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1 Introduction

1 INTRODUCTION

Everyone, in some way, gets in contact with acrylonitrile (ACN) eveyy da

Annual worldwide production of ACN outstrips 6,2 million tons (in 2008), \aith
European capacity of 1,25 million tons, for such manufacture of polynmer<a
polymers as synthetic fibres, plastics and elastomer.

ACN is nowadays produced by sohio process, which in the latsip@sseded the
old acetylene-hydrocyanic acid route, by means of gas phase amtiooxida
propylene; then new processes based on ammoxidation of a cheafieg sesource
propane have been developed, so that has been reached an indussridlostzsy
more than 95% of the world acrylonitrile is produced with Sohio process.

Propane ammoxidation:

CH3-CH2-CH3 + NH3 + 202 — CH2-CH-CN + 4H20
Propene ammoxidation:

CH3-CH-CH2 + NH3 + %,02 — CH2-CH-CN + 3H20

Ammoxidation (also known as ammonoxidation, oxyamination or oxidative
ammonolysis) describes the nitriles production by means of alkanésalkenes
oxidation in presence of ammonia.

Two main systems are active in gas ammoxidation of propane and prtpene
acrylonitrile: (i) Multy Metal Molybdate containing Bi, Fe, NL,o, Mo and additives
like Cr, Mg, Rb, K, Cs, P, B, Ce, Sb and Mn; (ii) Rutile-type ranthate containing
Sb, Sn, Nb, Fe, V, Cr, U, Ga.

Studies on the rutile-type structure and relative catalytiopgaties are not
extensive, so it is interesting to get information about the netersyg based on rutile-
type antimonate which is able to operate as a catalyst arpgemoter in complex

molybdenum-based system.
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1.1 Acrylonitrile

1.1.1 History, use and market

After its discovery by hand of C. Moureau via dehydrogenation with phosmghorou
pentoxide of acrylamide (or ethylene cyanohydrin), ACN offered nacapioin but its
use as a copolymer in synthetic rubber shortly before the Saaamtl War in
Germany (Buna-N) and U.S. (GR-A, NBRNitrile rubber) maingchuse of its high
resistance to fuel and other apolar substances. Then this expansiveultistep
process has been overtaken by a new one discovered and developed byitBchio w
considerable costs reduction; after its war-time application, gfocess fulfilled the
needs of fibre factory, main field of market supply from '50sldte, along with a
minor use in resins, thermoplastics, elastomer and intermediate in poodwaf nylon
and acrylamide.

Fibres manufacture uses ACN as a copolymer (with vinyl seceata methyl
acrylate) in two different ways, acrylic (>85% w/w) anadacrylic (50 - 85% w/w),
to produce textile; acrylic fibres are useful as a precurs@raduction of carbon
fibres, which is a suitable material for high technology use \araerospace,
automotive).

Resins containing ACN are relevant in different and wide fieldapglication:
SAN (styrene-ACN) is a copolymer known for its glass reptesa ability due to its
mechanical properties and transparency; ABS (SAN in polibutadyeaigx) is a
strategic material in Electronics and in automotive apptoatibecause of its high
rigidity and endurancé

Nylon 6,6 is a well known polyamide which is used mainly in texieduction,
above all collant and clothihgACN is a raw material for production of adiponitrile,

which reacts with esamethilendyammine to form the amide.
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Fig. 1.1 ACN Worldwide employment

Annual worldwide production of ACN has grown from 118 thousand tons in 1960
to more than 5,2 million tons in 2005 (Fig.1.1 shows the ACN world usetnrs tef
production.), with higher growth rate in developing Countries (South Amanca

China} while its demand in western Countries is still around the same as in 2005.

1.1.2 Properties

Acrylonitrile (also known as 2-propenenitrile, propenenitrile, vinylardge,
cyanoethene, ACN) is a chemical compound with formula CH2=CHré&lj\stered
with the CAS number 107-13%1It consists of a vinyl group linked to a nitrile and it
looks like a clear colourless or slightly yellow liquid with @angent odour; in tab 1.1

the chemical-physical data for acrylonitrile5 are reported.

