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Abstract

Several topics have been investigated and discusséhis thesis, with the aims of both
improving the catalytic behaviour of vanadyl pyropphate catalyst (VPP) in n-butane
oxidation into maleic anhydride (MA), and studyitig development of a new process for the
synthesis of MA, starting from 1-butanol, a bio-ba$uilding block.

The role of the amount of Nb, used as a dopanVRIP, and how its presence may affect the
generation of the active and selectb#&’OPQO, compound at the VPP surface under reaction
conditions, was investigated, by means of bothiexand in-situ characterisation techniques.
We found that Nb indeed may favour, under specibiaditions, the generation of the desired
3-VOPQO, compound; however, its effect of enhancement t#lgigc behaviour was not simply
proportional to its concentration, since other destinfluenced its effect, for example, the
preparation method used for the synthesis of thB Wiecursor. In order to better understand
how Nb may affect the generation of the active phage prepared V/Nb mixed phosphates;
the formation of a solid solution was possible oahder specific conditions, with a limited
reciprocal dissolution of the two elements. We ¢aded that even though the incorporation of
small amounts of NB in the VOPQ (and also of ¥ in NbOPQ) cannot be excluded, a
phenomenon which might favour the generation ofdésreds-VOPO, compound, however
the main role of NB was related to a modification of the redox pragsrof VV* in the VPP,
and specifically of the redox potential associatethe couple ¥/V>*. This led to a catalyst
that during reaction was more oxidized than theesmponding undoped VPP, which under
specific reaction conditions allowed obtain a besilectivity to MA. On the other hand, an
excessive oxidation of the VPP (which occurredatalysts having the greater amount of Nb)
turned out to affect negatively the selectivityN#\, because of the excessive formation of
carbon oxides. Another important output of the aesle is that the VPP probably acts as a sort
of “template” for the in-situ generation of the/OPQ,.

Moreover, we set up a new procedure for the syrledsvOHPQ,.0.5H0 (VPP precursor) -

in collaboration with the University of Pisa (proAnna Maria Raspolli Galletti and co-
workers) and Polynt S.p.A. - using microwave hegaiiby CEM Discover S-class system) of
the synthesis slurry: the method showed severaradges as compared to the conventional
preparation and allowed obtain VPP catalysts witteresting precursor morphologies and
showing very good catalytic performance.

A preliminary study regarding the oxidehydrationlabutanol into MA was carried out testing
various catalysts: still the best catalyst resultetde the VPP; however the MA selectivity was
by far lower than that obtained from n-butane. Tégults permitted to understand the role of
some parameters which influence the reactivityhefalcohol.

Finally, an in-situ/operando Raman study of theddiped and undoped catalysts, was carried
out during my stage abroad (at CSIC laboratory iadht - Dr. M.A. Bafares): this study



allowed obtaining the experimental proof that tedax cycle involves the VPP and the
VOPQ, compounds, that the reoxidation step &f \h VPP is the rate-determining one, and
that the presence of Nb may accelerate the rat@ofatter step. On the other hand, this study
revealed that the surface heterogeneity of thefgQ/samples may represent a hurdle for the
clear identification of the active and selectivenpomunds.
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CHAPTER 1

1

INTRODUCTIO N

1.1 MALEIC ANHYDRIDE: PRODUCTION AND USES
Maleic Anhydride (MA) is the anhydride of cis-bugshoic acid (maleic acid); this molecule

has a four carbon cyclic structure, containing aee oxygen atom, as shown in Figure 1.1.
The molecule is also known with other names: 2 tafRdione, Dihydro-2,5-dioxofuran, cis-

Butanedioic anhydride. b
0

0]

(0]
Fig.1.1_ Maleic anhydride structure.

At room temperature, MA is a white crystalline dolith pungent odour. The most important
physical-chemical characteristics are summarizethivle 1.1.

Molecular Weight (g/mol) 98.01
Melting Point (°C) 52.85
Boiling Point (°C) 202

Combustion heat (kJ/mol) 1391.2

Explosion limits (%vol.) Lower: 1.4

Upper: 7.1

Solubility in xylene (g/l at 30°C) 163.2
Solubility in water (g/l at 30°C) 572

Solubility in benzene (g/l at 35°C) 439.4

Table.1.1_ Physical-chemical features of MA [1-2].
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1.1.1 Maleic anhydride uses

Global production and consumption of maleic antdalin 2010 were both approximately 1.7
million tons. Maleic anhydride consumption is estted to have increased by 5.7% in 2010
and the percentage pro year is expected to gros¢dyear from 2010 to 2015, 3.5%/year
from 2015 to 2020), although the demand for MA dased over the past few years, due to a
drastic slowdown in the construction, automobild ararine industries [1].

The molecule possess interesting functional grodps: unsaturated double bond and two
carbonyl groups; which render MA a quite reactiveleaoule and, especially, a good monomer
for polyaddition and polycondensation reactionsTafle 1.2 main reactions involving MA are
summarized [1].

Reaction Reagents involved (examples) Final product

Polymerization| Glycols, epoxides, and vinyl monomer or styrene dtimsted polyester resins
Stirene, vinyl compounds, nitrogen containing| Copolymers
monomers, alkenes, MA

Hydration HO Maleic acid, fumaric acid

Cycloaddition | 1,3-butadiene;isoprene Tetrahydralphenhydride;
methyl-esahydrophthalic anhydride

Reduction H Succinic anhydridey-butyrolactone,

tetrahydrofuran, 1,4-butanediol

Table.1.2_ Main reactions involving MA, reagentspéoged and final products [1d].

More than 50% of MA global production is used tonui@cture unsaturated polyester resins
(UPR), which are used in a lot of applications sashboat hulls, bathroom fixtures, car parts,
furniture, tanks and pipes. MA is also used to poedcopolymers (such as MA-styrene, MA-
acrylic acid), paints, lubricants, pesticides, atider organic compounds. The second-largest
market for MA derivatives is represented by 1,4abdiol (BDO). Tetrahydrophthalic
anhydride, derived by Diels-Alder reaction of MAtwibutadiene, can be hydrogenated to
esahydrophthalic  anhydride. = Methyl-esahydrophthalianhydride is used (with
esahydrophthalic anhydride) as vulcanizer agentiratize production of epoxy resins. Finally,
regarding fine chemistry, MA is hydrolyzed to malacid and fumaric acid, which are used as
additives to adjust the acid flavour; further, M&a\used for the production of aspartic acid, an
intermediate of aspartame production.
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World Consumption of Maleic Anhydride - 2010

y
Other 4

e
% Unsat, Polyester
1 Resin

Agncultural II.
Chemicals

Lube Oil Additives -
Fumanc Acid

1,4-Butanedial

Fig.1.2_ World consumption of maleic anhydride @p[iLb].

1.1.2 Maleic anhydride production
MA can be produced either by selective oxidatiomndjutane or by selective oxidation of

benzene. The reactor technology involves both fixed and fluidized bed configurations,
moreover it has been also developed a circulatindized bed, as discussed below.

For the selective oxidation of benzene, that isdider process developed for MA production,
the reactor technology is a fixed bed configuratitve reaction occurs in the gas phase, at 400-
450°C, in a multi tubular plug flow reactor. Catlyessentially a V/Mo mixed oxide) is
deposed on an inert and high-conductive supp@t gteatite) to permit a better heat removal,
coming from the selective reaction but also frondesired reactions (total combustion of
benzene and products).

At these conditions, benzene conversion is almatsi {about 96%) and MA selectivity can
reach 73%. Due to environmental regulations (liemiission in the atmosphere qfdnr) [4],

the small quantity of unreacted benzene must lagettle adsorbed and recycled, or burned.

0O

© +9/20, —= O +2H,0+2CO,

O

Fig.1.3_ Selective oxidation of benzene to MA.

The quantity of heat generated for this reactiacabigut -447 kcal/mol of benzene (fig.1.3)..

In the case of Polynt’s process, the so-called Higad-Technology is used, which allows
operation up to 210 g/h/tube (2% mol. concentratioh benzene. The reaction gases are
cooled down by means of gas coolers and crude Mxarisally recovered by condensation and
partially as maleic acid solution, in a water stxeh Off gases leaving the scrubber, are sent to
a catalytic incinerator. Pure MA is obtained inistilation column operated batch wise [5].
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Around 1970, emerged the possibility of using nalbet, instead of benzene, as reagent for MA
production. The catalyst is a bulky mixed vanadipinosphorus oxide. The quantity of heat
generated for this reaction is -300 kcal/mol ofdmét, lower than the oxidation of benzene, to
MA (fig.1.4). The employed technologies regardshbiited or fluidized bed configurations,
correspondently n-butane conversion varies frono35% and MA selectivity doesn’t exceed

86% (see below).
0

N~ +T720; — O +4H,0

(0]

Fig.1.4_ Selective oxidation of n-butane to MA.

The use oh-butane instead of benzene involves many advantages

1. lower cost of the reactant: n-butane is presentinral gas and also produced by steam
cracking of oil;

2. better safety and lower environmental impact: beazés a proven carcinogenic
compound;

3. better atom economy (“E factor”, ratio of waste mpsr unit of product): for benzene
oxidation two of the six C atoms are transforme@ @;

4. lower costs of MA separation and purification: 8ty from benzene some heavy
compounds (such as benzoquinone and phthalic adleydorm as by-products.

Nowadays, approximately 80% of MA is produced fronbutane, the remaining 20% Iis
produced starting from benzene [3]: only a few $enallants in Asia, Europe and in the U.S.
continue to use benzene, due to rising and volaéieene prices [1c].
The selective oxidation of n-butane to maleic amitla is the most successful industrial
example, of the use of an alkane, as the reactantthe synthesis of a bulk chemical
compound. This achievement was possible thanksealiscovery of an appropriate catalyst,
the vanadyl pyrophosphate ((VMB)O;), which boosted the development of reactor and
process technologies. However, the n-butane to MAcgss still suffers of some
disadvantages, which commonly regard alkane oxidairocesses:
1. high amount of CO and GOformed by parallel and consecutive combustioctreas
of unreacted n-butane and products. The formatidhese by-products, is favoured at
the reaction temperature, consequently, n-butangersion is maintained lower than
80%;
2. reaction highly exothermic: the run-away of thectem must be avoided by rendering
more efficient the heat removal;
3. process safety: flammable mixtures may be generatemhsequently the gas
composition must be controlled, maintaining theutabe percentage lower than its
correspondent flammability limit (except in the cta) [3].
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MA is produced fromn-butane by different technologies: (1) fixed-bediéstific Design,
Huntsman, BASF, Pantochim) or (2) fluidized-bedI{R BP, Mitsubishi); the transported-
bed (Circulating Fluidized Bed Reactor, CFBR) temlbgy developed by DuPont, has been
recently abandoned.

Table 1.3 summarizes the possible process techieslogrhich are distinguished by type of
reactor, recover method of crude MA, gas phase oaitipn, catalyst (synthesis, activation
step, presence of promoters and regeneration).

Recover .
Process Type of reactor Gas phase composition
method
ALMA Fluidized bed Anhydrous|  3.6-5% of n-butane in|air
Mitsubishi Fluidized bed Aqueous 3.6-5% of n-butane in|air
Sohio-UCB Fluidized bed Aqueous 3.6-5% of n-butane in|air
Monsanto Fixed bed Anhydrous 1.8% of n-butane in dir
Denka-Scientific Design Fixed bed Aqueous 1.8% of n-butane in air
Transported bed .
DuPont Aqueous <4% of n-butane in ai
(CFBR)

Table 1.3 Industrial technologies for MA produatfoom n-butane [6, 7].

1) Fixed bed technology
The reaction is carried out in a multi tubular teacthe catalyst is loaded in pellets. The
concentration oh-butane in feed has to be less than 1.85% mol (l@xplosion limit). The
outlet gas mixture is recovered in two differentyaia
(i) absorption in water: MA hydrolyzes to the male&icid, which is dehydrated at
temperature below 130°C, to minimize the isomeigrato fumaric acid; thus crude
MA is purified by distillation under vacuum;
(ii) absorption in an organic solvent (i.e. o-xy@gnin such way about 98% of the MA
produced is recovered, avoiding fumaric acid forarat
Regardingn the Denka-Scientific Design process¥lnfbutane in air is fed to the fixed bed
reactor, working at 390-400°C. Thebutane conversion is about 83%, with MA vyield d#&.
The crude MA is recovered by adsorption in watbe formed maleic acid is distilled by
means of azeotropic distillation in o-xylene, tdab pure MA.

2) Fluidized bed technology

The reactor technology permits:

1. absence of temperature hot-spots and of heat-rdnpooblems, because of an uniform
thermal profile, guaranteed by efficient dissipatad the reaction heat.

2. high productivity, due to the possibility of opengt at high inlet concentration of n-
butane (inside the explosion limits).
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However there are also some drawbacks:
1. feed back-mixing, responsible for a decrease ofdékectivity;
2. high mechanical stress and abrasion phenomenaliegdhe catalyst,
To limit the abrasion of bulk catalyst particlegfatent techniques can be employed:
- impregnation of the active components on an inagpert characterized by good
fluidization properties and high attrition resistan
- addition of additives to the precursor, to improlve mechanical resistance;
- encapsulation of the active phase in a silica airaec

One of the most advanced fluidized bed technolsgtheé ALMA (Alusuisse Italia-Lummus

Crest) process. The bulk VPO catalyst is spraydduath a low amount of additives, to
improve the mechanical resistance. The n-butaneecdration in the feed is about 4% mol;
conversion is typically 80-85%, with a molar yi¢tdMA over 50%. [9].

Considering the ALMA process: n-butane and airfaceto a fluidized bed catalytic reactor to
produce MA. Cooling coils are merged in the bedgémerate high-pressure steam. In the
recovery section, an organic solvent is used tokenthe MA from the reaction effluent gas; a
conventional absorption/stripping scheme is usedud€ MA is refined by continuous
distillation to separate light compounds and haayyurities. Tail gas is sent to an incinerator,
which converts residual hydrocarbon (and CO) ared dbveloped energy is recovered for
producing extra steam [5].

3) Transported bed process

The transported fluidized bed was developed by Mottssand Du-Pont; it was working from
1996 to 2004, for tetrahydrofuran (THF) productiomn2005, the plant was shut down. Figure
1.8 shows the flow sheet of the Du-Pont process;iwban be schematically divided into two
parts: in the riser reactor only n-butane is fece(dually diluted with an inert gas), here the
catalyst converts by lattice oxygen the hydrocartmoMA, being itself consequently reduced;
the outlet stream contains both the reduced catahg the mixture of n-butane, ¢@nd MA.
The second part regards catalyst re-oxidation ggcine catalyst is recovered by a cyclone
and transported to the regenerator reactor, whaetysair is fed to restore the oxidation state
of the catalyst.

MA is recovered using water; after the hydrolysigueous MA and maleic acid are reduced to
tetrahydrofuran in a hydrogenation reactor. Theufp@aty of this process is that it works in
complete absence of oxygen in the feed; the oxyged for the reaction is the lattice oxygen
of the catalyst, the vanadyl pyrophosphate. Theerat®s of oxygen in the feed avoids the
formation of flammable mixtures and permit to waevith high concentration of n-butane. The
n-butane conversion is about 50%, with MA vyieldatiout 37%. This technology has been
operating with a new generation of catalyst, higielsistant to the attrition in the riser reactor.

8
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The catalyst was coated by silica, which gives ry ¢gh mechanical resistance and does not
cause any selectivity decreasing.

The fluidized bed consumes more of the n-butangsteek, because of the lower selectivity to
MA due to back-mixing phenomena, that favours tlmmsecutive combustion of MA.
Nevertheless, given the more efficient technology heat recovery (that also allows
production of high-pressure steam), the energywapsion is lower. In overall, the fluidized
bed technology still consumes less energy tharfixieel bed; moreover, working inside the
flammable area (up to 5% mol. of n-butane) is gBesiAlthough a slightly lower selectivity to
MA, the technology permits improved productivity damowers the cost of post-reactor
treatment, because of the more concentrated stridés

1.2 CATALYTIC SYSTEM

1.2.1 Synthesis of vanadyl pyrophosphate

The catalyst used in industry for the selectivedakion of n-butane to maleic anhydride, is
bulk vanadium-phosphorus mixed oxide, with a paléic crystalline structure, the vanadyl
pyrophosphate (VOQP,O; [9, 11-13]. In the literature different preparationethods are
reported, however it's possible to distinguish samemon steps:

1. synthesis of catalyst precursor: VOHP@5HO0 (VHP);

2. thermal decomposition of catalyst precursor;

3. catalyst forming;

4. catalyst activation.

Synthesis of the precursor: VOHPQ.0.5H,0

The precursor is obtained by the reduction ofaadmpound (normally ¥0s) to V** species,
followed by addition of HPQy). Regarding the catalyst precursor synthesis,amedtstinguish
at least three kind of preparation [1c]: the VPAQ® and VPD routes. The VPA route is the
precursor’'s synthesis made by using an aqueoustatdu(as HCI or hydrazine) and it has

been well explored in the past; whereas the VPQ@ermuthe synthesis with organic reductant
(a single alcohol —generally isobutanol- or mixtofealcohols) and this is the most common
preparation. The VPD route is the precursor’s sgsigconsisting in a two-step preparation: in
the first one, the dihydrate vanadyl phosphate (@QFH,0O) formed, subsequently the
organic reductant is added, to yield the precupbaise (VHP).

The VPA method is affected by two disadvantages: $oirface area can be achieved (<10
m?/g) and often, an impurity phase, VOQ0,),, also formed. For the VPO method, it's
possible to obtain higher values of surface ared @aso a defective structure, which is
interesting for improving catalyst performancesesth aspects are a consequence of alcohols
molecules, retained inside the VHP layers. Thepsmrs samples obtained by VPO method
are less crystalline and preferentially expose Y(fldnes, correspondent to (100) planes of

9
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vanadyl pyrophosphate, which possess higher deoagtive sites [6, 15]. The VPD method
is recently attracting attention: this method pésraigood control of the precursor morphology
and reports similar characteristics typically oledrwith catalysts prepared by VPO method.
However, the most common preparation of vanadylapthosphate hydrogen hemihydrate is
carried out by VPO method, especially for industpieparations, because active and selective
catalysts are obtainable.

Nevertheless also preparations, carried out witleréint V and P sources, were reported in the
literature [1c]: i) the use of XD, H:PO, or H4P,O7 in an autoclave at 145°C (hydrothermal
synthesis); ii) the employ of NN O3, with oxalic acid and EPOy, or iii) a mixture of VC}
and \W.0s, or even iv) vanadium metal to reducgOy; finally, also v) Oy was utilized as a
vanadium source.

The VPA and VPO routes differ by the kind ofQ3% reducing agent: in VPA method, the solid
is solubilized by HCI or hydrazine, forming VOgLiWvhich is subsequently reduced teQd by

the aqueous reductant; for VPO method(QY¥is solubilized forming vanadium alcoholates,
which are reduced by the organic solvent @) Thus, HPQ, is added and reacts with®,,
forming VOHPQ:-0.5H0, at the liquid-solid interface.

For VPA preparation, the strong acid conditions’tiparmit precursor precipitation, thus the
final compound is obtained by solvent evaporattogether with an amorphous phase, or after
a crystallization process, adding water or by sepdusing hydrothermal conditions) [11,
16,17]. Finally, the VHP solid is obtained aftdtréition, washing and drying.

Thermal treatment of the precusor
Hemihydrate vanadyl acid orthophosphate is theymakated to get the final catalyst,
(VO),P,0O;. Normally the thermal treatment is carried ouhgsa two-step procedure:

1) drying of the precursor at low temperature (<300%0)permit realising of organic
molecules or chlorine ions, trapped inside the ymsw’s layers, but avoiding
dehydration;

2) dehydration of the precursor; this step can beezhout using different methods:

(1) dehydration inside the reactor, starting at lowgerature (280°C), feeding
lean reactant mixture at low residence time andgeagiently, increasing all
these parameters until reaching common reactiodittons; this procedure
is carried out in about one day;

(i) dehydration under oxygen-free atmosphere at highpéeature (>400°C)
and then feeding the reaction mixture [19,20];

(i)  calcination at high temperature (>400°C) and theeding the reaction
mixture [21, 22];

(iv)  hydrothermal treatment (first, the precursor iated at 280°C under air and
water, subsequently under nitrogen at 390°C).
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Regarding the second step of the thermal treatrttetiehydration occurs realising two water
molecules each VHP molecule [16]:
2 VOHPO,;0,5H0 - 2VOHPO, + HO
2 VOHPO, - (VO),P,0; + H0

The first dehydration leads to an amorphous or @ergstalline compound, having still typical
functional groups of hemihydrate vanadyl acid optmsphate. The second dehydration step
involves the condensation of orthophosphate grémpgrophosphate groups.

In the literature, different hypotheses have bewp@sed for the mechanism of transformation
of the precursor into vanadyl pyrophosphate, howelk agree considering that vanadyl
pyrophosphate compound, finally obtained, retalesrhorphology of the precursor. This was
demonstrated by XRD data [83], which showed a imiabetween the precursor and the
catalyst: the structural (001) -basal planes- &#0D) planes of the former are transformed,
respectively, in the correspondent (200) —paratighe basal planes- and (024) planes of the
latter, maintaining further the same relative beyadg. Bordes [23] proposed a topotactic
transformation of VOHP0.5HO0 to (VO)LP,0O;, and supported the hypothesis by TEM and
SEM analysis of the two compounds. This transfolonatonsists in a structural conversion, in
which V-O and P-O bonds remain unaltered, whileknéd1,0, e P-HO are broken: a couple
of HPQ, unit condense into pyrophosphate groups.

The physical and chemical characteristics of thalfcatalyst are affected by several different
parameters:

» temperature, time and atmosphere of treatment;

» precursor morphology;

* P/V ratio;

e presence of additives;

» presence of structural defects;
Due to all these parameters, a variety of crys@alN//P/O phases may be present in fresh
catalyst composition or may even be prepared as gampounds; moreover these parameters
influence catalyst composition during reactionwasl. For this reason there’s still a debate
regarding the real active phase, being pure varagdgphosphate or a combinations of V/P/O
phases.
One of the most important catalyst characterisatshe end of the thermal treatment, is the V
oxidation state. Even though vanadium is presentVAs in stoichiometric vanadyl
pyrophosphate, the V/P/O obtained by thermal treatmof the crystalline precursor
VOHPQO,-:0.5H0, could contain crystalline and amorphous vanadalmosphates other than
(VO),P,0; [24, 25]. These additional or spurious phases cuayain \?* or even V*, and the
relative amount of each compound is a function ipftlfe procedure employed for the
preparation of the precursor, and (ii) the thertn@htment adopted for the transformation of
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the precursor. Furthermore, the VPP itself may Mogins other than ¥ as defects, without
undergoing substantial structural changes [26-@8ler surface layers of°V phosphates may
develop in the reaction environment, and play actoles in the catalytic cycle.

Activation under reaction mixture

Activation (or equilibration) of the catalyst is tained leaving the catalyst under reaction
mixture at 400°C for several hours: generally 106urs are necessary to get stable
performances. During this period changes occur bothe catalytic performances, either in
the catalyst chemical-physical features: the (Q@lape, which is considered to be the most
selective for MA formation, increases and corresigotly, the MA selectivity. The “fresh”
catalyst is referred as “equilibrated”, after tpisriod. A “reduced” catalyst containing only
V#, needs a longer equilibration period (200-300H)ilavin the case of an “oxidized” sample
containing also V' at least 500 hours are necessary to completeahsformation and obtain
the vanadyl pyrophosphate.

In an equilibrated catalyst the average oxidati@atesof vanadium is 4.00-4.04, the specific
surface area is about 16-25/gnand the P/V ratio is higher than 1.0 [6]. Durthg activation
step, the catalytic activity decreases, while tleddyto MA increases, due to the increase of
selectivity. The fresh catalyst is normally mordiae than the equilibrated one, because the
V* easily oxidizes to ¥ [29].

1.2.2 The P/V ratio

The optimal catalytic performance of vanadyl pyrogbhate is obtained when the catalyst
contains a slight excess of phosphorus (insteath@fstoichiometric P/V 1.1 ratio in the

compound), which limits the oxidation of'Vin (VO),P,0;. Generally, on the catalyst surface,
the P/V ratio is higher than in the bulk. A low Prétio leads to a catalyst active but not
selective [6]; the different performances can hebaited to the oxidation state of V. In fact, it

has been demonstrated that in catalysts havingkaolaphosphorus (P/V=0.95) the oxidation

takes place easier than in samples with a P/V hagiloer than 1.0.

1.2.3 The role of the different V species

The oxidation state of V in VPP under working cdimiis, and the role of V species having
different oxidation states, have been debated doeml years. The importance of having a
defined amount of ¥ in order to obtain better selectivity has beemfeal out by Volta and
co-workers, with the optimal ¥/V** ratio being equal to 0.25 [30-34]. Evidences @& "
role have been reported by other authors as wéll §5-36]. Isolated ¥ sites, in strong
interaction with the VPP, provide the optimal sagaoncentration of sites which permit the
alkane activation and O-insertion; however, thenfation of bulk VOPQ is detrimental for
selectivity. Bordes [23] reported that apparentho topposite conditions are necessary to
transform n-butane into MA: the activation of n-u¢ by oxygen associated witt\species
and the incorporation of oxygen associated tb 8pecies, consequently, to get MA.
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It's worth to note that the selectivity to MA isvgn by \** species which are isolated, as
during oxidation treatments, the development of rossitomains of V' leads rather to a
decrease, of MA selectivity [32-33].

Regarding the role of ¥, there’s more debate however it is clear that ghreration of
V**/P/O compounds is negative for selectivity andgleeration of a discrete number of these
species in the lattice of the VPP, further the aisged anionic vacancies, have been proposed
to play a positive role on catalytic activity [38]3 V** defects are generated during the
thermal treatment of the precursor, and their comma&on is function of the amount of
organics retained in the precursor, and of thereabil the heat treatment carried out, for the
transformation of the precursor into the activealyat [40].

The V**/V°>* ratio in VPP under working conditions is functiohreaction conditions, that is
the gas-phase composition. Mallada et al. [41] stigated the effect of reducing
(hydrocarbon-rich) and oxidizing (hydrocarbon-leaopditions on the oxidation level of the
catalyst. In the former case¥P/O surface phases developed, which are detrinfemtéhe
selectivity to MA. At the same time, substantialaamts of C deposits are accumulated on the
catalyst, in the fraction of catalytic bed, whiclasvoperating under low oxygen partial
pressure. The same conclusions were reached bg ¥oil. [42]: the reduction of"Vand the
formation of C deposits are responsible for therekese of the selectivity to MA. However, the
deactivation is not so rapid when the catalystresqxidized at mild temperature. One way to
overcome these limitations is to add promotersctvielps to maintain a higher V oxidation
degree, probably through the formation of speatimpounds, or through a mediation of V re-
oxidation in the redox mechanism. Also the catahtystphology was found to be an important
parameter under hydrocarbon-rich conditions, mban tunder leaner conditions [43]. The
rose-petals-like morphology gives the most activé selective catalyst, thanks to the higher V
reducibility and re-oxidability as compared to VR&ing a different morphology.

1.2.4 The role of amorphous material
In a recent review, Hutchings et al. [1c] reportedinteresting discussion about the role of

amorphous compound over VPP catalyst surface. itaetlre analysis regards different
contributions: for example comparing different paegdl VPP catalysts (employing VPA, VPO
and VPD synthetic routes) it was found that allabat showed similar specific activities,
regardless their effective morphological differemc&his results leads to reconsider what is
supposed to be the real active phase, the bulkhanaorphous overlayer on VPP surface.
Indeed, other authors reported evidences of theepoe of an amorphous layer (2 nm thick)
covering (100) planes of fresh VPP catalyst, disappg after equilibration. Oppositely H.
Bluhm.et al. [120] using HRTEM images, reporteddevices of a non-crystalline layer (ca. 1
nm thick) developed on surface of VPP not yet dopaited, which was constituted by®
units, the growth of which is hindered by phospbkateits. Furthermore, it is also known that
an amorphous compound is formed during activatiomeiactive mixture, of the precursor
(<400°C) and this results also in MA formation. &lg, the presence of an amorphous layer
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could be favoured by the presence of a dopant ath.Co). All these findings clearly show
the difficulty to establish the real active phasdeveloped during reaction conditions, over VPP
surface.

1.2.5 Recent developments to improve the catalytsystem

Best catalytic performances reported in literatargge from 53 to 65% molar yield to MA [6,
11, 56-59], with a conversion afbutane not higher than 85-86%. The best perforendmca
fixed-bed reactor does not exceed 65% per-pass, ydlile that in a fluidised-bed is typically
lower due to back-mixing phenomena.

It is known that the maximum yield to MA is limitealy: i) parallel reactions of n-butane
combustion and of oxidative degradation to acatit acrylic acids, as well as ii) consecutive
reactions of combustion, relevant when the alkamesersion reaches 70-80%. This has been
attributed to the development of local catalyst rbeating, cosidering the high reaction
exothermicity, and to the poor heat-transfer propgiof the catalytic material.

To overcome these problems, different possibilicies be carried out:

1. use of highly heat-conductive supports for VPO,omler to better distribute the
reaction heat and develop more homogeneous pasitigeratures;

2. addition of specific dopants to modify the redoxi @cid-base properties of the active
phase or the development of new procedures fopthparation of the catalyst that
allow a modification of the chemical-physical or mplological features of the
precursor;

3. development of new catalytic systems.

1) Supported systems
In the case of vanadyl pyrophosphate, the supporild have other features:
1. good mechanical properties, to improve attritiosisEnce of the catalyst;
2. not very high specific surface area, to avoid highidence time of reactants inside
catalyst pores;
3. chemical inertia not only to-butane and oxygen, but also to the active phasaydid
changes in its morphology.
Following are summarized the main characteristicsupported VPO catalysts [44].
VPO supported on Ti©
The precipitated VPO phase was amorphous and wsgesed over the surface of the
support; the surface of P/V 1.1 supported catalesslted enriched in phosphorus (P/V=1.2-
3) similar to the bulk VPO catalyst (typically, P#¥.1-1.7). The supported VPO showed
activity and selectivity im-butane oxidation at temperatures 100°C lower tt@mmercial
VPO catalysts. Overbeek at al. [45,46] shows that activity of titania-supported VPO
catalysts is related to several characteristics:
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- high surface area,

- strong interaction of the VPO component with thaniia support,

- different reducibility of VPO on Tig

- different average oxidation state of vanadium ionsghe surface.
Ruitenbeek et al. [47] observed no changes in geermnadium oxidation state during
equilibration, since they concluded that the lattiPO oxygen species was not involvedin
butane oxidation and the reaction does not folloe/Nlars van Krevelen mechanism.
VPO supported on SO
The VPO component in the silica-supported catahysis well dispersed, but interacted weakly
with the support surface as compared to the titanpgported system. In contrast to this latter
system, the silica-supported VPO catalysts werg &sive, but more selective to MA. The
lower catalytic activity of the silica-supportedstgm was attributed to the non-reducible
nature of silica support. However, the higher stef&/V ratios found in the silica-supported

catalysts as compared to the titania-supportecesyst may also be responsible for lower
activity in n-butane oxidation and higher selectivity to makenhydride at high conversion in
these catalysts [46].

VPO supported on AD3

The high affinity between Al and P limited the disgion of VPO phase on the support and
consequently catalysts obtained showed poor catggtformances [48].

VPO supported on AIPO

The most used type of AlRQvas trydimite; in this case the main VPO phaspréesent as
vanadyl pyrophosphate. The supportation of VPO oiQ) improves both catalytic
performances and activation time of the catalystryWhigh conversion (90%) and MA
selectivity (42%) are reached and the activatiometis lower (20h instead of the classical
100h, necessary for the bulk VPO) [49-51].

Highly-heat-conducting supports

Ledoux et al. studied the use of heat-conductimppsts $-SiC, thermal conductivity 14-270
W m?* K% SiNs, 6 W mit K2, and BN, 31 W nf K™Y for the VPP [52,53]. These materials
possesses relatively high surface area (e.g.B48iC, >20 ni/g, prepared via the “shape
memory synthesis”), consequently this renders theseful supports for catalysts for
exothermal oxidation reactions [54]. In fact, theah transfer at catalyst surface is more
controlled and this permits a significant gain iAMield. Moreover, the chemical inertness of
the support did not modify the reactivity propested the precursor and of VPP, which instead
is what happens with conventional supports [S55}thia case of thg-SiC-supported VPO (30
wt.% of active phase), the selectivity to MA athigtbutane conversion was higher than that
obtained with the unsupported catalyst; furthermeareen hydrocarbon rich conditions were
used (e.g., &n-butane feed ratio 3.2, with 11 mol.% n-butarte)as obtained a conversion of
72% with a MA vyield of 54%, at 485°C. This represethe best result ever reported in n-
butane oxidation under hydrocarbon-rich conditions.
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2.1) Addition of specific dopants

In the literature a lot of papers have been devtidte study of the dopant effect of VPP [60-
63], and still there is interest about this topit,fact a more profound knowledge of the
chemical physical properties of the VPP has madsiple a better comprehension of the role
of some known dopants (Co, Fe, Bi [64-72] and NB-T7]). Table 1.4 summarizes some
important VPP dopants, recently studied, togethtr their effect and the reason of it.

