.
Reaction conditions: 200 °C, 5 h.

Regarding the selectivities for the two main products of reaction, butanol and 1,1-
diethoxyethane, they behave differently with increasing copper loading and the CuO crystal size.
The selectivity for butanol indeed decreases regularly from ~ 42 % to ~ 18 %, while that of 1,1-
diethoxyethane goes through a maximum value at 10 % Cu. At high Cu content (Cu20MgAI(3)O)
and for CuO, a marked decrease for both butanol and 1,1-diethoxyethane selectivities to the
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benefit of ethyl acetate was observed. Moreover, in these cases, 2-butanol was also observed
among the reaction products, the 1-butanol/2-butanol molar ratio being equal to 3.9 and 3.5 for
Cu20MgAI(3)O and CuO, respectively. We also note that the selectivity into ethyl acetate
increased continuously with the copper content in the catalysts, becoming the main reaction
product for Cu20MgAI(3)O and CuO. The 1,1-diethoxybutane selectivity, always lower than 7
%, decreased when the Cu content in the catalyst was increased, becoming almost zero for the
CuO catalyst. The acetaldehyde and butyraldehyde selectivities varied irregularly as a function of
the Cu content in the catalyst, between 3.2 and 11.7 % and between 1.4 and 3.5 %, respectively.
We note that butyraldehyde was not observed on CuQ. Traces of crotonaldehyde were observed
only for the systems with Cu contents lower than 5 %. Note that XRD patterns of the catalysts
after 5 h of reaction were similar to those before reaction, therefore showing no structural
evolution [29].

As underlined above the acidity of the catalysts is not correlated to the copper content.
Moreover, the catalytic properties were not correlated to their acidity. By contrast, a direct
relationship was evidenced between the basicity of these catalysts and the selectivity for n-
butanol: the selectivity for n-butanol increased when the number of strong basic sites increased,
as shown in Fig. IV.3. No relationship was found between basicity and 1,1-diethoxyethane
selectivity. This suggests that acetaldehyde self-condensation would be the rate determining step
of the reaction leading to n-butanol. Moreover, this reaction probably involves stronger basic sites
than those required for the condensation between acetaldehyde and ethanol leading to 1,1-
diethoxyethane.

The effect of the Mg/Al ratio in the CusMgAI(y)O samples on the catalytic performances
has also been studied. The ethanol conversion remained practically unchanged at ~ 4 % when the
Mg/Al ratio was increased from 1 to 5. At the same time, the selectivity in butanol slightly
decreased from 42 to 39.5 %, while the selectivity in 1,1-diethoxyethane increased from 32 to 39
%. The selectivities in minor products varied erratically but within a narrow range. These results
show that the Mg/Al ratio does not influence the catalytic activity, and only slightly the
selectivity. However, the different structural properties previously reported for this series of

samples can hinder the influence of the Mg/Al ratio [29].
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Figure 1V.3. Selectivity for n-butanol versus the number of strong basic sites in CuxMgAI(3)O

catalysts.

The effect of the calcination temperature of the LDH precursors on the catalytic properties
was studied using Cu7MgAI(3)O. The results are presented in Fig. 1V.4. Up to 350 °C the
conversion remained lower than 1 %. It must be noted that, as already shown, the catalyst is in the
lamellar form in this case. The conversion then increased with the calcination temperature. The
maximum was reached at 550 °C, the catalyst being in the mixed oxide form. The selectivities for
butanol and 1,1-diethoxyethane showed opposite behaviors, the former increasing regularly with
the calcination temperature. The highest butanol yields were obtained for calcination
temperatures above 450 °C. We note that with the catalyst calcined at 650 °C, methyl ethyl
ketone was observed among the reaction products.

The stability of the catalyst was checked by carrying out the reaction with Cu7MgAlI(3)O
calcined at 550 °C, three times successively. The conversion remained almost similar in each run
and only minor changes of selectivities were observed. It can be considered that the catalytic

properties are maintained after three successive reactions.
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Figure 1V.4. Influence of the calcination temperature of the LDH precursor on the catalytic
properties of Cu7MgAI(3)O. Reaction conditions: 200 °C, 5 h.

It is worth noting that when the reaction temperature was increased in the range from 200
to 260 °C for the CusMgAI(5)0 catalyst, the ethanol conversion increased from ~ 4 % to 9 %. At
the same time, the selectivity for butanol increased up to 80 % at the expense of acetals. These
results may be compared with those reported by Ndou et al. [5] where the best selectivity for
butanol was ~ 18 % for an ethanol conversion of ~ 56 % at 450 °C.

When the reaction time increased from 2 h to 100 h for the reaction performed at 200 °C,
the conversion increased from 2.6 to 11.1 % and the selectivity for butanol reached 67.6 % while
that for 1,1-diethoxyethane decreased.

The influence of the addition of water, as well as its removal from the reaction medium,
was also studied (Table 1V.5). The addition of water to the reaction mixture, which is also a by-
product of the reaction, has a negative effect on the catalytic activity, as expected from the
reversibility of all the processes involved. The selectivity into acetaldehyde, a primary
dehydrogenation product, and 1,1-diethoxyethane increased in the presence of water, while that
into butanol dramatically decreased in all cases studied. This is in agreement with the
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transformation of the Lewis strong basic sites O% into weaker Brgnsted OH" sites due to the

presence of water.

Table 1V.5. Influence of water on the catalytic properties of different CUMgAIO mixed oxides.

Reaction temperature: 200 °C.

Conv Selectivities (%) ®

Catalyst Solvent t (h)

(%) C6 C8 Et-al Bu-al Cr-al Bu-ol EA
CulMgAI(3)O Ethanol 5 2.3 36.0 6.0 9.0 3.0 1.7 424 18
CulMgAI(3)O Ethanol 96% 5 0.5 535 - 46.5 - - - -
Cu5MgAI(1)O Ethanol 25 7.3 284 46 4.6 0.8 - 50.5 10.9
Cu5MgAI(1)O Ethanol 96% 25 15 368 27 368 4.1 5.2 3.8 1038
Cu7MgAI(3)0O Ethanol 5 4.5 405 4.6 9.0 1.4 - 356 89
Cu7MgAI(3)0  Ethanol ° 5 72 249 35 153 37 05 474 87

4 C6: 1,1-diethoxyethane; C8: 1,1-diethoxybutane; Et-al: acetaldehyde; Bu-al: butyraldehyde; Cr-al: crotonaldehyde;
EA: ethyl acetate; DET: diethyl ether.
® New run with a fresh catalyst after drying on MgSO,.