Melting point -83°C

Boiling point 77°C

Solubility (water) 709/Kg

Specific gravity 0.81

Vapour pressure 11KPa at 207C
Flesh point 0°C

Explosion limits 3-17%
Autoignition temperaturé¢  480°C

Tab. 1.1 Chemical-Physical data of ACN
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ACN is a dangerous reactant which requires a high level of aitenthen
manipulated or disposed: R45 (may cause cancer, carcin classl®)(hiyhly
flammable), R23/24/25 (toxic by inhalation, in contact with skid & swallowed),
R37/38 (irritating to respiratory system and skin), R41 (risk dbss eyes damage),
R43 (may cause sensitisation by skin contact), R51/53 (toxic to aequganisms,
may cause long-term adverse effects in the aquatic enviroriment)

The conjugated system composed by vinilyc and cyano group results iredoubl
bond activation from polar nitrile group; it gives to ACN high reaigt which brings
spontaneous exothermic polymerization (induced by light or bases)) whidhy this
nitrile has to be stored and packed with inhibitors of polymerizatién
methoxyphenot) The double bond in ACN can undergo different reactions: Dies-
Alder, Hydrogenation, Cyanoethylation, hydrodimerization, hydroforroiatiThe
nitrile in ACN can undergo hydrolysis to acrylamide (partydrolysis) and to acrylic

acid; ACN and primary alcohol react in presence of acids to acrylicester

1.1.3 Processes for the synthesis of AEN

Before the discovery of the Sohio process (which will be thoroughigtihted

later) there were many ways to produce ACN:

» Ethylene Cyanohydrin process has first produced acrylonitri@ermany
and in America on industrial scale. Ethylene oxides react wqire@us
hydrocyanic acid at 60°C to yield ethylen cyanhydrin; AChnsduced by
its dehydration in liquid phase at 200°C.

CszO + HCN — HO'CHz'CHz'CN — CH2: CH-CN + Hzo (l)

» Catalytic addition of hydrocyanic acid to Acetylene was thgom@ute of
ACN supply before the beginning of ammoxidation processes (in the 70s)
commercially it was performed at 80°C in dilute hydrochloriad aim

presence of cuprous chloride.
H-CC-H + HCN — CH,-CH-CN 2

« Addition of hydrocyanic acid to acetaldehyde, did not reach industrial scale
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CH3CHO + HCN — CH3-CHOH-CN — CH3;CHCN + H,0 ©)]
» Nitrosation of propene, never achieved commercial status
CH,=CH-CH3 + NO — CH,=CH-CN + H, 4)
» Dehydrogenation of propionitrile, has never been commercially developed
CH3-CH,-CN — CH,=CH-CN + H, (5)

Ammoxidation of propene (SOHIO process) displaced the processes (2)
practised by Du Pont, American Cyanamid and (3) performed bgnUni
Carbide, American Cyanamid and BASF.

H,C=CH-CH3; + 3/20, + NH3 — H,C=CH-CN + 3H,0 (6)

1.1.4 Propene ammoxidation and Sohio Proc&s8

Performing the main reaction (6), during ammoxidation of propene other product
are produced as described by reaction (7)(8)(9)(10)(11)(12)

H,C=CH-CH; + 9/2 O, — 3CO, + 3H,0 ©)

H,C=CH-CH; + 30, — 3CO + 3H,0 (8)

H,C=CH-CHs + O, — CH2-CH-CHO +3H,0 (9)
H,C=CH-CHjz + 30, +3NH; — 3H-CN + 6H,0 (10)
H,C=CH-CHs + 3/20, +3/2NH3 — 3/2CH3-CN + 3H,0 (11)
NH5 + 3/40, — 1/2N, + 3/2H,0 (12)

Although the high number of undesired reactions, even favourite in oxidant
atmosphere at high temperature, the continuous development of dhgicaystem
leads to a rise in ACN selectivity from 50% up to 80%.

The SOHIO process uses a fluid bed reactor (necessarytiveeefficiently the
heat of reaction) where in a single pass is possible to @ea&cmversion of propene
over 95% with a selectivity in ACN near 80%. Ammonia and olefenfad highly
pure (>90% for propene and 99,5% for ammonia) and preheated (150-20GH€) to

reactor separately to avoid homogeneous reactions; ammonia to proplneatio is
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between 1.05 and 1.2 and oxygen to propene molar ratio is between 1,9 and 2,1
Reactor works at a temperature between 420 and 450°C with ancesitl@e of 3-8s

with a superficial linear gas velocity between 0,2 and 0,5 m/s. Htemsyoperates at
around atmospheric pressure because ACN from propene formatofirss order
reaction, while undesiderable products are of higher order; low peassuarfavour of

the target molecules, but overpressure is necessary to maintain tudizition.

In a reactor 10m large and 7/8m high, catalyst average loadoissAlith a particle
size lower than 4m in diameter.