Dopant, optimal

Promotional effect Reasons for promotion
amount
%.105 ~ 121&?;& Control of the optimal ¥/V** surface
Co, Co/V 0.77% N o ratio; stabilization of an amorphous
under hydrocarbon-rich Co/V/P/O compound
conditions
C:55- 79%
Co, Co/V 13% S:43- 35% Optimal surface Lewis acidity
at 653K
C: 44 - 60%
Ce+Fe S: 63~ 66% Improvement of redox properties

in absence of ©

Fe replaces ¥ in (VO),P,0,

Fe, Fe/V 0.08 Increase of catalytic activity Re-oxidation rate is increased
C:22- 73% Increase of surface area + increase of

Ga, Ga/v0.10 S:55- 51% intrinsic activity (electronic effect)
C:20- 17% Increase of surface acidity promotes

0
Nb, 0.25 wt% S:35- 53% desorption of MA
Nb concentrates at the surface, where

C.58- 75% defects are generated. Nb acts a n-type

Nb, Nb/v 0.01 S: 70 - 70% dope; development of a more oxidized

surface

Table 1.4 Dopants for VPP catalyst: C= conversimh & = selectivity, for un-doped catalyst (leftued, 2°column) and for
doped catalyst in standard reaction condition$i{nglue, 2°column) [78]

2.2) Modifications of VPP chemical-physical propeiies

Methods to modify the preparation procedure, to agalysts with improved performances,

include:

a) Preparation of the precursor in the presence afodgy(1,2-etandiol, 1,3-propandiol, 1,4-
butandiol). This method affects the morphology bé tprecursor [15,79] because the
molecules can be trapped in the interlayer spaointhe precursor [80,71]. Increasing
amounts of retained organic compounds disturb theksg of crystallographic planes
along the c direction: only [hkO] reflections remaharp for the higher C contents, while a
different aspect ratio is finally obtained and cammsently, also a different crystal
morphology (confirmed by SEM micrographs). In thisgard, the thermal treatment
influences the final VPP morphology [82]. Moreovéng organics retained in defined
amounts in the precursor, may lead to a contralkfdctivity in the final VPP [15], with a
limited number of VV* species. This method lead to catalysts with higicévity [79].
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b) Tribomechanical (ball-milling) activation of the qmursor or of the VPP [83-85]. Ball
milling of the precursor is carried out with thanmaof increasing the surface area by
reducing particle size; this results in higher betaactivity [86]. However, as the process
involves the generation of high energy, lattice eémigctions are introduced and these
defects are transferred to the VPP, and finallgaftatalytic performance [87]. This leads
to an improvement of the activity and selectivity.

c) Intercalation of layered VOP&2H,O with various compounds (e.g., alcohols and anjjnes
followed by exfoliation in polar solvents to delarated sheets; finally, impregnation of
silica with the previous solution [88-90]. The sapmecedure can be adopted to reduce the
VOPQ,;-2H,0 into VOHPQ-0.5H,0 [91,92], to obtain a high-surface-area precurand
finally a VPP more active and selective in comparisvith the standard preparation (60%
conversion, 78% selectivity at 390°C) [90]. Dispensof VPP inside or over high-surface-
area silica was also tried by other researchetbpwi obtaining active catalysts [93-95].

d) Preparation of an amorphous, microspheroidal VP@lyst using supercritical GCas an
antisolvent [96,97]. The amorphous compound dematest higher activity compared to
standard preparation but a maximum MA yield of orfly.

e) Preparation of mesostructured VPO phases and of/&(fPf@ctant composites [98-103].
Guliants et al. described the preparation of migrops mesostructured VPO, with
surfactants as structure-directing agents, andnigeid the thermal treatment and template
removal. They obtained systems with high surfaea aut, although a good MA selectivity
was reached at low temperature, when increasingnthetane conversion, being these
systems unstable under reaction conditions, it ltedufinally in a decrease of MA
selectivity.

3) New catalysts fom-butane oxidation

Recently it has been reported that the pyridine t salf Nb-exchanged
molydo(vanado)phosphoric acid is the precursor céditalyst, mostly consisting of amorphous
molybdenum oxide, which is active and selectiveh@a oxidation of propane to acrylic acid
and of n-butane to maleic anhydride [104-106]. Euwthors found that key-properties to
achieve good catalytic performance are (i) the @reent of reduced M and NB* species,
that are stable when hydrocarbon-rich reaction itomd are used, and (i) the
contemporaneous presence of P, Nb and pyridind@anpblyoxometalate (pyridine reduces
Mo®* during the thermal treatment). Catalysts are actimder both n-butane-rich (15% of
conversion with 90% of MA selectivity, at 380°C, laesst results) and n-butane-lean conditions
(62% of conversion with 46% of MA selectivity, s#@®C, as best results).
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1.3 REACTION SCHEME AND MECHANISM

1.3.1 Reaction scheme

The study of the reaction mechanism is quite difficdue to the absence of by-products,

which can give information about reaction internaels and also, due to the fact that

generally, the latter do not desorb from catalystaxe. The most proposed reaction scheme is
represented in Figure 1.5, as inferred from sompegmental evidences, n-butane is

transformed into MA through sequential steps ofdakive dehydrogenation, oxidation and

oxygen insertion [6,11,107]:

adsorbed phase o o
NL/\VLNLOOLEéOLEéO

B
Ir Y
N I_\A
0 . 0

1) n-butane + 1/2 @ - butenes + D
(oxidative dehydrogenation)

2) butenes + 1/2 O butadienes + }D
(allylic H extraction)

3) butadienes + 1/2 0O 2,5-dihydrofurane
( 1,4-oxygen insertion)

4-5) 2,5-dihydrofurane +2 ©» AM + 2 H,O
(o-allylic insertion lactone mediated)

6a) 2,5-dihydrofurane + 1/2 O furan + HO
(allylic extraction)

6b) furan +3/2Q@ -~ AM + H,O
(electrophilic oxygen insertion)

Fig.1.5_ Reaction scheme.

The proposed mechanism was confirmed by isolatibrsame intermediates at unusual
reaction conditions (such as under high butane/exygtio or at low residence time) [108-
110]. Moreover n-butene, butadiene and furan wdentified by Kubias et al. [35] under
vacuum conditions.

It is also known, that olefinic intermediates dre first products in all £Cs alkane oxidation
reactions to the corresponding oxidized compoudd®][ The rate determining step is the
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oxidative deydrogenation of n-butane to butenesofitain high MA selectivity, the rate of the
oxidative dehydrogenation reaction has to be highan the one of oxygen insertion, that is
favouring the butadiene formation instead of otieactive molecules, such as crotonaldehyde,
methylvinylketone, precursors of GO

New recent information are obtained bysitu IR measurements; studying the molecules
adsorbed on the catalytic surface during the readti11]. Different molecules were fed (1-
butene, 1,3-butadiene, furan, maleic anhydride) #Hrel adsorbed species on VPO were
studied: at low T (<100°C) n-butane is activatedMBBO and forms unsaturated compounds
(butenes and 1,3-butadiene).

However, recent computational calculations revedtiedl 1-butene does not interact with VPO
and could not be a reaction intermediate [112-115].

1.3.2 Reaction mechanism
The selective oxidation of butane follows the M¥en Krevelen mechanism, as the catalytic

cycle can be divided in two steps. In the firspsthe “reduction” one, lattice oxygen atoms of
the catalyst are involved in the oxidation of name and ¥ ions of vanadyl pyrophosphate
are reduced to V. In the subsequent step, the “oxidation” one, mukr oxygen permits the
re-oxidation of ¥ ions to V** and forms & ions, which are incorporated in the structural
vacancies generated during the reduction stepatticplar 7 G ions are employed: four are
used to co-produce water while the remaining tlaee inserted in the n-butane molecule,
considering a total transfer of 14 electrons, tonfé\M.
The catalytic cycle is here represented:

reduction R-CH + 2KO - R-C-O + HO + 2K

oxidation 2K + Qy(gas)- 2KO

where R-CH e R-C-O are respectively, the reactadtthe products, while KO e K are the
oxidised and reduced form of the catalysts.
Recently, Hodnett and coworkers [112-115] have detrated, studying the electronical
properties of VPO using the DFT method, that theesficial V is only a chemisorption site,
while the nucleophil oxygen atoms of terminal P+® selective in the oxy-functionalization of
n-butane.

1.3.3 Nature of active sites
The catalyst has to own active sites for the atibwaof the paraffin and for subsequent redox

reactions, to get MA, but also a proper aciditygtockly desorb the product, avoiding over-
oxidation reactions [18].

VPO catalyst shows all the necessary multifuncpaoperties and correspondent active sites,
necessary to transform n-butane into MA [116,1WHich are resumed in Table 1.5.
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Nature of active sites on (VO)P,O- surface

Lewis acidic sites

Broensted acidic sites
Redox couple with one electron”W**, V*/v=*
Redox couple with two electrons>W=*

Bridged oxygen in the groups V-O-V e V-O-P

Terminal oxygen in the groups (V=0) (V=0)""

Adsorbed molecular oxygen: specigsperoxo and)*-superperoxo
Table 1.5_ Active sites in vanadyl pyrophosphate.

Acid Lewis sitesthe Lewis acid sites are attributed to the preseasf V ions coordinatively
unsatured in the VPP (100) planes and are ideditifiipg FT-IR absorption of basic probe
molecules. The most part of acid sites are Lewis sites (quite twice respect to the Broensted
ones) which permit the H-abstraction from n-butfje

Bréensted acid sitegshey were identified by FT-IR spectroscopy andrespond to P-OH
groups in the terminal position. These sites belong-O bonds broken in terminal position in
the phosphorus tetrahedra.
The main functions of these surface P-OH group$6ar&l8]:
 facilitate the H removal, favouring the H shift tard the HO formation and
desorption sites;

 facilitate maleic anhydride desorption avoidingataixidation;
» activate the C-H bonds.

V>*: the amount of ¥ at the surface, may vary from 20 to 100%, dependin different
parameter (preparation, thermal treatment, dopagastion atmosphere). This specie is active
in the oxygen insertion of activated paraffins émlbls to oxidized compounds, in particular to
MA but also to CQ. Thus, a defined amount ofVis necessary to improve activity, but an
excess of oxidized V is detrimental for selectividolta e al. have demonstrated that the best
performances are obtained when th&/V** ratio is about 0,25 [29,31-34].

V*": this specie is responsible for butane activatidre specie (V=3J, in correspondence of
the cleavage of layer (100), is involved in the raction from n-butane and in the allylic
oxidation [6]. Ebner and Thompson [20] suggested ¥i* species are involved in the oxygen
insertion reaction on butadiene with the formatiéthe 5-elements ring compounds.
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V3" their role is difficult to be clarified; the foration of \#*/P/O compounds is detrimental
for the VPO selectivity, small amount ofV/(and its associated anionic vacancies) could be
positive for the catalytic activity [26-28, 39].

V-O-P: are involved in the oxidative dehydrogenationagfivated n-butane (and adsorbed
butadienes) to butadiene, moreover they play airotee oxygen insertion reaction on the 5-
elements ring compounds.

Adsorbed molecular oxygethe adsorbed molecular oxygen is a non-selesipeeie, because
it forms nucleophilic species, which lead to ovgrdation reactions. Molecular oxygen is

absorbed in two different ways: it could form th&superoxo species and timé-peroxo
species; these species can interact with the Va0pgithus activating n-butane [119].
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2

EXPERIM ENTAL

2.1 CATALYST PREPARATION

2.1.1 Synthesis of vanadyl pyrophosphate, (V@07 (conventional method)

The VPP catalyst were prepared by the organic-ral@HPO,-0.5H,0 (VHP), precursor
of vanadyl pyrophosphate, was synthesized suspgldéndesired amounts 06@s (99%
Sigma Aldrich) and BPO, (98% Sigma Aldrich) in isobutanol (99% Sigma Addh).
Figure 2.1 shows the equipment (a three-necks)flastd for the VPP precursor synthesis.

Fig.2.1_ Apparatus for VPP precursor synthesis.

In the case of Nb-doped catalyst, the Nb sourcan@nium niobate(V) oxalate hydrate,
Sigma-Aldrich) was added to the synthesis mixtditer &/,05 and HBPO, addition.

The precipitation of hemihydrate acid vanadyl opthasphate occurred through the
reduction of vanadium (V) oxide to vanadyl ions /Dby isobutanol; in presence of
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H3POy, the precursor precipitated:

V.05 + CHOH + 2 H > 2 VO? + CHgO + 2 HO
VO?" + HsPO, + 0.5 HO = VOHPQ-0.5H,0 + 2H'

By-products of isobutanol oxidation were isobutyaidheyde and other oxidation products
(such as: acetaldehyde, acetic acid, formic atad); @enoreover water was co-produced.
The mixture was heated at reflux temperature (1263€6 hours. The colour varied from
the typical dark orange of X0s, to an intense light blue, characteristics of
VOHPQO,-0.5H,0, except when Nb was used in which case the finatluct was light
green.
After filtration, the obtained precipitate was timally treated according to the following
procedure:

(a) drying at 120°C for 12 h, in static air, to obt#ne so called Precursor;

(b) pre-calcination step in flowing air (130 ml/min)itlvtemperature gradient
(1°C/min) from room temperature up to 300°C; thesthermal step at 300°C in air
for 6 h;
2 (VO)HPQO0.5H,0 - 2 (VO)HPQ + H,O

(c) thermal treatment in flowing N'17 ml/min), with temperature gradient (1°C/min)
from room temperature up to 550°C, and final isotied step at the latter T for 6h.
2 (VO)HPQ N (VO)2P207 + H,O

2.1.2 Synthesis of VOP®2H,0, hydrated NbOPO, and mixed V/Nb hydrated
phosphates

The synthesis of VOP£2H,0O was prepared suspending the desired amounts,©@f V
(99% Sigma Aldrich) and PO, (85% Sigma Aldrich) in water; the synthesis of tatdd
NbOPQ, was prepared suspending the desired amounts ohteddNhOs (AD1653-HY-
340 by CBMM, HO %wt. = 18%) and BPO, (85% Sigma Aldrich) in water; finally the
mixed phosphates were prepared usin@M99% Sigma Aldrich), hydrated NOs (HY-
340 by CBMM, HO %wt. = 18%) and FPO, (85% Sigma Aldrich)) in water (Chapter 3).
The equipment used for phosphates synthesis isatine used for VPP precursor synthesis
(Fig.2.1). The synthesis can be considered propepsecipitation and not a dissolution.
The mixture is heated at reflux temperature (10GBC)L7 hours, under vigorous stirring:
the colour changes from dark orange@) to bright yellow (VOPQ2H,0) or to yellow-
green (mixed phosphate). In the case of pure hedralbOPQ synthesis, the mixture
colour remained white, as the initial solid. Aftdee mixture filtering and washing, the
solid obtained is dried for few hours at 100°C phrticular, in the case of VORQH,O
one sample was obtained as above described (sdmykD), while a second one was
obtained from filtration of mother-liquor left oy at ambient conditions, then leaving at
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room temperature the filtered yellow solid for oday (sample 2 VPD). The thermal
treatment (when performed) was done in staticwaithh temperature gradient (1°C/min)
from room temperature up to 450°C; then in isottarstep at 450°C for 6.h

2.1.3 Synthesis of vanadyl pyrophosphate, (VEH.0O-, (microwave method)

The organic synthesis of VOHRO.5H,0 (VHP), vanadyl pyrophosphate precursor, by
microwave method, was performed by a CEM DiscovelaSs system, at Pisa University
(Dep. of Chemistry and Industrial Chemistry). Tleagents employed werex®5 (99%),
H3sPO, (99%) and ammonium niobate(V) oxalate hydrate (Sigktdrich). The apparatus
is described in detail at Chapter 5.

Fig.2.2_ CEM Discover instrument for MW-assistedthgsis of V/P/O samples.

2.2 CATALYST CHARACTERIZATION

Raman spectroscopy analysis
Raman studies were performed using a Renishaw it@3d@ment, equipped with a Leica
DMLM microscope, laser source Argon ion (514 nmihwpower 25 mW.

Ex-situ analysis

Generally for all samples different spectra (megranchange of surface’s position) were
recorded. The parameters of spectrum acquisiti@n generally, 5 accumulations, 10
seconds, using 25% of laser power to prevent sasnidenage. It's used objective 50x.

In-situ analysis

“In-situ” analysis were performed using a commercial Rangdn(lcinkam Instruments
TS1500). The quantity of sample used for the amaigsabout 5-10 mg. The gas flow, fed
from the beginning of the experiment, is about 10mm; to get an humid flow, air (or )\
was fed through a bubbler containing water, thepnature of which was changed (partial
pressure of steam from 0.03 to 0.10 bar). Specgaexrorded at room temperature (rt),
while increasing temperature (heating rate genel100°C/min, except 10°C/min for
NP4 and NP2 samples) up to the desired one andgiilme isotherm period.
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The laser power used is 25% which permits a goedtsgqm acquisition without damaging
the sample; the acquisition parameters are 10 adations, 10 s each one; the objective
used is 20x.

UV-Vis DRS analysis

UV-Vis spectra were recorded in diffuse reflectamseng a Perkin-Elmer UV/VIS/NIR
Lambda 19 instrument, equipped with an integraspgere, between 190 and 1200 nm,
with a scansion rate of 480 nm/min. After recordisgectra were transformed in F(R) by
the Kubelka-Munch law:

1-R)*

FR)= 2R

FT-IR analysis
The IR-spectra were recorded using a FT-IR PerkneE spectrometer, with the KBr

method, with a resolution of 4 émusing 14 scansions, between 4000 and 458 cm

X-Ray powder diffraction analysis

The XRD measurements were carried out using ag3hiW 1710 apparatus, with Cu K
(A = 1.5406 A) as radiation source in the range e28£80°, with steps of 0.1 grade and
acquiring the signal for 2 seconds for each stégphates samples) or in the range of
10°<D<50°, with steps of 0.05 grade and acquiring thgnai for 3 seconds (VPP
samples). Reflects attribution was done by the 8tag, using the d value: 2d €n n\.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis is performed withh&eetric Scientific sta 1500+
instrument, in air flow (30 ml/min), from room teewyature up to 550°C, with a heating
rate of 15°C/min.

Specific surface area analysis (BET single point)

The specific surface area was determined byabsorption at 77K (the boiling T of
nitrogen), with a Sorpty 1750 Instrument (Carlo &rbrhe sample was heated at 150°C
under vacuum, to eliminate water and other moleceleentually adsorbed on the surface.

After this pre-treatment, sample was maintained/at in a liquid nitrogen bath, while the
instrument slowly sent gaseous, Mhich was adsorbed on the surface. By BET equaitio
was possible to calculate the volume of monostaatefinally the sample surface area.
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2.3 CATALYTIC TESTS

2.3.1 Laboratory scale plant

Catalytic tests were carried out in a continuoosyflfixed bed, quartz reactor. The system
permits to change different reaction parametersd feomposition, contact time and

temperature. The laboratory plant is schematizeignre 2.3, for catalytic tests with n-

butane and air, and in Figure 2.4, for catalytgtdenith 1-butanol in He or in air . The

apparatus could be divided in three main diffepanrts:

1) “feed”
2) “reaction”
3) “downstream”

1) Feed:

Gases (n-butane, He, air) were fed to the reart@eparated streams or simultaneously,
by three mass-flow meters ((2) in fig.2.3; (3) ig.2.4). The 1-butanol was fed by a
syringe pump ((2) in fig.2.4), properly calibratéat the desired quantity of liquid flow.
The 1-butanol, when used, was vaporized in thetoeaclet line, which was heated at
120°C. The helium flow could be fed to the rea@nd simultaneouslg-butane and air,
mixed together in a three-ways valve, could betéethe gascromatograph or to a bubble
flow meter, which was used to check the real ectaitow (5). In case of feeding the
reactive mixture, after the three-ways valve, twéch of a four-ways commutation valve
permitted to feed, to the reactor, the reactivetune instead of He flow. In particular,
when sampling the outlet mixture by a on-line héatalve, it was possible to feed helium
to the reactor, switching again the four ways valve

2) Reaction:

The fixed bed reactor was constituted by a quaie,toperating at ambient pressure. At
the top of the reactor (room temperature), a possum allowed to sample the fed gas
using a syringe. In the interior of the reactoeeand quartz tube, much thinner, allowed to
place a thermocouple, which permitted the measitieeoreal temperature of the catalytic
bed. With the aim of minimize dispersions and elgeaiemperature on the axial direction,
the reactor was wrapped in a copper block surradifgea resistance (reactor oven), the
temperature of which was varied and controlled khena inner thermocouple. At the
reactor exit a heater string, maintained at 2008@ided any crystallization of the
products on the inner walls leading the gaseousum@xo reach the gascromatograph.

31



CHAPTER 2

3) Downstream
At the reactor exit, a gas split was placed: a pHrtthe flow was sent to the

gascromatograph, when opened the on/off valve, iftgrgn the direct analysis of the
reaction products and unconverted butane, by tbedetector; the resting part flowed to
the vent, passing through a crystallizer then taas bubbler filled with acetone, which
permitted the condensation of organic productsyeobtcollected in the crystallizer. From
the crystallizer septum, it was possible to santgylea syringe incondensable gases. The
measure of the outlet flow was carried out usitgiable flow meter, prior to the vent.

Key:
1 gas feed
2 mass flow meters
3 three ways valve
vent 4 on/off valve
5 bubble flow meter
6 four ways valve
7 manometer
8 reactor
9 reactor oven
10 reactor thermocouple
11 T control
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Fig.2.3_ Scheme of laboratory scale plant, feedubgitane for catalytic tests.
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vent

vent

IIIIIIIII|_

2

1-butanol

vent

2.3.2 Products Analysis
Reactants and products were analyzed by gascroraptog employing a Varian GC

Varian equipped with the following columns and détes:

Key:

1 air/He feed

2 1-butanol feed

3 mass flow meters
4 three ways valve
5 on/off valve

6 bubble flow meter
7 four ways valve

8 manometer

9 reactor

10 reactor oven

11 reactor thermocouple
12 T control

13 crystallizer

14 sampling point

15 bubbler
6 16 sampling heated valve

— heated lines
3

4 1

% i@i air
. Ca
L 6 «@— He

Fig.2.4_ Scheme of laboratory scale plant, feedibgitanol for catalytic tests.

1) semicapillar CPSIil-5CB column (30m length; i.d. 3nrin; stationary phase of

2)

100% dimethylpolysiloxane with a thickness of 3.0@). By this column are
separated maleic anhydride, by-products (acetid, adrylic acid and other light
compounds e.g. butenes) amtbutane (in and out). The correspondent detectar is

packed Carbosieve Sl column (2m length, stationagingse of active carbons
having dimensions of 80-100 mesh). In this colun®, CQ, H,O, G, and N are
separated and detected by a TCD.

The carrier gas used for the column is He. The &atpre program of the oven (method
analysis) was the following: 7 minutes at 40°Cntheating up to 220°C (heating rate of
30°C/min), finally isothermal step at 220°C for hinutes.
For analyses of products, relative to semicapil@sjumn and FID detector, it was an on-
line heated (200°C) sampling valve (ca. 6QD volume) which allowed the direct

determination of the amount of maleic anhydridetliie outlet gas stream and also
permitted the analysis of a constant volume of arexpas.
The incondensable products (CO, £0», N,) were sampled with a gas syringe (500

volume) through the porous septum positioned in dhgstallizer or at the top of the
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reactor; then the sampled gaseous mixture wast@gjec the packed column, linked to the
TCD.

2.3.3 Catalytic performances: conversion, yield ahselectivity
By gascromathographic analyses the percentagesvafusnversion, yield and selectivity

were determined, using the following equations:

n°®mols of convertedreactant
X100

Conversion = o
n°mols of fedreactant

n°mols of product/stoichiometric coeff.
n°® mols of fed reactant/stoichiometric coeff.

Yield = X100

. Yield
Selectivity = ——— X100
Conversion
Cbalance= Le"?s =100
Conversion
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3

DOPING VANADYL PYROPHOSPHATE
WITH Nb: THE EFFECT ON SURFACE
COMPOSITION AND REACTIVITY

3.1 INTRODUCTION

In catalysis, a method used to improve activity aakkctivity to the desired product is the addition
of an opportune element, named dopant or promimtehe catalyst precursor. The presence of this
element may affect catalyst physical or chemicarabteristics or even both; moreover, as well-
known, its effect may change catalytic performamsgnending on its quantity, the method used to
add it to the synthesis mixture, its relationshithwether dopants, etc.

Nb is a known dopant of (VGB.O; (VPP) catalyst, claimed in the literature and atemts [1],
however a clear explanation of its effect has marbreported yet.

In this work, Nb-doped VPP catalysts have beenrggired in the aim of understanding the role of
this promoter, in particular its relationship witte -VOPO, phase, considered to be the active and
selective phase which develops at the VPP surfagegireaction.

Before discussing our results, some general aspiating with the use of dopants will be
discussed here below.

Many different elements (metal cations) used asadtypfor VPP, are reported in the patent
literature, whereas in the open literature mostlistitry to explain the role of the dopant by
considering its effect on the structure of diffar&fP/O phases, on the catalytic activity and
selectivity, on surface acidity and on th&"Av>* ratio, moreover all these aspects being in close
relationship one to each other.

Hutchings [2] first elaborated an extensive reviawout patents dealing with VPP dopants, and
recently the same author considered again thisehera review [3].

Hutchings gives general considerations about primgothe VPP catalyst, which must be
considered with care when comparing the effectsgexcific dopant to that given by another one.
First, it must be highlighted that two routes aosgible for adding the dopant: a) together with the
other reagents during the preparation of catalggtuypsor (coprecipitation), or b) by impregnation

35



CHAPTER 3

of the already prepared precursor. Secondly, wee liavconsider that there are two classes of
dopants (D): 1) type 1_promoters, added in higmttya(with atomic ratio P/V>1 and excess P/D
ratio about 1, that is a V/D ratio equal to 5-2Q)nbeans of the first addition route, which will sho

a structural effect; 2) type 2_ promoters, addeldwnquantity (with P/V>1 and V/D>20), the effect
of which is related to the formation of a solidgan of D either in VPP or in VOP{phases.
Furthermore, the authors warned against misinte&fioe of the results (catalytic performances,
morphology etc.) when comparing doped catalystd,the latter with that of an un-doped one: in
fact, the method of preparation affects the premurharacteristics, and as a consequence also those
of the final catalyst. For example the positiveeetfof a promoter may be masked due to the
presence of impurities phases (e.g. V&H&,). easily obtained with aqueous preparations) which
are detrimental for the catalyst performances; e especially when using high amount of a
dopant, it is important to choose the opportuneestl for its solubilisation and also the correct
addition method, because these factors could camseaccurate dopant dispersion. In the latter
case, undesired phases could form and these icoutd negatively affect catalytic performance.
Finally, it's important to check the specific swrgaarea, because the increased catalytic activity
could be due to an increase of this parameter @gration method usually provides higher catalyst
surface areas for doped VPP catalysts as compatée to-precipitation method) rather than to the
presence of the dopant itself. In fact, the truenmtional effect should be independent from
catalyst surface area.

To sum up his analysis of the patent literatureichHimgs [2] finally comments that the role of metal
cations in the VPP compound may be: a) to stabdizeaverage “medium” oxidation vanadium
state which favours the first step of the reactioechanism, that is the paraffin activation; b) to
control oxygen diffusion and products adsorptiord o minimize unselective oxidation reactions.
In the present work, considering the quantity of Med by us, the dopant belongs to type 2 of
Hutchings’ classification: the element may formadics solution, yielding a compound of general
composition ((VO)xMy)2P.0y, if dissolved inside the VPP structure.

Considering the open literature about Nb dopinyBP, the addition of this element may lead to:
a) an increase of the activity, due to the genamadf strong acid Lewis sites, and of MA selectjivit
as well, because it prevents overoxidation of ttoelpcts [4-5]; b) a decrease of catalyst activation
time (equilibration time), a period which finallyepnits to get stable catalytic performances [5];
and c) a control of the superficiaPW** ratio [5].

Nb belongs to the fifth group as vanadium, and gesss three different valence states (3+, 4+, and
5+), with corresponding Nb oxides which are stablair, but within different temperature ranges.
V and Nb form mixed compounds, for example VNK@here V is mainly present as’Vand Nb

is Nb’") and VNbQ (with V>" and NB*); but these elements may also form mixed oxides wi
molar ratios other than 1/1. As a consequenceisf b is potentially a good dopant because the
possibility of influencing the reactivity charadsgics of V, is related to the formation of eitheer
solid solution or a mixed oxide between the guésmnent, and the hosting structure (in our case,
the VPP or the VOP).
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For example, it is reported that for the redox tieacoccurring at solid state:

2V0O, + 2 NbGQ = V,03 + Nb,Os
the reaction free energy is -125 kJ/mol [6-7], vish@lso suggests that the nature of the Nb-
containing starting compound may affect the valestate of V.
On the other hand, Nb may be incorporated in thE \&®&ice, forming a solid solution like [(V@)
x(ND)x(P207)1(POy)2y]: in the literature a few works deal with this asp
Duarte de Faria et al. [8] prepared VPP doped Wibh(V/Nb=100, starting from NB ethoxide)
and compared characterization and catalytic peidogas with those of the corresponding undoped
catalyst: Nb changed the morphology of the precursied as a consequence of this, the thermal
treatment behaviour was different from that of timeloped precursor (the second water molecule
release occurred at lower temperature). The XRDyaisaof the activated doped catalyst revealed
the presence of some VOP@hase besides VPP, but the authors did not figdeaitence for the
formation of either NbOPQor any other mixed V/Nb phosphate; XPS &ffd NMR analysis
showed that the Nb-doped catalyst was more oxidizesisessed a lower P/V ratio and also showed
a Nb surface enrichment (V/Nb=31 instead of th& lwallue V/Nb=100). Finally, TEM analysis of
the doped catalyst demonstrated an high densitgetécts, and EDX analysis showed a good
dispersion of Nb. The authors found that Nb affedsitively the n-butane conversion, which was
higher during the activation period (400°C, 1,7%utane in air) for the doped VPP, while the MA
selectivity remained similar. Because of these ifigd, the authors hypothesized that the
replacement of ¥ with Nb>* (which lowered the electrical conductivity of thatalyst) generated
oxidizing species, which were responsible for nabetactivation, which in turn led to the observed
increase of activity.
Guliants et al. [9] reported the synthesis of VRRreans of the organic route, doped with different
promoters; in particular the Nb doped catalyst (8R00, added by impregnation of an alcoholic
solution of the correspondent alkoxide) gave thst lmatalytic performances, both in terms of
activity and selectivity; however, the authors dat find any relevant change of morphology. The
authors addressed the good results to an hightacsuacidity, which favoured the alkane activation
and the desorption of MA, avoiding complete oxidatreactions.
However, it is also possible that, depending ppalty on its quantity, Nb forms either a mixed
compound with V and P, e.g., (VOQINbO)XPQ;), or mixed phosphates (e.g. NbOpMastuura
et al. [10] synthesized Nb-doped VPP by reducing ftthoped oxidized precursor {V
«Nb,OPQ;-2H,O with x=0-0.3, that is V/Nb=2.33-19). In this casiee Nb content (source
Nb,Os-3.3H,0) was quite high, in fact with x=0.3 it was notspible to obtain a solid solution;
however when the solid solution formed (as confoiniyy XRD analysis), the structure of the
calcined mixed compound (¥NbOPQ,) changed frono-VOPQO, to a;-VOPO.. Regarding the
catalyst, the number of strong acid sites increaséid Nb content and also the activity showed a
concomitant increase, while no positive effect vedserved in regard to MA selectivity. The
authors interpreted the effect of Nb on activity thypothesizing the formation of a solid solution
like (V**1.NDB>*,0)2(P,07)1(PQy)2x; the presence of Nb in the higher oxidation stes due to its
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scarce reducibility (NB was not reduced by benzyl alcohol, the reagentd use form
VOHPQO,-0.5H,0 from the oxidized V precursor), and its incorpgmna in the mixed compound
caused a fraction of the pyrophosphate group®{P to convert into more acidic orthophosphate
units [PQ]®; the latter, together with coordinatively-unsatacaNB™ ions, increased the catalyst
acidity, a property which is needed for the firg¢psof the mechanism in selective n-butane
oxidation.

In regard to the role of a NbOR@hase, which is possibly formed either at theaagfof VPP,
because of the excess of phosphorus typically usé#ae synthesis of VPP (P/V molar ratio 1.1-
1.2), Pries de Oliveira et al. [5] prepared catalyss a mixture of VPP and NbOP®Ib source
(CBMM) was added in the synthesis mixture togetheith V,0Os (V/Nb=20-10). The
characterization analysis of doped precursors stidhat the presence of the NbOP&@mpound
changed the precursor morphology. In particulaE@2X-STEM study revealed four different
compounds: some V was present on, or even indi@eNbOPQ, whereas some Nb was present
inside the VOHP®O0.5H,0. The presence of Nb (in catalysts with low VPRIR®, ratio)
permitted to shorten the equilibration time of taalyst and also to increase MA selectivity, with
respect to the undoped VPP. The authors concluded\ib acted as a dopant for VPP because Nb
was not present as an isolated compound; they pegbthat Nb influenced the*\V** ratio
according to the equilibrium: 47 + Nb°* <> V°* + Nb*, both in the precursor and in the final
catalyst.

In another work [11], VPP catalyst was doped with, Mith the aim of increasing the catalytic
performance; an effect of stabilization of\eéven under strongly reducing reaction conditioas w
hypothesized. This possibility was put forward édesng that: 1) Nb and V may form mixed
phosphates, with general formula (MQNbOXPO, [12]; 2) for the redox couple NBENbB** in
corresponding oxides the value of the standardnpiatg(-0.29 V) is lower than that of the*\W>°*
redox couple (0.67 V), so it may be expected thatixed V/Nb phosphate is less reducible than
pure vanadium phosphate.

Tetragonal NbOPQis isostructural witho-VOPQ, and this similarity should favour the formation
of a mixed compound; in particular, Hutchings [3jpbthesized that NbORCould work as a P
supplier (the P/V ratio being always >1), and irs ttvay might restore the loss of P from VPP
catalyst, during reaction. Pierelli et al. [11] oefed that when Nb was present in high amount
(V/INb=17), it was still possible to form a solidlston and the catalytic performances were
improved when the reaction was carried out undeutane rich conditions (10% n-butane in air),
because of the presence of a more oxidized VPRiriNb affected both the activity and the
selectivity.

In the present thesis, mixed Nb/V phosphates aobivmn hydrated phosphate were discussed in
chapter 4, in the aim of finding out whether *Nizould induce the transformation of the
VOPQO,2H,0 into 8-VOPQ,, the phase responsible of the optimal catalyticab®r of the VPP
catalyst. Indeed, the formation of this phase wagen observed, and also it was not possible to
ascertain the formation of the solid solution betw@&lb and VOP) although the latter could not
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be definitely excluded; on the other hand, a sebtution was obtained when V was used as a
dopant for NbOPQ

All these aspects render quite difficult the untherding of the role of Nb in VPP catalysts and
highlight that, probably, there is not a single largation.

3.2 RESULTS AND DISCUSSION

3.2.1 Synthesis of the Nb-doped vanadyl pyrophosate

A series of Nb-doped VPP catalysts, synthesizeankewans of the organic-route (Chapter 2), is
reported here: samples were prepared by using @fispgource of Nb (ammonium niobate(V)
oxalate hydrate, Sigma-Aldrich) (Table 3.1) andepisobutanol as the reductant and solvent.
Furthermore, we also prepared a sample using ereiff synthesis method (Table 3.2): specifically,
we used a mixture of alcohols (80% v/v of isobuta2®% v/v of 1,4-butanediol) as reducing
agents and Nbglas the Nb source. This preparation was carriednotlie aim of studying the role
of the method used for catalyst preparation: tlverse preparation should bring to a better catalyst,
because the use of a mixture glycol/isobutanotears of isobutanol only, is known to lead to a
better catalytic performance [22]. In all caseg Mb source was added in the slurry, before the
precursor formation.

Tables 3.1 compiles the samples prepared, incltlteedatalyst used as the reference, that did not
contain Nb (B2), while Table 3.2 reports the manaracteristics of the sampleprepared using the
different synthetic method.

In all cases, the same thermal treatment was uSkdpfer 2); moreover, samples have been
characterized both before and after the treatntéet), the calcined samples were equilibrated at
440°C in the reaction mixture (1,7% of n-butanaiin W/F=1.33g sml™) for 100-120 h.