An attempt was also made to remove water from the reaction medium to try to displace
the equilibrium and push the conversion further. After a typical test, the reaction mixture,
separated by filtration, was dried using MgSO, treated at 250 °C overnight under nitrogen, and
after a new separation by filtration, re-engaged in the autoclave in the presence of a fresh catalyst
loaded for a new run. A significant increase of the conversion accompanied by an increase of the
selectivity for butanol and a decrease of the selectivity for 1,1-diethoxyethane was observed
(Table 1V.5). These results are in accordance with the preservation of Lewis stronger basic sites
0% due to the removal of water.

In conclusion, the orientation of the transformation towards butanol or acetal depends on
the reaction conditions and of the composition of mixed oxides, mainly the copper content. The
reaction is oriented towards butanol at higher reaction temperatures or at longer reaction times. At
200 °C the ethanol conversion amounted to ~ 11 % when the reaction time was set at 100 h. At

the same time the selectivity for butanol was increased to ~ 70 %. The ethanol conversion and the
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selectivity for butanol reached ~ 9 % and ~ 80 %, respectively, when the reaction temperature
was set at 260 °C. Calcination of the precursor at 550 °C gives a material characterized by an
optimum of catalytic activity. Contrarily to the Mg/Al ratio, which does not play a very important
role on the catalytic properties of the studied catalysts, the copper content proves very important.
An optimum for the Cu contents in the CuMgAIO mixed oxides between 5 and 10 atomic percent
with respect to the cationic species was observed. Over catalysts with high loadings in copper or
pure copper oxide, the main pathway is the condensation of ethanol with acetaldehyde resulting
in ethyl acetate formation. The strong and the total basicity of the catalysts decreased with
increasing the copper content and the selectivity for n-butanol increased when the number of
strong basic sites increased. The structural and textural features of the catalysts used in 5 h
catalytic runs remained unchanged. When the reaction time was increased to 100 h, a
supplementary crystallization accompanied by a decrease of the specific surface area of the solid
was observed. The presence of water in the reaction mixture (either produced by the reaction or
added with the feed) has a negative effect on the catalytic activity of the catalysts suggesting the

need of continuously removing water from the reaction medium.
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IVV.3. Cyanoethylation of methanol over transition-metal containing Mg-

Al hydrotalcites and their corresponding mixed oxides

At present, much attention is paid to the development of benign catalytic processes in
chemical synthesis, leading to high yields and selectivities of products with easy separation and
recovery of the catalysts. Regarding base catalyzed reactions, the solids obtained from
hydrotalcite-like precursors, particularly the mixed oxides derived from their thermal
decomposition, give rise to a growing interest. This is due to their tunable acid-base properties
mainly depending on the composition, the activation temperature and, for some of them, their
rehydration ability [30-32].

Layered double hydroxides (LDHs) belong to the anionic clays family [33] and have the
general formula M?*,M**,(OH),(A™)y - mH,0, where M** and M** cations are six-coordinated
to hydroxyl groups forming brucite-like sheets which stack to create a layered structure. Counter-
anions A" are intercalated in the inter-layer space to compensate the charge introduced by the
M?** cations replacing some M?* cations in the layers [30, 33-35]. The LDHs and their derived
mixed oxides are increasingly used as catalysts in different base catalyzed and redox reactions
[36-39]. Recently, much attention has been indeed paid on redox catalysts obtained from
transition metal-containing LDHs [40-44]. In contrast, the acid-base properties of this type of
LDHs and of their derived mixed oxides have been scarcely investigated. This is why we decided
to investigate the acido-basic properties of a series of multicationic M/Mg/Al LDHs with M =
Mn, Fe, Co, Ni, Cu, Zn prepared by the classical coprecipitation method in alkaline media and of
their corresponding mixed oxides obtained by calcination at 550 °C and to study their catalytic
properties in the cyanoethylation of methanol as model of base catalyzed reaction. The results
obtained have been published in Ref. [45].

The cyanoethylation reaction, generally performed in the presence of a base compound
[46, 47], has been catalyzed in homogeneous phase by alkali hydroxides [47] and alkoxides [48]
and, more interesting for clean processes, with heterogeneous catalysts such as anion exchange
resins, alkaline earth oxides, KF or KOH supported on alumina [49], Mg-Al LDH and MgAIO
mixed oxides obtained by thermal decomposition of this latter [50, 51]. The cyanoethylation of
monohydric alcohols with acrylonitrile is a conjugated addition giving B-alkoxypropionitrile

according to the equation:
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CHOH + CH,=CH-CN —*, CH,-O-CH,-CH,—-CN

The reaction product is an important intermediate in the synthesis of drugs and organic
compounds of industrial interest [49, 50, 52-54]. Hydrogenation of -alkoxypropionitrile indeed
leads to amines, and hydrolysis, to different types of carboxylic acids. Cyanoethylation with
different alcohols is not inhibited by adsorption of carbon dioxide at room temperature on the
surface of the solids because the alcohols are more strongly adsorbed [55].

A mechanism in 3 steps has been previously proposed for the heterogeneous
cyanoethylation reaction of alcohols [49, 56]. It can be briefly described as follows:

4 B: + CHOH —» B :H" + CH),O
(2) CHO + CH,=CH-CN — CH,-O-CH, ~C H-CN
(3 CH,-O-CH, “CH-CN + B :H' - CH,-O-CH,-CH,-CN + B:

In the first step, abstraction of a proton from the hydroxyl group of the alcohol by the
basic sites of the catalyst produced an alkoxide anion which is stabilized on a conjugated acid
site. The adsorbed alkoxide then reacts in a second step with the acrylonitrile to give an adsorbed
3-alkoxypropanenitrile anion. This latter is finally protonated in a third step to yield 3-
alkoxypropanenitrile with regeneration of the basic site. This mechanism obviously point out the
main role played by the acid-base pairs on the reactivity.

It is worth noting that high activities and selectivities have been recently reported in the
cyanoethylation reaction of ethanol with acrylonitrile using mixed oxides derived from LDHs
modified with rare earth cations [52, 53]. However, only few studies concerning cyanoethylation
of methanol were already published in the open literature and, to the best of our knowledge,
anyone with LDH containing transition metal cations as catalysts [49, 50, 56].

Pure, more or less crystallized LDH phase was identified in the LDH precursors with cell
parameters ¢ = 24.94 A and a = 3.05 A. Except for Fe-containing mixed oxide, only pure
Mg(AI)O phase with the periclase-like structure was detected in the MMgAIO mixed oxides.
Weak reflections that can correspond to both Fe,O; and FeAl,O, phases, whose peaks are
superimposed, were observed for FeMgAIO catalyst [45]. The physico-chemical characteristics

of the mixed oxides are resumed in Table IV.6.
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Table 1V.6. Chemical composition, textural and structural characteristics of the mixed oxides.