The outcoming flow (Tab.1.2) oversteps a cyclone to lose finer solid particles and to
reach a refrigerated water absorber (5°C) in whighQ®Q, and unreacted propene exit
and reach incineration. Ammonia is neutralized with sulphuric @it is separated
as solid while nitriles remain dissolved. After tricky distion and settling it is
possible to separate water and organic phases; water solutioncentrated (97%)
and refluxed, while the organic one, rich in ACN and HCN and containingralses
of acetone, acetaldehyde, propionaldehyde and acrolein, carries oifitatam step
in which the liquid flow undergoes a double distillation and vacuum pitrdication

so that ACN reaches more than 94% purity grade.

Product Amount
Acrylonitrile 5.2
Hydrocyanic acid 1.8

Acetonitrile 0.7
Carbon monoxide 1.0
Carbon oxide 1.6
High Nitriles -
Heavy compounds 1.0
Propane 0.8
Propene 0.5
Water 26.3
Ammonia 0.2
Oxygen 2.2
Nitrogen 59.7

Tab. 1.2 Typical fluid bed reactor effluent composition (loaded with Sab 41 catalyst)
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1.2 Propane Vs Propene

Only in the last decade came along the right conditions to takedobaiiat propane
technology for ACN production. The development of new catalysts, laadewith
new technologies of process along with the increase of propyletstdek (up to 300
$/tons more expensive than saturated molecula), made alkane aminoxidat
competitive on the market, especially if we consider that thee @i olefin engraves
on full cost in the amount of 67%. The need to substitute old plant aldhgttve
easily way to revamp the old ones made the challenge appealing.

In January 2007 Asahi Kasei Corporation started with a productiord base
propane technology and originated with the modification of an existing 70090ton/
ACN plant.

Some considerations are useful to understand this topic:

* Propane ammoxidation is a reaction composed of two theoretical steps:

o An endothermic process in which propane is dehydrogenated to

propene
0 An exothermic process in which propene is ammoxidated to ACN

Esothermicity of ammoxidation is greater than endothermicity of
dehydrogenation; the overall process is an exothermic auto-sustained
reaction. To start from propene means splitting this reaction irstems in
which it is necessary to supply heat for propene production (iczacking
technology, the actual main route of alkene yield) and to drainftheeACN

production, with a consequent energetic inefficiency.

» To Split a reaction in many steps means that we have the opppttuhine
“easily” and thoroughly a catalyst so obtaining the better resihish is
possible to reach (right temperature, pressure, reactor, cagalgstirsors,
contact time). Being able to condensate many stages and evetduaach
the single step means to strike a balance. In the first casefuiligtosts
reflect high production (high gain); in the latter one low production sean

high transformation efficiency and lower plant costs.
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* An effective process for propane conversion to ACN has been developed
over 30 years ago. It works at a higher temperature than the propeess
and it needs the use of gas-phase precursors (causing problems ialsnater
resistance and the increase of purification/recycling apparatusasts). A
strategic choice in ammoxidation to develop a successful reglacocess is
the conversion of an existing plan as long as the reactor conditionseare t

same.

* As far as the economical factor is concerned, many things toabe taken
into consideration: the reaction conditions, productivity and process. costs
Propane works at a temperature 100-150°C higher than propene (due to a
increase of homogeneous phase reactions), at a contact time 4-6 times longer,
at lower conversion and selectivity, with a fixed investment 10-15% mor
expensive and with a feedstock 5-6 times cheaper. These parameters ha
some aftermaths such as higher ammonia consumption (due to the higher
contact time, which leads to a higher oxidation to nitrogen) and more
difficulties in reaction management (higher temperature and I@®@N A
selectivity lead to higher deep oxidation products, which have sefbecgts

on reaction heat and system temperature).

» Choosing the starting materials it is not the final goal: diffetechnological
solutions have been developed to increase propane productivity and to

enlarge the gain gap between alkane and alkene technologies.

The actual situation lies on the borderline defined with these ditferent
processes, so that a little improvement in catalysts and gg@&®r market changes

may lead to prefer one feedstock or the other.
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1.3 Ammoxidation

1.3.1 Ammoxidation of Hydrocarbons

Ammoxidation is an oxidative process in which an Oxygen, Ammonia and
Hydrocarbon mixture is selectively converted to nitrile andewateep oxidation and
unwanted nitriles are parallel and consecutive reaction products.