B2 0150 080 046 017
P/V 1,1 1,1 1,1 1,1 1,1
V/Nb 0 150 80 46 17
Nb/(Nb+V) % 0 0,7 1,2 2,1 5,6
Solvent isobutanol| isobutanol| isobutanol| isobutanol| isobutanol

Tab.3.1_ Nb-doped VPP catalysts, synthesized ia gabutanol: theoretical molar P/V ratio, V/NtisaNb/(Nb+V)% ratio and
solvent used for the synthesis.
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080ClI
PV 1,1
V/Nb 80
Nb/(Nb+V) % 1,2
Solvent 80% v/v isobutanol; 20%
v/v 1,4-butanediol

Tab.3.2_ Nb-doped VPP catalysts, synthesized ilxaura of alcohols: theoretical molar P/V ratio N ratio, and Nb/(Nb+V)%
ratio, and solvent used for the synthesis.

Before investigating the role of Nb dopant, presergmall quantity in VPP catalyst, it is useful to

discuss about its effect, when present in highemtjty (V/Nb=17), during reactivity at high n-

butane concentration. A correlation between catalyerformance (10% n-butane in air, under

“hydrocarbon-rich” conditions) and Nb concentrativas found by Pierelli [11], with catalysts

prepared by means of the same method as that ais@B0CI sample.

Figure 3.1 compares n-butane conversion and MActeity for the undoped and the Nb-doped

catalyst (V/INb=17). The reaction conditions usedend 0% of n-butane and 17% QN/F=1,3

gsmi™).

&)
o

Sel MA, Nb-doped VPR

T e

C4 conv,
Nb-doped VPP 4 conv, VPP

Sel MA, VPP
0 L L

n-butane conversion, MA select (%)

360 400 440 480

Temperature (°C)

Fig. 3.1_Conversion of n-butane (filled symbolsil amaleic anhydride (MA) selectivity (empty symbdis) undoped catalyst
(squares) and doped catalysts (th. molar ratio ¥AN® (circles). Conditions: 10% n-butane, 17% O

The two catalysts did not differ so much in regded n-butane conversion in function of
temperature, but differed considerably in termssefectivity to MA. In fact, with the undoped
catalyst the selectivity to MA fell down rapidly wh the temperature was raised, which was due to
both a relevant production of carbon oxides, andht formation of phthalic anhydride, a by-
product generated by cycloaddition of MA itself lwibutadiene; conversely, the decline of
selectivity was much less important with the Nb-gdyPP. It is worth highlighting two important
aspects, observed during reaction at n-butane-cchditions [18]: (a) the contribution of

homogeneous reactions is very important, with preteformation of carbon oxides because of
radicalic-type combustion; (b) the multi-step meubka of n-butane oxidation into MA includes
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the formation of butadiene as the key reactionrinégliate; however, the latter may either be
oxidized into dihydrofuran and then MA, when a ahle concentration of oxidizing sites is
available in the neighborhoods of the adsorbedmlefr desorbs into the gas phase, or even react
with the already formed MA to generate phthalic yafride. This implies that the surface
availability of oxidizing sites is the key point smldress the selectivity of the reaction, espsciall
under conditions at which the gas-phase is strorggdycing (which implies an average oxidation
state for V which is lower than the optimal onehefiefore, it is evident that the lower selectivdy
phthalic anhydride experimentally observed with tMie-doped catalyst, and the corresponding
higher selectivity to MA, is due to the fact thaetpresence of Nb allows the maintenance of the
proper oxidation state for V.

In conclusion, this experiment demonstrated thathagh quantity of Nb was effective for
improving catalytic performances, under “hydrocarch” conditions.

In the present work, we investigated the catalyidormances related to VPP catalysts doped with
low amount of Nb, under “hydrocarbon-lean” condispwhich are much more oxidizing that those
used for the experiment shown in figure 3.1. It rhayexpected that a positive effect of Nb on the
oxidation state of V which develops at the catabistface under steady-state conditions may be
achieved using relatively lower amount of Nb as amed to the experiment carried under
“hydrocarbon-rich” conditions.

Raman in-situ tests (chap.3.2.5) were further edraut with different Nb-doped catalysts, in order
to understand the relationship between Nb anddtieeaand selective phase, which develops at the
VPP surface under reaction conditions. As it wi# Bhown below, Nb improved catalytic
performances because it favoured the formationtlamdtability of limited amounts @&VOPOQ,.

3.2.2 Characterization of Nb-doped catalysts

Precursors characterizations

The catalysts precursors were characterized by snednXRD analysis (fig.3.2): the main
compound was crystalline VO(HRY®D,5H,0 (JCPDS 00-037-269), as expected; moreover it was
observed, as a background signal, the presencen ainerphous compound, more evident in
samples containing a Nb content. In the case of (WIMb=17) and O46 (V/Nb=46) precursors,
there were also traces of VO(HP®,O (peaks at @13,5°-28,5°, JCPDS 00-046-0126), never
observed before in samples prepared with the stdratganic procedure; its presence was probably
due to the high water content in the synthesis ungtresulting from the Nb source used; in fact,
when the content of Nb was decreased, and so iaisador the water content, the VO(HP®,O
phase formed in a minor amount (046 compared to).(Authermore, for these samples and for
sample O80 (V/Nb=80) as well, traces of | Ni®1.P, s> (peak at 8=20,7° - JCPDS 00-051-1738)
and of (VO}(PQy),-6H,0 (2=12,9°- 45,6°, JCPDS 00-052-0209), & \¢ompound, were found.
The presence of NI;01,P. g2 could mean that Nb was not well dispersed in tleeyrsor, while
the occurrence of (VQIPQOy).-6H,O may be related to the presence of water in higloust
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between the layers of VO(HRJ®D,5H,0. It is interesting to note that the formationttoé Nb/P/O
compound subtracts P to the formation of the masirdd phase, VO(HRPO,5H,0.

In regard to the reflections of the hemihydrateadym hydrogen phosphate, there was no specific
effect of the dopant on crystallites morphologycsi the intensities of the two strongest peaks (at
20=15,5° and 30,4°, related to (001) and to (220neda respectively), were maintained for all
samples: the “aspect-ratio” (FWHM(001)/FWHM(220)asvsimilar for all samples; however, all
the reflections in patters of 080, 0150 and O80&ke less intense than the corresponding ones in
the other samples.

In the case of sample O80CI (the precursor obtanyetheans of a different method of preparation,
using glycol and NbG), the pattern registered was that of pure VO(BRXBH,O; no relevant
difference with the pattern of sample O80 was oleskr

a.u. 7
i # [ #)
017 | At 5 | i VR ST
046 .\N/\j |
080 ‘ |
0150 | ‘ |
080Cl \ |'\ HW
B2
10503104050

Position [2Theta]
Fig. 3.2_ XRD patterns of sample precursors: B2 (b©150 (V/Nb=150), O80 (V/Nb=80), O80CI (V/Nb=8flycol and NbC),
046 (VINb=46) and 017 (V/Nb=17). Symbols: ¥O(HPQy)-0,5H,0; # = VO(HPQ)-H,0; + = (VOK(PO,),-6H,0; * =
Nb1.91012p2.82-
The ex-situ Raman analyses of doped precursors.3.3)g showed the presence of
VO(HPQO,)-0,5H0 (VHP) as the main compound, in accordance with XiRD analyses, and
similarly to the un-doped precursor (B2): the obnd visible was the strongest one at 986',cm

because spectra were strongly affected by fluores;elue to the high organic content in samples.
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Fig. 3.3_ Raman spectra of doped precursors: 0180, 046 and O17. Symbols: ° = VO(HPO,5H,0.

Worth of note, although most of the Raman speat®nded at different spots of the precursors
surface showed the characteristic band of the wdrmdrogen phosphate hemihydrate, there were
however few positions in spectra of precursors 306 and O17 which showed another type of
spectrum: bands at 1140, 1013, 880, 687, 558, 31 cm" were registered, as shown in Fig. 3.4.
It is possible that the unusual bands observegrecursors 080, O46 and O17 were related to the
Nb source which was not dissolved during the sysitheor to some other type of Nb-containing
compound. For example, the broad band centred Gc8i is comprised in the range of Raman
vibrations of distorted octahedral [NECunits in niobium oxides [14]; moreover, the styest
band of VO(HPQ)-H.O, which falls at 888 cth might be covered by the broad band at 87¢,cm
even though the other intense bands typical fa& tompound were not observed, as also other
bands attributable to any V/P/O compound were betoved as well.

In the case of sample O80CI, the Raman spectrasimikar to those shown in figure 3.3; however,
also spectra relative to,@s were collected, although in a very minor amount.

au. |

080 1

017 |
046

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-*
Fig. 3.4_Raman spectra of particular surface pastaf doped precursors (080, 046 and O17).
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Interestingly, the UV-vis spectra (fig.3.5) of theecursors showed some differences: first, all the
doped samples showed a relatively high quantitgxidized species (V) in comparison with the
un-doped sample; when the Nb content was incredisedntensity of bands relative to\species

(at about 320 and 420 nm) [19-20] grew in comparisath that of the band relative to a CT
transition of VV* (at 270 nm) [21]. This was particularly evident &ample O17; in overall, sample
B2 appeared to be less oxidized as compared tottiex precursors. Sample O80CI reported a
spectrum similar to that of O150: this means thatpreparation employed for the former catalyst
(using a mixture of isobutanol and 1,4-butanedpdjmitted a lower degree of oxidation for the
final compound than with O80, despite the same tifyasf Nb used.

4+
-

5+

V4
V4

017
046

080
0150

B2
080CI

190 300 400 500 600 700 800 900 1000 1100 1200

nm
Fig. 3.5_UV-vis DR spectra of doped dried precurg@&50, 080, 046, O17) compared with the spectriitheoun-doped
precursor (B2).

Fresh catalysts characterizations

Figure 3.6 shows the XRD patterns for calcined dasphe diffraction patterns were quite noisy,
indicating a poorly crystallized (V@»,07, which however the main phase (JCPDS 00-034-1381);
moreover, for all samples with the exception of @Hnd O80CI, also the characteristic peak at
20=12°, relative to VOP®2H,0 (JCPDS 00-036-1472) was present.

The broad reflection betweerd-21°-22° is attributable to a VOR@hase, but a more precise
attribution to any specific crystalline phase iidult, because strong reflections of several VQPO
phases fall within this range of diffraction anglés/OPQ, (at 2=22,1°, JCPDS 00-047-0951)},
VOPQO, (at #=21,4° (JCPDS 00-047-095a)VOPQO, (at =21,2°, JCPDS 00-037-0809) aad
VOPQ, (at =21,7°, JCPDS 00-027-0947). In particular, in O1b@ intensity of this peak was
high compared to that of the neighbouring reflectad VPP (at B=22,9°); this could suggest a
relative higher amount of the oxidized phas® OPQ, in this sample.
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In the case of B2, a reflection attributabl3tOPQO, was also present (peak &t=26,2° - JCPDS
00-071-0859), which moreover was the most intemsead this phase.

It seems that the higher was the Nb content, the pieferred was the VOR@rmation; no proof
was obtained for the formation of either Nb/P/OMBND/P/O phases, although the presence of
some amorphous compound was evident, especigiiglatNb content.

The diffraction pattern of calcined O17, in agreeme&ith Raman ex-situ characterization
(fig.3.12), is conducive of the presence of an lyighmorphous VPP compound: the stronger
reflections attributable to the VPP were still blsi, however with very low intensity compared to
the other samples.
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Fig. 3.6_XRD patterns of calcined samples: B2 (Nb€@)50 (V/Nb=150), 080 (V/Nb=80), O80CI (V/Nb=80, pagation with
glycol/isobutanol mixture and Nbg}] 046 (V/Nb=46) and O17 (V/Nb=17). Symbats: (VO).,P,0; ° = VOPQ-2H,0; B =
B_VOPO4, o, =aq VOPQ, o) =ay VOPO4

Raman spectra of calcined samples (B2, 0150, O80CD 046 and O17) are reported in figures
3.7-3.12.
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Fig. 3.7_ Raman spectra at different surface postfor sample B2 calcined. Symboais: (VO),P,0;; 8 =6 VOPQ,; ° =
VOPQ,2H,0; 5 =3 VOPQ,.

1400 i300 iZOO ‘1100 ‘1000 | 900 | 800 | 700‘ 600‘ 500‘ 40d 306 200
Raman shifts cm-?
Fig. 3.8_ Raman spectra at different surface postfor sample 0150 calcined. Symbdils: (VO),P,0;; d =3 VOPQ,.
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Fig. 3.9_ Raman spectra at different surface positior sample 080 calcined. Symbdis: (VO),P,0;; 4 =6 VOPO,; a, = q
VOPQ,.

a.u.

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm?

Fig. 3.10_ Raman spectra at different surface postfor sample O80CI (glycol, Nblicalcined. Symbols: = (VO),P,0;; =0
VOPO4, o, =0 VOPQ;
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Fig. 3.11_ Raman spectra at different surface positfor sample 046 calcined. Symbdils: (VO),P,0;; a, = a, VOPQ;;
5=0VOPQ,.
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Fig. 3.12_ Raman spectra at different surface postfor sample O17 calcined. Symbdls: (VO),P,O;; d =6 VOPQ,; a, =q,

VOPOQ,.
In the case of sample 017, the different spectarded showed bands attributable to VPP, which
however appeared to be strongly amorphous, sireehhracteristic bands at 1180, 1135 and 920
cm* were quite broad and of low intensity. Howeversame spots it was possible to find spectra
characteristic of the presence of more crystali®P and of oxidized phases{VOPQO, and &
VOPQy). Spectra of catalysts 046, 080, O80CI| and O15@ waite similar, showing the presence
of both VPP as the main phase and of minor quastdfa;-VOPO, andd-VOPQ..

It is worth noting that, in a particular positioh ©80, we found bands attributable to amorphous
NbPQ,. This indicates that with the preparation metheddufor the precursor synthesis it was not
possible to disperse efficiently the Nb compoundphegnomenon which could affect catalytic
performances.
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The presence of VOR(pbhases was not unexpected: their formation ocdudtging the first step

of the thermal treatment, carried out in air, du¢hie development of hot-spots inside the catalytic
bed.

In overall, the characterization indicates thatfBmoured the formation a%VOPQO,. The presence

of &-VOPQO, may positively affect the catalytic performancecéuse this phase is considered the
active and selective one; however, we have to rerthat indeed the selective phase in the VPP-
based catalyst is made of “patches” @VOPQO, dispersed over the VPP surface, which are
generated during the reaction, not of bdlkOPQ, (all bulk VOPQ compounds have a negative
effect on catalytic behaviour, as widely demonstiain the literature). Therefore, stable bulk
domains o®-VOPO, are not involved in the selective reaction pattd enay be detrimental for the
catalytic behaviour, favouring total oxidation betproduct and of reaction intermediates.

The UV-vis spectra (fig.3.13) showed quite a highdation degree for all calcined Nb-doped
samples, with the exception of O17: with this sanfte spectrum showedbands (at 320 and
420 nm) of low intensity, but also a band attrilblgato \?* species (520 nm). For all samples,
bands relative to ¥ species, in the VPP structure, were also visibte300 and 850 nm). The
finding of the \?* band in 017 led us to consider the processes meguduring the thermal
treatment of the precursor; the formation of tipea@es is supposed to be a consequence of the
redox reaction between strongly retained organitecubes and V atoms in the precursor. THé V
species in the precursor are reduced by the orgampounds during the anaerobic step of the
thermal treatment, carried out at 550°C in flowimigogen. In other words, the presence 6f V
might be due to the presence of a relatively higandity of organic compounds retained in the O17
precursor. Nb-uncoordinated species or Nb/P/O spegiight favour the adsorption of organic
molecules, probably generating Nb-alcoxides [11].

An alternative explanation is that because of ttesgnce of a great amount of Nb in the catalyst,
during the thermal treatment a fraction of the’Nib incorporated in the VPP structure; the excess
of positive charge may be compensated either hydnttion of excess O (for example, by
generation of orthophosphate groups in place obgysphate), or by the reduction of a
corresponding amount of*Vinto V*. However, the formation of ¥ is undesired because it may
lower MA selectivity.

Finally, it must be pointed that the eventual pneseof Nb/P/O species cannot be excluded, as also
suggested by the comparison with the spectrumeptire hydrated niobium phosphate (delivered
by CBMM), which showed a unique band centred auaB@0 nm.

It's worth to note that sample O80 and O80CI regmbisimilar UV-vis spectrum; however O80CI
possessed a contribution at high energy (visitde &dr all other doped samples, excluding O80), in
the 200-t0-300 nm region.
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Fig. 3.13_UV-vis DR spectra of doped calcined samf&L50, 080, 046, O17) and doped sample O80Cbdped with glycol
and NbC§) compared with spectrum of hydrated NoQROBMM).

3.2.3 Reactivity of Nb-doped catalysts under “hydvcarbon-lean” conditions

The catalytic tests of Nb-doped VPP catalysts veareied out in the aim of investigating the role
of Nb. Furthermore, we also compare two methodsyathesis of Nb-doped catalyst, because the
sample having a V/Nb atomic ratio equal to 80 wapared according to two different procedures.
Figure 3.14 compares the n-butane conversion apdes 3.15 and 3.16 the MA and CO+CO
(CO)) selectivities, as a function of temperature fguikbrated catalysts B2, 0150, 080, O46 and

080Cl.
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Fig. 3.14_ Conversion of n-butane for doped catal@t50 ©), 080 (1), O80CI (), 046 ) and for the un-doped B#).
Conditions: 1,7% n-butane, 17%;QV/F=1.33 gs~m|'1.
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Fig. 3.15_ MA selectivity for doped catalysts 0189, 080 (1), O80CI (A), 046 ) and for the un-doped B#J. Conditions:
1,7% n-butane, 17% HOW/F=1.33 gsml™.
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Fig. 3.16_ CQselectivities for doped catalysts 015,080 (1), O80CI A), 046 ) and for the un-doped B2). Conditions:
1,7% n-butane, 17% OW/F=1.33 gsml™.

For all catalysts the n-butane conversion increagddtemperature, as expected; the main products
were carbon oxides (GPand maleic anhydride (MA), however also acetid aorylic acids were
detected, especially at low temperature, as by+uisd

The selectivity of MA slowly decreased with incriggstemperature, because undesired combustion
reactions occurred, leading to €O

The presence of Nb led to more active catalystg whien the dopant was present in relative high
guantity (V/Nb=80). Conversely, with the highest/\M=46) and the lowest (V/Nb=150) Nb
amount, a different behaviour was observed: at temperature, sample O150 showed lower n-
butane conversion compared to the reference cat@yy, while at higher temperature (420°C-
440°C) both catalysts demonstrated similar valdaslmutane conversion. In all cases however, the
higher conversion values were obtained with catslysaving V/Nb=80. In particular, sample
O80CI reported the highest n-butane conversionthiatwas probably due to the presence of the
glycol in the synthesis procedure, rather than o IN fact, it was reported in the literature tha
preparation of the precursor using mixtures of igabol and glycols finally led to more active VPP
catalysts [22]. In the case of sample O80CI, ahdrigurface area was probably a consequence of
molecules of glycol intercalated between the laydrthe precursor lamellar structure, or adsorbed
on the precursor surface [22].

In regard to MA selectivity, the effect of Nb wasora complex. The main peculiarity of the
undoped B2 catalyst was that at high temperatud®°@) the selectivity to MA showed a
remarkable decrease with respect to experimentgedavut at lower temperature. In general, the
Nb-doped catalysts O80, O80CI and O150 showed tarbstlectivity to MA at low temperature
(360°C and 380°C), but then the selectivity dedimaore rapidly than for the B2 when the
temperature was raised in the interval 380-420°tl@ other hand, no Nb-doped catalyst showed
the fall of selectivity at 440°C, that was insteth@ main negative feature of the B2 catalyst.
Because of these differences, the only catalyswstypbetter selectivity to MA than the B2 sample
at both low and high temperature was O150 (the Eamyntaining the lower amount of Nb); in
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fact, O80 gave better selectivity than B2 only 80, whereas the O46 sample gave worse
selectivity than B2 at both low and high temperat@ample O80CI showed a behaviour similar to
that of O150 (better selectivity than B2 at boti k860 and 380°C- and high temperature -440°C).
Because of the better activity of O80CI, finallystlsample gave a considerably better yield to MA
than that obtained with all the other samples. \Afetentatively attribute a better selecdtivityaat |
temperature to an enhanced in-situ generationeaf-tOPQO,, because of the presence of Nb.

In previous works [13,17], it was reported that BP catalyst showing the best catalytic
behaviour is that one which generates a limitedwrhof 5-VOPQ, over the VPP surface, in the
form of microcrystalline or amorphous domains; dre tother hand, the generation of bulk
crystalline VOPQ compounds is detrimental for catalytic behavidiggause the selectivity to MA
is lowered down considerably, whereas the intriasiivity may be either higher or lower than that
of the optimal catalyst, in function of the type\®PQ, compound formed. This agrees with most
literature findings from other authors [3], hightiting the role of V" phosphate in the development
of the species responsible for n-butane activatitoom our data, it can be inferred that at low
temperature the presence of increasing Nb amouigtst play the role of favouring the generation
of limited quantities of the active® compound over the VPP surface. However, whenehetion
temperature is raised (> 400°C), that is under tmmd at which the gas-phase is more oxidant
because of the increased n-butane conversion, wkijgen concentration still being present in
large excess, Nb plays a negative role on selégtpossibly because of the generation of excessive
amounts of crystalline VOP{zompounds. Only the Nb content is very low (ile.sample O150),
the selectivity to MA is better at loth low and higemperature; in other words, with V/Nb ratio
equal to 80 (sample O80), the amount of Nb is ogitifrthe catalyst is used at low temperature, but
it's too much if the catalyst is used at high tenapgre. Worth of note, from an industrial standpoin
the most important results are those achieved urwhatitions at which the conversion of n-butane
is 70-80%, that implies using temperatures highan400-420°C.

This means that a proper quantity of Nb favoursftimeation of the desired active and selective
phase, but when an excessive quantity of it is ubesl leads to a decrease of MA selectivity. This
is not unexpected, since it is known that an apgat quantity of \7*, in redox equilibrium with
V* during steady-state conditions, is necessaryattsform n-butane into MA, and that however at
high V®* concentration, which might be generated becausehefhigh NB* amount, total
combustion is kinetically more favoured, which Isdad a low MA selectivity. Under conditions of
high n-butane conversion, at which the gas-phasedse oxidant because of the high average
oxygen-to-hydrocarbon ratio along the reactor, addhtent higher than that corresponding to a
V/Nb 150 leads to the generation of an excessivelylized catalyst. This may favour the
combustion of the formed MA.

Figure 3.17 reports a better overview of the resudlotting the selectivity to MA in function of n-
butane conversion. The better results obtained @it&0 at both low and high temperature, and the
outstanding performance of O80CI are here confirriideé better yield to MA obtained with O80CI
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sample was mainly due to its higher activity, whatdrived mainly from its higher surface area.
This is evident from Table 3.3, which compiles 8f@A values for spent catalysts.
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Fig. 3.17_ MA selectivity for doped catalysts 0180, O80 (1), O80CI (A),046 X) and the un-doped B®J as a function of n-
butane conversion. Conditions: 1,7% n-butane, 129WM0F=1.33 gs-ml'l.

Surface area (ffy)
B2 14
0150 11
080 10
0O80ClI 19
046 14

Table. 3.3_ Single point BET surface area for doaded catalysts 0150, 080, O80CI, 046 and for theoped B2.

Finally, Figure 3.18 reports a summary of catali@haviour, plotting the conversion at 360°C and
the selectivity at 360°C and at 440°C for all cggtd. Once again, it is possible to Figure out the
incremental effect on catalytic behaviour achielsgdhe addition of small quantities of Nb (which
however was a function of temperature), and thetanting behaviour of the O80CI sample.
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Fig. 3.18_ Conversion of n-butant,(Q), maleic anhydride selectivitw(O) at 360°C and maleic anhydride selectivitly () at
440°C for samples prepared with 100% isobutanolNim@alt and for sample O80CI prepared with isobutapbbutanediol

mixture and NbGJ (empty symbols), as a function of Nbé(-gm'\l/.)% maiatio. Conditions: 1,7% n-butane, 17%, @//F=1.33
We can not exclude that an additional problem @erifrom the use of higher Nb quantities may
derive from an inaccurate dispersion of the dogamponent, and to the formation of segregated
phases. This came out to be a problem in the da®d® (see the characterization of the calcined
catalysts), but the same could occur also with sai@g0.
An inappropriate dispersion of Nb could have caubedsegregation of Nb/P/O, which finally may
negatively contribute to the catalytic behaviouha@cterisation of spent catalyst will alow to
better study this aspect, in the aim of understandihether the negative role of Nb experimentally
observed at higher Nb loadings was due either texaessive oxidation of the VPP (boosted by the
Nb itself), or to a direct contribution to reactwideriving from unselective Nb-containing
compounds.
In conclusion, the data obtained clearly indicdtat tthe role of Nb and its effect on catalytic
behaviour is strictly a function of both the Nb amband the reaction conditions used; in other
woprds, the optimal V/Nb ratio may vary dependimg@mperature and inlet feed composition.
For example, at oxidizing conditions, that is atvlm-butane concentration (at which the
hydrocarbon is the limiting reagent) and high wogkiemperature, it is not possible to observe a
positive effect of Nb, because the catalyst isaalyestrongly oxidized; indeed, when a high amount
of dopant is used (V/Nb=46 in O46), a worse catapexformance is observed, probably as a
consequence of an excessive formation of bulk VQR@ich finally is detrimental for the catalytic
performance, and eventually also because of atdmegative contribution from segregated Nb-
containing compounds (e.g., either a Nb/P/O comgpaneven Nb oxide itself). As evident from
the characterization of O46, an high concentratbrNb strongly affects, or even irreversibly
change, the bulk catalyst structure.
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On the other hand, catalysts with higher Nb come#ioh might show improved catalytic
performances under “hydrocarbon-rich” conditiorgttis at high n-butane concentration (more
reducing conditions), as previously shown in fid..3

3.2.4 Characterization of Nb-doped used catalysts

The characterization of used catalysts may be hletpfinterpret catalytic performances, since the
latter are consequence function of catalyst surtareposition, which effectively developed under
reaction conditions reaction.

The ex-situ Raman spectra of used catalysts (BB00OD80, O80CI, and 046,) are shown in
figures 3.19-3.23.
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Fig. 3.19_ Raman spectra of used B2 (Nb=0) catéByshbols:* = (VO),P,O; o, = o, VOPQ,.
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Fig. 3.20_ Raman spectra of used 0150 (V/Nb=15@)ystt Symbols* = (VO),P,0;; d =3 VOPQ,; a, = a, VOPQ,.
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Fig. 3.21_ Raman spectra of used O80 (V/Nb=80) gsttabymbols* = (VO),P,0;; 6 =6 VOPGQ,; a, = a; VOPQ,.
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Fig. 3.22_ Raman spectra of used O80CI (V/Nb=80,ayly¢bCk) catalyst. Symbols: = (VO),P,0;; 8 =3 VOPQ,; a, =a

VOPO4, o =a, VOPO4
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Fig..3.23_ Raman spectra of used 046 (V/Nb=46) ysttabymbols* = (VO),P,0;; d =6 VOPQ,; a, = o, VOPQ,; oy =y,
VOPOQ,.

In the case of Nb-doped samples (especially in Cdridd O80), the presence &VOPQ, after
catalytic tests (which instead was not observethénspectrum of spent B2 catalyst) demonstrates
that this compound was very stable, which probalhs a consequence of Nb doping. The
compound is supposed to be the active and selgatizse, generated over the VPP surface during
n-butane selective oxidation; however if this phasepresent in big amount, the result is a
poisoning effect of the catalyst, with a final laWwdA selectivity.

The XRD (fig.3.24) and UV-vis (fig.3.25) analysee aonsistent with Raman characterization.

The diffraction patterns of the samples are contpardigure 3.24. It is evident that sample O150
and reference one (B2) were quite similar, congistf VPP as the predominant compound, and
showing also additional reflections attributable 4ome oxidized phases (in accordance with
previous characterizations). In regard to this, &e to note an interesting difference: O150
showed the presence dVOPQ, (reflections at 8=19,6°-22°-24,2°), in contrast B2 showed the
a,/B-VOPO, phases (reflections ab220,5° and 8=26,5° respectively). The used O80 catalyst
showed a less crystalline VPP; in particular, ttiergy reflection at 2=29,9° was partially hidden
by other strong reflections, attributable to difier VOPQ phases. Moreover, it also showed a weak
reflection at B=21,2°, that could be attributed &®@VOPQ,. Finally, other reflections were present
at lower diffraction angles 2, more precisely até212,7° and 8=13,1° (as well as reflections at
20=25,7° and 8=26,7°), which are relative to hydrated (3 Qy),; the presence of this compound
was unusual; evidently, it was not transformed MRP during the thermal treatment. Interestingly,
sample O80CI, which differed from O80 in the prep@n method used (glycols and NBCI
reported a diffraction pattern characterized sobslWwPP reflections, whereas VOR@hases were
totally absent.
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Fig. 3.24_ XRD analysis of O80 (V/Nb=80), 0150 (VAI50), B2 (Nb=0) and O80CI (V/Nb=80, glycol prepaatwith NbCk)
used catalysts. Symbols= (VO),P,0;; o, = a, VOPQ; + = (VOR(POy),-6H,0O (JCPDS 00-049-1256); § = (VR Oy)»- 7H0
(JCPDS 00-049-1257); ° = VORQH,0; B = 3 VOPQ;; 0 = 0 VOPQy; § = 5 VOPQ,.

The UV-vis DR spectra (fig.3.25) showed the preseotless oxidized surfaces as compared to
spectra in figure 3.13 (for calcined catalysts)pémticular, the used O80 catalyst was more oxlize
than the other used samples, as evident from allivaad centred at 350 nm and a relative shoulder
at 410 nm, which is attributable to’Vspecies. In contrast, these bands seemed almsettabith
the un-doped B2 catalyst. Finally, the doped catalylid not show the band at about 510 nm,
attributed to a V' species [15], which was instead present in thetsp® of used B2. Moreover,
O80CI resulted to be more reduced than B2. It isttwaoting that all samples, except O80CI,
possessed a contribution at lower wavelength, dbgss the presence of Nb; a unambiguous
attribution of this band was not possible.
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Fig..3.25_UV-vis spectra of 080 (V/Nb=80), 0150 KME150), B2 (Nb=0) and O80CI (V/Nb=80, glycol pregtzmn with NbC§)
used catalysts.

3.2.5 In-situ Raman analysis of Nb-doped VPP catgdts

Raman in-situ characterisation was carried out \Withdoped VPP catalysts, in order to correlate
surface changes, especially the eventual developaiérVOPQ, phase and its range of stability,
with catalytic performances.

We carried out these experiments with two usedysta downloaded after lifetime experiments in
a pilot unit: an undoped VPP and a Nb-doped VPRamoing a low Nb amount (for a V/Nb ratio
higher than 100). The method of preparation usedhese samples can not be disclosed. These
catalysts were compared with our O46 and O80 sanpieorder to check whether differences
between samples in regard to the in-situ developmwieoxidized compounds could be observed, in
function of the Nb content.

It is worth noting that these in-situ treatmentdiéo meaningful and reliable results only when the
catalyst is homogeneous; this means that while sihgodifferent surface spots, the resulting
Raman spectrum is the same. This aspect is nobafyvespecially when we consider catalysts
having a not proper dispersion of the dopant, whoduld cause the development of an
heterogeneous surface composition. However, césalysed for this study were all equilibrated,
which implies that they should have reached a stabmposition; furthermore, their superficial
composition (even considering the limits of Ramagpectroscopy) was confirmed to be
homogeneous. For this reason, we could comparespieetra of the various doped catalysts
prepared.

The in-situ Raman study was carried out by loadingery small amount of each equilibrated
catalyst inside the Raman cell.
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First tests were carried out at low temperatureD{@3 in flowing dry air: Raman spectra were
collected during all the experiment, since the Jsginning at room temperature, while heating up
to the isotherm temperature and, finally, durings theriod. The spectra obtained with O46 are
shown in figure 3.26; in fact, this was the onlyngde which showed relevant changes at 380°C in
air. The in-situ formation ofd-VOPQ, is evident, a phenomenon which occurred since the
beginning of the isothermal step(bands at 10833 HvH 590 cm).
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Fig. 3.26_Raman in-situ test with catalyst 046 @80°C): spectra shown from room temperature (bgtiguto the isothermal
temperature (top). Symbots= VPP;q,, = a, -VOPO,.
5VOPQ, formed together witho-VOPQ, (band at 1039 cif), but the latter disappeared very
quickly; in fact, after only half an hour, the staer close to the main band at 1013 tmas no
longer visible, and only the strong bands attribleédod-VOPQO, were left (fig.3.27).
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Fig. 3.27_Raman in-situ test with catalyst 046 @&0°C): spectra shown during the isothermal stelleated every 30 minutes,
from Oh (bottom) to 2,5h (top). Symbots= VPP;d = 3-VOPQ,.

The intensity of bands attributed dVOPQ, increased during the isothermal period (380°Cy, an
were not affected neither after the addition ofawatapour (~10%) in the inlet flow, nor when

61



CHAPTER 3

temperature was increased up to 440°C (fig.3.28)s Behaviour highlighted the strong stability of
bulk &VOPQ,.
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Fig. 3.28_Raman in-situ test with O46 (dry air amdid air, 380°C): spectra shown after 2,5h at 380°Ary air (bottom), then at
380°C in humid air (middle), finally at 440°C in huirair (top). Symbols* = VPP;5 = -VOPQ,.

The sample was then cooled down to room temperatuteumid air: the spectra collected didn’t
show any changes with respect to spectra previgagigtered (fig.3.29).
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Fig. 3.29_Raman in-situ test with 046 (humid aifQ38): spectra shown during the cooling step from’@4®ottom) down to
100°C (top), in humid air. Symbols= VPP;d = 3-VOPQ,.

The spectrum collected at room temperature, afterin-situ treatment (fig.3.30), showed bands
attributable to3-VOPO, (at 1202, 1089, 1071, 1016, 598, 474 “ymwhile amongst the
characteristic bands of VPP only weak bands wesiblei (at 1188, 272, 257 ¢thand the strongest
one (923 cn) resulted to be shifted at higher wavenumbers (38%. However, it must be noted
that, due to its asymmetric shape, this last bautbaresult from an overlapping effect, between the
two strongest bands of VPP abw/OPO, at 920 and 936 cfirespectively [16].
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Fig. 3.30_Raman in-situ test with 046 (humid aifQ38): spectra shown at the end of the thermal treatnSymbols* = VPP;
3=3-VOPOQ,
Another experiment was carried out using sample (#63.31). The catalyst was heated up to
380°C, in flowing air, to generate tleVOPQ,: this phenomenon occurred after 20 minutes at the

isothermal temperature (bands at 1074, 1012, 585,camd after one hour, bands of the oxidized
phase were well formed (fig.3.32).
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Fig. 3.31_Raman in-situ test with O46 (air, 380°@para shown from room temperature (bottom) to @0@p). Symbols* =
VPP;GH =a, 'VOPO4
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Fig. 3.32_Raman in-situ test with 046 (air, 380°@gdra shown from 0 h (bottom) to 1 h (top), durihg isothermal step.
Symbols:* = VPP;0 = 6-VOPQ,.