Catalyst M/(M+Mg+Al) Mg/Al atomic ratio  Specific Pore Cell
atomic ratio surface area  volume parameter
theor. exp. theor. exp. (m?/g) (cm*/g) a (A)
MgAIO - - 3.0 3.3 224 0.35 4.19
MnMgAIO 0.05 0.06 3.0 2.8 167 0.22 4.19
FeMgAIO 0.05 0.07 3.0 2.5 213 0.25 4.19
CoMgAIO 0.05 0.07 3.0 2.5 205 0.37 4.18
NiMgAIO 0.05 0.06 3.0 2.4 194 0.31 4.20
CuMgAIO 0.05 0.07 3.0 3.1 180 0.23 4.19
ZnMgAIO 0.05 0.06 3.0 2.8 179 0.33 4.20

The TG-DTG analysis suggested that, for using a mixed oxide catalyst having a clean
surface, the LDH precursor must be calcined just before the catalytic run at a temperature higher
than 500 °C [45].

It is well known that the mixed oxides obtained via thermal decomposition of LDH
precursors posses several sorts of active sites [8, 57-59]. Weak Brgnsted basic sites are associated
with surface OH" groups; medium-strength Lewis sites are related to Mg*—0% and AI**-0? acid-
base pairs; while strong Lewis basic sites are due to the presence of low coordinated O%. Medium
strength acid-base Lewis pairs are the major species in these materials. The relative equilibrium
between Lewis acid and base sites was expected to vary upon introduction of M?* transition metal
cations in the structure. These variations are a key point to understand the catalytic behavior in
general and in the cyanoethylation reaction in particular. Therefore, the number and strength of
sites of the materials were investigated by CO, and NH3-TPD for probing the basic and acid sites,
respectively. The results obtained are resumed in Tables IV.7 and 1V.8. They confirmed that
introduction of transition metal cations in MgAIO was able to modify the acid-base properties of
the mixed oxides, particularly the equilibrium between the medium-strength sites. These latter
corresponded to the acid-base pairs whose number was indeed increased when M?*~0% pairs with
M?* = Mn%"; Fe?*; Co*"; Ni?*; Cu?*; Zn®* were introduced due to the higher electronegativity of

M?* cations as compared to Mg®*".
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Table I'V.7. Number of basic sites of different strength for MMgAIO mixed oxides, derived from

TPD of CO..
Catalyst Number of basic sites (mmol/g) Total number
Weak (%) Medium (%)  Strong (%) (mmol/g) (mmol/m?)

MgAIO 0.4 (21.0) 0.9 (47.4) 0.6 (31.6) 1.9 0.0085
MnMgAIO 0.4 (28.6) 0.5 (35.7) 0.5(35.7) 1.4 0.0084
FeMgAIO 0.5(31.2) 0.6 (37.6) 0.5(31.2) 1.6 0.0075
CoMgAIO 0.5 (29.4) 0.6 (35.3) 0.6 (35.3) 1.7 0.0083
NiMgAIO 0.3 (21.4) 0.5 (35.7) 0.6 (42.8) 1.4 0.0072
CuMgAIO 0.4 (25.0) 0.4 (25.0) 0.8 (50.0) 1.6 0.0089
ZnMgAIO 0.3 (23.0) 0.5(38.5) 0.5(38.5) 1.3 0.0072

Table 1V.8. Number of acid sites of different strength for MMgAIO mixed oxides, derived from

TPD of NHs.
Catalyst Number of acid sites (mmol/g) Total number
Weak (%) Medium (%)  Strong (%) (mmol/g) (mmol/m?)

MgAIO 0.6 (46.1) 0.2 (15.4) 0.5(38.5) 1.3 0.0058
MnMgAIO 0.7 (20.6) 1.5(44.1) 1.2 (35.3) 3.4 0.0204
FeMgAIO 1.1 (30.6) 1.7 (47.2) 0.8 (22.2) 3.6 0.0169
CoMgAIO 0.9 (29.0) 1.7 (54.9) 0.5(16.1) 3.1 0.0151
NiMgAIO 0.9 (45.0) 0.8 (40.0) 0.3 (15.0) 2.0 0.0103
CuMgAIO 0.6 (26.1) 1.0 (43.5) 0.7 (30.4) 2.3 0.0127
ZnMgAIO 0.4 (33.3) 0.3 (25.0) 0.5(41.7) 1.2 0.0067

The results of the catalytic cyanoethylation reaction of methanol on the dried LDH
samples showed high selectivities of 99-100 % in B-metoxypropionitrile (CH3-O-CH,-CH,-CN),
while the conversions were quite low. These latter remained in all cases lower than 5 % after 5 h
of reaction and ranked as follows: MgAI-LDH > CoMgAI-LDH =~ CuMgAl-LDH =~ MnMgAl-
LDH > FeMgAI-LDH ~ ZnMgAl-LDH > NiMgAI-LDH (Fig. IV.5). It should be noted that with
MgAI-LDH the conversion was lower than in the cyanoethylation reaction with ethanol (~ 20 %

at 5h) [52]. This suggested that the proton abstraction which is easier on methanol with higher
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acidic character than ethanol was not the rate limiting step, being likely the stability of the
alkoxide anion. Besides, the lower conversion values observed for MMgAI-LDHs compared to
the MgAI-LDH sample must be related to the lower intrinsic basic character of the former
samples which decreased their ability to abstract a proton from the hydroxyl group of methanol
(Eq. (1)). That was due to the higher electronegativity of the transition metal cations than Mg?*
which decreased the electron density on the hydroxyls groups of the MMgAI-LDH layers.
Assuming that these latter are the catalytic sites, their activity decreased.

5
—&— MnMgAI-LDH
1 —#— FeMgAI-LDH
4 —— CoMgAI-LDH

—&— NiMgAI-LDH
1 —e— CuMgAI-LDH
—— ZnMgAI-LDH
3 1 — MgAI-LDH

Conversion of acrylonitrile (%)

0 1 2 3 4 5 6

Reaction time (h)

Figure 1V.5. The activity of the MMgAI-LDH samples in the cyanoethylation reaction of
methanol with acrylonitrile. Reaction conditions: temperature 90 °C; methanol-to-acrylonitrile

molar ratio = 3; 3 % wi/w catalyst.