It is possible to feed every kind of hydrocarbon, even though alkalkemes and
aromatics are the main carbon source converted. It is possileledipure oxygen, but

most commonly air is used.
R-CH3; + 1,50, + NH; — R-C=N + 3H,0 (13)

The reaction is characterized by high exothermicity (AH® propeneoxidation =
-515KJ/mol) and increasing amount of moles (0,5) which makes the ammaxida
favourite at every temperature. The exothermic character otldss of reactions is
increasing due to secondary products, such as carbon dioxide, whiclkedsaith
higher energy release.

The ammoxidation reaction involves three consecutive steps:

» Hydrocarbon oxidation to form the intermediates on the active site; this is the
tricky step due to the hydrocarbon thermodynamic tendency to be over

oxidated to degradation and/or combustion products

* Nitrogen insertion; the activated ammonia on the catalytidrsppeesence of
oxygen can overcome combustion to produceall main nitrogen-waste
product whereas the insertion of oxygen rather than nitrogen gives @édehy

in place of nitrile
» Oxidative dehydrogenation of the N-bonded species

The oxidative activation of the substrate is the main step, saitcial to design a
system which is able to dehydrogenate with high efficiency and getgctivity in
order to avoid over oxidation. This is why a catalyst for ammoxidasiarsually also

effective as a catalyst for dehydrogenation, but not the other way around.



New catalysts for acrylonitrile synthesis

1.3.2 Ammoxidation of propen&™
Analyzing the alkene ammoxidation in literature almost every paperibes to

propene.
The accepted general mechanism refers to the catalyte @ig.1.2) composed of

three main steps:
« o-H abstraction (operated byBi Sb*, Te™)
« Olefin chemisorption and N/o insertion (over MdSE™)

« Lattice reoxidation (on redox couple’H&e’™, Ce*/Ce™)

NH,
v \\
Active
NH
Site
~N - //
M+ Mo
~—— \»
H,O
Heoxtdatlon
Slte O NH
[ 7/ \ V4
M+ Mo
\_/ S~—
Reduced 3/20, Ammoxidation
Site Site

H,C ==CHCN + 2 H,0 H,C ==CHCH,
H,CF ,/
\ //

Allylic Surface
Complex

Fig. 1.2 Alkene ammoxidation Cycle

The cycle starts from the active site composed by two contignete atoms in a
solid system: the first (M bonded to bridge oxygen and the secong) (ddnded with
oxygen by means of double bond. The site interacts with ammonia argldarimino
group (M) after the expulsion of a molecule of water. Propene co-ordinates,on M
while Oxygen on M brakes the bridge bounding with the allylic hydrogefH] to

form allylic complex (coordinated by way afbond on M); it is possible to catch a

10
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radical hydrogen if the O-abstractor has a partial radicalacteartoo, conveyed by
some electron density present on the meta).(Msertion of nitrogen is now possible
and after a final oxidation ACN can leave the catalytic altsng with a couple of
water molecules. The reduced catalytic sites send vacawcibe treoxidation site,
which is able to dissociate bimolecular oxygen in lattice omy@®"), which moves
toward the O-deficient metal and so neutralizes the vacancy.

The mechanism described above is possible in a solid system shaifle to
accommodate different metal cations arranged in complex bifuncatallytic sites
and in which oxygen, electron and anion vacancies are free to move in the lattice.

Multifunctionality which is needed in propene as well as in propamaaidation,

can be achieved in two ways:

» Phase cooperation (antimonate): two different catalytic sétleded to two
different phases operate very close to each other, so that theutesle
undergo the first reaction, desorb from the active site and theh tkac
second reaction to complete the transformation. Sometimes the phase
boundary is not sharp-cut, but it is connected by a midway phasdé whic

settles the mismatch by means of nonstoichiometry.

* Element cooperation (multi metal molybdate): the sites whiehadie to
transform the hydrocarbon lie in the same phases so that theuhsotmes
not need to desorb from a site to complete the ammoxidation, bustit |

needs to move from an element to another on the same lattice.

1.3.3 Catalysts for propene ammoxidatifn’

There are two classes of solid systems which are able tth math the properties

listed above and actually used to perform propane ammoxidation:

* Multi metal molybdate (MMM) constituted of Mo Bi Fe Ni Co and
additivated with Cr, Mg, Rb, K, Cs, P, B, Ce, Sb and Mn, dispearssitica
(50%w/w) for fluid bed reactor application. The active site, asrded in
par. 1.2.2, is composed of Bi (Mand Mo (M) and can be described with
Be,MoO; (Fig.1.3). Bi-O-Mo bridging oxygen, which belongs more to Bi

11
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than to Mo, is active im-H abstraction and Mo=0 is responsible for NH-to-
O substitution and NH insertion. The two electron pairs assdovté two

Bi atoms in Bi-O-Bi group or redox couple made by Fe, Ce, U andr€u a
responsible for the Qdissociation.