At this moment, the flow was switched from air itragen, and the sample was cooled in this inert
flow down to room temperature (fig. 3.33): this oha was done with the aim of investigating the
self-reducibility behaviour 0d-VOPQ,. In other words, the reversibility of tleVOPQO, formation
is an expected event, because this phase is no¢ralgn observed during the ex-situ
characterization of used catalysts, especially wtiery are cooled down from high to room
temperature in an inert flow, after catalytic tests
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100C
rt

1400 1200 ~ 1000 800 600 400 200
Raman shifts cm
Fig. 3.33_Raman in-situ test with catalyst 046, (380°C): spectra shown from 380°C (top) to room terafure (bottom).
Symbols:* = VPP;d = 6-VOPQ,.
The spectrum, after cooling down to room tempegaftig.3.33), still showed the strong bands of
3-VOPQ, (1089, 1064, 596 ci); the band at 1074 chrwas splitted into two components. We can
conclude that the redox reversibility, reportedthe literature for thé-VOPQ, formed in small

domains over the surface of the VPP does not dondhe case of bulg-VOPO,.

These experiments indicate that at high Nb load&)gthe formation oB-VOPQO, occurred very
easily, considering the mild conditions used; anthb compound formed was very stable.
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The investigation was then focused on a fully elrated VPP catalyst, having low Nb content
(V/INb > 100). The sample behaviour during in-siteatments was compared with tests on an
undoped equilibrated sample .

The first in-situ treatment was carried out in flog dry air, at 380°C. For both catalysts, a weak
surface change occurred during this initial expent(380°C, air)o;-VOPQO, (band at ca 1030 ¢m

1) was the only phase formed since the very beginofrthe isothermal period, but the intensity of
this band was very low (fig.3.34).

3
a.u.

£ g w 2.5h 1
Z'Shw ————— *"kfk\w\

1400 1200 1000 800 600 400 200 1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm Raman shifts cm-

Fig. 3.34_Raman in-situ test (air, 380°C) with thdaped VPP equilibrated catalyst (left) and with ledoped equilibrated
catalyst (right): spectra shown at room temperafiobogtom), and then during isothermal period at°8@every 30 min, from bottom
to top). Symbols* = VPP;a, = a,-VOPO,.

No other transformations were observed, and theactexistic spectrum of VPP was always shown
during the test. This experiment demonstrated strainger conditions are needed to observe any
difference between the samples, attributable to\ihv@resence.

In another experiment, the temperature was ineceap to 440°C, in flowing air. For the un-doped
catalyst, the spectrum registered at room temperathowed bands attributable to VPP and to
VO(POs), (1255, 1204, 965 ci), the latter is a phase sometimes observed in eaetysts, and its
presence is related to an excess of P. Duringrigeap to 440°C, the;-VOPQO, band (at ca 1030
cm®) appeared; moreover, after some hours weak batitsutable t03-VOPQ, (band centred at
1070 cni and shoulder at 1017 ¢hto o, ) began to be visible (fig. 3.35).
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Fig. 3.35_Raman in-situ test (air, 440°C) with thdaped equilibrated VPP catalyst: spectra showedaah temperature (bottom),
then during the isothermal period at 440°C (everynd®, from bottom to top). Symbols= VPP;6=06-VOPQ,; 0, = q, -
VOPOQy; § = §-VO(POy),.
Regarding the doped catalyst, the behaviour obdewas quite similar to that shown by the
undoped sample (fig.3.36): broad and very weak $attibutable t&-VOPQO, (1080, 1017, 594
cm™) appeared after some hours at 440°C, in flowimg However, due to the broadness of the
band centred at ca 1020 ¢t was not possible to exclude the presence,&fOPQ,, which is

usually observed at 1030 &m
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Fig. 3.36_Raman in-situ test (air, 440°C) with thaildorated undoped catalyst: spectra shown at rtemperature (bottom), and
then during the isothermal period at 440°C (everyn®®, from bottom to top). Symbols= VPP;56 = 06-VOPQ,.

In conclusion, the two catalysts showed a simikandviour, that was very much different from
what observed at lower temperature with O46.
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The presence of water vapour in the inlet streawulshaccelerate the surface changes [13];
therefore, we carried out an experiment by addiatgevwwapour (~10%), in flowing air at 440°C.
Spectra registered during the in-situ treatmeritumid air flow (440°C), for the undoped catalyst,
are reported in figure 3.37. In this case, firgt sample was left in dry air at 440°C for some Bour
also in this case, the formation of the oxidizedsehdid not occur, but a broad and weak band at ca
1030 cm* appeared. After addition of water to the inlewfldroad bands attributable 86VOPQ,
formed (at 1085, 1013 cf however alsa;-VOPO, (1030 cnt) was observed. We then withdrew
water from the feed (fig.3.38): the spectra showedrelevant changes, and bands relativé-to
VOPO, remained unaltered.
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Fig. 3.37_Raman in-situ test (air, 440°C) with thaildorated undoped VPP catalyst: spectra showoa@mnrtemperature (bottom),
then during the isotherm period at 440°C (every &@ from bottom to top). Symbol%:= VPP;d =3-VOPQ,.
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Raman shifts cm
Fig. 3.38_Raman in-situ test (air, 440°C) with thaildorated undoped VPP catalyst: spectra showedah temperature (bottom),
then during isotherm period at 440°C (every 30 rfiom bottom to top). Symbol&:= VPP;d = 6-VOPQ,.

Spectra of the equilibrated Nb-doped VPP catatysting the in-situ treatment in humid air flow
(440°C), are reported in figure 3.39: after abone dour, although very weakly, broad bands
attributable todVOPQ, formed (1085, 1013 c); however alson,-VOPQ, (1030 cni) was
observed.

Even after waiting for a few hours under isothere@miditions at 440°C, the spectra did not show
any noticeable change.
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Fig. 3.39_Raman in-situ test (humid air, 440°C) wiitha equilibrated Nb-doped VPP catalyst: spectravehat room temperature
(bottom), and then during the isothermal period44i°C (from bottom to top). Symbofs= VPP;3=3-VOPQ,; a, = a,-VOPQ,.

VT A A TR

0.5h
440C

rt

However the formation o%-VOPQO, was better observed (fig.3.40) when the samplelefas dry
air flow for some hours; during this period, theeimsity of bands at 1080, 1014, and 590"cm
increased, showing the unequivocal presen@\WDPO, phase.
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Fig. 3.40_Raman in-situ test (humid air, 440°C) wiita equilibrated Nb-doped VPP catalyst: spectravehat 440°C in humid flow
(bottom), then during the isothermal period at 42467 dry air (from bottom to top). Symbols= VPP;d = 5-VOPQ,.
These experiments confirmed that water vapour emited the VPP surface reactivity and
accelerated-VOPQ, formation; in the sample containing a small amafiNb, the formation of

the &-VOPQ, was slightly more favoured than in the undoped @amFinal experiments were
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carried out at even stronger conditions, in oradebeétter highlight differences between the two
samples. The spectra registered during the intss@atment in dry air at 500°C, are reported in
figures 3.41-3.42. In the case of the undoped sagice the the isothermal temperature was
reached (500°C), the bands attributabledtyOPQO, formed only after several hours (> 5h).

Conversely, in the case of the Nb-doped sample chiagacteristic bands of the oxidized phase
appeared sooner, after about 1 hour only (fig.3.BR)ythermore, with the undoped sample the
predominant phase formed wasVOPO; (strong band centred at 1030 tnwhile with the Nb-

doped catalysty,-VOPO, phase was present in a minor amount (shouldea &1027 crit to the
band at 1013 cH).
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Fig. 3.41_Raman in-situ test (air, 500°C) with thail#orated undoped VPP catalyst: spectra shown froem temperature
(bottom), and then during the isothermal perio80°C in dry air (from bottom to top). Symbots: VPP;6 =5-VOPO,; a; = a -
VOPOQ,.
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Fig. 3.42_Raman in-situ test (air, 500°C) with thaildorated Nb-doped VPP catalyst: spectra showmfroom temperature
(bottom), and then during the isothermal perioBQ°C in dry air (from bottom to top). Symbots: VPP;6 =35-VOPQ,; a, = q, -
VOPQ,.
For both catalysts, spectra registered after cgadiown to room temperature showed the presence
of &-VOPOQ,.
These experiments demonstrated that the preseridk affects the rate of formation &fVOPOQ,.
The different thermal treatments were repeateceadt|twice for each catalyst, and results were

exactly reproduced.

We finally carried out some experiments with thedui$D80 catalyst. In this case, the in-situ
treatment in flowing dry air, at 380°C, was carrmat using small operando reactor (Chapter 7).
The sample was heated up to the isothermal temperé880°C), and simultaneously spectra were
collected (fig.3.43)d-VOPQ, already appeared at 300°C and remained presengdhe isotherm
period at 380°C (1086, 1013, 586 YnThis was not the only oxidized phase presentadt, also
the a,-VOPO, strongest band (at 1033 &nwas visible. Even after waiting for 4 hours, the
spectrum did not show any change; the band atatideittoa,-VOPQ, still remained the stronger
one (fig.3.44).
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Fig. 3.43_Raman in-situ test (air, 380°C) with thedusatalyst O80 (V/Nb=80): spectra shown from raemperature (bottom) up
to 380°C (top). Symbolg:= VPP;0 = 06-VOPQ,; 0, = a,-VOPQ,.
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Fig. 3.44_Raman in-situ test (air, 380°C) with usathlyst O80 (V/Nb=80): spectra shown during théhisamal step at 380°C,
from Oh (bottom) to 4h (top). Symbols= VPP;d = 6-VOPQ,; a, = a,-VOPG,.

The spectrum collected after cooling down at rooemgerature (fig.3.45), showed bands
attributable to VPP-VOPO, (1086, 1015, 590 cil) anda;-VOPQ, (1041 cnt).
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Fig. 3.45_Raman in-situ test (air, 380°C) with catal80 (V/Nb=80): spectra shown at the end of tla¢treatment.
Symbols* = VPP;6 =3d-VOPQ,; a, = a,-VOPQ,.
This catalyst demonstrated an intermediate behavimiween that of sample O46 and that of the
equilibrated Nb-doped VPP sampeVOPQO, formed at very low temperature, but in small antoun

and together witto;-VOPQ,,

Finally, we carried out the thermal treatment iowiing air, up to 500°C, on sample O80. The
spectra are shown in figure 3.46: during the fisstthermal step, at 380°C, spectra registered
clearly showed the presencemfVOPQ, (bands at 1039, 576, 542 ¢nwhile 3-VOPO, formed

in minor amount only (bands at 1081, 1014, 589'crThis result contrasted with the previous

treatment, and suggests that a certain surfacerolgetgeity may affect the result of the

experiment.Before reaching the temperature of 50®€ catalyst was heated up to 440°C and
during this second isothermal step, water vapoli®%) was added to the inlet flow: spectra still

showed the strong;-VOPQO, band, while bands relative &8VOPQO, were not affected (fig. 3.47).
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Fig. 3.46_Raman in-situ test (air, 380°C) with catalp80 (V/Nb=80): spectra shown from room tempegatbottom) and at
380°C, from Oh to 2h (top). Symbols= VPP;6=3-VOPQ,; a, = a,-VOPQ,.

73



CHAPTER 3

au. |

2.5h |

1h

Oh -
440C 2h

440C 1h
440C Oh

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-!
Fig. 3.47_Raman in-situ test (air, 380°C) with catalp80 (V/Nb=80): spectra shown during the isotterstep at 440°C, first in
dry air (bottom), and then in humid air, from 0h2t&h (top). Symbols: = VPP;0 = 6-VOPQ;; a, = a,-VOPO,.

Once reached 500°C, while keeping the humid awv,flthe spectra showed an increase of the
intensity for the bands attributable &VOPQ, and perhaps to-VOPQO, also, which still was
present (fig. 3.48).
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Fig. 3.48_Raman in-situ test (air, 380°C) with catal80 (V/Nb=80): spectra shown during the isotlerstep in humid air flow at
500°C. Symbols* = VPP;3 = 5-VOPQy; a; =, -VOPO,.
The spectrum collected at room temperature (fi@)3showed only the presencemfVOPQO, and
VPP; moreover the presence ofO¢ was witnessed by bands at 995 and 700, amhich were the

strongest ones. The formation of this compound likat/ due to prolonged treatment in humid air

flow.
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Fig..3.49_Raman in-situ test (air, 380°C) with caaly80 (V/Nb=80): spectra shown at the end of tlaétneatment.
Symbols:* = VPP;5 = 8-VOPQ,; a, = a,-VOPQ,.
This last experiment demonstrated that the surfdidbe O80 catalyst was not homogeneous, and
that depending on the spot area focussed by thm,lmbierent compounds were formed in function
of the temperature of treatment and of gas-phasepasition. Nevertheless, even when the
preferred compound formed by VPP oxidation wasathRe OPQO,, the generation a3-VOPQ, was
anyway observed, especially in an humid air floigh temperature.

Conclucions

In conclusion, we found that with increasing the ddimtent in VPP catalysts (V/Nb=80), at low
reaction temperature (<400°C) a better selectiatilA (with respect to the undoped sample) was
obtained while, in contrast, at high temperaturdO{€) only for very low Nb concentration
(V/Nb=150) the MA selectivity resulted improved. Wever, from the in situ experiments, it was
evident that Nb favours the formation, and also $tability, of oxidized VOPQ® phases, in
particular of3-VOPQ,. This effect resulted positive at low T while witronger oxidizing reaction
conditions it resulted detrimental, as an excesaiwv®unt of oxidized compounds caused over-
oxidation of reactants and product, lowering MAlgiel he optimal amount of Nb was a function of
reaction conditions (temperature, inlet compos)tidrhe catalyst having V/INb=46 gave the worst
performances, because at all conditions used itaxasssively oxidized. Differently, the catalyst
prepared using a different synthesis method (80%®o¥isobutanol, 20% v/v of 1,4-butanediol and
using NbC{) gave outstanding performance, due to peculiaracheristics coming from the
preparation; moreover, this was the unique dop&alyst which reported the absencedefOPO..
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CHAPTER 4

4

SYNTHESIS OF BULK DIHYDRATED
VANADYL ORTHOPHOSPHATE AND
MIXED V/INb HYDRATED PHOSPHATES

4.1 INTRODUCTION

The first dihydrated vanadyl orthophosphate (VQRB,0) synthesis was reported in the literature
by Ladwig et al. [1].

This hydrated vanadium-phosphorus oxide is a comamashwell known V/P/O compound [2,3]: it
has the same tetragonal crystal group obthenda;, —~VOPQ, phase, and it is constituted of layers,
where the two crystallization water molecules acated.

More in detail, the structure, as for the other \B@Phases, is formed by two repeated principal
units, octahedral [V€) and tetrahedral [P£" in the equatorial plane each octahedra is bonded
with four tetrahedra by means of a V-O-P bondhm &xial plane, each octahedra is connected with
the first water molecule by forming in one cornelbag V-O bond while, in the opposite corner,
there is the shorter vanadyl bond (V=0). The seawatdr molecule is weakly bonded by H-bonds
to the oxygen of the [P’ units and to the first water molecule [4,5].

All of the VOPQ, phases, after either an hydration treatment orplginstanding at room
temperature, convert more or less easily to VOB@QO [6], in particular then,—VOPQ, is the
VOPQ, phase which is more quickly hydrated to VOR®I,O, and in the same way VOREH,0
dehydrates firstly to,—VOPQ,, and not to other VOP{polymorphs.

Due to its layered structure, the vanadyl ortophasp dihydrate is also an intercalation compound;
in the literature, there are several papers dealitiy the intercalation with organic molecules 4,7
9] or with alkali metals [10,11] to get a compoumith interesting chemical-physical features.

This compound is also utilized to prepare VOHR®H,O, the precursor of (VAP.O7 (VPP): this

is also called the “two-step” route, because durihg first step the formation of the phase
VOPQ,-2H,0 (VPD) occurs, while during the second step tliaicgon of the intermediate VPD
compound is carried out, by adding an alcohol ottune of alcohols [2-3,12-16].
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Moreover, it is worth noting that the VOR@H,O phase is sometimes observed during the ex-situ
characterization of the used VPP (the catalyst frsethe selective oxidation of n-butane to maleic
anhydride): the compound may form as a result efiydration of VOP@®phases, occurred either
during reaction or during the used catalyst dowthlpi@cedure.

Furthermore, as reported by Cavani et al. [17§ fiiase was observed during the in-situ oxidative
and hydrolytic treatment over a VPP equilibratethlyat (P/V=1.2). This treatment was carried out
inside a Raman cell, to boost the VPP surface fibtamgations, by simulating the reaction conditions
at high temperature; the surface change was meditby in-situ Raman spectroscopic. It was
shown that the (VQP.0O; surface, depending on its P/V atomic ratio, iectid by the treatment:
with a catalyst having P/V ratio of 1.2, the VOFPZMH,0 phase formed at 380°C by feeding an air
flow saturated with steam (about 10%); then, aftater withdrawal, the VOP{£2H,O converted
into &VOPQ,. Furthermore a correlation was found between @& in-situ results and the non-
steady catalytic performance: tReVOPQ, (in the form of small amorphous aggregates or
“patches” dispersed over the VPP surface) is thes@lgiving the best catalytic performance; it
formed at high temperature, regardless of thdysitR/V atomic ratio.

Taking into account these results, and the reversibciprocal transformation of VPP and
0-VOPQO,, we extrapolated that an alternative approachterdevelopment of a selective V/P/O
catalyst might be developed by starting from & %OPQ, phase, which during reaction might
generate the VPP at its surface, in the same wdlyealsitter generates the former. In other words,
we considered that the relative amount of tHé-\and \**-containing compounds were only a
function of the gas-phase composition, and thattbee starting from either of the two compounds
might finally lead to a similar catalytic behaviouMoreover, we also speculated that the
incorporation of NB" dopant in the V/P/O compound, an important re¢gii$or achieving a
promotion effect by this element on catalytic bebax, should be much easier starting from the
V>* phosphate than from the VPP. Indeed, our hypathesitrasts with some experimental results,
published in the past, that bulk VOP® not a good catalyst for n-butane oxidation. ldoer, it
should be considered that most of reactivity experits were carried out with°¥/phosphates other
than thed>-compound.

This opportunity is attractive since in the litena the dehydration of VORQH,0 into &-VOPO,

yet has not been investigated; in fact, it is rggmbrthat the VOPO phases obtained by
VOPQ,-2H,0 dehydration are the, (200°C-600°C) andy,, (750°C) structures [18]. Furthermore,
the possibility of obtaining-VOPQO, by means of this procedure would be interestingabse it
might be an easier synthesis route for the actalyst than that one typically used: the lattartst
from the VOHPQ0,5H,0 precursor [18-22], while an alternative methodsu§OHPQ-4H,0 as
the precursor. Both methods are long and troubleqd@3j.

Nb is a well-known important dopant for the VPPatydt but a clear explanation of its role has not
yet been reported in the literature. Our hypotheslsich was discussed in Chapter 3, is that Nb
favours thed-VOPQ, phase development over the VPP surface durindioeaé¢-or this reason, we
also investigated how the presence of Nb affe@sBPQ-2H,0 structure and transformations. In
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other words, we hypothesized that the presencebahight favour the dehydration into the desired
8-VOPQ, and not into other ¥ phosphates. This was done by synthesizing a sefrimsxed V/Nb
hydrated phosphates, prepared adding to the VPhesis (par. 4.2.1) increasing amounts of Nb
(in the form of hydrated NKDs), and characterizing the samples by means ofrdifteaechniques.

4.2 EXPERIMENTAL

4.2.1 Synthesis of VOP@2H,0

Dihydrated vanadyl orthophosphate (VPD) was prepaseng \,Os, H3PO, and water as solvent,
according to the procedure reported in the liteeaf8]. The synthesis details are reported in arapt
2. The orthophosphoric acid was used in large ex@e8/= 4) in accordance with most literature:
the reason of using such a high amount eP®} is not clear; probably using a stoichiometric
amount of HPQO, does not permit a complete dissolution @Dy, On the other hand, some authors
[24] reported that VPD can be obtained with theuneml stoichiometric amount of ;RO,.
However, when we tried the synthesis using an atoatio of P/V=1, we obtained an incomplete
V705 conversion, and only small amounts of VPD forntedyefore, we decided to use an excess of
P.

The solid obtained after filtration, washing angidg is called VPD sample 1. A more crystalline
VPD sample was obtained by first filtering the nesthquor which had been left for one day at
room conditions, and then leaving the solid obtdioee day in air, at room temperature: this
permitted a slow crystallization of the VPD phasaniple 2).

The two VPD samples were analyzed by X-Ray flu@ase analysis (XRF) to determine the P/V
ratio: values of 1.18 and 1.09 were found for s&aiphnd sample 2, respectively. This means that
although a large amount otPIO, was used, much greater than the stoichiometrieeviadquired for
VOPQ,-2H,0, most of P remained in the liquid (in fact thé @f the mother liquor was quite low)
and did not influence the final result: pure VPDapd was obtained, as shown by the
characterization (par. 4.3.1).

4.2.2 Synthesis of mixed V/Nb hydrated phosphatesd pure NbOPQ,-yH,,0O

The synthesis of the mixed hydrated V/Nb phospkae similar to the VPD synthesis: the Nb
source was hydrated MBs (chapter 2). The synthesis mixture with high coiaion of Nb, also
after filtering appears to be like a very densagasich “adsorbs” almost all the solvent, and for
this reason it was quite difficult to manipulatethe dried solid (after some hours at 100°C) was
always yellowish-greenish, except in the case ot gdb phosphate. The series of the hydrated
V/Nb phosphates prepared is compiled in table 4.1.

The pure hydrated Nb phosphate (NP2) was syntleesiza reference compound, and it is referred
as NbOPQyH-0, because it was not possible to measure exdwlgdontent of water; however,
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after calcination at 450°C in static air, the patege of weight loss was 18%, which corresponds to

about y=2,5.
The sample VPDNb was synthesized in the same wiaydiog the Nb source described at Chapter

2 (par.2.1.1).
All samples were dried at 100°C. Thermal treatmeas then carried out by in-situ Raman

experiments.

VPD VPDNb NP5 NP3 NP4 NP6 NP2
%V 100 99-99,5 90 75 25 10 0
%Nb 0 0,5-0,9 10 25 75 90 100
V/Nb - 100-200 9,5 3 0,3 0,1 -
Nb/(V+Nb)% - 0,50-0,99 10 25 75 90 -

Table 4.1_ Mixed hydrated V/Nb phosphates and ®ference samples (VPD, NP2) prepared, with thein mizaracteristics: molar
% of V content, molar % of Nb content, V/Nb molatio and molar % of Nb.

4.3 RESULTS AND DISCUSSION

4.3.1 Characterization of VOPQ-2H,0

The solid was characterized by means of variousnigaes. Figure 4.1 shows the Raman ex-situ
spectra of different spots of “sample 1” VPD: VOFZB,O phase was the main phase (1038, 985,
954, 543, 280 cif), with traces ofy,~VOPQ, (935, 580 crit). The sample was homogeneous.

*
a.u.

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm!

Fig. 4.1_ Ex-situ Raman spectra registered at @iffespots of dried VPD “sample 1”. Symbdis: VOPQ,-2H,0; a, = a,-VOPQ,.

The X-ray diffraction powder analysis (XRD) was roed out for both VPD samples: there were
evident differences between them (fig.4.2). Sanmpieas definitely less crystalline and contained
both VOPQ-2H,O and microcrystallineo,-VOPQO,, while “sample 2" pattern showed the
reflections of the dihydrate phase only (JCPDS 86-0472).
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Fig. 4.2_X-ray powder diffraction analysis of driseimple 1 and sample 2 VPD. Symbéls:VOPQ,-2H,0; a, = a,—-VOPOQ,.

The IR and UV-vis characterizations of the solid ar accordance with the analysis reported in the
literature (respectively ref. 5,10,25 and ref. 2§;2lealing with the VOP£RH,O phase.

In figure 4.3, the IR spectra show the bands attaible to the vibrations of two different water
molecules (3560, 1607 ¢hrand 3368 ci), of the vanadyl group (993 ¢ty of the [PQ] groups
(1171, 1084, 946 c) and of V-O-P (678 ci) and O-P-O (571 cil) lattice bonds.

a.u.

Sam

Sam

3560 ‘3368 1084'

993 '946
4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 4
cmt
Fig. 4.3_IR spectra of dried sample 1 and sampl®R.V

Figure 4.4 shows the UV-vis spectra: two strongdsacentred at 290 nm and 410 nm are observed,
which are relative to charge transfer transitioosflattice oxide to V' species.
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nm
Fig. 4.4_UV-vis spectra of dried sample 1 and ser2pl/PD.

The presence of two different water molecules gbt@llization was also observed by means of
thermogravimetric analysis (TGA), performed in fiag air up to 550°C (fig. 4.5): the first water
molecule, that was the more weakly bonded in tliecéa was completely lost at about 84°C,
whereas the release of the second molecule occatrd@2°C, as plotted by the curve of first
derivative of weight loss percent (dW/dT). The taaperimental weight loss was about 15%, a
value close to the theoretical one, 18%: this cordithat the VPD sample lost both of the two
crystallization water molecules and was completigigydrated at 130°C. The result is in agreement
with what reported by Benes et al. [28] about DTAI & TG analysis, considering the same heating
rate (15°C/min). It must be noted that these teatpees were shifted to lower values when the
dehydration of VPD was carried out by using aniin-XRD technique [1,29]: the first dehydration
step occurred at 44°C and the second one at 80°C.

However, as shown in paragraph 4.3.2, during th@tinRaman treatment of the sample at 80°C in
flowing air, bands were registered at wavenumbardatween those of VPD am-VOPO,
phases, which means that an intermediate dehydcategbound formed at this temperature, in
agreement with the literature [1,29]. We cannotwke that the spectrum collected at 80°C is the
result of the overlapping of the two spectra folD/&énhda,—VOPQO,.
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Fig.4.5_Thermogravimetric analysis of sample 1 VRR®Bight loss % (blue curve) and first derivativetlod weight loss % (red
curve).

4.3.2 In-situ Raman analysis of VOP@®2H,0

The in-situ Raman analysis was carried out on tR®¥amples loading a very small amount of the
solid inside the Raman cell. For the first tesg tamperature was increased up to 550°C (heating
rate 100°C/min) and kept at this latter temperataré hours, while a flow of dry air (~10 ml/min)
was flown over the sample. Raman spectra wereatetleduring all the experiment. The pure VPD
phase (1032, 982, 950, 538, 274 9ratarted to dehydrate at 80°C: it is noticeab there was a
shift of the bands (1030, 988, 941, 535, 279 kMt no new band formed, neither any trace of
VOPO,H,0 - which is claimed by some authors to show a h&nti009-1010 cth[2,30] - was
observed. The spectrum at 80°C was due to a chartge VPD structure because of the first water
molecule release; in fact, because this water mt#as bonded to PQunits, when it is released the
most affected VPD band is that one of the P-Oddtieg (950 crit), which is shifted towards lower
energy. On the other hand, if the shift were duthéloss of the second water molecule, it would
affect only the vanadyl band (995 &nwhich was not visible due to the strong VPD b#950
cm?). We can conclude, as reported in the literatthat the dehydration is a two-step process,
because the two water molecules were not releatbd aame time.

Because of these reasons, it is likely that thetspa collected at 80°C is attributable to the VPD
after the first dehydration, considering also thad, reported by Trchova et al. [1,29], for the
dihydrate and the monohydrate compound the Ramegirspn is nearly the same.

At 100°C, the characteristic spectrumogtVOPO, appeared (1033, 926, 574, 539, 291'}iffig.
4.6).
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1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
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Fig.4.6_In-situ Raman treatment in dry air of dréadnple 1 VPD: spectra were recorded while heatingsample from room
temperature (bottom) to 300°C (top). Symbéls:VOPQ,-2H,0; o, = 0,-VOPO,.
Up to 550°C (fig. 4.7) and during the isothermapstfig. 4.8) at this temperature, the dehydrated
phase was still present: the spectra recorded \eseeclear due to higher temperature, but the
spectrum ofy;—-VOPQO, was always unambiguous; at the end of the tredtraéier cooling down to
room temperature, the collected spectrum was thatcbaracteristic of the—VOPO, phase (1142,
1037, 964, 929, 665, 579, 541, 459, 432, 298)cffiig.4.9).

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm

Fig.4.7_In-situ Raman treatment in dry air of dréagnple 1 VPD: spectra were recorded while heatiagsample from 300°C
(bottom) to 550°C (top). Symbolg; = a,-VOPQ,.
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Raman shifts cm*
Fig. 4.8_In-situ Raman treatment in dry air of dréaginple 1 VPD: spectra were recorded during thtéésmal step at 550°C, at
increasing time (from the bottom to the top). Syfebe, = a,~VOPQ,.
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Fig. 4.9_In-situ Raman treatment in dry air of dréaginple 1 VPD: final spectrum recorded at roomffEr ahe treatment at 550°C.
Symbols:a, = a,-VOPQ,.

This test was repeated with sample 2 VPD, which wase crystalline than sample 1: the
transformation of VPD inta,—VOPQ,, formerly observed with sample 1, was reproduegdhe
same conditions. This means that the crystallidity not cause any difference between these two
compounds with regard to this transformation.

We also tried another treatment, in flowing aiusated with water vapour (~10%), with the aim of
keeping the hydrated form (VPD) during increasiegperature; this treatment simulated the
conditions at whichd-VOPQO, formed during the in-situ experiment carried outhw/PP. Despite
the presence of steam, the VPD phase dehydrat&d0aC, forminga,—VOPQO, which remained
stable during all the isothermal period (5h at 450Q°during cooling in a dry air flow, the
o,-VOPQO,was still present, but at 200°C this phase rehgdrad yield back the VPD.

These tests demonstrate that it is not possibfertn 6-VOPQ, from bulk VOPQ-2H,0, in air or
humid air, at relatively high temperature (450°@%5). In fact, we confirmed the strong
relationship between VORQH,O anda,—~VOPQ,. Moreover, this result highlights the important
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role of the (VO)P,O;, which during reaction probably acts as a “tengl&r the generation a¥-
VOPQOy over its surface.

4.3.3 Characterization of the mixed hydrated V/Nlphosphates and of pure NbOP@yH,0O

For the clarity of the discussion, the series alrayed V/Nb phosphates is divided in two groups:
the first one is inherent to the samples with lgbontent (VPDNb, NP5, NP3), while the second
one deals with the high-Nb-content samples (NP46)NRnd with the reference compound
NbOPQyH,0 (NP2).

Mixed hydrated V/Nb phosphates with high V cordextreference VOPf2H,O

Figure 4.10 shows the ex-situ Raman spectra os#meples with high V content (VPDNb, NP3,
NP5), compared with the pure reference compound{VEhe samples were homogeneous and all
of them contained VOP{&2H,0. In particular it must be noted that, especi&tly VPDND, the
strongest band of the VPD phase (948'tmwas larger and less intense than in the reference
compound, whereas the band at 538'aowed a shoulder. This means that the Nb-dopegisa
were dehydrated in parVOPQOy).

NP3

NP5

VPDNb

VPD

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm-!

Fig.4.10_Ex-situ Raman analysis of dried samples VAEDNb, NP5, NP3. Symbol$:= VOPQ, 2H,0.

The X-Ray diffraction analysis revealed additiomalormations about samples characteristics
(fig.4.11): the main phase observed was VQREB,O (JCPDS 00-036-1472), but for samples NP5
and NP3 also the presence of hydrated NbEQROPDS 01-070-2653, JCPDS 00-037-0376) was
shown, with its typical reflections a2 9° - 19,5° - 27,3°.

The diffraction pattern of VPDNb was not clear: thattern showed the presence of VPD, but
apparently there was also a small amountipfVOPQ, (20= 24,9° - 29,7°).
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Fig. 4.11_X-Ray powder diffraction patterns of drgainples VPD, VPDNb, NP5, NP3. Symbdls: VOPQ,-2H,0; # = hydr.
NbOPQ; a, = a; -VOPQ,.

To confirm that samples NP3 and NP5 were not V/ID/Bolid solutions, two samples were
prepared by mixing the adequate quantities of tive peference phases (VPD and NP2) to get the
same molar V/Nb ratio of the former samples. Thengarison of these “mixtures” with the
corresponding samples, by means of XRD, was negag task, because the intensity of reflections
in NP3 and NP5 patterns was very weak: the samipéasg either a truly mixed compound (e.g., a
solid solution), or a mixture of two phosphates,revenicrocrystalline or amorphous. In other
words, we could neither confirm nor exclude thamight in part have been incorporated in the
hydrated NbOP@attice.
Matsura et al. [31] showed that it is possibleyotlsesize V. Nb,OPQ,yH,0 solid solutions with
x=0-0.2. Although the synthesis is not sufficientdlgscribed, it is likely that they used a method
very similar to that one employed here. They reggbthat with high Nb content (x=0.3), similarly
to sample NP3, it was not possible to form a sstitlition; however, when x=0.1 (a composition
similar to that of sample NP5), the solid solutiormed.
The IR spectra reported in figure 4.12, showedklitlifferences between samples: all the bands
were already observed in spectra of VPD samples 4i3), but it is shown that when the Nb
content was increased, the band relative to thadsdrgroup (992 cif) became more intense in
comparison to the neighbouring band at 950'cm
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Fig. 4.12_IR spectra of dried samples VPD, VPDNbSN®P 3.

The UV-vis DR spectra (fig. 4.13) showed the chimastic bands of ¥, at 290 and 410 nm. The
shoulder at 263 nm observed in the spectrum of EaMP3 (Nb% = 25) is attributable to Ribas

it will be described later. The very large and wéakd centred at 770 nm is difficult to attribute;
interestingly, it was present only for sample VPDMIlhich was synthesized using a different Nb
source.

)
FR | 770
NP3
NP5
VPDNb
: VPD
190 300 400 500 600 700 800 900 1000 1100 1200

nm
Fig.4.13_UV-vis analysis of dried samples VPD, VRDNP5, NP3.

Mixed hydrated V/Nb phosphates with high Nb cordaedtpure reference NbOR®H,O

Figures 4.14-4.15 show the ex-situ Raman spectisawoiples with high Nb content (NP6, NP4),
compared to the reference compound Nb@QRADO (NP2). The spectrum of the latter sample
(NP2) showed the following bands: at 1117, 985, @4, 429, 235 ci these are in agreement
with bands reported in the literature about theratgt NbOP@phase [5]. However, the absence of

88



CHAPTER 4

some bands, reported in the literature, may béatéd to an higher degree of dehydration of the
NP2 sample, a possible consequence of the diffegarihetic route used.