As previously reported in cyanoethylation reactions, the mixed oxides were much more
active than the LDH precursors [52-54]. The conversion reached 100 % after 5 h of reaction for
MgAIO and went from 60 to 11 % for transition metal-containing catalysts as it can be seen in

Fig. IV.6. The conversions reached with the different mixed oxides ranked as follows: MgAIO >
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CoMgAIO > CuMgAIO > MnMgAIO > NiMgAIO > FeMgAIO > ZnMgAIO. This order of
conversions was similar than that already observed for the precursors, except in the case of

NiMgAIO where equilibrium between basic and acid sites would be better than in FeMgAIO and
ZnMgAIO.

100 { —&— MnMgAIO
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80 4 —&— NiMgAIO
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Figure 1V.6. The activity of the MMgAIO mixed-oxides in the cyanoethylation reaction of
methanol with acrylonitrile. Reaction conditions: temperature 90 °C; methanol-to-acrylonitrile

molar ratio = 3; 3 % w/w catalyst.

The acrylonitrile conversions obtained with the different mixed oxides after 5 h of
reaction have been correlated to the total number of basic and acid sites (Fig. IVV.7). One can note
the different behavior of MgAIO and of the MMgAIO mixed oxides. The highest conversion
obtained with MgAIO was in line with the higher concentration of basic sites, particularly of
medium and high strength, in this sample (Table IV.7). The first step of proton abstraction on
methanol is obviously the most easily performed with this catalyst. For the MMgAIO mixed
oxide catalysts the conversion also increased with the total number of basic sites, though being
lower than with MgAIO (Fig. 1V.7a).
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Figure 1V.7. Acrylonitrile conversion versus number of basic sites (a) and acid sites (b) in the

catalyst.
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A different behavior was observed regarding the evolution of the conversion in function
of the number of acid sites (Fig. 1V.7b). It was indeed going through a maximum for an
intermediate value. For these mixed oxides exhibiting a lower number of basic sites, particularly
of medium and high strength, than MgAIO, the methoxide anions were highly stabilized on the
acid sites and their reaction with acrylonitrile (Eq. (2)) became rate-limiting as previously
reported [52]. The stabilization of the methoxide anion was too weakly achieved when a low
number of acid sites were present while, on the contrary, the methoxide anions are too strongly
stabilized when this number of sites became high. In both cases the conversion decreased.

In conclusion, CO, and NH3-TPD experiments showed that introduction of transition
metal cations modify the acid-base equilibrium in the M-MgAIO mixed oxides (M = Mn, Fe, Co,
Ni, Cu and Zn) toward an improvement of the acid character. Mixed oxides were much more
active in the cyanoethylation reaction of methanol than their corresponding LDH precursors, both
being quite selective for B-metoxypropionitrile. For the as-prepared LDH samples the
conversions were below 5 % after 5 h of reaction and ranked as follows: MgAIl-LDH > CoMgAl-
LDH ~ CuMgAIl-LDH ~ MnMgAI-LDH > FeMgAI-LDH ~ ZnMgAl-LDH > NiMgAI-LDH. The
acrylonitrile conversion reached 100 % after 5 h of reaction for MgAIO mixed oxide, but
decreased after introduction of the transition metal cations. The conversions reached with the
metal cation containing mixed oxides ranked as follows: MgAIO > CoMgAIO > CuMgAIO >
MnMgAIO > NiMgAIO > FeMgAIO > ZnMgAIO. They increased with the number of basic sites
of the samples and went through a maximum in function of the number of acid sites. This

confirmed the main role played by the equilibrium between the two types of sites.
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IV.4. Esterification of acetic acid with n-butanol using molybdenum and

vanadium oxides supported on y-alumina

Nowadays, there is a great interest in the esterification reaction because organic esters are
largely used in the production of plastic derivatives, perfumery, agro-chemistry and other
branches of fine chemistry [60].

The esterification reaction is an extremely slow reaction and needs the addition of a
catalyst in order to obtain high actual yields. The most common catalysts used for an
esterification reaction are strong mineral acids such as sulfuric and hydrochloric acids as well as
sulfonic acids [61]. Their catalytic activity is high, but they have several disadvantages, such as
their corrosive nature, the existence of side reactions and they are often hardly separated from the
reaction mixture. The use of solid acid catalysts offers an alternative as they can be easily
separated from the liquid reaction mixture by filtration or decantation and, thus, reused, they have
high selectivity and, last but not least, they are environmentally friendly. The solid catalysts
mostly used in esterification reactions are classical solid acids including ion-exchange resins [62-
66], zeolites [67-69], superacids like sulphated zirconia [70, 71] and heteropoly acids (HPA, both
supported and unsupported) [72-75]. However, they have shown some limitations in application
to esterification including low thermal stability (ion-exchange resins), resistance to mass transfer
(zeolites) and loss of the active phase (sulphated zirconia and HPA) [71, 73, 76]. For these
reasons, there is significant interest in developing new solid acid catalysts for esterification
reactions. Note that the commercially available solid acid catalysts have been comparatively
studied in the esterification of acetic acid with butanol [76].

It is well known [77] that oxides of elements with valence five or higher, such as tungsta,
molybdena, vanadia, phosphoric anhydride and niobia, present strong to very strong Brgnsted
acidity which make them good candidates as acid catalysts. Some of them have already been
studied as catalysts for esterification [78-81] and transesterification [82-84] reactions. Thus,
Nb,Os/Si0,—Al,03 has been studied as catalyst for the esterification reaction of acetic acid with
ethanol, n-butanol and iso-pentanol showing conversions of 83, 87 and 91 %, respectively, and
100 % selectivity for esters (8 h reaction time) [78]. WO3/USY showed good catalytic
performances (conversion above 74 % at 200 °C and reaction time 2 h) in the esterification of

oleic acid with ethanol [79], and WO3/ZrO, was an effective catalyst in the esterification of the
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free fatty acids from dark oil to fatty acid methyl esters with conversion of 96 % at 150 °C (2 h
reaction time) [80]. MoOj3 supported onto a thin alumina film has found to give 62 % conversion
and 100 % selectivity for ester in the esterification reaction of acetic acid with ethanol [81].
Unsupported and silica-supported V,0s catalysts have been tested in the transesterification
reaction of dimethyl oxalate with phenol, the unsupported system showing relatively good
performances (35 % dimethyl oxalate conversion and total selectivities to methyl phenyl oxalate
and diphenyl oxalate exceeding 75 %) [82], but, to the best of our knowledge, there are no studies
investigating alumina-supported V,0s as catalysts for the esterification reaction. Moreover,
neither alumina-supported V,0s nor alumina-supported MoO3 were studied as catalysts for the
esterification of acetic acid with n-butanol. The reaction product, n-butyl acetate is an important
chemical having extensive applications in the industry being used in large quantities as a solvent
in the lacquer industry and coating manufacture, extractant and dehydrator [60, 85, 86].
Additionally, it is able to replace the toxic and teratogenic ethoxy ethyl acetate, which is often
used as a solvent [87].

Thus, the catalytic properties of molybdenum and vanadium oxides supported on y-
alumina in the esterification of n-butanol with acetic acid have been for the first time studied and
compared with those of y-alumina support. The effects of the reaction time, the molar ratio
between the reactants, the speed of agitation and the catalyst loading on the reaction were

investigated. The obtained results were published in Refs. [88, 89] and are resumed below.

IV.4.1. Study of molybdenum oxide supported on y-alumina

The physico-chemical characteristics of the catalysts were resumed in Table IV.9.

Table 1V.9. Physico-chemical properties of the catalysts.

Catalyst Phase identified  BET surface area Total pore Total acidity
by XRD (m?/g) volume (cm®/g)  (mmol/g)
Al,O3 v-Al;03 227 0.38 0.124
5MO-A|203 Y-A|203 196 0.35 0.360
10Mo-Al,03 v-Al,03 178 0.30 0.520
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The conversion of acetic acid at 100 °C as a function of the reaction time over Al,03, 5Mo-
Al,O3 and 10Mo-Al,O3 catalysts as well as in the absence of a catalyst is shown in Fig. IV.8. The
selectivity of n-butyl acetate was, in all cases, 100 %. This means that the conversion of acetic
acid can represent the yield of n-butyl acetate. As expected, the conversion of acetic acid was
higher in the presence of a catalyst than without a catalyst and increased remarkably with the
prolonging of the reaction time. The activities at 120 min of reaction time are compared in the
following. As known, esterification is a typical acid catalyzed reaction, and the acidity of the
catalyst would exert a great influence on the catalytic activity. The highest conversion (62.6 %) of
acetic acid over 10Mo-Al,O3 catalyst may thus be due to its high acid site density (Table 1V.9)
comparatively with 5Mo-Al,O3 (conversion 41.4 %) and Al O3 (conversion 32.2 %) catalysts that
have lower acid site densities. Nevertheless, when the site-time yields (STY, mol/mol H*/s), are
compared, the alumina support shows an activity higher (STY = 0.246 mol/mol H"/s) than 5Mo-
Al,03 and 10Mo-Al,O3 samples for which STY are 0.105 and 0.110 mol/mol H*/s, respectively.
This is in line with the fact that y-alumina possesses stronger acid sites than the supported
molybdenum oxide samples, as shown from the NH3-TPD experiments [88].
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Figure 1V.8. Conversion of acetic acid as a function of the reaction time in the catalytic and non-
catalytic reaction. Reaction conditions: temperature 100 °C, acetic acid-to-n-butanol molar ratio =

1:1, 0.7 wt. % catalyst. (o — non-catalytic, ¢ — Al,O3, A —5Mo0-Al,O3, m — 10Mo-Al,O3).
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The effect of mole ratio of reactants on the esterification of acetic acid with n-butanol for
catalytic and non-catalytic reactions has also been studied. For all n-butanol to acetic acid mole
ratios, the only product observed was n-butyl acetate. With the increase in n-butanol to acetic acid
mole ratio from 1:1 to 2:1 and to 3:1, the conversion increased in all cases because, as expected
based on the Le Chatelier principle, the increase of the alcohol amount enhances the conversion
of the acid. The conversion of acetic acid reached 81 % in the presence of 10Mo-Al,O3 catalyst
for an n-butanol to acetic acid mole ratio equal to 3:1 and a reaction time of 120 min.

It is worth noting that no effect of the speed of agitation in the range 450—750 rpm on the
conversion of acetic acid was observed indicating no resistance to mass transfer to the external
surface of the catalyst. On the other hand, when the mass fraction of the catalyst was increased
from 0.5 to 1 % the conversion tended to a plateau for mass fractions of the catalyst around 1 %
suggesting that this is the optimal mass fraction of the catalyst in the reaction medium.

We checked the stability of the 10Mo-Al,O3 catalyst by carrying out the reaction three
times successively. It was concluded that the catalyst can be reused as there is no loss in catalytic
activity and product selectivity at least during three cycles.

In conclusion, molybdenum oxide supported on y-alumina acts as an efficient stable solid
acid catalyst for the esterification of acetic acid with n-butanol. In all the esterification reactions
the selectivity was 100 % while the conversion reached about 81 % in the presence of 10Mo-
Al,O3 sample within 120 min of reaction time for an n-butanol to acetic acid mole ratio equal to 3
at 100 °C. The conversion increased following the order: Al,O3 < 5Mo-Al,03 < 10Mo-Al,O3 in
line with the total acid site density measured by NH3;-TPD. The optimal mass fraction of the
catalyst in the reaction medium was around 1 %. The catalytic properties of the 10Mo-Al,O3

catalyst are maintained after three successive reactions.
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1V.4.2. Study of vanadium oxide supported on y-alumina

The physico-chemical characteristics of the catalysts were resumed in Table IV.10.

Table 1VV.10. The physico-chemical characteristics of the catalysts.

Catalyst Surface Phases Chemical Number of acid sites

area identified by ~ composition® (mmol/g)

(m?/g) XRD (wt. %) by EDX

Vv Al W & M" Strong Total

Al,O; 227 v-Al,03 - - 0.097 0.027 0.124
5V-Al,O3 178 v-Al,03 15.30 45.58 0.076 0.094 0.170
10V-Al,O3 147 v-Al,03, V,05 20.75 40.34  0.068 0.182  0.250
10V-Al,03 used® - - 8.32 50.55 0.060 0.150 0.210

& Oxygen in balance.
> Weak and Medium strength.
¢ Reaction conditions: 0.7 wt % catalyst, temperature 100 °C, n-butanol-to-acetic acid molar ratio = 3:1 and reaction

time 120 min.