The bands at 985, 924 ¢nmay be related to P-O bond stretching [32], algfioMoreno-Real et al.
[33] attribute the band at 950 &mwhich could also be present -but not well definid our
samplesto the niobyl group. Moreover these latter autheqsort that [PGQ] units show bands at
1017, 995 cni, while bands below 525 chrare relative to O-P-O and O-Nb-O bending vibration
with a high degree of coupling; in particular thetyribute a band around 250 ¢rto the O-Nb-O
bending mode. This analysis is consistent with RR@Ehan spectra.

The Raman spectrum of sample NP6, registered farelit surface spots, was similar to that of
NP2: in fact, the strongest bands of NP2 were pte@85, 930 crl). However, NP6 was not
homogeneous, as shown in figure 4.14 (reportingsihectra recorded at different spots of the
sample). Moreover, there was a band at 852, amich is difficult to attribute, but is anywayosle

to the range of vibration of the niobyl bond (81@8cn) for a-NbOPQ. However, in the
literature this band was observed only after cakiom at very high temperature [32].

#

NP2

NP6

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm-!

Fig. 4.14_Ex-situ Raman analysis: comparison of B2 NP6 dried samples. Symbols: # = NbQp,0.

Figure 4.15 compares Raman spectra of samples hNPRIR4; spectra were very different, because
the mixed V/Nb phosphate showed principally baritiibatable to VOP@2H,0 (1033, 946, 536
cm?), although there were also weak bands relatiiii®PQ-yH,O (1121, 985, 927, 502 ¢th
anda,-VOPO, (925sh, 572, 541 ch). Sample NP4 was not homogeneous, and the strobged
(946 cm') was broader, highlighting a possible contributidmlifferent phases.
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Fig. 4.15_Ex-situ Raman analysis: comparison of Bf® NP4 dried samples.
Symbols* = VOPQ,2H,0; o, = a,-VOPQ,, # =NbOPQ-yH,0.

Figures 4.16 and 4.17 compare the XRD patternsRS Bnd NP4, respectively, with that of the
reference compound NP2. The interpretation of aifiion patterns was not easy, because patterns
were affected by the water content, which was gdrbbdifferent for each sample. It is shown that
reflections are attributable to the NbOP@hase only; apparently, there was no trace oNdRYO
phase.
The diffraction peak at aboub2= 9,2°-9,5° (fig. 4.16), also reported in thergteeire [27,34], is
characteristic of the hydrated NbOP@hase. The water content may shift or enlargeyen split),
this diffraction peak [27], because of the layereture of the compound: the pattern of NP2
showed two peaks at arounél 2 8° (fig.4.16), differently from other patternsepiously registered
(fig.4.17).
The attribution of these several diffraction peaiks difficult also because samples were
microcrystalline. At least, it is possible to idénbther important reflections: the most intenseo
at » = 27,6°-27,9° is attributable either to NbOPQ@CPDS 01-070-2653) or to NbOPO(QH)
(niobium hydrogen phosphate hydroxide hydrate, JERID-037-0376) [35]; there were other
intense peaks ab2= 19,5° - 25,2° - 29,2° - 39,5° - 44,6° — 57,160;8° — 64,6° (in the pattern of
NP2), which are also reported in the JCPDS filesaaly cited.
In conclusion, it can be assumed that NP2, NPeN#l samples are made of hydrated Nb@QPO
However it must be noted that there was a diffezebetween NP2 and NP6 or NP4: all the
reflections of the latter samples were shiftedighér value of 2 with respect to NP2; furthermore,
this effect was more marked for reflections fallmigthe higher diffraction angle. This means that
NP6 and NP4 were probably solid solutions, withegahformula Nb.V,OPQ,;-yH,0.
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Fig.4.16_XRD analysis: comparison of NP2 and NPédisamples. Reflection peaks can be attributedtorilydrated NbOPO
phaSQJCPDS 01-070-2653, JCPDS 00-037-0376).

a.u.

NP4
NP2

Fig.4.17_XRD analysis: comparison of NP2 and NPddisamples. Reflection peaks can be attributedtorilydrated NbOP©O
phasgJCcPDS 01-070-2653, JCPDS 00-037-0376).

It is not surprising that with samples NP4 and N6 could form solid solutions, theoretically
represented by the formulas @BV 25OPQyxH,O and (NRoVo1)OPQxH,0O, respectively
(under the hypothesis of a complete incorporatib¥ an the NbOPQ). In fact, as reported by
Jiménez-Lépez et al. [27], the synthesis of mixi@dbyl-vanadyl phosphate hydrates (with high Nb
content) can be considered as a process of isomoguibstitution of the Nb (in the niobyl
phosphate structure) by V. This process is favobezhuse the ¥ atomic radius is only slightly
different from that of NB' (e.g. for the six coordinated ion, respectivel§40A and 0,64 A [39]),
and the replacement does not cause important tiisterin the original phosphate crystal lattice,
but only a contraction of the volume cell. In fattte authors were able to synthesize a series of
mixed vanadium-niobium hydrated phosphates withNW4\V)% (molar percentages) between 4
and 20,6%.
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Furthermore, Jiménez-Lopez et al. [27] found thi#ih & V loading higher than 30, the final product
always contained 20% of V (experimental V/(Nb+V)%hich means that there was a limit in V
incorporation. In other words, the mixed phosphaith the highest V content that can be
synthesized, at least using the synthesis procedpoeted [27], iS (NB7oV 0 2)OPQ-2,7H0.

Figure 4.18 shows the IR spectra for samples N2 Bhd NP4: the spectra were quite similar.
The bands at 683 and 490 trare attributable to vibrations of the lattice (Sbbonds); the
shoulder at 940 cthmay be associated to the niobyl group (Nb=0) [86& bands at 1014 ¢h
(with a shoulder at about 1120 ¢jmand 1260 cr are due to the stretching vibrations of PO
groups, in particular of the P=0 bond [37]; finallye vibration bands at 1630 and 3430"carne
attributable to hydroxyl groups [27,35,37].

490 cm

NP2

1630 cm*

NP6
NP4

1260 cmt 1\ \1]:

940 cm

3430 cm't

1014 cm

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 60O 4
cmt

Fig. 4.18_IR spectra: comparison of NP2, NP6 and tietl samples.

Figure 4.19 reports the comparison of the UV-vis §Rectra for samples NP2, NP6 and NP4. The
spectrum of pure NbOR&GH,0O phase (NP2) showed only one band (257 nm), iaordaace with
the literature [33], relative to a charge-transgfansition.

The spectrum of NP6 showed the same band, butditi@u there was a stronger band (330 nm)
with a shoulder (410 nm). The spectrum of NP4 wasensimilar to that one of VPD (fig. 4.4),
because it showed two strong bands (310-410 nnt)thHsushoulder to the first one (260 nm)
suggests the presence of NbQR8.0.
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Fig. 4.19_UV vis DR spectra: comparison of NP2, iiR@ NP4 samples.

4.3.4 In-situ Raman analysis of mixed hydrated V/N phosphates and of pure NbOP®yH,0

In-situ Raman thermal treatment: sample NP5

The first in-situ Raman test was carried out wiimple NP5; the conditions were the same also
used for tests on VPD samples (par. 4.3.2). Thetspa recorded at room temperature (rt)
corresponds to that one of VOPPH,0 (1031, 979, 945, 535, 272 dnat 80°C, the dehydration
of the VPD phase began, as demonstrated by theddttie characteristic bands (1027, 983, 937,
532, 276 crt); at 200°C, the VPD phase was completely conveirteto,~VOPQ, (1134, 1030,
921, 571, 533, 290 cM (fig. 4.20).
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Fig. 4.20_ In-situ Raman treatment in dry air odrNP5: spectra were recorded while increasingetmperature from room T
(bottom) up to 300°C (top). Symbots= VOPQ,-2H,0; a, = 0,-VOPOQ,.
This latter phase was stable during all the isotiarperiod at 450°C, and even at higher
temperature, 550°C (fig. 4.21); after cooling dotenroom temperature, the spectrum recorded

confirmed the presence af-VOPQ, only (1034, 926, 577, 539, 458, 294 tnffig. 4.22).
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Fig. 4.21_ In-situ Raman treatment in dry air oBdrNP5: spectra were recorded during the isothesteplat 450, and at 550°C, at
increasing time (from the bottom to the top). Syfbe, = a,—~VOPQ,.

q

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm*

Fig. 4.22_ In-situ Raman treatment in dry air oBdrNP5: the spectrum was recorded at room T, tiftetreatment at 550°C.
Symbols:a, = a,-VOPQ,.

The same results, were also obtained with sampRISNb and NP3, after similar in-situ Raman
experiments.

It can be concluded that the presence of Nb didaffett the high-temperature transformation of
VOPQ,-2H,0; in fact, still the compound was transformed inteVOPOQO..

In-situ Raman thermal treatment: sample NP4

The in-situ Raman treatment, described above, wmallyf carried out on mixed phosphates having
high Nb concentration (NP6, NP4), and also withghee hydrated niobium phosphate (NP2).

It must be noted that NP4 sample was not homogenesmce it did not contain the VPD phase

only (fig. 4.15); however, the in-situ Raman expernt was carried out by focussing the beam over
a particle showing the presence of the VPD phasleeasain one.
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Figure 4.23 reports the spectrum of NP4 registatadom temperature, showing the characteristic
bands of the VPD phase (1031, 985, 943, 538)ceven though the strongest band was quite large,
suggesting a possible contribution of other V/ING/RIhases; moreover, a band attributable to
a,-VOPO, (929 cm*) was also present.

The band at 985 ciwas observed in the VPD spectrum but, as discusisede (fig. 4.15), is also
typical of NP2 (hydrated NbORY) moreover, in this latter case it was the strehdg@and. We can
infer that either hydrated NbOR@as present, (being however most of its bandsreoviey VPD
bands), or, more likely, a solid solution of compoa Nb;..VOPQ, formed.

Again, the dehydration began at 80°C, but only @°€ thea,—VOPQO, spectrum was well
developed (fig.4.23). Interestingly, at 250°C a nband formed (1288 ch), and at higher
temperature (400°C) all the bands attributed,t/OPO, disappeared.

400C

300C
250T
200C

100C

80‘%

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm
Fig.4.23_ In-situ Raman treatment in dry air of diéP4: spectra were recorded while increasingehgerature from room T
(bottom) up to to 400°C (top). Symbots= VOPQO,-2H,0; o, = 0,—-VOPQy; # = NbOPQyH,0.

Therefore, we can hypothesize that at 400°C the B#ple was transformed either into an
amorphous compound, or into a compound with a k@wyRaman cross-section.

Figure 4.24 shows the spectra registered duringstbibermal step at 450°C, and then at 550°C:
large and less intense bands are visible (12885,1970, 900, 591, 419, 294 ¢in but spectra
appeared to be very noisy.
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2h 550C

0h 550C

2h 450C
1h 450C
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Raman shifts cm-t
Fig.4.24_ In-situ Raman treatment in dry air of dri¢P4: spectra were registered during the isothlesteps at 450°C (bottom) and
550°C, and then at room T (top spectrum), afteringalown the sample.

The spectrum at room temperature (after the intbikumal treatment) still showed the same bands
registered at high temperature.

In regard to the attribution of the bands, the cangon with the spectra registered under the same
conditions for NP6 and NP2 will allow us draw a eqrecise picture. Nevertheless, it is possible
to conclude that, in contrast with what found wikie V-rich samples (NP5), the final structure
stable at high temperature was notdihe/OPQ,.

In-situ Raman thermal treatment: sample NP6

The in-situ Raman treatment of NP6 sample was taened out, under the same conditions used
previously for NP4 and NP5. The spectra in fig.544226 were taken while heating the sample
from room temperature (bands at 1117, 985, 924, 838, 555, 505, 430, 352, 239 ¢rup to
400°C; some of the changes observed may be a#dbiat dehydration. An interesting change
occurred at 400°C: bands at 1033, 920, 570 eme attributable ta-VOPQ,, but the strongest
band centred at 962 ¢his attributable to a phosphate stretching mod®&NROPQ. After 30
minutes at this temperature, bandsip¥ OPQ, disappeared, while the strong band at 962 wras

left, and other bands with low intensity also foth{#260, 1104, 907, 604, 422, 265Ym
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Fig. 4.25_ In-situ Raman treatment in dry air oedrNP6: spectra were recorded while increasingetimperature from room T
(bottom) up to 100°C (top).
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Fig. 4.26_ In-situ Raman treatment in dry air oBdrNP6: spectra were recorded while increasingettmperature from 150°C
(bottom) up to 400°C (top).

These bands were stable during all the isothertepla 450°C (fig.4.27).
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Fig. 4.27_ In-situ Raman treatment in dry air oediNP6: spectra were recorded at 400°C — 30 mirnofindt and then during the
isothermal at 450°C.

Finally, after returning down to room temperatuhe spectrum showed bands at 1297, 1250, 1114,

1034, 966, 924, 574, 536, 422, 274 cfgreen spectrum, fig. 4.28); however, it must beed that

the sample was quite heterogeneous, because wldjfidrent spectra were recorded by focussing

the beam over other spots (blue spectra, fig. 4 28}¥ result shows that-VOPQO, formed (bands

at 1034, 924, 574, 536 ¢ together with amorphous NbORO

e

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm1
Fig. 4.28_ In-situ Raman treatment in dry air orediNP6: spectra were recorded after cooling at r@snperature, focussing the
beam at different spots.

In-situ Raman thermal treatment: sample NP2

In order to interpret the spectroscopic resultscaseied out the in-situ treatment also with the2NP
sample. As shown in fig. 4.29, the bands typicathef hydrated phosphate (986, 911, 233'ctm
changed at 400°C and a new spectrum was recordédsatatter temperature (fig. 4.30): the
strongest band was observed at 962" cmith a shoulder at 890 ¢mand other bands at 1225,
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1080, 600, 418, and 260 &niThe spectrum recorded at 400°C was quite sirtol#nat one of NP6,
registered after 30 min at 400°C (fig.4.27); howewadter some hours at 400°C the strongest band
was progressively shifted to higher energy (966-868) and also broadened, and the intensity of
the shoulder at 890 chdecreased. Interestingly at 450°C, after 30 mijueshoulder to the band
at 968 crit appeared (while the other shoulder at 890" &ept on losing intensity), the intensity of
which increased during the isothermal step (fi§1L.

a.u.

100C
80T

44C
rt

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm

Fig.4.29_ In-situ Raman treatment in dry air of dridP2: spectra were recorded while heating fronmrdo(bottom) up to 100°C.
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Fig.4.30_ In-situ Raman treatment in dry air of dri¢P2: spectra were recorded while heating fro@f@Qbottom) up to 400°C
(intermediate and top).

During the isothermal step, also other bands wesible (1241, 1164, 1102, 988, 971, 413, 263 cm
1, which progressively became more intense andpshawhich is in favour of an increase of the
crystallinity degree.
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Fig.4.31_ In-situ Raman treatment in dry air of dri¢P2: spectra were recorded during the isothestegl at 450°C, every 30 min,
from Oh (bottom) to 5h (top).
Finally, after cooling down to room temperatures 8pectrum recorded was more clearly defined,
showing bands at 1245, 1170, 1115, 990, 972, RI1, (738), 600, 561, 520, 445, 410, and 267
cm® (fig. 4.32).
Bands at high Raman shifts (> 1000 Ynare correlated to metaphosphate units, in paatithe
peak at ca. 1100 chis attributable to the symmetric stretching of then-bridging oxygerin
phosphate bond, while its asymmetric vibration shavpeak at 1280 ¢h{39]; however it has also
been reported that this peak could be due to Pa@mg{ric stretching [40].
Changes occurring were due to the dehydration pspdeowever, spectra of the phase finally
formed were different, although not completely,nirahat reported for NbOPO obtained by
calcination at 450°C of pure NbORBH,O [32]: in fact, the the strong band at 813 cfrelative to
Nb=0 bond in calcined NbORPwas absent. In the literature, other Raman speutrNb/P/O
phases were not reported, which could be usefuitémpret our experimental spectra. On the other
hand, we can hypothesize that these strong basdsiated to phosphate groups could be due to an
excess P in the compound, which could also delayéhydration process of the hydrated niobium
phosphate.
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Fig.4.32_ In-situ Raman treatment in dry air of dri¢P2: spectrum was recorded after cooling dowiodon T.

To sum up, it is useful to compare the spectral®2 NNP6 and NP4 (having increasing amounts of
V), during the isothermal step at 450°C (fig. 4:38) example, differences in spectra for NP6 and
NP4, compared with that of reference NP2, werddhewing: (a) the different relative intensity of
the two bands at ca 990 and 960 °crand (b) the band at 890 dmwhich was very weak in NP2,
but became more intense when the V content wagased. We can tentatively attribute it to a
vibration of the mixed V/Nb phosphate.

Moreover, many other bands were shifted. Anothgrartant difference concerned bands in the
1200-1300 cni spectral range; the spectrum of NP2 showed a agca. 1240 cih (corresponding

to the very intense band at 1247tin the spectrum of fig. 4.32), the intensity ofiefhdecreased
when the V content increased; this band is attaibletto the P=0 stretching in phosphate units. On
the other hand, in NP6 and NP4 a band at ca 1290appeared, with an intensity which grew up
with the V content. This band is not attributaleany V/P/O compound, and it can be tentatively
attributed to a P=0 group perturbed by the presehdg for instance in a V-O-P=0 type moiety;
this band was also observed in the in-situ Ramantagm of NP4 (fig. 4.24). The intensity of the
two bands at ca 1290 and 1260 tincreased progressively in spectra recorded winating
sample NP6 (fig. 4.26), and was present also irspgeetrum of NP6 recorded at room T after in-
situ experiments (fig. 4.28). In the case of NP&tead, the heating of the sample led to intensity
growth only for the band at ca 1240-1260cffigs. 4.30, 4.31 and 4.32).
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Fig.4.33_Comparison of spectra recorded duringrtfsgtu }(?baman ;reatment in dry air (450°C): sampl&2Ntop), NP6 and NP4
ottom).

It must be noted however, that even in the spectiithe NP6 sample, containing a relatively low
amount of V (10%), still there were bands which banattributed tax,-VOPQ,. This means that
the incorporation of V in the Nb phosphate anywagunred at a limited extent.

In order to confirm the results obtained, sampl®2NNP4 and NP6 were also calcined in muffle,
in static air at 450°C for 6 hours (heating rat€/hiin), and then characterized by means of XRD
(fig. 4.34) and ex-situ Raman spectroscopy (fip1.3
The XRD patterns showed the presence of orthorhoMbiOPQ phase (JCPDS 00-040-0124) in
both NP6 and NP4; the reflections sharpness andntieasity were a clear indication of the
presence of a crystalline phase. However, therealsmsa background in the pattern, pointing out
for the possible presence of some amorphous phsehy might be the mixed Nb/V phosphate. No
traces of crystalline V/P/O compounds were obsergadhe contrary, the XRD pattern of calcined
NP5 sample (not reported) showed the presencetbffeD anda-VOPQ,.
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Fig.4.34_XRD analysis: comparison of NP2, NP6 and Nfcined samples (static air, 450°C for 6h). Sylsibo= NbOPQ

(JCPDS 00-040-0124).

Raman spectroscopy analysis (not reported) showed samples were homogeneous. A
comparison between a representative Raman speétrueach sample is reported in figure 4.35:
NP4 spectrum was different from the other spectaabse of the strongest band at 924*cm
(attributed toa-VOPQ,) and the less intense band at 512*cfmear to 541 cih of a,-VOPQ).
Both NP4 and NP6 showed a band at 1297(aiso discussed in regard to spectra reportedyin fi
4.33). All spectra showed the strong band at 113, @and were similar in the spectral range at low
Raman shifts (< 700 ch), which suggests that these bands were not affdste/ doping.

924

a.u.

NP4c

NP6c

NP2c
1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm-

Fig.4.35_Ex-situ Raman spectra: comparison of NAEG Bhd NP4 calcined samples (static air, 450°CHdr 6

The Raman analysis of calcined samples (staticigiiy accordance with the results of in-situ
thermal treatment. Raman spectra of NP6 recordesitunhighlighted that this sample was non
homogeneous (fig. 4.28); indeed, some of the spaadre similar to that of NP4, calcined in static
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air. In fact, bands at 537, 570, 924, 1033'ame all attributable ta;-VOPQ,, which indicates that

a fraction of V did not form a mixed phosphate whth.

For sample NP4, this result was expected, sincéQ/ffhases were already visible in the Raman
spectrum of the hydrated sample (fig. 4.15).

Since reflections attributable tp-VOPO, were not observed in the XRD pattern of NP6, wg ma
hypothesize a preferential surface segregatiorhefai-VOPQO,; on the other hand, we cannot
exclude that Raman bands attributed todhg OPO, compound may indeed be attributed also to a
mixed V/Nb phosphate, isostructural with both tHeEO¥PQ and thex-VOPO, compounds.

Conclusions

Our results demonstrate that it is possible to ripomte V* in the structure of NbOPQeven
though in limited amount. A solid solution with ggal composition NjVOPQ, can be obtained
by thermal treatment at 450°C (both in static @d & air flow in the Raman cell). This mixed
compound shows some peculiar Raman bands, whictprasent neither im-VOPQO, nor in
NbOPQ. It seems that in order to obtain the incorporatd V it is necessary, at least with the
procedure adopted by us, to start from Nb-rich &ttt phosphates. In fact, when V-rich
compounds were prepared, we could not obtain aitjeree for the incorporation of Rbin the
structure ofa,-VOPQ,. This result contrasts with the literature, repytabout the formation of
mixed V/Nb phosphates in the same range of V/Nmatwatios used by us [27, 31]; discrepancies
may be attributed to the method used for the pegjer of samples, which was different from that
described in those literature reports.

Another important output of our investigation isaththe presence of Nb does not boost the
development 06-VOPO,. This means that the preferred generation obtN©OPQO, at the surface
of the vanadyl pyrophosphate, especially favoureh-doped catalysts (that is, in more selective
catalysts), probably is not due to the formatiotNbf*-containings-VOPQ.
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5

VANADYL PYROPHOSPHATE CATALYSTS
PREPAREDBY ANEW METHOD: THE
MICROWAVE SYNTHESIS OF
VOHPO40.5H,0

5.1 INTRODUCTION

5.1.1 General aspects of microwave-assisted syndise

Microwave (MW) assisted synthesis is an alternatimghod for carrying out organic and inorganic
reactions, considering the evidence that everytiagvhich needs heating can be accelerated by
using microwaves. Microwave permits in fact to tedite reaction temperature faster compared to
conventional synthesis (by thermal conduction)thia literature, several examples of preparations
involving microwave irradiation are reported, redjag zeolites, mesoporous molecular sieves and
other different nanoporous solids [1]. The mechanisf microwave heating process is quite
complicated, considering the different parametevslved in this physical phenomenon.

First, we have to consider that the energy of mienees {=1mm-1m; f=0.3-300 GHz) is
relatively low, in comparison with other electromagjc waves, because it is not sufficient to break
chemical bonds and the electric field generated d&)not shift a chemical equilibrium [1].
However the microwave energy is able to heat nwtgriessentially by two mechanisms: i)
inducing rotational movements of molecules, havangermanent or induced dipolar moment, and
i) causing ionic conduction. The rotational moventse typically present for liquid samples, are
generated by the oscillating electric field (E): leoules constantly try to realign but, being the
electric field continuously oscillating, they canrindeed totally realign and create a continuous
movement, which causes finally heat generationddystons and attrition. The ionic conduction (or
conductivity, ) occurs when a ionic material is irradiated by Neaves: a ionic current is
generated due to the mobility of ions, as consecgiehthe applied electric field [2].
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In both cases, the penetration of the microwaveggnmto the sample (in the present work, the
synthesis mixtures) is a consequence of the mhtpaemittivity and of the MW frequency
involved.

For liquid samples, the permittivitg ( dielectric constant) is affected by the pH of sleéution and

by the temperature. The dielectric constant camsift two contributions g,€'"), and their
combination represents the “tangent-loss” @r(c"/ €' ): the greater is this factor, the less is the
penetration of the microwave energy into the mateat a specific frequency, because the MW
energy is more well dissipated (great interactid}) For example, most part of ionic materials
possess high, and therefore they are good dissipators due teldgwtronic transport [2]. Regarding
liquid samples, an high dissipation solvent (etbylene glycol in comparison to water) leads to a
faster heating, or MW dissipation. For these reastime choice of the mixture solvent is very
important: the heating process is (in first analy$avoured when using a polar or a ionic solvent,
however, this is not always obvious (different paeters affect MW energy distribution). Finally,
we have also to note that other parameter influethee MW assisted synthesis: the reactor
configuration (geometry) and the microwave systéaracteristics (oven, waveguide, etc.) [1].

The main advantage of microwave irradiation, coragato conventional heating, is the high
efficiency in heat-transfer: it is fast, localizeshd not limited by inertia phenomena because
microwave irradiation affects reactants and solvesile excluding the reactor walls. Microwave
irradiation permits to transfer higher quantityesfergy, involving the same bulk temperature (of
the reaction vessel). For these reason, MW hediimgs about an improvement of reaction
kinetics and, at the same time, degradation aner ethdesired reactions are avoided. These aspects
render microwave-involving processes environmeytaiéndly, as they require lower energy than
conventional processes [1].

Because of this, microwave assisted synthesis app##gactive for industrial preparations, as lower
energy waste and higher yield in the desired prodan be obtained. Nowadays, microwave
heating is used in industry for a lot of differepiplications, generally involving a drying treatrhen

5.1.2 Literature analysis about microwave heatingpplied to V/P/O systems

In the literature some examples of microwave hegatirsed for the synthesis of V/P/O materials,
are reported. Benes et al. [3] used microwave hgatd treat the pre-formed VOR@H,O
compound: microwave irradiation for few minutes tedan intercalated compound, with molecules
of alcohols and glycols retained between the laylns authors found that the nature of the starting
material strongly influenced the result: microwakradiation permitted the intercalation process
because the compound possessed water moleculels, wkiag dipoles, were easily removed and
substituted by organic molecules. In fact the sakted compound did not form when the
correspondent dehydrated compound, VQ@QR@s used as the starting material.
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The previous study was motivated by the discoveClndtakondu et al. [4], who reported about the
possibility of intercalation of organic moleculgsy(idine, 4-methylpyridine, 4-phenylpyridine) in
VOPQ,-2H,0O compound, by treating it with microwave irradoati

Capkova et al. [5], reported the preparation amdctimaracterization of VORQCH;CH,OH: they
treated VOPQ®2H,O with ethanol, using microwave (2450 MHz) for vesiort time (0.5-1
minutes). Melanova et al. [6] investigated the ricédation process of VORQH,O, with
microwave heating, using different mixtures of &lols (atom carbon content, from 2 to 6). Benes
et al. [7] utilized unsaturated alcohols (2-prode@epropyn-1-ol and 2-butene-1-ol): the alcohols
were made react with VORQH,O employing microwave irradiation, for very sharhé (0.5-2
minutes).

Frequently, the aim of these investigations was uhderstanding of the structure of dihydrate
vanadyl phosphate, rather than studying the eftgctmicrowave irradiation on the V/P/O
compound.

Microwave irradiation was effectively applied fdret synthesis of vanadyl hydrogen phosphate
(VOHPO,-0.5H,0) by Pillai et al. [8]. In this wok, the authorgepared three samples of
VOHPO,-0.5H0, using A0s, a mixture of alcohols (2-butanol and benzyl atdpland BPO,: 1)
sample 1 from one-step synthesis (100°C, 1h)am@e 2 from a two-step synthesis, obtained first
by irradiating the mixture of alcohols ang@® (100°C, 0.5h) and then, afterPO, addition, by
irradiating the final mixture (100°C, 0.5h); iiiasple 3 from a two-step synthesis, obtained fiyst b
irradiating the mixture of alcohols and®; (100°C, 1h) and then, aftenPIO, addition, irradiating
the final mixture (100°C, 1h). The power utilizeat fnicrowave irradiation was 300 W.

The XRD pattern of sample 1 revealed the formatiban amorphous compound while the XRD
patterns of sample 2 and sample 3, calcined, sheweedrystallographic reflections of (VEP}0..
The surface areas measured for these samples igher hompared to those of precursors prepared
by either conventional or by ultrasound methodsaFcatalysts were tested in the liquid phase
oxidation of cycloalkanes.

Zeng et al. [9] utilized microwave irradiation t@at the pre-formed VOHRM.5H,0 compound,
synthesized by a two-step method, and doped witterent elements (Ce, La, Bi, Mo). The
irradiation process was carried out using a powdr66W, for 2 minutes. The precursors obtained
showed high surface areas: this result was ataibtd a peculiar capacity of microwave irradiation,
which permits an homogeneous heating of the innéitlae outer part of the solid.

In a following investigation, Taufig-Yap et al. [[L@prepared VOHP®O0.5H,0O by a two-step
method, using microwave irradiation for treating final product of each step (first VOREH,0,
then VOHPQ0.5H,0). The authors obtained very crystalline compoumdth high surface area;
they tested the catalysts in the oxidation of rebatto maleic anhydride (MA). The “MW"-derived
catalysts demonstrated the higher catalytic agtibiit also the best selectivity to MA, due their
peculiar morphologic characteristics.

Sydorchuk et al. [11] prepared supported vanadybgiyosphate (VPP) catalysts: the one-step
synthesis was carried out in a microwave oven {B,5175°-240°C), mixing YOs, citric acid,
HsPO, and the support (carbosil).
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Rownaghi et al. [12-17] prepared VOHP@5H,0 by means of both the one-step and the two-step
method, and testing different alcohols (e.g. glydebutanol) and different metallic salts, used as
dopants in the aim of improving the catalytic pemfance. In the first case (one-step synthesis) the
compound VOHP®0.5H,0 was prepared using an autoclave, at high temperand pressure
(solvothermal method). In the second case, theawave irradiation (few minutes, power 160W)
was limited to a treatment of the product, obtaifredn each step: first VOP&£2H,0, and then
VOHPQO,-0.5H,0. In general, catalysts obtained by means of thg-Meating showed improved
performances, although sometimes masked by thetadfehe dopant, which clearly affected the
precursor physical and chemical characteristice. duthors found that some preparations involving
MW led to precursors with high surface area, an¥R® showing the prevailing exposure of the
(020) planes. However, both the temperature ofh®gis and the choice of the alcohol strongly
affected the final product characteristics.

Finally, Sydorchuk et al. [18] prepared VOHP@5H,O by means of the one-step synthesis, using
an autoclave and strongly reducing agents (e.gc @cid, maleic anhydride, glycerol, salicylic
acid). Some experiments were carried out by hedtiwegautoclave with microwave irradiation
(170°C, 2h). Their results were in accordance witiat already described by other authors; in
particular they highlighted the important role @dyby pressure and by the solvent used in the
synthesis.

In conclusion, it is possible to say that MW hegtinvhen applied to the synthesis of V/P/O
compounds, especially as a post-treatment of tadggmed VOHPQO0.5H,0, led to an increase of
surface area and to a preferential exposure of)(Pkhes. Nevertheless, in the literature the
synthesis of VOHP@O0.5H,0O with the aid of microwave irradiation has not peen investigated
deeply, probably as a consequence of unexcitingltee$8], but also because hard irradiation
conditions were necessary to obtain a crystalloragound [18].

In the present work, we investigated the one-syaphesis of VOHP@0.5H,0, using microwave
heating; in particular, different solvents weredigisobutanol and ethanol), and the presence of Nb
as a dopant element was also taken into considerati

5.2 RESULTS AND DISCUSSION

5.2.1 Synthesis of VOHP®0.5H,0 by microwave method

The new method used for the synthesis of VORHB®OH,O employs microwave irradiation by

means of a CEM Discover S-class system [19]. Tipauagtus consists of a single-mode self-tuning
cavity: the energy of microwave irradiation is fesed on the internal cavity, where the sample is
located, generating an uniform electric field (E)reover, the microwave power is automatically
regulated, by monitoring temperature and presswigich is set up before the experiment
beginning. Figure 5.1 reports an image of the iumsgnt and a schematic representation of its
internal part, where the microwaves are generatediraiously and focused with the maximum
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efficiency on the sample vial. The syntheses wexgied out at the Dept. of Chemistry and
Industrial Chemistry, Pisa University (Prof. Annaié Raspolli Galletti and co-workers).

magnetran

g

Fig.5.1_CEM Discover instrument for MW-assisted hgsis of V/P/O samples (left); internal part of th&trument, showing
microwaves generation and distribution, surroundiregreactor chamber, at the centre of the intaranty (right) [1].

A vial having 80 ml capacity was used as a vesgehe synthesis mixture. At the beginning, about
2,5 g of vanadium pentoxide (99%) were dispersetlSiml of alcohol (100%), then phosphoric
acid (99%) and finally, the remaining part of tledvent (15 ml) were also added. Since pure 99%
phosphoric acid is a solid, this reagent was preshpfused and then added to the mixture: the
suspension was left under stirring for some minutes

Subsequently, the vial was introduced in the CEBtriiment chamber, after which the heating
process was started. The reaction mixture was keger stirring during all the experiment.
Generally the “Dynamic” method was used, and theggeemployed was 250 W.

The synthesis was carried out setting a fixed teatpee (125°C), and the instrument was able to
change automatically the power, in order to mamthis temperature constant. The sample was
initially heated by microwave irradiation, at theaximum power (250W), to permit reaching the
solvent boiling temperature; then the power waselada (10 W) to avoid over-heating phenomena
and to keep the reaction chamber temperature @ stant value.

It must be noted that, as a consequence of eitieeditfferent solvents used or the presence of the
Nb compound, some operative conditions were diffefl@m one experiment to the other: for the
synthesis of MW4, MW5 and MW10 samples, the pressegistered in the chamber reaction was
about 35 Psi; for sample MW17, the fixed tempem{i25°C) was reached with 170 W of power
instead of 250 W, which was instead necessaryemther cases.

At the end of the synthesis, the mixture was leéfambient conditions for cooling, then it was
filtered and washed with fresh solvent. The solasviinally dried at 120°C for 8 hours: samples
referred as MW precursors were obtained. Table&nipiles the MW samples synthesized.

A VPP precursor sample was also prepared usingtdmelard organic procedure, referred as VHP
sample. In this case, the reagents used for thbeasis were the same also used for MW precursors,
and the main characteristics are summarized iretabl. It must be noted that the quantities
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involved for the standard preparation (describedCivapter 2) were greater compared to those
utilized for microwave synthesis; however the sanadar ratio between )0s (the limiting reagent)
and solvent, and also betweepO¢ and HPO,, were used. The advantage of using a microwave-
based synthetic method instead of the traditional &HP), is clearly shown by the time necessary
to complete the synthesis: for MW samples a venrteh synthesis time permitted to obtain the
same \Os conversion.

P/V | VINb | Solvent Temperature (°C) Synthesis time (h)
VHP | 1.1 - isobutanol reflux 6
MW4 | 1.1 - isobutanol 125 05+0.5
MW5 | 1.1 - isobutanol 125 1
MW10 | 1.1 - ethanol 125 1
MW17 | 1.1 | 155 ethanol 125 1
MW18 | 1.1 | 155 | isobutanol 125 1

Tab.5.1_Table of VPP catalysts precursor, syntedgi® microwave method (MW) and by traditional neettfVHP): theoretical
molar P/V ratio, theoretical molar V/Nb ratio, seht use for the synthesis, synthesis temperatutsynthesis time (h).