The conversion of acetic acid as a function of the reaction time over Al,O3, 5V-Al,O3 and
10V-Al,O3 catalysts as well as in the absence of a catalyst is shown in Fig. IV.9a. As expected,
the conversion of acetic acid was higher in the presence of a catalyst than without a catalyst and
increased remarkably with the prolonging of the reaction time. The selectivity of n-butyl acetate
was, in all cases, 100 %. The activities at 120 min of reaction time are compared in the following.
As known, esterification is a typical acid catalyzed reaction, and the acidity of the catalyst would
exert a great influence on the catalytic activity. The highest conversion (62.6 %) of acetic acid
over 10V-Al,O; catalyst may thus be due to its higher acid site density and strength (Table 1VV.10)
compared with 5V-Al,03 (conversion 38.7 %) and Al,O3 (conversion 32.2 %) catalysts that have
both lower acid site densities and strengths. Note that the catalytic performances of the
V,0s5/Al,05 catalysts were comparable with those of the MoO3/Al,O3 catalysts with similar
transition-metal loadings and measured in similar reaction conditions. With increasing the
reaction time from 120 to 210 min for 10V-Al,O3 catalyst, the conversion of acetic acid increased

from 62.6 % to 87.7 % without a change in the selectivity for n-butyl acetate (Fig. 1V.9b).
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Figure 1V.9. Conversion of acetic acid as a function of the reaction time in the catalytic and non-
catalytic esterification reaction at 120 min (a) and 240 min (b). Reaction conditions: n-butanol-to-
acetic acid molar ratio = 1:1, temperature 100 °C, 0.7 wt % catalyst. (o — non-catalytic, ¢ —
Al,O3, A —5V-Al,O3, m — 10V-Al,053).
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The effects of different feed ratio on acetic acid conversion over 5V-Al,O3; and 10V-
Al,O3 catalysts were studied. By increasing the n-butanol-to-acetic acid mole ratio from 1:1 to
2:1 the conversion increased, as expected, for both catalysts. Nevertheless, by further increasing
the mole ratio to 3:1, a decrease in conversion was observed probably due to the leaching of
vanadia from alumina support in line with the observed loss of vanadium and decrease of the
number of acid sites of the catalyst after the catalytic test (Table 1V.10). This phenomenon has
already been observed during the esterification of acetic acid with n-butanol on montmorillonite-
supported dodecatungstophosphoric acid catalyst [75].

It is worth noting that no effect of the speed of agitation in the range 450-750 rpm on the
conversion of acetic acid was observed indicating no resistance to mass transfer to the external
surface of the catalyst. On the other hand, when the mass fraction of the catalyst was increased
from 0.5 to 1 wt % the conversion tended to a plateau for mass fractions higher than 0.7 %
suggesting that this is the optimal mass fraction of the catalyst in the reaction medium.

We checked the stability of the 10V-Al,O3 catalyst by carrying out the reaction three
times successively. The results obtained, presented in Fig. 1V.10, show a loss of activity of the
10V-Al,O3 catalyst with its subsequent reuse. Thus, for a reaction time of 2 h the conversion of
62.6 % in the first run decreased to 52.0 % in the second run and to 47.6 % in the third run. This
decrease in catalytic activity is probably due to the subsequent leaching of vanadia from the
alumina support into the liquid phase during the catalytic reactions as suggested by the EDX
chemical analysis of the catalyst after the catalytic test (Table 1V.10). Note that the selectivity for
n-butyl acetate remained 100 %.

In conclusion, vanadium oxides supported on y-alumina containing well dispersed VO
species on the alumina support act as relatively efficient solid acid catalysts for the esterification
of acetic acid with n-butanol. In all the esterification reactions the selectivity for butyl acetate was
100 %. The conversion increased following the order: Al,03 < 5V-Al,03 < 10V-Al,O3 in line
with the total acid site density and strength measured by NH3-TPD. There was no resistance to
mass transfer to the external surface of the catalyst and the optimal catalyst loading in the
reaction medium was around 0.7 %. Although the selectivity for butyl acetate remained 100 %,
the catalytic activity of the 10V-Al,O3 catalyst decreased after three successive reactions because

of the leaching of vanadia from the alumina support.
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Figure 1V.10. Reusability of the 10V-Al,O; catalyst. Reaction conditions: n-butanol-to-acetic
acid molar ratio = 1:1, temperature 100 °C, 0.7 wt % catalyst.

It is noteworthy that based on the fact that the addition of MoOj3 to V,0s/Al,O3 could
increase its surface acidity [90] and, consequently, its catalytic activity in the esterification
reaction and that Mo and V could interact on the support surface [91, 92] resulting in an increased
catalyst stability, we have also studied MoOs-V,0s/Al,O3 catalysts for the esterification of acetic
acid with n-butanol, a paper being just accepted for publication [93]. A good reusability of the
catalysts after three reaction cycles was indeed observed and a local interaction between
molybdenum and vanadium on the catalyst surface has been evidenced. Moreover, compared
with V,05/Al,03 with similar vanadia loadings, the MoO3-V,0s/Al,O3 catalysts showed not only
an increased stability during the esterification reaction, but also an improved catalytic activity.
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RESEARCH AND ACADEMIC CAREER DEVELOPMENT PLAN

In this section, different research subjects in the field of Catalysis by Oxides that I intend
to tackle in the future in the Laboratory of Chemical Technology and Catalysis of the University
of Bucharest are described and justified based on a literature survey. They are in line with my
main research directions as presented in the previous section, but new research topics are also

envisaged.

The production of ethylene by catalytic oxidative dehydrogenation (ODH) of ethane is an
attractive alternative route, exhibiting particular economic, technological and environmental
interest. It has been studied over a wide range of catalytic materials, such as rare-earth oxides [1,
2], alkaline/alkaline-earth metal oxides [3-6], perovskites [7-10] and single and multicomponent
transition metal oxide-based materials [11-16], but no material is yet suitable for industrial
implementation. Among the systems studied, the NiO-based ones constitute one the most
promising catalytic materials for ethane ODH, their good performance being first reported by
Schuurman et al. [17]. One of the strategies used for improving the NiO catalytic performance
was to dope it with various elements, such as Li, Mg, Al, Ga, Ti, Nb, Ta. Among these, it was
found that Ni-Nb exhibited the highest ethylene selectivity (90 %) while Ni—Li the lowest (19 %)
[18]. However, it has recently been shown that Ni-Nb-O system loses its catalytic activity due to
the continuous reduction of the NiO oxygen over-stoichiometry in the reaction conditions and to
the formation of the NiNb,Og phase thermodynamically stable at the reaction temperature [19].
Based on these results, we consider that the strategy of doping NiO could be extended to other
elements that could decrease the unselective electrophilic oxygen species on the NiO surface,
leading to enhanced activity in the selective conversion of ethane to ethylene. Moreover, based on

our previous results presented in Chapter I, the phosphatation of NiO is also envisaged.
Iron phosphate is known to be a highly active and selective catalyst for the oxidative

dehydrogenation (ODH) of molecules containing active hydrogen, i.e. hydrogen at the a-position

of an electron-attracting group, like isobutyric acid, lactic acid, glycolic acid etc. [20]. It was also
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found to be active and selective for the gas-phase ammoxidation of methylpyrazine to
cyanopyrazine [21] as well as for the ODH of ethane into ethylene, and in this case the ethylene
yields approached 50 % [22]. Based on these results we intend to study iron phosphate as well as
transition metal-doped iron phosphate as catalysts for the ODH of propane. Doping iron
phosphate with small amounts of transition metals is envisaged in order to improve its catalytic

performances [23] and to study the effects of such doping on the catalytic properties.

In recent years, many efforts were directed towards the design of catalytic materials based
on single [24-27] and mixed [28-32] transition-metal based oxides to replace noble metal
catalysts for VOCs abatement. In that context, there have been only few studies investigating
nanospinel ferrites although they were shown to be effective catalysts for the total oxidation of
VOCs [33-35] as well as for CO oxidation [36]. Moreover, we have recently shown for the first
time that cobalt ferrite is a good catalyst for the total oxidation of propane [37]. Nevertheless, to
our knowledge, no systematic study investigating nanosized spinel ferrites as catalysts for light
alkanes’ total oxidation has ever been undertaken. For these reasons we have in mind a
systematic study of a series of simple AFe;O4 and mixed AB;xFe,O4 nanostructured spinel
ferrites as catalysts in the total oxidation reaction of methane. Ferrites are potential catalysts for
this reaction due to their redox activity and their stability under oxidative conditions [33]. A
spinel-type ferrite structure [38], presents two types of interstitial sites: tetrahedral and
octahedral; these sites are surrounded by four and six oxygen atoms, respectively. The formula of

m -
ions the

the spinel ferrites is AFe,O; where the A" ions occupy the tetrahedral and Fe
octahedral positions. In fact, most of the ferrite properties depend on the cation distribution in the
tetrahedral or octahedral sites in the spinel structure. The cation distribution is responsible of the
number of vacancies and the non-stoichiometry, altering bulk and surface properties of the
corresponding system, which is of special interest for catalysis [39]. These structural properties
provide opportunities to extensively tune redox and electronic properties by varying the chemical
composition of the ferrites to optimize their catalytic properties. Moreover, the identity of
divalent metal component (A) inevitably affects the catalytic performance of metal ferrites [40].
Interesting divalent metal components (A) could be Mn, Co, Ni and Cu because they form spinel-

type ferrite phases readily and are all reported in the literature as active components in oxide

based catalysts for light alkanes and other VOCs combustion [41]. On the other hand, synergetic
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effects in mixed A«B;.xFe;O4 spinel ferrite catalysts rationalized on the basis of enhanced electron
transfer and oxygen non-stoichiometry in these oxides are expected. Indeed, mixed A B.<Fe,O4
spinel ferrites with an optimum X value were already shown to be more active catalysts than
simple ferrites [42]. This is why we expect even better catalytic performances for mixed A B;.
«F€204 nanospinel ferrites in the total oxidation of methane. Note that a funding request for this
research topic has already been made to the Executive Agency for Higher Education, Research,
Development and Innovation Funding (UEFISCDI) within the frame of IDEAS Program -

Exploratory Research Projects.

An interesting way to obtain mixed oxides catalysts is through the use of layered double
hydroxides (LDH) as precursors [43]. Indeed after a calcination treatment mixed oxides with
unique properties, such as high surface area, good thermal stability, good homogeneity and basic
properties, are formed [43]. For an efficient catalytic system for methane total oxidation, the
activity results from a cooperative effect between a large surface area combined with a high
degree of metal dispersion. For obtaining LDH-derived mixed oxides with good metal dispersion
and high catalytic activity the active metal must be placed in the brucite-like layers of the
precursor structure [44]. We have shown [45] that in the case of LDH-derived Cu-Mg-Al mixed
oxides, only the highly dispersed copper species were catalytically active. On the other hand, it is
well known [46] that the introduction of high quantities of Cu®" into the brucite-like layers is
possible only in the presence of other elements as zinc. Taking these into consideration as well as
the fact that trimetallic Zn-Cu-Al and Mn-Cu-Al LDH-derived catalysts were already found to be
highly active in toluene combustion [47], we decided to increase the copper dispersion in the
LDH-derived Cu-based catalysts in order to improve their catalytic performances by adding Zn.
Moreover, taking into consideration that catalysts containing both Cu and Mn as active
components were found to have comparable activities with the nobel metal-based ones in ethanol
and acetaldehyde combustion [48, 49], we also decided to study Cu-Zn-Mn LDH-derived oxides
as catalysts in methane total oxidation. We mention that we are already performing this work in
our laboratory under the frame of the Postdoctoral Research Project entitled “New LDH-derived

trimetallic mixed oxides, catalysts for light alkanes combustion” financed by UEFISCDI.
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Single transition metal-oxides, used as catalysts for VOCs combustion, are commonly
supported on materials with high surface areas and good thermal stability, such as alumina, ceria,
ceria-zirconia, ceria-titania, zirconia, titania and silica, in order to ensure and maintain a high
degree of dispersion of the catalytic active species [50-53]. Among them, ceria is one of the most
suitable supports for this type of catalysts. Cerium oxide itself has a high catalytic activity in
oxidation reactions, provided by the redox couple Ce*"/Ce’*, which leads to an outstanding
oxygen storage capacity (OSC) coupled with high oxygen mobility in the crystal structure,
making more oxygen available for the oxidation processes [54-57]. Moreover, the interaction
between the transition metal ions and ceria lattice is crucial for the catalytic activity as shown for
Cu-Ce-O composite oxides for which the capacity of ceria in governing the catalytic behavior by
assisting the Cu”"/Cu" couples through Ce*"/Ce’" cycles plays a key role [58]. On the other hand,
mesoporous nano-structured ceria possesses certain specific physical properties compared to the
conventional one. Thus, along with an increased surface area, a remarkable enhancement of the
OSC and potentially of the catalytic activity of cerium oxide has been observed when the particle
size was reduced down to nanoscale, because of the large number of lattice defects such as
oxygen vacancies, which provide an increased number of active sites for gas-solid catalysis [59,
60]. Taking these into consideration, we believe that the cheap but active transition metal oxides,
such as MnOy, CoOy, NiO, CuO, well dispersed on high surface area ordered mesoporous nano-
structured ceria with its own activity in oxidation processes, could lead to highly efficient
catalysts for methane combustion. For this reason this will be one of our research topics in the

future.

Obviously, as all the oxide-based catalysts proposed to be studied are semiconductors and
the redox reactions they catalyze, i.e. the ODH and total oxidation of light alkanes, are connected
with their electronic properties [61], we will characterize them by electric conductivity
measurements for evidencing the relationship existing between their catalytic activity and their
redox and electronic properties. We also intend to develop this technique by coupling the electric
conductivity measurements set-up with a mass spectrometer for identifying the species existing in
the gas phase simultaneously with the transformations occurring in the solid under different
reactant sequences in conditions close to those used during catalysis. This will allow us to

complete the electric conductivity measurements data and to better explain the catalytic
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properties of the materials studied. It is worth noting that researchers from laboratories abroad
already proposed to me collaborations for characterizing oxide-based catalysts by electric

conductivity measurements.