The preparation of MW4 differed from that of MW%dause the synthesis was carried out in two
steps: the mixture was heated for half an houm ttepped for few minutes, and finally heated
again for 30 minutes more.

The use of ethanol instead of isobutanol could theamtageous for the precursor preparation,
especially for an hypothetical industrial procesgrk-up procedures would be easier, and the
organic products coming from the oxidation of ethlamould be more easily removed and treated,
as compared to the preparation carried out usotguisnol.

Furthermore, the use of ethanol would lead to miktenditions (lower boiling temperature and
lower endogen pressure). However, in order to peangtomparison with samples prepared using
isobutanol, the synthesis with ethanol were carotwhile keeping the temperature at 125°C. It is
worth noting that in the traditional thermal syrgiseof the precursor, the use of ethanol does not
allow V,0s reduction.

Samples listed in Table 5.1 represent only a spaatl of a larger series of samples, prepared in the
aim of investigating the microwave-based synthegisvOHPQ,:0.5H,O. The choice of these
samples derives from their peculiar characterigfpes. 5.2.2): sample MW4 possessed chemical-
physical characteristics very similar to those led ¥HP sample, the reference one. On the other
hand, MW5 and MW10 showed a particular morpholeggyer shown before for VOHRO.5H,0.
Finally, MW17 and MW18 are interesting because bmihtained Nb, an important VPP dopant
(Chapter 3), but they were prepared with differ@ganic solvents.

All samples were calcined by means of the usuahtbktreatment (Chapter 2): the first step was
carried out in flowing air (300°C, 6h) and the set@tep in flowing nitrogen (550°C, 6h). Samples
obtained after the thermal treatment are refersechicined samples, since they were made of VPP
(fresh catalysts), ready for reactivity tests.
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The characterization of precursors, calcined aretl imtalysts, together with reactivity data, are
described below (par. 5.2.2).

5.2.2 Characterization of VPP precursor: microwavesamples (MW) vs thermal sample

(VHP)

The dried precursors reported in table 5.1 wergadherized by means of Raman and UV-vis DR
spectroscopy, and of XRD and SEM.

Raman spectra of MW4, MW5, MW18 dried samples wamilar to those recorded for the
reference sample (VHP): all spectra were clearfgcééd by fluorescence and only the strongest
band relative to vanadyl hydrogen phosphate hemitigd(VOHPQ-0.5H,0) at 986 crit was
observed (fig. 5.2). Conversely, for the ethanddsh preparations (MW10 and MW17), well
defined spectra relative to VOHRO.5HO were obtained (fig. 5.3), with bands at 1209,,15
1103, 980, 904, 510, 453, 335, and 280'cm

a.u.

MW18 |
*
VHP |
MW41
=N
4 \
MWS5 1 \._\

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm

Fig. 5.2_Raman spectra taken at different spotdried samples: VHP, MW4, MW5 and MW18 (isobutaneparation).
Symbols: *=VOHPQ 0.5H,0.
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a.u. 4

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm1

Fig. 5.3_Raman spectra taken at different spotdried samples: MW10 and MW17 (ethanol preparation).
Symbols: *=VOHPQ 0.5H,0.

However, in the case of MW4 and MWS5 also bandsbattable to \\Os were found at some
surface spots (at 990, 696, 523, 478, 401, 300,28 (fig.5.4). The presence of this phase,
which however was present in minor amount only, wasietimes observed also with standard

preparations, due to an incompletgdy conversion during synthesis.

Mw4

a.u.

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm-?
Fig. 5.4_Raman spectra taken at different spotdried samples: MW4 and MW5. Symbols: %%

In regard to the XRD patterns, some peculiar aspe&re observed: samples VHP and MW4
showed quite similar patterns, with all reflectiatgibutable to VOHP0.5H,0 (JCPDS 00-037-
0269) (fig. 5.5); in contrast, samples MW5 and MWalkthough displaying the strongest reflections
for the same compound (ei=215,6-30,5°-37,5°), appeared to be less crystaffiges.5).

In particular, these latter samples all showed raeresting feature: the presence of a broad
reflection at low diffraction angle (centered &&211,8°), relative to a higher inter-layer distance
(along the c axis). This reflection was quite uralssince it was observed only when a mixture of

114



CHAPTER 5

various organic solvents was used for the syntH&8is The attribution was confirmed by UV-vis
DR analysis: in fact, it could not be associatedny VOPQ-2H,O phase (= 12°), because the
UV-vis spectra of MW5 and MW10 precursors (fig.5d# not show any band attributable to & V
species. Moreover, it has to be noted that patld@shat shown by the MW10 sample, with only a
few intense reflections, all the other reflectidm@sng much weaker and broader (moreover, for most
of them not even corresponding to the expected torethe precursor), have to be attributed to
lamellar-like (anisotropic) crystallite morphologjein which the crystalline order is maintained
only along some specific directions.

In regard to the differences observed between MWd W5 (the preparation of which only
differed in the fact that the heating of MW4 wasrrieml out during two separate steps),
characterization data reported below will demonstithat MWS5 likely contained a much greater
fraction of retained organic compounds than MW4lekd, the amount of organic compound can
affect the crystallinity of the precursor [20].

Finally, regarding doped MW samples (MW17 and MWI1®)o different XRD patterns were
registered (fig. 5.6): for the sample synthesizedpure isobutanol (MW18), the characteristic
pattern of VOHP®0.5H,0 was observed, with very intense reflections cenduto a highly
crystalline compound. In contrast, the sample pexpavith pure ethanol (MW17), and with the
same Nb source as for MW18, showed a pattern simoildoat of the MW10 samples, indicating the
formation of a compound with anisotropic crystatin

a.u.

MW10

MW5

MW4 |

VHP

I [T
20 30 40

Position [2Theta]
Fig. 5.5_XRD patterns of VHP, MW4, MW5 and MW10 dfisamples. Symbols: # = reflection sometimes olesefor samples
having intercalation of glycols [20].
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a.u.

MW18 |
Moimg

MwW17

20 30 40 50
Position [2Theta]
Fig. 5.6_XRD patterns of MW17 and MW18 dried samples

The UV-vis DR spectra are shown in fig. 5.7: chaedstic bands relative toV species (at 265,
640, 830 nm) were observed [21]; the presence wf\&f species can be excluded, because the
corresponding bands (at 320, 420 nm for VQR&@ere not visible (Chapter 4).

In particular, for samples MW17-MW18 a contributiahhigh energy (<300 nm) was present: in
the literature bands at 240-290 nm are related®fosplecies in Td coordination [22-24], but these
species were probably not present in our sampleshe other hand, the unknown band could be
attributed to V' in octahedral coordination, as in®s[22], but since the other bands attributable to
this compound were absent, we could disregard thlisopossibility. Another possibility can be
considered, that the band at about 250 nm canthleudé¢d to a Nb/P/O species; in fact, hydrated
NbOPQ, possesses a characteristic single CT band atag251.
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FR

190 300 400 500 600 700 800 900 1000 1100 1200
nm

Fig. 5.7_UV-vis DR spectra for VHP, MW4, MW5, MW1RIW17 and MW18 dried samples.

SEM images were taken for each dried sample (6¢%-5.13). We again confirmed the similar
features of MW4 and VHP samples; in fact, both stebthe typical rosette-like morphology, that is
the common aspect of VOHRO.5H,0 prepared by means of the standard procedur&.gi.9).

Fig. 5.8_SEM image of dried VHP.
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- M

—

Fig. 5.9 _SEM image of dried MW4.

Conversely, samples MW5 and MW10 showed a similarenfopen” and unusual sponge-like
morphology, with an high degree of emptiness (fg$0-5.11).

UniPi - MW 5

- SR
17 mm B
Photo No.=5188 De =

Fig. 5.10_SEM image of dried MWS5.
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UniPT - HWiape

EHT=28 .88 kV WD 13 M

1um — Photc 5275 or

Fig. 5.11_SEM image of dried MW10.

MW17 showed a rosette-like morphology similar tattbf MW4 and VHP samples (fig. 5.12); also
sample MW18 showed a rosette-like morphology (8d.3_left), although some particles had a
different aspect, similar to a coral-like structyfeg. 5.13 right). It was concluded that sample
MW18 possessed an heterogeneous morphology, whaghbx related to an inaccurate dispersion
of Nb.

Photo MNo.=5783 [

Fig. 5.12_SEM image of dried MW17.
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These experiments clearly indicate that it is pgmesito obtain the catalyst precursor,
VOHPQO,-0.5H,0, by means of microwave heating; interestingly,chgnging the solvent it was
possible to obtain samples with distinctly differeharacteristics.

5.2.3 Characterization of calcined microwave samps (MW) and thermal sample (VHP)

The calcined samples, also referred to as “fresltélgsts, were characterized by Raman, XRD and
UV-vis DR analyses.

For clarity of discussion, because many spectr& wexorded at different spots of the particles, the
Raman spectra are shown in separate figures foreasalyst (figs. 5.14-5.18).

The VPP was always present, as shown by the typarads (1184, 1133, 920 &n Some oxidized
compounds were also present: VORBL0 (1033, 986 cif), a,-VOPO, (1028, 580, 535 ci),
a,-VOPO, (1090, 990 cil) and 3-VOPO, (1084, 1015, 592 ci). Interestingly, this latter
compound was observed solely in doped samples (MWHI/18), which indicates an important
role of Nb in boosting the generation of this sfie@xidized phase. Furthermore, it must be noted
that sample MW18 was the most homogeneous, shoamyg bands ofd-VOPQO, and VPP
compounds (fig. 5.19).

a.u.

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-?
Fig. 5.14_Raman spectra taken at different spotsdimined VHP. Symbolg=(VO),P,0;; a,= a,-VOPGQ,; a,= a,-VOPQ,.
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Fig. 5.15_Raman spectra taken at different spotsdimined MW4. Symbol$=(VO),P,0;; a,= 0,-VOPGQ;; o= a,,-VOPO,.

a.u.

N
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Fig. 5.16_Raman spectra taken at different spotsdtmined MW5. Symbol$=(VO),P,0;; a,= a,-VOPQ;; a,,= a,-VOPOQ,.
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(a)

a.u.
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Fig. 5.17_Raman spectra taken at different spotsdtmined MW10. Symbolg=(VO),P,0O; a,= a,-VOPQy; °= VOPQ,-2H,0.

a.u.
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Fig. 5.18_Raman spectra taken at different spotsdtmined MW17. Symbolg=(VO),P,O;; a,= a,-VOPQ,; 6= 3 -VOPO,.

a.u. |
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Fig. 5.19_Raman spectra taken at different spotsdtmined MW18. Symbolg=(VO),P,0O;; 6= d-VOPQ,.
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Figure 5.20 reports the XRD patterns for VHP, MWHAN5 and MW10 calcined samples. Sample
VHP, apparently containing a more crystalline VRBPcampared to the other samples, possessed
strong reflections at6z18,7° and 2=21,4°, relative ta-VOPQO, (JCPDS 00-037-0809). The other
samples appeared to be less oxidized, and to tafisidess crystalline VPP.

VHP| |
MW1p

MWS5)
Mw4

10 20 30 40
Position [2Theta]

Fig. 5.20_XRD pattern of VHP, MW4, MW5 and MW10 dakd samples. Symbols=(VO),P,0; ° =w-VOPQ,.
Catalysts MW17 and MW18 (fig. 5.21) resulted torbainly constituted of VPP. In particular,
MW17 also showed the characteristic reflectionsitattable to w-VOPQO, and VOPQ2H,0O
(strongest peak at212°, JCPDS 00-036-1472), while MW18 showed thesgmee ofw-VOPQO,
andd-VOPQO, (20=19,6° - 22° - 24,2°, JCPDS 00-047-0951).
These results confirmed Raman analyses, and alsmated that, probably, Nb-doped samples were
more oxidized than the other catalysts.
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a.u. *

MwW17

MW18 |

Position [2Theta]
Fig. 5.21_XRD pattern of MW17 and MW18 calcined slapSymbols*=(VO).P,0; °= w-VOPQy; 6= 0-VOPQ,; #=

A more clear picture regarding the degree of oxutadf fresh catalysts was drawn by means of
UV-vis DR analyses (fig. 5.22): bands relative t& ¥pecies in VPP compound (at 300, 650, 850
nm) were present for all samples. Furthermore, wiftb exception of sample MWS5, bands
belonging to V' species in VOP® compounds (at 310 and 410 nm) were also visibie, i
accordance with XRD and Raman analyses. It musiobed that sample MWS5 resulted to be quite
reduced:; for example, the band at about 550 nnbeaattributed to a ¥ species [21].

The high degree of reduction of MWS5 is probably daoean high amount of organic molecules
retained between layers of the precursor structlinese species are removed by combustion,
during the first step of the thermal treatment; begr, when these molecule are strongly retained,
the removal may also occur during the subsequem, starried out in flowing nitrogen and at
higher temperature (550°C): this involves a redeaction between the organic compounds and the
VOPQ, species, the latter having been generated dunmdrst step of thermal treatment in air, at
300°C. For this reason, we can hypothesize andnghanic content for the MW5 sample, and this is
probably also a reason for its surprising morphglog

Besides MWS5, the least oxidized samples were MVIW,18 and MW17; moreover, MW18 also
possessed a unique feature: a band centered &t 2&am, which was observed neither with the
other Nb-doped sample (MW17), nor with the othedaped samples. This signal was already
observed in spectra of dried MW17-MW18 samples.(p&r.2), and was tentatively attributed to a
Nb>* species. We can conclude that in the case ofnemiciample MW18, the Nb species still was
present at the surface of the VPP (either as a/Sb#®mpound or as a dispersed’Nbpecies),
whereas in the case of MW17 the thermal treatmeotigbly led to a more preferred migration of
Nb into the bulk.
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Fig. 5.22_UV-vis spectra for VHP, MW4, MW5, MW10,WIL7 and MW18 calcined samples.

5.2.4 Reactivity of VPP catalysts obtained from MWprecursors
The reactivity tests were carried out with calcirssanples (VHP, MW4, MW5, MW10, MW17,
MW18), which were previously equilibrated by legithe catalysts at 440°C in the reactive mixture
for a period of about 100 hours. The reaction cioras were the following: 1,7% mol. of n-butane,

17% mol. of @; W/F=1.33 gsml™.

For samples VHP, MW4, MW5 and MW10, the n-butaneversion is plotted in fig. 5.23, while
figs. 5.24-5.25 report the MA and CO + £@0y) selectivities, respectively, all plotted in fuioct
of the reaction temperature (340°C-440°C).
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Fig. 5.23_ Conversion of n-butane for VH®),(MW4 (0), MWS5 (@) and MW10 (\) samples. Conditions: 1,7% n-butane, 17% O

W/F=1.33 gsml™.
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Fig. 5.24_ Maleic anhydride (MA) selectivity for \-H#), MW4 ), MW5 (@) and MW10 (\) samples. Conditions: 1,7% n-
butane, 17% @ W/F=1.33 gsml™.
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Fig. 5.25_ CO and CQCQ) selectivities for VHP ¢), MW4 (0), MWS5 (@) and MW10 {\) samples. Conditions: 1,7% n-butane,
17% Q; W/F=1.33 gsml™.
The rank of catalytic activities were in agreemerth the surface areas of samples, measured on
used catalysts at the end of catalytic experim€hable 5.2). Catalyst MW5, which showed the
highest n-butane conversion in the entire rangemwiperatures, was the sample also showing the
greater value of surface area. Since the finalaserfarea of VPP samples was a function of the
morphology of the catalyst (the latter being akbecty the morphology of the corresponding
precursor), these results demonstrate that cagalygth the sponge-like morphology for
corresponding precursors (MW5 and MW10) were tHossly displaying the greater surface area.
On the other hand, the very high activity of MWSat be attributed to the higher surface area
only; in literature, it is reported that stronglgduced samples, containing small amounts Bf V
because of the V overeduction occurred during ttental treatment, were those showing an
unexpected high activity [21 and refs therein].STWas attributed to the generation of vacancies in
the VPP, which acted as strong Lewis sites for bgabon activation.
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Catalyst MW10, synthesized with ethanol, displaygegeculiar and unexpected behavior: MA
selectivity was clearly higher than that of theastsamples, in the entire range of temperatures
tested. This peculiar behavior may result from ¢benbination of various factors; as a matter of
fact, this sample was that one combining a goodtalynity (as inferred from XRD pattern) with a
relatively low amount of oxidized ¥V phase, as evident from both Raman and UV-Vis DR
spectrum. Also sample MW5 showed a good selectinatyA, if plotted against the n-butane
conversion (see fig. 5.29). Instead, samples MW@l HP were more oxidized than MW5 and
MW 10.

Moreover, MA selectivity was improved over the emtiemperature range investigated; indeed, it
was a peculiarity of all the MW catalysts to mainteelatively high and similar MA selectivity at
both low and high temperature.

For samples VHP, MW17 and MW18, the n-butane caiwaris plotted in fig. 5.26, while figs
5.27-5.28 report the MA and GGelectivity, all plotted in function of the reamti temperature
(340°C-440°C).

n-Butane Conversion (%)

320 340 360 380 400 420 440 460
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Fig. 5.26_ Conversion of n-butane for VH®,(MW17 (A) and MW18 @) samples. Conditions: 1,7% n-butane, 17% O
W/F=1.33 gsml™.
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Fig. 5.27_ Maleic anhydride (MA) selectivity for \BH®), MW17 (A ) and MW18 @) samples. Conditions: 1,7% n-butane, 17%
O,; WIF=1.33 gsml™.
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Fig. 5.28_ CO and CQCQ) selectivities for VHP €), MW17 (A ) and MW18 @) samples. Conditions: 1,7% n-butane, 179 O
W/F=1.33 gsml™.
The presence of Nb positively affected n-butaneveosion: it is worth noting that this was not
simply due to the specific surface area (Table,h2tause very similar values were obtained for
MW17, MW18 and VHP used catalysts. On the othedh#me activity of MW17 (the most active
Nb-doped sample) was not as much high as that o5Mifg. 5.26). Catalyst MW18 showed a
lower MA selectivity than both MW17 and VHP, whese®W17 showed a small selectivity
improvement (probably more important at low tempees), with respect to the reference catalyst
(VHP).
We conclude that the promoter effect of Nb on géiabehaviour may be greatly affected by its
final degree of dispersion and incorporation in skreicture; indeed, Nb may even have a negative
effect on selectivity. In overall, other parametatsch as the amount of organic compound which is
retained in the precursor - a parameter which tyredtects the morphology of the precursor and
which is enormously affected by the method of prafian used for catalyst precursor — may have
much more remarkable effect on catalytic behaviban the presence of Nb. In this regard, the
method of preparation involving the use of microesvs a powerful tool for the control of the
main chemical-physical properties of the precursor.
Figure 5.29, plotting the selectivity to MA in fuman of n-butane conversion, permits a better
overview of the catalytic results.
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Fig. 5.29_ MA selectivity plotted as a functionrebutane conversion, for catalysts VHB,(MW4 ©), MW5 (@), MW10 (A)
MW17 (A) and MW18 @) samples. Conditions: 1,7% n-butane, 179\®/F=1.33 gsml™.

Figure 5.29 allows dividing catalysts into 3 categer a) catalysts showing improved selectivity as
compared to the standard catalyst VHP (MW5, MWX))catalysts with performance similar to
that of the standard preparation (MW4, MW17); dabssts with worse performance (MW18). The
main peculiarity of catalysts belonging to clasdslthe presence of an “open” (sponge-like)
morphology for the precursor, and moreover thedalystis were less oxidized than the other
samples (see figs. 5.20 and 5.22). MW17 (which prapared using ethanol, like sample MW10),
had morphological features which were close to eéhalsserved for the best catalysts (MW5 and
MW10), but was more oxidized than the latter, aslet from both XRD pattern and UV-Vis DR
spectrum.

Used catalyst Surface area’(g)
VHP 14
MW4 22
MW5 29
MW10 24
MW17 15
MW18 12

Table.5.2_ Values of surface area (BET analyses)ded catalyst: VHP, MW4, MW5, MW10, MW17 and MW18.

5.2.5 Characterization of used VPP catalysts

XRD patterns of used catalysts are shown in fig805,.31; after reactivity tests, all samples
showed the presence of the crystalline VPP phastheagnain component. In particular, the
reference catalyst (VHP) still possessed, but inamamount, traces of oxidized phasesVOPQ,
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(reflection at B=25,2°), a,-VOPQO, (reflection at B= 28,8°) and VOP®2H,O (reflection at
20=12,4°).

MW10
MW5

Mw4

VHP

10 20 30 40 50
Position [2Theta]

Fig. 5.30_XRD patterns of VHP, MW4, MW5 and MW10 dsamples. Symbol$=(VO),P,0;; a,=a,-VOPOy; a,=a,-VOPQ,; #=
VOPQ,2H,0.

a.u.

MwW17

MW18

20 30 40

Position [2Theta]
Fig. 5.31_XRD patterns of MW17 and MW18 used sam@gmbols*=(VO),P,0;.

Raman analyses of used catalysts are shown i f8$s5.37. Catalysts VHP and MW4 showed the
presence of VPP and,-VOPQ, (fig.5.32-5.33); samples MW5 and MW10 showed thyo
presence of VPP (fig.5.34-5.35); finally, sample®i&/ and MW18 showed the presence of VPP
as the major compound, but a peculiar spectrumalsasregistered by focussing the laser beam on
specific spots: this spectrum can be attributegint@amorphous Nb/P/O compound (figs. 5.36-5.38).
The presence of an amorphous niobium phosphatessilje since it is known, as reported in the
literature, that hydrated Nb/P/O remains amorphouosl temperatures as high as 900-1000°C.
Furthermore, for catalyst MW17 also Raman bandsacieristic ofa,-VOPO, were recorded.
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In conclusion, the analysis of spent catalysts icosf the hypothesis put forward in regard to the
catalytic behaviour; samples showing the best giatabehaviour were those containing the lower
fraction of \P*, ie, those that after calcination contained therelo amount of the undesired
crystalline VOPQ compounds. In regard to this last considerations iworth noting that we
confirmed the results obtained with the Nb-dopedP@ and VPP catalysts (see previous
chapters): the main peculiarity of the VPP showvilmgbest performance is that one of being able to
generate in-situ domains of tleeVOPQ, dispersed at the VPP surface. When, instead,résh f
catalysts already contain relatively large amowit¥YOPQ,, including thed phase, the catalytic
behaviour is finally not good.

a.u.

Raman shifts cm?
Fig. 5.32_Raman spectra taken at different spotafed VHP. Symbol$=(VO),P,0;; a,= o,—-VOPQ,.

a.u.

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 =200
Raman shifts cm-t
Fig. 5.33_Raman spectra taken at different spotafed MW4. Symbols=(VO),P,O;; a,= a,-VOPQ,.
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a.u. |

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm1
Fig. 5.34_Raman spectra taken at different spotafed MW5. Symbols=(VO),P,O; a,= a,-VOPQ,.

a.u. 1

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm?

Fig. 5.35_Raman spectra taken at different spotafed MW10. Symbolg=(VO),P,0;.
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a.u.

a

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm

Fig. 5.36_Raman spectra taken at different spotased MW17. Symbolg=(VO),P,0-;

a.u.

81

o,= a,-VOPQ,; a;,= a,,-VOPQ,; 8= 6-VOPQ,; 8= amorphous Nb/P/O compound.

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-!

Fig. 5.37_Raman spectra taken at different spotsfed MW18. Symbolg=(VO),P,0;; a,= a,,~VOPQ,; §= amorphous Nb/P/O

compound.

5.3 CONCLUSIONS

Microwave synthesis was a valid method alternatiwethe standard preparation of vanadyl
pyrophosphate catalyst precursor (VOHRGBH0), considering the easy methodology and the
possibilities offered by microwave instrumentatiofhe main advantage is that the required
synthesis time is
total conversion

much shorter compared to th#tte&tandard preparation; for example, practically
of ¥Os was always obtained (which instead is not alwdyes ¢ase with the

standard procedure). Also with the microwave-basethod, as it is for the standard one, one
important parameter to control the characteristice precursor is the type of alcohol used. One
remarkable advantage of the microwave syntheglsaisthis control is possible even using ethanol
(which instead cannot be used with the standartiodebecause it does not permit the reduction of
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V,0s); the use of ethanol allows a much easier handbihghe synthesis slurry and an easier
management of the calcination procedure.
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6

1-BUTANOL ASAN ALTERNATIVE
REAGENT FOR THE PRODUCTION OF
MALEIC ANHYDRIDE

6.1 INTRODUCTION

Given the increase in greenhouse gas emissiongodtiee use of fossil fuels, there is a need to
develop renewable resources such as biomass #&setiteock for the chemical industry and as an
energy source. The switch to the use of biomass fasdstock is an important global initiative in
the aim of developing a more sustainable growth§]L-In this context, biobutanol has the potential
to play a significant role in a sustainable, notrgdeum-based, chemical and energy industry, e.g.,
as a transportation fuel [19], potentially subsiiitg bioethanol.

Biobutanol possesses in fact interesting advantageypared to other biofuels [20]: i) it has an
energy content that is 30% more than ethanol argldloser to the gasoline energy content; ii) it
can be transported and used in existing pipelil@sjing lower vapour pressure, being less
corrosive and less prone to water contamination #thanol; iii) it is less flammable, consequently
less hazardous than other fuels, and it can bedwith gasoline in any proportion. Biobutanol is
produced by the well known process ABE (AcetondgaBal, Ethanol).

This process is one of the oldest fermentationgsees: the biomass mainly involved are molasses
and cornstarch and the bacteria utilized @lastridium acetobutylicunor C. beijerinckij able to
convert carbohydrates to short-length solvents. @emial solvent minimum concentration is at
about 20 g/L, considering 55-60 g/L of substrate] d results in solvent yields of about 0.35 g/g
sugar; butanol-to-solvent molar ratio is typicdly, with an A:B:E ratio of 3:6:1 [21].

This process is very old, since commercial plangsenwoperational during the first half of the last
century; successively, with the increasing avaliigbpf fossil fuels, which could be used for
butanol production, the bio-based butanol plantsdol importance; however, recently, this process
regained importance as several improvements hase teveloped (both for process technology,
and regarding bacteria, e.g. increasing theirdilength), also induced by the increasing price of
petroleum and being today recognized the addedevidu chemicals derived from renewable
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feedstock. Moreover, it must be said that the athgen of using these solventogenic microbes,
especially those genetically modified, is that theng able to metabolize long-length sugars
(hexoses and pentoses) in contrast with traditiethbnol-producing yeasts; furthermore the
production of the biobutanol occurs with highergseand similar process efficiency, in comparison
with first generation yeasts for bioethanol proc&sbutanol is thought to potentially substitute,
the future, both ethanol and biodiesel in the l@bfoarket [21].

.
=

.-Jl\l,'u Lone

‘_F Acelale

Substrate — Pyruvale / P Butanol
I—F Butyrate /ij:
; Ethanol &

Fermentation .-"u-..'ldu_-__'a'n-_'ri:x Sol 'n..‘l‘.[w.*g-.‘l‘.c-‘i:-

Fig. 6.1_Phases of the fermentation process narB&t(Acetone, Butanol, Ethanol), for the productiorbmbutanol, using
Clostridia Bacteria: first, acetic and butyric acéde produced[,z'z?].en these acids are re-assimilgtdtelbacteria into ABE solvents
1-Butanol can be produced also chemically, by me&narious technologies [22]:

a) the most important industrial process is propylagdroformylation (oxo synthesis) with
subsequent hydrogenation of the aldehyde formed,li-butyraldehyde (and minor amount
of 2-methylpropanal as the by-product);

b) the Reppe process, consisting in the direct hydrasbonylation of propylene into 1-butanol
(with 2-methylpropanol as the by-product);

c) the aldol condensation of acetaldehyde into acet@tdbasic conditions, the dehydration of
acetaldol into crotonaldehyde in the presence fcaah and finally the hydrogenation of the
aldehyde into 1-butanol. The source for the proaems be bioethanol, which can be
(oxi)dehydrogenated into acetaldehyde. However, nthdti-step process can occur in a
single step starting directly from ethanol (whidboaserves as internal H-transfer reagent, so
acting as a MPV-type reduction), using a singleittional catalyst, and proper reaction
conditions (Guerbet synthesis of alcohols [23-30]).

d) Catalytic hydrogenation of CO into higher alcoheiswadays, however, this process has no
commercial importance.

The large availability and low cost of 1-butanahders this compound an interesting bioplatform
molecule for the synthesis of chemicals. Alcoh@seyally decompose by either dehydrogenation
to produce a carbonyl or dehydration to producalkene; dehydration and dehydrogenation routes
are competitive in the gas phase in the absenc®.ofip to 500°C, while dehydrogenation
predominates at higher temperatures [31]. On delggirating catalysts, 1-butanol transforms into
two main products, butyraldehyde and 4-heptanonsy(ametric ketone: ketonization reaction)
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[32,33], and smaller amounts of hydrocarbons, sasgbutene, heptene, and 3-methylheptane, and
of other oxygenated compounds, such as 4-heptadibiytyl ether and butyl butyrate.
Butyraldehyde (like all aldehydes) may undergo tieas such as Tishchenko dimerisation (to form
butyl butyrate), aldolisation and ketonisation [B%: however, also deep dehydrogenation,
aromatization and finally carbonisation may ocduarfunction of the catalyst and of conditions
used, other reactions which may occur are decathboy to yield CO, H and GHe, or
demethylation to yield propanal and a Ckhdical [41]; the butenes formed by 1-butanol
dehydration may decompose to produce propyleneaa@H, radical [42]. In the presence of
oxygen, 1-butanol yields butyraldehyde by meansxalehydrogenation [41,43].

Acid catalysts for 1-butanol dehydration into beinclude heteropolycompounds [44-46], APO
[47,48], sulfated alumina [49], hydroxyapatite [5@Ja-montmorillonite and Ta/Si mixed oxides
[51,52], silica-alumina [53], Al/P and Al/Ga/P oxtndes [54,55].

In this chapter, we report about a study aimechegstigating the possibility of transforming 1-
butanol into maleic anhydride (MA), by means of-gasse oxidation. MA is currently produced
by oxidation of eithem-butane or benzene [56-59], but it may also be ywred starting from
butenes and butadiene [60-77]; indeed, in the Ipaktnes were also used industrially as starting
material for MA synthesis. Therefore, a bifunctiboatalyst able to carry out both the dehydration
of 1-butanol and the oxidation of the intermedmtirmed butenes into MA might render the
direct transformation of the alcohol into MA fedsib

The hypothetic reaction mechanism, for the oxidehtyon of 1-butanol to maleic anhydride, is
similar to that one for the selective oxidatiomelbutane to maleic anhydride (Figure 6.2): 1-butene
(which also isomerizes) represents the commonicgaicttermediate (formed by dehydration of the
alcohol or by oxidehydrogenation of the alkane)isTis progressively and selectively converted
into MA by means of a series of consecutive oxaasteps.

DS HG

Fig. 6.2_ Mechanism for the selective oxidatiomdfutane to maleic anhydride.
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6.2 RESULTS AND DISCUSSION

6.2.1 Catalysts tested and reaction conditions
The catalysts used in the present investigationistesl in Table 6.1.

Catalyst Composm(())rrl ggitgtrjlc):ture (XRD Surface area (ni/g)
VPP (VOYP,0Oy 33 [from ref 86]
VPO a;-VOPO, 2+1

M1 Mo1V.265ky.1Np.150x 13+2
VTIiO 7 wt% V,0s5/TiO, (anatase) 22
MoWV (MoVW) 50, 4-type oxide 4

K1 H4PMo0;1VO49 Nm

K2 K(N H4)2PVM011045 Nm

Table 6.1_ Catalysts used for the gas-phase saeafiidation of 1-butanol to maleic anhydride: nae@nposition (analyzed by
Raman and/or XRD measurement) and surface area fretecatalyst, before reaction.

The VPP catalyst was an industrial sample, delt/éne DuPont, and formerly used in the DuPont
plant operating in Spain for the production of dbfrdrofuran. The catalyst is also known as
“Calcined VPO” and its features are reported inlitegature [86,87]: it consists of a VPP core (ca.
150 um) and of a silica shell (ca.@m), which surrounds it, giving higher attrition itance. The
XRD pattern is that typical of the (V&P,0;, with apparently no additional crystalline compdsn
and the surface P/V ratio, as determined by XP&haat 1.5-1.6 [86,87]; even though the bulk P/V
ratio is not reported, we can assume that it iedrnighan 1.0.

The VPO catalyst (Table 1) was prepared by reflgx{h00°C, for 17 h) an aqueous slurry
containing \0s, (99% wt) and phosphoric acid (85% wt), with aonaic P/V ratio of 4. A
precipitate was obtained, which was then filtenwdshed with water and acetone; the precipitate
was crystalline VOPQ2H,O (as determined by XRD) and the analytical P/\foratas 1.18 (as
determined by XRF): this sample corresponds to sa@p/PD (Chapter 4). The precipitate was
then thermally treated in air, at 450°C ; this tedthe development of the,-VOPQ, crystalline
structure. Thea-VOPQO, was unselective in n-butane oxidation to MA, siinc@romoted the
combustion of n-butane, because of both the higfasel density of ¥ sites, and the lack of the
structural/geometric features of the VPP structwig@ich are considered essential in the aim of the
activation and selective transformation of the atka

The Mo oxide-based catalysts investigated werddl@wving: (1) a so-called M1 phase, which is a
crystalline molybdate of V, Sb and Nb; (2) a Mo/Wfxixed oxide, a system which is used
commercially for the oxidation of acrolein into wgor acid, and (3) Keggin-type
phosphomolybdates.

The VTIO catalyst consisted of 7% wbt®5 supportedver titania (anatase); it was prepared by
means of the wet impregnation technique, by immarssf TiO, in an aqueous solution of
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ammonium metavanadate (hNHD3, 99%); then the dried precursor was calcined incstat (3h at
150°C, then 5h at 450°C). A similar system is usedhe oxidative scission of butenes [88-90].

The reactivity tests were carried out by feeding ifd. of pure 1-butanol in air (or in He); the
alcohol was vaporized in the inlet heated lineobethe reactor (Chapter 2). The W/F parameter
(WHSV) corresponded to 1.33-sgnl™. In experiments carried out by changing this tatte
parameter, we modified the catalyst weight ingidereactor while keeping constant the inlet flow.
Before catalytic tests, we investigated the gasehaactivity of 1-butanol, in the absence of any
catalyst, with or without oxygen (blank experim@nts particular, an inert material, steatite
(MgsSis010(0H),), was used to fill the reactor volume.

6.2.2 Reactivity experiments

Blank experiments

First, we carried out experiments aimed at studyhreg reactivity of 1-butanol in the gas-phase,
without any catalyst, both with and without oxygéfngure 6.3 plots the results obtained in the
presence of oxygen; the reactor was filled withrtinmaterial (steatite). During catalytic
experiments, this inert material is used to filetempty space of the reactor. The range of
temperature chosen for experiments was that typiaaked for G olefins oxidation to MA, that is,
higher than 300°C.

Under aerobic conditions 1-butanol already condedempletely at 350°C; reported in Figure 6.3
are the main products obtained, i.e,, dlefins, butyraldehyde and G@mainly CQ); the latter
prevailed at 400°C, while olefins were the predamninproducts at the intermediate temperature of
350°C. However, the overall selectivity to thesenpounds was largely lower than 100% at 300°C,
whereas it was close to 80% at 350 and 400°C.dn) faany other by-products formed, especially
at low temperature (these compounds were not iddally quantified): formaldehyde, formic acid,
acetic acid, acrylic acid, tetrahydrofuran, dihyfdran, 1-propanol, propionaldehyde, dibutylether,
and the butyl esters of formic acid, acetic acidpponic acid, and butanoic acid; besides butenes,
other olefins formed were propylene, isobutenelautddiene.
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Fig. 6.3_ 1-Butanol conversion and selectivity te thain products as functions of temperature, witleatalyst, and with steatite
filling the reactor. Feed composition: 1% 1-butainciir; W/F (WHSV) 1.33 g s mit; 1-butanol conversiorlf); selectivity to C4
olefins @), to butyraldehyde<®), to CQ, (A), and to light acids (acrylic + acetic acids, nhaicetic) (x).
Compounds formed in the greater amount were butyiftte and propionaldehyde. The overall
amount of these by-products was considerably 1£85@°C than at 300°C, but in the former case
compounds formed in the greater amount were prajdehyde, tetrahydrofuran and butylformiate;
moreover, also 2-butenal, benzene and 2-ethylanr@@empounds which did not form at 300°C)
were observed. At 400°C, the only by-products faimeere: propenal, furan, acetic acid,
methylvinylketone, tetrahydrofuran and benzene.
We repeated the same experiment, but with theaeaompletely empty (that is, without the inert
material) (fig. 6.4). We found that 1-butanol corsien was slightly less than that recorded with the
inert filling the reactor. The nature of productsrhed was similar in the two cases, but with a
different relative amount of the various compouniisfact, the formation of COwas greatly
suppressed, and the yield to butyraldehyde wastegresver the entire range of temperature,
whereas that to C4 olefins was 44% (instead of 28966.3) at 400°C. These results indicate that
1-butanol is extremely reactive, and transforme mtvide range of oxidized compounds, typically
observed in gas-phase radicalic oxidations; thegmee of a solid in the reactor may facilitate the
occurrence of these reactions, especially thosaglving oxidative transformations of both reactant
and products intermediately formed.
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Fig. 6.4_ 1-Butanol conversion and selectivity te thain products as functions of temperature, witlcatalyst, and the empty
reactor. Feed composition: 1% 1-butanol in airutabol conversionl); selectivity to C4 olefins®), to butyraldehyde<), to
CO, (A) and to light acids (acrylic + acetic acids, mgiatrylic) (X).

When the same experiments were carried out witbaygen in feed (fig. 6.5), but still with the
inert material filling the reactor, 1-butanol consien was 39% at 300°C, 88% at 350°C and 98% at
400°C; the prevailing products were the C4 olefimgerall selectivity 56%, 68% and 77% at 300,
350 and 400°C, respectively), whereas the selégtioi butyraldehyde was always less than 3%
over the entire range of temperature examined,thee was no formation of GGand of light
acids. In fig. 6.5, we have also reported the s$wiec to Others, because of the presence of
remarkable amounts of a light unidentified compo(m@sent in small amount in the case of tests
shown in figs. 6.3 and 6.4), which we tentativetiyilbute to formaldehyde. The low C balance at

low T is a clear indication about the formationafgreat humber of other by-products at these
conditions.

100

80

60
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280 300 320 340 360 380 400 420

Temperature (T)

Fig. 6.5_ 1-Butanol conversion and selectivity te thain products as functions of temperature, witleatalyst, and with steatite
filling the reactor. Feed composition: 1% 1-butaimoHe (no oxygen); 1-butanol conversidll){ selectivity to C4 olefins@®), to
butyraldehyde ¢), and to Others¥).
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It can be concluded that in the interval of tempemexamined, the thermal dehydrogenation of 1-
butanol occurs only at a minor extent; in the pmeseof oxygen, however, the formation of
butyraldehyde becomes more important. The thermlaydration of 1-butanol, is greatly favored at
all the conditions examined.

The most important output of these experimenthas in order to be selective to MA, a catalyst for
1-butanol oxidative dehydration -operating in amd@ing atmosphere- has to be very efficient in 1-
butanol dehydration, in order to further enhance thte of catalytic 1-butene formation as
compared to the thermal dehydration, in the aimeatiering less relevant the parallel formation of
butyraldehyde (which is the precursor of severaptpducts identified, but cannot be transformed
into MA). Furthermore, it also has to be very aéitt in 1-butene oxidation into MA, in order to
limit the side reactions of allylic oxidation, whiegnay lead to the formation of 3-butenal, the ratte
also being one possible precursor for other oxymehdy-products. This indicates vanadyl
pyrophosphate (VPP) - the catalyst industriallyduk® n-butane oxidation to MA- as the possible
optimal candidate catalyst for this reaction, sivd&P not only is a selective catalyst in butenes
oxidation to MA [60-63], but also possesses remalkacid properties [78,79]. Indeed, 1-butanol
has been already tested as a possible reactavitf@ynthesis in some papers [80,81], in the aim of
demonstrating the polyfunctional characteristic¥/BP. In those papers, the authors proposed that
the relatively high yield to MA obtained from 1-lambl could be attributed to a shorter reaction
pathway than from n-butane, because of the intracutdr dehydrocyclization of 1-butanol into
tetrahydrofuran, a possible precursor for MA forimxat In another paper [82], it was reported that
with VPP, 1-butanol dehydrates into 1-butene, whécthen oxidehydrogenated into butadiene and
finally oxidized to MA; the authors also reportebloat the formation of phthalic anhydride by-
product, especially at 300°C.

Given these results, and indications reported énliterature, we decided to compare the catalytic
behavior of VPP with that of various catalysts whare also active in butenes oxidation into MA,
e.g., metal molybdates [74-76], as well catalysigctv not only possess acidic characteristics, but
also are active in n-butane and n-pentane oxidatitonMA, such as polyoxometalates [83-85].

Our further aim was to understand whether the prooln of MA goes through the formation of
either butenes or tetrahydrofuran as the key inddiate product. This not only in the aim of
unraveling the reaction mechanism, but also ino@ropose alternative production processes for
MA from biomass-derived compounds. For instancearfic rings (such as furan, dihydrofuran,
tetrahydrofuran, and 2-substituted or 2,5-disubsd furanics, such as furfural or HMF) can be
obtained from hexoses and pentoses decompositién§414]; furanics may be possible reactants
for MA production.

Catalytic experiments

Figure 6.6 reports the results achieved using tR® \atalyst. Under the conditions chosen, the
conversion of 1-butanol was complete over the emtainge of temperature investigated; products
obtained were MA, light acids (acrylic and acetmda, formed in comparable amounts), and
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carbon oxides; butenes formed at 340°C only. Atldter temperature, also minor amounts of
several by-products were detected, with overaitality less than 5%.

The highest selectivity to MA was observed at 37(28-29%); at high temperature, the selectivity
to MA declined, with a concomitant increase of selaty to CQ.. In the range 340-370°C, the
slight increase of selectivity to MA occurred wishconcomitant decrease of selectivity to C4
olefins; however, it is possible to note that tledéestivity to C4 olefins was already very low at
340°C. In other words, from these experiments indd possible to infer about the chemical
relationship between C4 olefins and MA, inside aekically consecutive reaction scheme
(experiment carried out by changing the contacetimill allow us to draw a more clear picture
about this aspect).

Over the entire temperature range examined, selgctio light acids declined, with a
corresponding higher selectivity to (.’ hese results indicate that at low temperatusgptieferred
reactions were the transformation of 1-butanol imitenes and the oxidative cleavage of either the
alcohol or the olefins into acetic acid and acndicid. When the temperature was raised, the
butenes were transformed into MA and ,C@hereas the light acids were oxidized into,ClDis
also worth noting that there was no formation ofytaldehyde; this means that the aldehyde, if
formed, was quickly transformed into other by-pratduincluding CQ). It is also evident, from the
trend of selectivity shown in fig. 6.6, that temgeires lower than 340°C might enhance the
selectivity to C4 olefins and to light acids, bot to MA.
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Fig. 6.6_1-Butanol conversion and selectivity torthesn products as functions of temperature, witliP\¢atalyst (Table 6.1). Feed
composition: 1% 1-butanol in air; W/F (WHSV) 1.33 gnL°%; 1-butanol conversiorlf); selectivity to C4 olefins®), to MA (¢),

to CQ, (A) and to light acids (acetic and acrylic acids))(
The selectivity to MA achieved with our VPP catalyss lower than that reported in the literature
with 1-butanol and catalysts made of VPP [80-82¢ fower selectivity to MA was mainly due to
the greater selectivity to GOwhich in our case were by far the prevailing prcid. This
discrepancy is apparently mainly due to the faat, tht low temperature, our catalyst was not much
selective to CQ but also it was not able to oxidize butenes m#adeic anhydride; on the opposite,
it gave oxidative scission of either 1-butanol astdmes into light acids. At medium-high
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temperature, instead, the formation of ,Cecame largely predominant. Therefore, one key
reaction probably limiting the selectivity to MA wahe formation of light acids, which also were
precursors for CQformation. This can be due to an excessive cdtatydity (the acidity of VPP is
one peculiarity of this catalyst, and is essemtidhe aim of transforming n-butane into MA), which
may eventually derive from the slight excess ofticlv is added during catalyst preparation (a P/V
ratio of about 1.1 is typically used for the VPPnibutane oxidation, the stoichiometric ratio for
VPP being 1.0 [57,58,79]).

In literature, the oxidative scission of butendw iacetic acid has been investigated by Brickner et
al [88-90]; it was reported that butenes interathwacid sites in YOs-TiO, catalysts, generating
the butoxide intermediate species, which then @sinto methylethylketone and then into acetic
acid and acetaldehyde by the oxihydrative scissiaime C-C bond. On the other hand, too strong
adsorption of 1-butene, in the presence of stramgjty, could lead to further oxidation giving rise
to cyclic anhydride intermediate (i.e., to the te, possibly formed from butadiene) and carbon
oxides, finally. Therefore, one key property of tdaalyst, which however has to be modulated in
order to properly address the transformation otifiebe, is the surface acidity.

We can extend this concept to our VPP catalystitridmesformation of the intermediately formed
butenes into either MA or light acids is probabbntrolled by the surface acidity of the catalyst;
this property is essential in order to control taitive rates of butenes transformation into eithe
MA, or light acids, or CQ In this sense, it is likely that the acidity bktVPP-based catalyst used
in this work is excessive, and should be propearhet. We would like to point out that our initial
scope was to use an acid catalyst in order toit@elthe dehydration of 1-butanol into 1-buterse, a
compared to the parallel oxidehydrogenation ofalw®hol into butyraldehyde. On one hand, our
preliminary results confirmed the importance ofediicient dehydration of 1-butanol as a key-step
of the process; on the other hand, the resultsr@stavith the VPP-based catalyst indicate that an
excessive acidity may be detrimental for the selitgtto MA. This hypothesis is also confirmed by
the experiments reported in refs [60-63]: in orttebe selective in the oxidation of 1-butene into
MA, a P/V ratio not higher than 1.0 had to be u@estead this ratio is not the optimal one for the
oxidation of n-butane into MA). A selectivity of %5 to MA in 1-butene oxidation could be
obtained by using a P/V ratio for VPP close to b selectivity became lower than 40% when
P/V ratio of ca 1.1 and 1.2 were used. Excess\APiR-based catalysts may enhance the number of
surface acid sites, which derive from the P-OH gepwpresent both in “free” (poly)-phosphoric
acid and in the phosphate groups incorporatedarVfPP, which at the termination of crystals give
rise to the formation of dangling hydroxyl groups.

In order to confirm the possible role of the P/\tidaon catalytic behavior, we compared the
performance of two home-made samples, still VPP pbepared with P/V bulk ratio of 1.0 (sample
B1) and 1.1 (the latter corresponds to sample B@aper 3), respectively. The two samples were
prepared with the conventional “isobutanol” proaedicalcined with the method that is described
in the literature [56,57] and first pseudo-equdited in the reaction environment at 400°C. Then we
carried out the experiments at 340°C, the othecti@a conditions being the same as for the
experiments shown in fig. 6.6. We found that sani#g VPP with P/V 1.1) gave 13% selectivity
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to MA and 59% to CQ whereas sample B1 (VPP with P/V 1.0) gave 22%cseity to MA and
40% to CQ (with also 32% selectivity to light acids), in botases with total conversion of 1-
butanol. Even though these experiments are noy ftdinsistent with those obtained with the
calcined DuPont VPP, they provide a clear indicatibat for VPP-based catalysts prepared by
means of the same method, but holding different fafi6, this latter parameter greatly affects the
catalytic behavior, especially in regard to theesgVity to the products.

The hypothesis made on the reaction network wenéirozed by experiments made at 400°C with
variation of the contact time (fig. 6.7).
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Fig. 6.7_ 1-Butanol conversion and selectivity te thain products as functions of contact time, & @Qwith VPP catalyst. Feed

composition: 1% 1-butanol in air. 1-butanol coniangM); selectivity to C4 olefins®), to MA (#),to CQ, (A) and to light acids
(acetic and acrylic acids)().
The experiments highlighted the following:

a) at the high temperature used for experiments, dhearsion of 1-butanol was total even for
extremely low contact time;

b) the only “primary” products (that is, formed by etit 1-butanol transformation) were C4
olefins (the selectivity of which, when extrapotht® nil conversion, was clearly higher
than zero). Interestingly, there was no butyraldiehywhich indicates that at the reaction
conditions used, the aldehyde, once formed, wasoackly oxidized;

C) in regard to CQformation, it is not clear whether also a primaontribution exists (it is
difficult to state whether the selectivity went dowo zero or still was higher than zero for
nil 1-butanol conversion); nevertheless, there wlaarly a secondary contribution to €O
formation, which derived mainly from the consecatoxidation of C4 olefins;

d) MA also was a secondary product, as expected, tndelectivity increased when the
contact time was increased, because of the comgseaxidation of C4 olefins;

e) the selectivity to the light acids showed a maximwatue for W/F value close to 0.1sgnl
! and then decreased, because of the consecugistioreof combustion.
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The key role of the VPP structure in the transfdaramaof the intermediately formed C4 olefins into
MA is also evident from the comparison of the cdtalbehavior of the VPP (fig. 6.6) with that of
the VPO catalyst, which consistsafVOPQ, (fig. 6.8; Table 6.1).
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Fig. 6.8_1-Butanol conversion and selectivity to ien products as functions of temperature, witfOWtalyst (Table 6.1); W/F
(WHSV) 1.33 g s ml%; feed composition: 1% 1-butanol in air. 1-butacmhversion M); selectivity to C4 olefins@®), to MA (#),
to CQ, (A) and to light acids (acetic and acrylic acids))(

Data reported in fig. 6.8 show that the VPO wastatally unselective to MA from 1-butanol; the
highest selectivity to MA was 18%, at 370°C. The\arsion of 1-butanol was complete over the
entire range of temperature investigated, despievery low surface area of the catalyst. If we
compare the distribution of products obtained &°84with the VPP and the VPO catalysts (Table
6.2), we realize that the latter was much lesgiefit in butenes conversion, that explains both the
much lower selectivity to MA (7% for the VPO, vs%Zor the VPP) and the lower selectivity to
CO as well (39% for VPO, vs 49% for VPP); on the othend the VPO catalyst was slightly more
selective to light acids. These data highlighteat the VPO catalyst lacks the active sites required
for an efficient transformation of C4 olefins intA.

% VPP VPO
1-butanol conv. 100 100
Select. MA 21 7
Select. C4 olefins 3 22
Select. COx 49 39
Select. acids 21 27
Select. others 6 5

Table 6.2_Comparison of VPO and VPP catalysts in 1-butanaletxydration at 340°C.

In regard to the surface acid characteristics, 6i§. compares the ammonia-TPD profiles for the
VPP and VPO samples; given the extremely low saréaea, it is not surprising that the desorption
profile of VPO indicates the presence of a very lownber of acid sites. However, in terms of
relative acidity, the profiles of VPP and VPO ward much different; in both cases, in fact, thare i
a high-T contribution, a clear indication of thastence of strong acid sites.
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Concluding, the VPP may be a good catalyst forsihgle-step oxidehydration of 1-butanol into
MA, but several aspects still have to be investigata) one important issue is the optimization of
the P/V ratio, which in turn affects the surfaceldg; (b) a second point concerns the optimization
of reaction parameters, such as the reactant fmegasition; it is likely that the feed ratio betwee
1-butanol and oxygen may greatly affect the catalyehavior. One important point might be the
need to work under conditions of incomplete 1l-bataconversion, in order to disfavor the
consecutive combustion reactions (indeed, in atisftests the alcohol was completely converted).
However, the results obtained also indicate thaiperatures higher than 320-340°C are anyway
necessary in order to convert the intermediate Idns into the consecutive products (including
MA); in fact, at low T the VPP catalyst was notefticient in the oxidation of butenes, even under
conditions leading to total 1-butanol conversiohisTimplies that it should be necessary to use
relatively high temperatures with very short conhttimes, in order to achieve partial 1-butanol
conversion; indeed, this is what we did in the azfsexperiments reported in fig. 6.7. However, the
output of these experiments is that using lowertaxintime did not lead to a better selectivity to
MA. Still it seems that the crucial point is addtieg the issue of a better selectivity by meananof
optimization of VPP surface features.
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Fig. 6.9_Ammonia-TPD profiles of selected catalysts.

Finally, we also tested the reactivity of a VTiOtatgst made of TiQ(anatase)-supported,Ws
(Table 6.1), that is a system similar to that usedhe oxidative scission of butenes [88-90]. Tehes
experiments were carried out in the aim of confimgnithe hypothesis that the undesired side
reaction of oxidative scission, which occurs witle toutenes on vanadium oxide-based catalysts,
may also occur starting from 1-butanol. Resultgshid experiments are shown in fig. 6.10; it is
shown that the behavior of the catalyst was qliéeseme as that observed in the literature starting
from 1-butene: formation of acetic acid (no acnditid) and CQ with traces of C4 olefins and
1.5% yield to MA at low temperature, with total e@nsion of 1-butanol even at 230°C. These data
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confirmed that vanadium oxide is detrimental fa felectivity of the reaction, and that most likely
the oxidative scission may occur directly on 1-bota
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Fig. 6.10_1-Butanol conversion and selectivitylte main products as functions of temperature, WiktO catalyst (Table 6.1); W/F
(WHSV) 1.33 g s mi; feed composition: 1% 1-butanol in air. 1-butacahversion M); selectivity to MA @), to CQ, (A) and to
acetic acid k).

In regard to the M1 phase, there is a huge amdulitecature available on this catalytic material,
since it is active and selective in various oxidlatieactions [91]: oxidehydrogenation of ethane int
ethylene, propane oxidation to acrylic acid andppree ammoxidation to acrylonitrile. In regard to
the oxidation of n-butane and n-butenes, the raacf various Mo/V/O-based systems has been
recently studied by Lopez Nieto et al. [92]. Thesghors found that the catalyst of composition
MoV 23T €. 2Nbo 150« (containing both the orthorhombic M1 phase and andorhombically
distorted M2 phase) was active and relatively seledn n-butane oxidation to MA. At 400°C, and
with 1.4% n-butane in air as feedstock, the conearsbtained was 56%, with 36% selectivity to
MA; by-products were CQ with 1% selectivity only to acrylic acid and noe#ic acid. Less
selective was the M1/M2 containing Sb (in placelre). MoV 26Shy 13N bo.0eOx; in this case, the
best selectivity to MA was 25% only at 56% convemsiWhen the reaction was carried out with the
Te-containing M1/M2 starting from 1-butene (1.5%aim), a yield of about 40% (at total olefin
conversion) was obtained at 400-420°C; the yielddylic acid was 10%, remainder being,ClD

the temperature interval 340-380°C, the M1/M2 getialvas selective into 2-butenes and butadiene.
The authors attributed the good performance ot#talyst to the presence of the M1 phase as the
main active component, and hypothesized that thgapaxidation of n-butane on Mo/V/Te/Nb/O
catalysts can be explained by the presence of thaeties: (i) activation of n-butane on V-sitas, i
Mo—O-V-O—(Mo or Nb) moiety; (ii) oxidation of 1-kene to butadiene on Mo/Te sites, in Te—O—
Mo—O—(Te or V); and (iii) oxidation of butadiene kA on Mo/Nb sites, in Nbo—O-Mo—-O—(Nb or
V). The authors did not investigate the behaviahefSb-containing M1/M2 phase from 1-butene.
Figure 6.11 plots the results obtained from 1-boltamth our M1 catalyst; for comparison, the
behavior in n-butane oxidation is also reportedigs. 6.12 and 6.13, for the M1 and the VPP
catalysts, respectively. As shown in fig. 6.9, Mg catalyst also showed a remarkable density of
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acid sites of medium-strength, as also reportedthen literature [93]. Figure 6.11 shows some
surprising results: first, the catalyst gave a ery selectivity to MA (about 10-12%), and there
was no formation of C4 olefins at all (traces at lemperature). Moreover, the catalyst was very
selective to light acids: at low temperature, acrghd acetic acid formed in similar amount, but at
370°C there was no formation of acetic acid, angligcacid was the only light acid formed. In
overall, the catalyst still was selective to C®oth CQ and CO, but the latter was the prevailing
one; in fact, selectivity to CO increased from 169%4% when the temperature was raised). At
300°C, several other by-products formed, such@sutene, benzene, butanoic acid, methyl ester of
acetic acid, and phthalic anhydride; these by-prtalwere not observed in the experiment carried
out at 370°C.

These data contrast with indications from the ditere; given the relatively good selectivity from 1
butene reported in the literature, one would expeselectivity to MA from 1-butanol better than
that experimentally observed. This discrepancy inigh attributed to either one of these two
aspects: (a) the M1 phase used by us is not tHerprd phase, because of the presence of Sb and
not of Te; (b) using 1-butanol as the feedstocktaad of 1-butene, may be the reason for the final
low selectivity to MA; given the fact that butenegere very efficiently transformed into
consecutive products (the selectivity to C4 olefivas nil even at low temperature), we cannot
exclude that 1-butanol was overoxidized into,G@ry quickly, eventually via the intermediate
formation of butyraldehyde (the selectivity of wijdhowever, was also nil).
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Fig. 6.11_1-Butanol conversion and selectivitytte tain products as functions of temperature, Withcatalyst (Table 6.1); W/F
(WHSV) 1.33 g s ml%; feed composition: 1% 1-butanol in air. 1-butacmhversion M); selectivity to C4 olefins@®), to MA (#),
to CQ, (A) and to light acids (acetic and acrylic acids))(

In order to discriminate between these hypothésshould be necessary to carry out experiments
either starting from n-butane or from 1-butene. tiéeided to feed n-butane, in order to compare
the catalytic behavior of our M1 catalyst with tlieported in the literature for the Sh-containing
M1/M2 catalyst. Results of these experiments aoéed in fig. 6.12.

150



CHAPTER 6

100

B (o] (o]
o (@] (@]

Conversion, Selectivity (%)
N
o

0

280 300 320 340 360 380 400 420
Temperature (C)

Fig. 6.12_n-Butane conversion and selectivity to the main potslias functions of temperature, with M1 cata(ystble 6.1); W/F
(WHSV) 1.33 g s mL}; feed composition: 1.7% n-butane in air. n-butemeversion M); selectivity to MA @), to CQ, (A) and to
light acids (acetic and acrylic acidsj ).

Data reported in fig. 6.12 show that the selegtitit MA was quite similar to that reported in the
literature for the Sb-containing M1 phase [92];sthed us to conclude that the low selectivity
obtained from 1-butanol is a peculiarity of the Mtatyst. For what concerns the light acids, the
latter were by far the predominant compounds b&6®@°C, but their selectivity declined when the
temperature was raised, and finally became very Adso this is in agreement with literature, since
at 400°C an overall selectivity to acrylic and acecids lower than 1% is reported [92]. It is wort
noting that the fall of selectivity to the lightids observed (and the concomitant increase of
selectivity to CQ, especially to CO) also in this case was mainlg tluthe fall of selectivity to
acetic acid; in fact, selectivity to acrylic acidosved only a slight decrease. Acrylic acid also
prevailed at low temperature (26% selectivity toyac acid and 19% to acetic acid, at 300°C).
Given that the M1, when used for propane oxidat@macrylic acid, gives the best performance at
low temperature (for example, at temperature leas 880°C), these data confirm that the excellent
catalytic behavior of the M1 phase in alkanes axiaalso derives from its peculiarity of being
poorly active in the consecutive combustion of pneducts of partial oxidation, i.e., acrylic acid
from propane and MA from n-butane. In fact, datporéed in figs. 6.11 and 6.12 show that the
selectivity to MA, albeit very low, was stable oube entire range of temperature examined. The
same was not true in the case of the VPP catalgstshown in figs. 6.6 (from 1-butanol) and 6.13
(from n-butane). Figure 6.13 shows the characteristhavior of an “equilibrated” VPP-based
catalyst, containing a slight excess of P with eespto the stoichiometric requirement. The
“equilibration” consists in making the catalystystander reaction conditions for several hours
(typically, 100 h, at 400-440°C), in order to alldlae transformation of any type of compound -
either crystalline or amorphous, which had formedird) the thermal treatment- into the VPP.
Typically, the equilibrated catalyst contains theR/as the largely prevailing compound, with small
amount of VOPQ@ (oxidized) compounds; however, the exact naturdnefcatalyst is a function of
the atomic P/V ratio used for the preparation ef ¢catalyst [57-59]. When used in lab reactor, this
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catalyst gives a selectivity to MA which is betwdghand 70% for an alkane conversion up to 70-
80%; a further increase of conversion leads to aemapid decline of the selectivity, with a
concomitant increase of G@ormation. The selectivity to light acids (bothrgi and acetic) is
about 10% at low temperature, but then declineswhe temperature is increased.
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Fig. 6.13_n-Butane conversion and selectivity to the main pot&las functions of temperature, typically obtdingth a VPP
catalyst; W/F (WHSV) 1.33 g s il feed composition: 1.7% n-butane in air. n-butemeversion M); selectivity to MA @), to
CO, (A) and to light acids (acetic and acrylic acids))(

Figure 6.14 shows the catalytic behavior of a M&AW/V mixed oxide; this system is used for the
oxidation of acrolein into acrylic acid [94, andfeeences therein]. The behavior observed has
analogies with that shown by the M1 catalyst (6dl1); the selectivity to MA was low (less than
10%), and prevailing products were Cahd light acids. C4 olefins formed at 250 and 8QGflso
butyraldehyde was found at 250°C. Carbon balansegead, with the exception of the experiment
carried out at low T (for example, at 250°C the &@ahce was 75%); in this case, several by-
products formed (which were not quantified), amangsich the most important were: 2-propenal,
4-methyl-1-pentene, methacrolein, 2-butanone, 2gmeme, butanoic acid, 2,5-dihydrofuran,
tetrahydrofuran, benzene, formaldehyde and phthalydride.
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Fig. 6.14_1-Butanol conversion and selectivitytte main products as functions of temperature, WiohVV catalyst (Table 6.1);
W/F (WHSV) 1.33 g s mE; feed composition: 1% 1-butanol in air. 1-butacmhversion M); selectivity to C4 olefins®), to MA
(#), to CQ, (A), to light acids (acetic and acrylic acid®)( and to butyraldehydeX).

Results obtained highlight that still the main pewb of these catalysts is the relatively high
formation of products of oxidative scission, andcafbon oxides as well.
Further experiments were carried out using Keggpetpolyoxometalates catalysts, of composition
H4PM0;11VO4o (K1) and K(NH,)2PVMo011046 (K2, Table 6.1). Phosphomolybdates, especiallge¢ho
which also contain V as an addendum element, dadysts for several oxidation reactions, both in
the gas and in the liquid phase [refs 95-98 andreeces therein]. For example, Keggin
polyoxometalates are active and selective in thes@loxidation of isobutane to methacrolein and
methacrylic acid and of propane to acrylic acigytinave also been used as catalysts for n-butane
oxidation [83]. Results obtained with K1 and K2 egported in figs. 6.15 and 6.16, respectively.
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Fig. 6.15_1-Butanol conversion and selectivitytte main products as functions of temperature, Witltatalyst (Table 6.1); W/F
(WHSV) 1.33 g s ml%; feed composition: 1% 1-butanol in air. 1-butacmhversion M); selectivity to C4 olefins@®), to MA (#),
to CQ, (A), and to light acids (acetic and acrylic acids) (
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Fig. 6.16_1-Butanol conversion and selectivitytte tain products as functions of temperature, Wilcatalyst (Table 6.1); W/F
(WHSV) 1.33 g s ml%; feed composition: 1% 1-butanol in air. 1-butacmhversion M); selectivity to C4 olefins®), to MA (#),
to CQ, (A), and to light acids (acetic and acrylic acids) (

The polyoxometalates-based catalysts showed aytiatbéhavior which was intermediate between
that of VPP and of molybdates; in fact, on one hanel maximum selectivity to MA obtained was
close to 28% with K2 (that is, higher than thataoié¢d with M1 and MoWYV, and similar to the best
one obtained with VPP), at total 1-butanol conwersbut on the other hand both catalysts showed
high selectivity to light acids (both acetic andydic), which is a peculiarity of molybdates-based
catalysts. Figure 6.17 details selectivity to tRedlefins, for the K2 catalyst; it is shown that@aw

temperature preferred olefins were butenes, butnwthe temperature was raised, butenes were
converted into butadiene by means of oxidehydrogama
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Fig. 6.17_Detail of selectivity to C4 olefins as dtions of temperature, with K2 catalyst (Table SWJF (WHSV) 1.33 g s mit;
feed composition: 1% 1-butanol in air. Selectiviyl-butenel); 2-butenes4), and to butadienek).
In overall, the behavior of Keggin-type polyoxomnatas is promising, in terms of selectivity to
MA. However, one peculiarity of these catalysts,ichihis always met when they are used as
catalysts for gas-phase oxidations (especially whentemperatures used are higher than 350°C, an
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event which may occur at the catalyst surface exbthermal reactions even when the gas-phase
temperature is relatively low) was the deactivatilue to thermal structural degradation. This also
occurred with our polyoxometalates catalysts; fameple, in the case of the K2 sample, when we
repeated the experiment at 300°C (after all theeements over the entire temperature range had
been carried out), we found the following resuttsnversion 100%, selectivity to GQ7%, to light
acids 12%, to MA 0.5%, to butyraldehyde 12% (whigds 0.2 % with the fresh K2), to 1-butene
20%, to 2-butenes 29%, and to butadiene 9%. Inr atloeds, the deactivated K2 catalyst still was
active in 1-butanol transformation, but catalyzeevplently the dehydration to C4 olefins and the
oxidehydrogenation into butyraldehyde, with almisselectivity to MA.

6.3 CONCLUSIONS

This preliminary catalyst screening, aimed at situglythe feasibility of a process for the one-step
oxidehydration of 1-butanol into MA, allowed us ctude that some catalysts are potentially good
candidates for this reaction. The most selectivihéodesired product, and the more stable as well,
is based on vanadyl pyrophosphate. The data obitamkcate that the reaction network includes
several reactions, which contribute to lower thiecersity to MA. Amongst these side reactions,
those giving the greater contribution were the attide C scission into light acids (acrylic and
acetic acid), and the combustion to ,C@ order to improve the selectivity to MA, it Wwibe
necessary to optimize reaction parameters, andadsify catalyst surface properties. For instance,
the results obtained indicate that surface aciditjecessary requisite in the aim of fostering the
dehydration of 1-butanol into butenes, may alsy planegative role on the reaction, since it may
facilitate the oxidative scission of both the reattand the intermediately formed C4 olefins.
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CHAPTER 7

7

IN-SITU RAMAN SPECTROSCOPYFOR
THE CHARACTERIZATION OFV/P/O

7.1 INTRODUCTION

This last chapter of the thesis deals with an tn-Baman spectroscopic study of V/P/O systems,
carried out at the Catalytic Spectroscopy Laboyatatrthe Institute of Catalysis and Petrochemistry
(ICP), in Madrid.

Since each V/P/O compound (hydrated or dehydratejing V¥, V** or V*") shows a
characteristic Raman spectrum [1], Raman spectpys@presents a very suitable tool for the study
of the vanadyl pyrophosphate (VPP). Moreover, thesiiu Raman spectroscopy permits to
reproduce reactive atmospheres while simultanearshyysing changes of surface composition. In
the literature, different studies using in-situ Raarspectroscopy with VPP catalyst are reported,
simulating both the usual reactive atmosphere tafmiair) and more unusual ones (in air, or
humid air), to boost transformations of the catiatysface [2-4]; however it's worth to note that an
important contribution is devoted, in the liter&uto the in-situ Raman study of the process
inherent to the transformation of VOHROQ.5H,0 (precursor) to VPP (catalyst).

In the present work, in-situ Raman spectroscopy eaased out in order to investigate on unsteady
reaction conditions; in particular, the feed compms was varied alternating an oxidant flow
(air/He) and a reducing flow (n-butane/He).

The aim of the investigation was to understandctivditions at which a peculiar VOR@hase, d-
VOPQ,, may form over the catalyst surfac&VOPQ,, in the form of domains (“patches”)
dispersed over the VPP surface, is considered tthéeactive and selective compound for the
oxidation of n-butane to maleic anhydride. Its fation is supposed to occur during reaction even
though, usually, this compound is not found in tleed catalyst, because its formation may be
reversible, in function of temperature and gas-pltasnposition.

In particular, we compared the behaviour of twdedént catalysts, an undoped VPP and a Nb-
doped one.

159



CHAPTER 7

Moreover we investigated the generation of VOHRBGBH,O, during the “organic” synthesis: a
Raman probe (NIR laser) was directly inserted thto mixture synthesis and Raman spectra were
collected during all the synthesis period (6h).

7.2 RESULTS AND DISCUSSION

7.2.1 Synthesis and characterization of vanadyl pgphosphate catalysts

Two catalysts were studied by means of in-situ Raspectroscopy: both samples were prepared
by the organic-route (Chapter 2), using a P/V atoratio equal to 1.1. One of the catalyst was
promoted by a source of Nb, directly in the mixtafethe reactants (Chapter 3). The reference
catalyst is called B2 while the Nb-doped one i®mefd as O80. The in-situ Raman experiments
were carried out loading the pellets of the useshflibrated”) catalyst inside an “operando”
reactor. The “operando” reactor and the instrumerdafiguration (Raman spectrophotometer,
heating lines with connections to the gas-cromaioigy are used in the aim of carrying out gas-
cromatographic analyses while registering Ramarctspeat the same time, in order to infer
correspondences between catalytic behavior and@rhodifications.