We also have in mind the problem of biodiesel production by catalytic transesterification
of vegetable oils or animal fats, as the biodiesel type fuels from renewable energy sources such as
vegetable oils are believed to be the future fuels for the transportation sector instead of the liquid
fossil fuels [62]. Transesterification is a well established and common method for biodiesel
production from vegetable and other fatty oils [63, 64]. It is a catalytic process consisting in
changing triglycerides with light alcohols (mainly methanol and ethanol) into alkyl ester and
glycerol. Even though homogeneous alkaline and acidic catalysts are usually used in
transesterification reactions, they have some disadvantages compared to heterogeneous catalysts
which are cheap and available, stable at high temperatures and pressures and are easy to
regenerate. This is why, in last decade, numerous solid acid and base catalysts were used in
transesterification reactions including zeolites [65-67], functionalized oxides [68-70], heteropoly
acids [71-73] and, respectively, alkali earth metal oxides [74, 75], doped and mixed metal oxides
[76-78] and calcined MgAl-hydrotalcites [79-81]. Unfavorable catalyst morphology and leaching
of active sites are the major problems of the solid acid catalysts while the solid base catalysts are
very sensitive to water, CO; and free fatty acids. However, improving the preparation route and
treatment steps of LDH-derived MgAl mixed oxides could transform them into industrially used
catalysts for biodiesel production [62]. This is why, we intend to prepare and study as catalysts
for the transesterification reaction LDH-derived MgAl and more basic LnMgAl mixed oxides (Ln
= rare earth cation), but also MMgAIl mixed oxides (M = transition metal) in which the
equilibrium between acid and basic sites can be modified [82] due to the higher electronegativity
of M*" cations as compared to Mg”" with consequences on both catalytic activity and sensitivity
to CO, and free fatty acids. We have in mind the preparation of organic compounds-intercalated
LDH precursors which could lead by appropriate thermal treatments to high surface area

mesoporous mixed oxides with interesting catalytic performances.

Finally, the dry reforming of methane (DRM) has attracted our interest as it has attracted

wide interest over the past few years because of its positive environmental and industrial impact.
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The environmental viewpoint stems from the fact that CO, and CH4, two of the main greenhouse
gases that cause global warming and climate change [83], can be consumed by reforming
reactions leading to a significant reduction in their concentrations in the atmosphere [84]. From
the industrial point of view, the DRM reaction is attractive as it produces synthesis gas with a
higher purity and a lower H,/CO ratio than does either partial oxidation or steam reforming of
methane [85], being, therefore, suitable for the Fischer-Tropsch synthesis of long chain
hydrocarbons and oxygenates [86, 87]. Furthermore, it can be carried out with natural gas from
fields containing large amounts of CO,, without its pre-separation from the feed [88] and it has
lower operating costs [89]. However, due to the endothermic nature of the DRM reaction
(temperature as high as 800°C is required for high conversion of reactants), the main obstacle to
the industrial implementation of this process is that there are no commercial catalysts that can
operate at these elevated temperatures without suffering from carbon deposition, the major
problem which leads to catalytic deactivation. The noble metals and nickel were found to be
highly active catalysts for DRM reaction [90]. However, the noble metals tend to have better
resistance than Ni to carbon-deposition, but their high cost and limited availability makes them
unsuitable for large-scale applications [91]. Therefore, an important challenge is to increase the
resistance of nickel supported catalysts to deactivation by carbon deposition, because nickel has
activity and selectivity comparable to those of noble metals but at much less cost. One method of
inhibiting carbon deposition is to control the nickel loading [92] and the size of the ensembles of
metal atoms on the surface, because the ensembles necessary for carbon formation are larger than
those needed for CH4 reforming [93]. Another factor which greatly affects the coking tendency is
the type of the support. Suitable supports have to be resistant to the high temperature applied and
to maintain the metal dispersion of the catalyst during operation. In this respect, many materials
were investigated as supports for Ni-based catalysts in the DRM reaction, such as: TiO, [94],
Si0, [95], LayO3 [96], MgO [97] etc., but the most commonly used support was y-Al,O3 [98, 99].
Moreover, the support must have the proper surface acid-base properties, which also affects the
carbon deposition [100, 101]. As long as wet impregnation of the active metals on different
supports is not fully reproducible and may give rise to some heterogeneity in the distribution of
metal on the surface leading to a lower dispersion of metallic species and favoring coke
deposition [102], an appropriate strategy of preparation of catalysts is required. In this respect,

LDH can be used as precursors for catalysts supports, since they lead to oxides with high surface
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area, basic properties and small crystal size with good dispersion of the metal loaded as active
phase as already shown for NiMgAl mixed oxide [103]. Moreover, this method leads to materials
with better resistance to sintering than the corresponding supported catalysts [104, 105]. To our
knowledge, no systematic study investigating the effect of nickel loading on the catalytic
performances of the unpromoted and transition metal-promoted LDH-derived Ni-based catalyst
in the DRM reaction has ever been undertaken. This is why we intend to do this, using as
promoters transition metals such as Co, Cu etc. as it has already been shown that they increased
the catalytic activity of the Ni/Al,Os catalysts in the DRM reaction [106]. Moreover, we consider
that the promoting effect of the transition metals can be increased based on the ability of the LDH
structure to accommodate many of them [107]. In this manner better LDH-derived Ni-containing

catalysts for DRM reaction could be obtained.

All the research topics described above that I intend to tackle during my future university
career involve the study of catalytic processes catalyzed by redox or acid-base oxides having as a
main objective to find and develop new active and selective catalysts and to explain their catalytic
behavior. If the proposed catalysts will not be so efficient for industrial applications, explaining
their catalytic properties in correlation with their physico-chemical characteristics will open new
ways for further improve their catalytic efficiency and will be a step forward for discovering new
active oxide-based catalysts for the processes studied. All these topics will be the object of
project proposals submitted to both national and European/international funding agencies. Of
course, undergraduate and graduate students will be included in the research teams of the projects
and will be encouraged to contribute and participate in a synergistic level. In this manner they
will develop personal and professional skills integrated with training in specific research skills

that will open to them future career perspectives.

Finally, it is worth noting that I already give at the University of Bucharest the following
courses entitled Catalytic Materials and Microporous and Mesoporous Materials for Catalysis, at
master and bachelor level, respectively. They are strongly related to my research work, and for
this reason I already included in my lectures certain of my relevant research results and I will
continue to do that in the future. Moreover, all the laboratory works at master level involve

studies of catalytic materials related to my current research interests.
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