The reactor is made of quartz and the dimensionthefmiddle part, where the catalytic bed is
located, are similar to those of a common tubulereareactor (ca. 1,5 cm diameter). The reactor,
horizontally positioned, is heated by a heating hatk a couple of cartridge heaters: three reactor
faces are covered while the remaining one, atdpeot the reactor, is exposed to the laser beam.
The catalytic bed (0.5 g) is placed at the cenfréhe reactor and here also a thermocouple is
inserted, for a correct temperature reading. The@tgmspace of the reactor is filled with inert
material. The entry and the outlet of the smaltt@aare also heated (200°C), as well as the steel-
made lines which connect the reactor to the gaswatograph, in order to avoid eventual
condensation of products.

The gases, which can be fed independently to thetoe were n-butane (10% in He), oxygen
(pure) and He (pure). By varying the flow ratioweén these gases, it was possible to obtain either
the usual reactive mixture (1,7% n-butane, 17% gfgen; W/F=1.33 gml™), or other
compositions (Table 7.1), while maintaining therirflow constant.

. Total flow

n-Butane (%)| (%) | He (%) | He flow (ml/min) (ml/min)

Reactive mixture 1,7 17,5 80,8 15 22,5
Oxidizing mixture - 21 79 15 18,7
Reducing mixture 2,1 - 97,9 15 18,6

Table 7.1_Different gas-phase compositions, faiin-Raman experiments.

In regard to experiments made to monitor structanainges during the organic synthesis, we used
V205 (99%), POy (99%) and pure isobutanol as reagents for catalyghesis. The synthesis was
carried out in a three-necks flask (volume capat@@ ml), similar to the apparatus described in
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Chapter 2; the mixture was heated for 6 hours @t@Zsolvent boiling temperature) while stirring;
at the same time, Raman spectra were collecteddaysnof the Raman immersion probe.

The NIR laser, utilized as the probe, should avbi fluorescence phenomenon, which normally
affects Raman analysis of organic-containing sameing the laser less powerful, in comparison
with the laser source utilized for other investigas in the present thesis (Ar ions, 514 nm), the
spectra should be quite clear, despite the presHrarganics.

7.2.2 In-situ Raman spectroscopy

The first Raman in-situ experiment was carried lmufeeding the reactive mixture (Table 7.1) on
the doped catalyst, O80 (V/Nb=80). The catalyst Wwaated up from room temperature (rt) to
300°C, while feeding the mixture; Raman spectraevtaken every 20°C (from 100°C to 460°C).
The spectra acquired at 100°C (and at room temyperas well) showed the characteristic bands of
vanadyl pyrophosphate (1186, 1138, 924'gnmand bands attributable m-VOPO, (1039, 577,
542 cm) (fig.7.1). However, when temperature was incrdatiee Raman spectrum apparently did
not change: spectra recorded at higher temperastiteshowed bands a,-VOPQ, (the intensity

of which increased at 360°C), but bands attribetablany other V/P/O phase were not detected.
The increase of temperature led to a broadeningbsadto a very weak shift of the bands.

However, the asymmetric broadening of the bandd@®Icm’ could indicate a contribution from
another V/P/O phase: for exampieYOPO, shows a band at 1020 ¢rbut, if the latter compound
was present, other contributions should also bieleige.g., at 1090, 1070 ¢t Finally, we were
not able to detect any change of surface compasitizing the experiment.

a.u. ]

460C 1

440C |
420C

400C 1

380T |
360C

200C |

100C |

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cmt
Fig.7.1_In-situ Raman experiment, while feedingréctive mixture (1,7% n-butane and 17% \®/F=1.33 gsml™) with catalyst
080 (V/Nb=80): spectra from 100°C (bottom) to 460f@pj. Symbols: *= (VOP,O; 0,= 0,-VOPO,.

Similar results were also found by Guliants e{2]lwhen Raman spectra were recorded during in-
situ experiments with a VPP catalyst, under thetrea mixture at low temperatures (25, 260, 345,
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380°C). The authors, in order to explain eviderfces) ex-situ characterizations, proposed that a
reversible oxidation of VPP intd'y-VOPQO, could be possible, at higher temperature and under
butane lean conditions (oxidizing conditions). lr case, even at high temperatures, in the reactive
mixture (under n-butane lean conditions), it waspassible to observe any other phase except the
VPP; furthermore, we also highlighted the high sitglof o-VOPO, under reaction conditions.
Indeed, the transformation of the VPP id&/OPQO, was an expected phenomenon, especially at
high temperature. This compound was hypothesizé@ tovolved in the selective reaction path, by
menas of a redox cycle which establishes with tnéase of (VO)P,O; during reaction. The
absence of this compound, however, could suggestitle oxidation of the VPP int®VOPQ, is

the rate-determining step of the redox cycle. Mnsilld imply that the process of reductiondf
VOPQ, to VPP is quite fast, while the oxidation of VRR0id-VOPQ, is slower.

The following tests were carried out with the aimconfirming the formation ob-VOPQ,, the
development of which should be favoured under amlinxg atmosphere. The treatment was
carried out by feeding an oxidizing flow (Table )7ah the O80 sample (a different position of the
laser beam on the sample powder was chosen, wéiece to experiments carried out under
reactive atmosphere — fig.7.1).

The catalyst was heated up to 440°C in the reaetiesphere, and then the n-butane flow was
withdrawn (fig.7.2). Spectra recorded showed sdieéy/presence af;-VOPQ,, both in the reactive
mixture and in the oxidizing atmosphere: no charafesurface composition apparently occurred,
even after waiting for a long period of time. Howevit must be considered that the noise and the
drift of the signal could cover weak signals of atlger V/P/O compound formed in small amount
on the catalyst surface.

a.u. j
6h He-O, |
5h He-0, |
4h He-0O, |
3h He-0O, |
2h He-O,
1h He-O, ]
0Oh He-O, 7

440C mix |

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-1
Fig.7.2_In-situ Raman experiment, with catalyst @Q8MWNb=80), while feeding the reactive mixture (1, 7#butane and 17%Pat
440°C (bottom) and then feeding an oxidizing flovalfle 7.1) at 440°C, from Oh to 6h (top). Symbols(¥©),P,O-;
o= G|_VOPO4.
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Stronger conditions were then used to boost surthemges: in order to favour the oxidation of
VPP surface, the loaded catalyst was heated upl@6Ciin the reactive mixture and then, after
withdraw of n-butane, an humid oxidizing flow waif(10% mol. water vapour and 21% mol. of
oxygen in He, Table 7.1), at 440-500°C. Figures-7/43 show the Raman spectra registered:
unexpectedlya-VOPO, (band at 1036 ci) remained during all the experiment, and no other
V/P/O oxidized phase formed.

a.u.

3h He-0, -H,0

0h He-0,-H,0 ]
440C mix 1

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-?
Fig.7.3_In-situ Raman experiment, with catalyst @Q8MWNb=80), while feeding the reactive mixture (1, 7#butane and 17%Pat
440°C (bottom), then feeding the oxidizing humidaflfTable 7.1) at 440°C, from Oh to 3h (top). Symbtts(VO),P,0;;
o= G|_VOPO4.

1h *

0.5h

500C Oh

3h He-0,-H,0 a;q,

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-1
Fig.7.4_In-situ Raman experiment, with catalyst @Q8MWNb=80), while feeding the humid oxidizing flow#ble 7.1) at 440°C
(bottom) then at 500°C, from Oh to 1h (top). Symbtis(VO),P,0Oy; o= a,-VOPQ,.
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One additional in-situ experiment was carried dattsg directly with the oxidizing flow and
changing the position of the beam on the catalysase. It must be noted that the catalyst, during
all these experiments, was never downloaded framgerando reactor.

The catalyst was heated up to 440°C in the oxidiflow (fig.7.5); once the temperature of 440°C
was reached-VOPO, formed (1080, 1015, 587 ¢y buta,-VOPO, was still present (1034 ¢t
Interestingly, during the isothermal period theemdity of bands attributed t6-VOPQO, grew
further, while the intensity of the band attribdeatio a,-VOPQ, correspondingly decreased
(fig.7.5). The band at 996 ¢his attributable tax,-VOPQ,. After 45 minutes, the reactive mixture
was fed and instantaneously, as witnessed by thmaRaspectrum, a relevant transformation
occurred: thé-VOPQO, disappeared and a clear signal relative,t9OPO, was restored (fig.7.6).

440C |
420C

380C
360C |

300C

130C

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-!
Fig.7.5_In-situ Raman experiment, with catalyst @Q8MNb=80), while feeding the oxidizing flow (Tabk1) from room
temperature up to 440°C (top). Symbols: *= (VBD;; a,= a,—-VOPQy; 6= 6-VOPQ,.

a.u.

0 min mix

45min
30min

15min

440C % q,

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm-!
Fig.7.6_In-situ Raman experiment, with catalyst @3MWNb=80), while feeding the oxidizing flow (Tabk1) at 440°C (bottom)
from O min to 45 min, and then feeding the reacthieture (Table 7.1) (top). Symbols: *= (V@0-;
o= C(|_VOPO4; a)= Q||_VOPO4; o= 6_VOPO4
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The spectra acquired showed that surface changetvéa different phases: the intensity of the
most intense bands attributable to VPP apddOPO, decreased during the oxidizing period; on the
opposite, the intensity of the broad band centtetD80 cnt increased. This latter band may be a
result of the combination of characteristic banfi$-y¥OPQO, (at 1090 and 1075 ¢t and ofay-
VOPQ, (1091 cnt); indeed, at this surface spot we observed thmdton ofa;,-VOPO,. In this
regard, it is interesting to note that the evidefocehe transformation a3-VOPO, into a;-VOPQ,
under reactive flow (2,4% of n-butane in air) wéalescribed in the literature [3]: it is likelyat
this transformation also occurred during our expent, even though at a partial extent only.

In the presence of the reducing agent (n-butaha}, is, of a less oxidizing atmosphere, the
VOPQO, and &-VOPQ, (traces) were reduced into VPP (whose signal meturto the original
intensity), and also the-VOPQO, band restored its original intensity.

The experiment was continued by focussing the beamther surface dots: when the/OPO,
was present, during the isothermal step under xidzing flow, the intensity of the corresponding
bands did not increase, and the formatioreiVOPQ, did not occur, but the intensities of-
VOPQ, and VPP bands decreased. Then, when the reddoingnfas fed (Table 7.1)-VOPO,
bands still were unaffected, whitg-VOPQO, and VPP bands recovered their original intensities
These data can be interpreted by assuming a sun&teeogeneity of the sample; when the beam
was focussed on a surface containimgvVOPQO, as the predominant compound, no reaction
occurred, becaus®-VOPQ, is unreactive, and also covered the VPP hindetingxidation. When
instead the beam was focussed on a spot where fsaatien of the VPP was exposed to the gas
phase, the VPP was readily oxidized into d/éOPQOy; the latter however was then reduced when
the reactive stream was flown. Some surface positwere reactive (showing weak signals due to
0-VOPOQO, formation), but some others resulted to be totatigffected by the oxidizing treatment.
Moreover, in some positions tReVOPQ, phase (either already present in the used catalyst
formed during previous oxidizing treatments) turioed to be quite stable, since the intensity of the
corresponding bands did not change neither duhegkidizing period, nor in the presence of the
reducing flow. Even in this case, differences obsérin the reactivity ofd-VOPQO, can be
attributed to differences of crystallinity and/drexposure to the gas phase.

The following in-situ Raman treatments were carr@md in the attempt of understanding the
reactivity of surfaced-VOPQO,, by using more reducing conditions, that is bydfeg the reactive
flow without oxygen (Table 7.1). In such a way, s@itted the redox process into the two separate
steps, of V' reduction by the hydrocarbon and of reoxidatiothef\** by oxygen (fig. 7.7).
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oxidation step
O,

(VO),P,07 (sup) 6-VOPO,

N

n-butane
reduction step

Fig.7.7_Hypothetic redox mechanism between supaffi¢ O),P,0; andd-VOPQ, phases, during reaction: first VPP is converted
by molecular oxygen t&-VOPQ, (oxidation step), then this phase is reducedR® Wy n-butane (reduction step).

The catalyst was heated up to 440°C in the oxidiflow and then left under isothermal conditions
(440°C) to monitor an eventual increase of thenisity of >-VOPO, bands (at this surface position,
0-VOPQ, was already present even in the spectrum registreoom temperature) (fig.7.8); one
hour later, we fed the reducing flow (table 7.1% ghown in figure 7.9, a very quick decrease of
intensity of -VOPQO, bands and then of-VOPQ, band also, occurred; moreover, also the
intensity of the strongest VPP band was affected.

*

a.u.

50 min’
45 min
0 min

Qa, Q

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-!
Fig.7.8_In-situ Raman experiment, with catalyst Q8MWNb=80), while feeding the oxidizing flow (Tab¥l) at 440°C from 0 min
(bottom) to 50 min (top). Symbols: *= (V@,0;; o,= 0,-VOPQy; 6= 6-VOPO,.
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30 min
20 min
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5 min

0 min He-butane
50 min He-O,

a q

1400 1300 1200 1100 1000 900 800 700 600 500 400 300
Raman shifts cm
Fig.7.9_In-situ Raman experiment, with catalyst @Q8MNb=80), while feeding the oxidizing flow (Tablke1l), after 50 min, at
440°C (bottom), and then feeding the reducing fldakle 7.1) from 0 min to 30 min (top). Symbols: (#0),P,0;
o= C(|_VOPO4; o= 6_VOPO4

200

The subsequent step, carried out to simulate texreycle (fig.7.7), was executed by feeding
again the oxidizing flow, after some minutes of ging in inert flow (pure He). The spectra
recorded during the second oxidizing step (fig.),.Ehowed the development dVOPQ,, q, -
VOPQ, and VPP bands, already observed during the firstinrg step (fig.7.8). However it was
not possible to restore the original intensitiediok indicates that the reducing treatment had
remarkably affected the catalyst surface; in otherds, the treatment with the reducing stream
changed more profoundly the surface features thanetactive stream did.

a.u.

: * % ﬁ n
2h| o

1ht
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15 min 1}
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0 min He-0,}

30 min He-butane]

o
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1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm-1
Fig.7.10_In-situ Raman experiment, with catalyst Q8MWb=80), while feeding the reducing flow (Tallel) after 30 min at 440°C
(bottom), and then feeding the oxidizing flow fr@min to 2 h (top). Symbols: *= (VG?,0;; a,= a,-VOPQ;; 6= 6-VOPOQ,.
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This experiment can be considered as a TPR-O dyclehich oxygen is the oxidizing species and
n-butane is the reducing one towards h¥OPQO,; the experiment clearly indicates that the
reducing step is faster compared to the oxidizing, ovhich may explain the scarce reactivity
observed during the oxidizing treatment, and atstfions our hypothesis that the reoxidation step
(of VPP intod-VOPQy) is the rate-determining one.

The experiment was repeated once more: the catasheated up to 440°C in the oxidizing flow
(fig.7.11), but the bands d@-VOPQ, and of the other VPO phases maintained similaative
intensities; then the reducing flow was added TfitR) and almost instantaneously all the bands
showed a decrease of intensity, although someewoh tivere more affected (apparently, thosé-of
VOP(Q,) than others. Finally, the oxidizing flow was fegain to the reactor, but bands only
partially recovered their original intensity, thetter being quite lower compared to that shown in
the last spectrum registered after the first stedizing treatment (fig.7.13). Finally, the readiv
mixture was fed, in the aim of observing a différéehaviour compared to that shown while
feeding the reducing flow (fig.7.14): no change agntly occurred (at least after 1 hour in
isotherm with the reactive mixture), but an inceead intensity of all bands, especially those
characteristic of VPP, was shown.

a.u.

2h |

1h30 min |
45 min

30 min |
10 min |

0 min He-OZA

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm
Fig.7.11_In-situ Raman experiment, with catalyst Q8MWb=80), while feeding the oxidizing flow (Tab¥1) from 0 min (bottom)
to 2 h (top). Symbols: *= (VQP,0;; a,= 0,-VOPQy; 6= 3-VOPO,.
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2 h He-0, |

0 min He-butaneA
10 min He-butane+
20 min He-butane

30 min He-butane]
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Raman shifts cm

Fig.7.12_In-situ Raman experiment, with catalyst Q8MWb=80), while feeding the oxidizing flow (Tabkl) after 2 h at 440°C
(top), and then feeding the reducing flow from Giri@ 30 min (bottom). Symbols: *= (VER,07; a,= a,-VOPQ,; 6= -VOPO,.
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Fig.7.13_In-situ Raman experiment, with catalyst Q8Wb=80), while feeding the reducing flow (Tatlel), after 30 min at
440°C (bottom), and then feeding the oxidizing fisem 0 min to 2 h (top). Symbols: *= (V@,0;;

o= G|—VOPO4; o= 6_VOPO4
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2.5 h He-0, - |
0 min mix |
10 min mix | j “
20 min mix A V
30 min mix
1 h mix

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200

Raman shifts cm
Fig.7.14_In-situ Raman experiment, with catalyst @3MWb=80), while feeding the oxidizing flow (Tab¥l) after 2.5 h at 440°C
(top), and then feeding the reactive mixture fromifl to 1 h (bottom). Symbols: *= (VGB,0;; a,= 0,-VOPQy; 6= 6-VOPOQ,.

Even though the results obtained during this lapieament, better summarized in figures 7.15-
7.16, and those obtained during the previous intségatment, did not permit to reproduce exactly
the redox cycle betweedrVOPQ, and VPP (because also othMDPO, phases turned out to be
involved, and because the VPP appeared to be raddifieversibly during the reducing step with
n-butane/He only), however the results clearly destrate that some compounds are reducible and
reoxidizable under conditions simulating the regoxcess.

2 h He-O, a q,
30 min He-O,

0 min He-O, |

30 min He-butane |
0 min He-butane

50 min He-O,7

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm?

He,O, 2 N, (20min) > He, butane - N, (20min) > He,O,

Fig.7.15_ Summary: in-situ Raman experiment, wittalgat O80 (V/Nb=80), while feeding in sequenceiffrbottom to top): the
oxidizing flow, the reducing flow and finally theidizing flow (Table 7.1). Symbols: *= (VP,0;; a,= a,—~VOPQy; 6= 6-VOPOQ,.
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a.u.

1 hmix |

2 h He-O,

1 h He-0O,]

30 min He-0,+

0 min He-O, |

30 min He-butane
0 min He-butane |
2 h He-O,

30 min He-0O,|

0 min He-O;

1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm™

He,O, = N, (20min) > He, butane - N, (20min) > He,O, = N, (20min) > He, O,, butane
Fig.7.16_ Summary: in-situ Raman experiment, wétatyst O80 (V/Nb=80), while feeding in sequencer(f bottom to top): the
oxidizing flow, the reducing flow, the oxidizingoflv and finally the reactive mixture (Table 7.1) n®pls: *= (VO)P,05;
o= U|_VOPO4; o= 6_VOPO4
In-situ Raman experiments were also carried out Wie used B2 sample, the reference undoped
catalyst (Chapter 3, par. 3.2.3). The first experitrwas carried out by feeding the reactive mixture
(Table 7.1) and recording Raman spectra from roemperature up to 460°C. The results are
reported in figure 7.17: the registered spectrudhndit change, still showing bands characteristic of

VPP anda,—VOPQ,, similarly to what already observed for catalyst O80
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e %
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440C
420T | ‘
400C |

380C
360C -

285C
150C ] : ‘ ‘ ‘ ‘ : ‘ : ‘ ‘ : ,
1400 1300 1200 1100 1000 900 800 700 600 500 400 300 200
Raman shifts cm
Fig.7.17_In-situ Raman experiment, while feeding gactive mixture (1,7% n-butane and 17%\@/F=1.33 gsml™) with catalyst
B2 (Nb=0): spectra recorded from 150°C (bottom3&0°C (top). Symbols: *= (VQP,O;; a,= a,-VOPQ,.

The successive experiment was similar to that dready carried out with sample O80: figures
7.18-7.19 report the spectra registered after g isothermal period in an oxidizing flow, and then
spectra obtained after feeding the reaction mixttespectively. In contrast with what observed
with sample O80, the intensity of bands attribwgatol -VOPQO, decreased during the feeding of
the reactive mixture. When the reducing flow wasdugfig.7.19), the bands af;-VOPQO, very
rapidly disappeared, while bands at 1080*camd at 990 cfh attributable toa;-VOPQ, (being
however the first one also attributable®®OPQ,) remained unaffected. Another important point
is that when the oxidizing flow was fed, the preiasty reduced VOP©Ocompounds did not reform.
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Fig.7.18_In-situ Raman experiment with catalyst(RB=0) at 440°C, while feeding the oxidizing mix@ufTable 7.1) then the
reactive mixture from 0 min to 1h45min (top). Syrtd= (VO),P,0O; a,= a,-VOPQ,; 6= 6-VOPQ,.
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Fig.7.19_In-situ Raman experiment with catalyst(RB=0) at 440°C, while feeding the reactive mixt(lsettom), then the reducing

flow (intermediate spectra), and finally the oxidiz flow from 0 min to 35 min (top). Symbols: *= ),P,0;

This latter experiment showed a difference betwherdoped and the undoped catalyst: the catalyst
without Nb (B2) turned out to be more easily redigsiin fact, the VOPQphase (in particulag;-
VOPQ,) was strongly affected by the reducing treatmembyeover, these compounds were not
reoxidized during the oxidizing treatment.
In conclusion, the in-situ Raman experiments alldws to confirm some important hypothesis, and
also add further information regarding the redoacpsses occurring at the heterogeneous surface
of the V/P/O catalyst. With the undoped catalysin{ple B2), the reduction of°V phase is very

o= (X|—VOPO4; o= 6_VOPO4
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rapid, and the reoxidation step is very slow, arabgbly it occurs only at a very minor extent. The
addition of Nb renders the reoxidation of the rextlid/* species much easier (quicker); this
implies that under steady-state reaction condititims catalyst surface of the Nb-doped catalyst is
in average more oxidized than that of the undopedpde, which is totally in agreement with
experimental evidences already obtained for thedbijed VPP systems. This can explain the better
selectivity observed with Nb-doped samples: theoxedycle between VPP andVOPQ, is the
selective one, allowing the transformation of nam& into MA. The formation of COmay instead
occur over other sites, eventually involving O sesoother than the Vin §-VOPQ,, as also
proposed in the literature. The acceleration ofrette-determining step in the selective redox cycle
finally leads to a quicker rate of MA formation eempared to the rate of by-products formation,
and finally to a better selectivity to MA.

The in-situ Raman characterization of the mixtuoeirdy the synthesis of the vanadyl hydrogen
phosphate (VHP) is described in the following part.

Raman spectra shown in figure 7.20 were registéueishg the evolution of the synthesis from the
very first moment (first spectrum showing vanadiaride bands) up to 40 minutes reaction time;
spectra were registered every minute. Bands reldativisobutanol —IBA- (at 1463, 1449, 1368,
1341, 1297, 1249, 1175, 1126, 1050, 961, 942, 92Q, 820, 785, 494, 420, 360 Cjrare clearly
visible in the first spectrum in figure 7.20; thecsessive spectrum shows the presence 0k V
(bands at 995, 704, 530, 480, 405, 303, 284)cmhich was added first to the organic mixtures th
third spectrum was recorded aftef, addition; however, it was not possible to obsemg new
band, attributable to this latter compound. Thesiéx-Raman spectrum of phosphoric acid was
registered before the experiment and showed ansetband at 920 chnthis band is apparently
absent in the Raman spectrum of the mixture prgbhbtause it was covered by IBA bands
between 900 and 950 &mRaman spectra taken at longer synthesis time havéeen reported
because it was not possible to distinguish the ®ary more, due to the formation of a turbid
solution which affected Raman spectrum resolutiéowever, already after less than 60 minutes,
interesting changes occurred: some bands relaiivBA were still present, but some disappeared
(1370, 1042, 900, 420, 350 &non the other hand, new bands appeared (at 1388, 1027, 965,
930 cm).
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Fig.7.20_ In-situ Raman spectra during synthesi@HPQO,-0.5H,0. Spectra registered after addition of isobutdtog), then of

V05 (second spectrum from top) and subsequent spacduared every 5 min, until 40 min of synthesismByls: °=\,0s.
The attribution of these new bands is quite difficalso considering that during this part of the
synthesis (reaction time shorter than 1h), the dama oxide was being reduced by the alcohol
(IBA), forming vanadyl(lV) species and organic oey@gted compounds. Therefore, it can be
hypothesized that no VPO compound had formed. Eve Ibands were probably related to some
compounds deriving from IBA oxidation, which waswever the species present in the greater
amount.
The successive spectra are not reported, becaegaevidre affected by an intense noise and could
not provide any additional information. It must thated that the bad quality of the spectra was not
related to the dirtying of the probe window, whiahally turned out to be clean. The synthesis was
terminated after six hours of solvent refluxinggritfiltered, washed and characterized by means of
Raman spectroscopy. The dried precursor resultedritain the VOHP@0.5H,0 phase only.
In conclusion, in-situ Raman analysis of the VHRjamic preparation is suitable only at the
beginning of the synthesis procedure, to monit@ngfes of the composition of the liquid phase; the
experiment could not provide important informatiowsich were instead gained with other in-situ
techniques [5].
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8

CONCLUSIONS

Several topics have been investigated and discussdlis thesis, with the focus being put
especially on the study of new tools to improve ¢atalytic behaviour of vanadyl pyrophosphate
(VPP) in n-butane oxidation into maleic anhydrit?), and on a new process for the synthesis of
MA starting from a bio-based building block, 1-buth All the part dealing with VPP catalyst for
n-butane oxidation has been possible thanks tdirthacial and scientific support of Polynt S.p.A.
The part dealing with the use of 1-butanol was iedrrout in the framework of a Large
Collaborative Project supported by the FP7 progoathe EC (EuroBioRef).

In regard to the tools for improving the catalyperformance of VPP, | have used various
approaches:

(a) An approach aimed at the study of the effect oblement, NB*, a promoter for the VPP;
more specifically, | have studied the role of tmeoant of Nb, and how its presence may
affect the generation of the active and selectiVéP/O compound at the surface of the VPP
under reaction conditions. In fact, it is known tthhe true active phase involves the
contribution of both VPP angtVOPQ,. In order to investigate this aspect, | have ussti
ex-situ and in-situ characterisation techniquess Tgart is described in Chapter 3. One
important output of this chapter is that the presesf Nb indeed may favour, under specific
conditions, the generation of the desisedOPQO, compound; therefore, | tried to synthesize
this latter compound, in order to check whether #delition of Nb might enhance its
generation via formation of some mixed V/Nb phogphhdemonstrated that the formation
of such solid solution is possible only under sfiea@onditions, with a limited reciprocal
dissolution, but I could not draw any clear coniason whether the formation of this
mixed compound may indeed be the reason for thienpeel formation of theé-VOPQO, in
close redox interaction with the VPP. This padiscussed in Chapter 4.

(b) An approach aimed at finding a new procedure fer dinthesis of VOHP{0.5H,0, the
precursor of VPP. In collaboration with the Univgrof Pisa (prof. Anna Maria Raspolli
Galletti and co-workers) and with the scientifid af Polynt S.p.A., a new method using
microwave heating of the synthesis slurry was ggt This method showed several
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advantages as compared to the classic thermal thedimal allowed obtain VPP catalyst
showing very good catalytic performance. This stisdyescribed in Chapter 5.

(c) Chapter 6 deals with a preliminary study aimedha&icking the feasibility of a new process,
for the oxidehydroation of 1-butanol (a bio-alcoloditained by fermentation) into maleic
anhydride. | studied various catalysts for thisctea, and finally that one giving the best
performance was still based on VPP. However, thectety obtained was by far lower
than that obtained from n-butane.

(d) Finally, chapter 7 deals with an in-situ/operandgoan study of the Nb-doped and undoped
catalyst, which was carried out during my stageoaty at the CSIC laboratory in Madrid
(Dr. M.A. Bafares). This study allowed obtaining texperimental proof that the redox
cycle involves the VPP and tlieVOPO, compounds, that the reoxidation step &f \n
VPP is the rate-determining one, and that the paesef Nb may accelerate the rate of this
latter step. On the other hand, it was also an utugd this study that the surface
heterogeneity of these V/P/O samples may on one hapresent a hurdle for the clear
identification of the active and selective compaaindn the other hand may explain the
relatively low selectivity obtained in n-butane dation.

Some important aspects are now discussed mordail.de

The role of Nb as the promoter for VPP.In Chapter 3, a series of Nb-doped VPP catalysi®w
synthesized and characterized, in particular bynsied ex-situ and in-situ Raman spectroscopy.
We found that the role of Nb dopant, which is knotlwnmprove both activity and selectivity to
MA, was not simply proportional to its concentratidn fact, other factors may influence its effect,
for example the preparation method of catalyst ymssr. The results obtained indicated that an
increase of Nb content in the range between V/Nband 80 led to a better selectivity to MA (with
respect to the undoped sample) at low reaction ¢eatypre (less than 400°C), whereas a positive
effect of Nb at high temperature (440°C) was obsegnly for very low Nb concentration (V/Nb =
150). In fact, Nb favoured the development of czadi VOPQ compounds (and more preferably of
the desiredb-VOPQy), but under more oxidizing reaction conditions #mount of the latter was
eccessive, finally leading to a worse selectivitgrt the corresponding undoped catalyst. In other
words, an important conclusion was that the optiamabunt of Nb was a function of reaction
conditions (temperature, inlet composition). Thealyst containing the greater amount of Nb
(VINb = 46) gave a worse selectivity at both lowddrngh temperature, because at all conditions
used it was excessively oxidized. We also prepd@dcomparison purpose, a sample using a
different synthesis method: a mixture of alcohd®% v/v of isobutanol, 20% v/v of 1,4-
butanediol) instead of isobutanol only, as the cattpagent, and Nbglinstead of a Nb salt, with
V/Nb=80. This catalyst gave outstanding performaespecially because of the greater conversion
and finally the greater yield to MA. In this casegwever, the behavior was attributed to the
retention of organic molecules between precursgeria which greatly affected the morphology of
the precursor and of the final catalyst as welltayats characterization showed that doped fresh
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catalysts (before equilibration and reactivity $¢gpossessed relatively greater quantitie-of
VOPQ, than the undoped sample; moreover, the correspgndied catalysts (after catalytic tests),
all showed the presence of this phase, except titalyst prepared by means of the
isobutanol/glycol mixture. This demonstrated thg increasing quantity of Nb, not only favoured
the formation ofd-VOPQ,, but also stabilized it, in an almost irreversilay, which led to a
limited benefit in catalyst performances: once magan excessive amount of the oxidized
compound led to over-oxidation of reactants anddpcod and finally to a lower MA vyield. The
difference shown between catalysts prepared ugifgolisobutanol and the sample derived from a
synthesis mixture containing isobutanol and 1,4&bdiol was probably also correlated to a more
efficient dispersion of the Nb dopant for the latsystem. In conclusion, there are still some
aspects, related to the preparation of the dopecupsor, which need to be explored.

The formation ofd-VOPQ,, which is supposed to be the selective and agiivaese in redox
cooperation with the VPP (but only when the fornsepresent in small amount, dispersed over the
latter), was investigated by carrying out in-sitankan experiments, with mixed Nb/V hydrated
phosphates: in fact, the presence of Nb was hypizib@ to be involved in the formation &f
VOPQ,, and specifically in the transformation of VOPZH,O (VPD) into 6-VOPQ, We
synthesized VPD samples doped with different Nbtexis and also Nb hydrated phosphates,
doped with different quantities of V. We were abdeget solid solutions only in the latter case;
however Raman in-situ experiments showed the foomaif an amorphous compound which did
not not correspond to any V/P/O phase. On the apntrwith Nb-doped VPD samples, the
compound obtained after both in-situ and ex-sitigisation wasa;-VOPQ,. In overall, we were
not able to observe the formation®VOPO, from bulk VPD, and this led us to conclude that th
in-situ formation ofd-VOPQ, in the VPP-based catalyst does not occur becduse aehydration

of VOPQ,-2H,0, but because of the localized oxidation of VPHRase; in practice, the latter acts
as a template for the generation of discrete qtiesibf the desired-VOPQ,.

In this regard, | also carried out Raman in-sigigeby feeding the reactive mixture and varyirgy th
percentage of the reactants (n-butane and oxy@dgpter 7). We found that i) the catalyst surface
was unaffected while feeding the reactive mixtuijeyvhen air was fed, the formation of VORO
phases, especially @#VOPQO,, occurred in a very limited amount; iii) finallyyhen a mixture
containing only n-butane (ca. 2%) in He was fed,&fYOPQO, was promptly reduced to VPP, but
indeed all the other compounds eventually presasrevaffected by the reducing treatment. An
important remark is that heterogeneity of the gatadurface has to be taken into account when in-
situ experiments are carried out using Raman Speatipy.

Regarding catalyst preparation, | investigated & ngethod of synthesis of the VPP precursor,
employing the microwave heating. This method pesnniteresting advantages, first of all the
shorter time required to complete the synthesis,tduthe fact that the heat is transferred fagidr a
more efficiently, in comparison with the traditiorf@ating. The synthesis were performed using
CEM Discover S-class system and preparations wiffierdnt organic solvents (isobutanol and
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ethanol), with and without Nb, were compared. Tharacterization of catalysts prepared showed
that different morphologies were obtained after imal changes of preparation parameters. In
particular, the most interesting sample was a V&Rlyst obtained from X0s, HsPO, and ethanol:
the catalyst showed improved catalytic performantecomparison with a reference sample
prepared by means of the conventional method, @mnaequence of a quite unusual morphology
(spongy with an high degree of void). It is woribting that using the MW heating it was possible
to achieve the reduction of vanadium oxide by edhawhich instead is not possible with the
conventional heating. In conclusion, we found tMlV-assisted synthesis is a powerful and
interesting way for the preparation of the V/P/@teyn, worth of being further explored.

Finally, | also investigated the feasibility of tgas-phase selective oxidehydration of 1-butartol in
maleic anhydride. The alcohol is recently attragtimuch attention, because it can be obtained from
biomass and also used an alternative fuel, in pphdmroethanol. However, 1-butanol may be also
advantageously utilized to produce chemicals. Watete different catalysts (mixed oxides,
polyoxometalates, VPO compounds) and we found R permitted to obtain the highest MA
yield (ca 22%) using a feed of 1% mol. of 1-butanair. Our tests showed that 1-butanol could be
easily dehydrated into butenes at relative low terafres (250°-300°C); however, the formed
butenes were only in part oxidized into MA, and themation of CO and C@Oprevailed. With
some catalysts, high selectivity to C3 oxidized esales was obtained, by oxidative scission of the
reactant. In conclusion, we found that the oxydeatyan of 1-butanol is possible, with VPP as the
best candidate catalyst for the reaction, but tlabthe VPP properties and the reaction conditions
as well, have to be further tuned in the aim ofrdasing the selectivity to by-products.
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