Fig. 1.3 Bi-Mo Catalytic Site of ByMoOg: O’ represents the Bi-oxygen active inu-H
abstraction and O” represents the oxygen substituted by nibgen. Two lone pairs
between Bi are the hypothetic site which is able to digsiate bimolecular oxygen for the

solid state re-oxidation mechanism.

* Antimonate with rutile-type structure. The catalytic sisennade of four
metal antimonate cations: two bonded'Sh the centre with two external
SB**, as shown in Fig.1.4. Sbactivates and inserts ammonia as well as
coordinating the olefin; the oxygen associated with the trivalenhanii is
responsible for the-H abstraction. In addition to antimony, at least one of
the redox couple made by Fe, Ce, Cr and U is present to replenish the oxygen

vacancy which had been created during the ammoxidation cycle.

12
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Fig. 1.4 Antimony based catalytic site for propene ammoxidation. Startg from the
oxidated site (in the square), the cycle represented fg. 1.2 is accurate: after the N-
activation, propene is co-ordinated on SH and transformed in allylic intermediate by
means of H-abstraction made by SB; N-insertion is then operated by SB" and after

partial oxidation, ACN is desorbed and the catalytic site is re-oxidated.

1.3.4 Ammoxidation of propane

As already seen above, the activation of hydrocarbon is th@akistep in the
ammoxidation process, especially the one in which alkane is convertéd thaewell
known paraffin inertia.

The propene coordination, previously analyzed, starts with olefin ablocan the
catalytic site thanks to the electron surplus due to the double bonlkl iwimot present
in propane.

The key step in propane ammoxidation is the C-H bond dissociation, to form
activated complex which is subjected to further H abstraeiah propene formation.
The activation proceeds via carbocation or carbanion formation bysmea
homolitical or eterolitical dissociation. Carbocation is mdeble in central position
(tertiary>secondary>primary) while, on the contrary, carbangomore stable in
pheripherical position (primary>secondary>tertiary). Propenecamposed of 2

primary and 1 secondary carbons while isobutene is composed by &\pamd 1

13
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tertiary carbons, so that the reactivity of these probe molesubkssociated with the
carbon character. It seems reasonable to claim that to cothgacenversion rate of
propane and isobutene reflects the stability of the associatbdcetion (CH-
C’(CHs)-CH; is more stable than GHCH™-CH;) and carbanion(CHCH,-CH, is
more stable than GHCH(CHs)-CH,). Conversion data are in favour of propane hence
the mechanism seems to occur via carbanion forration

In a two stage configuration of propane ammoxidation, hypothetically cteatlirc

two different reactors, the reaction sequence is the following:
Propane — Propene — Acrylonitrile

It is reasonable to imagine that the same mechanism occurredingla stage
configuration, in which the transformation happened consecutively on tatytaat

sites, without an effective desorption mechanism after alkene forrftation
[ Propane — Propene] desorption — re-adsorption [ Propene — Acrylonitrile]

Another possible way of propane activation, proposed by Centi and co-wirkers
was investigated by IR studies on probe molecules adsorbed on Varaadiomanate.
Propane can undergo Hbstraction on Lewis acid site (represented by coordinatively
unsaturated vanadium) and subsequent nucleofilic oxygen attack. Theedbta
intermediate undergoes secondary H-abstraction and oxidation to foprofhienate
species. Oxidative dehydrogenation yields acrylate, which isubeesding step in
ACN formation. In this mechanism the key step ofaHstraction can be disturbed by
ammonia adsorption on Lewis sites.

Catalysts active in propene ammoxidation are not able to convextietly
propane given their inability to abstract methylen hydrogen of paraffplace of
allylic one in olefin, mainly because of the higher C-H bond ene&dgkcal/mol Vs 77
kcal/mol).

It is indeed necessary to implement the catalytic systgmam oxidative enhancer

(halogen promoter or strong oxidant such as Vanadium) or to develop new cHtalysts

14
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1.3.5 Catalysts for propane ammoxidati&n

As in propylene ammoxidation, molybdate and rutile-type antimonateféective
in transformation of propane in acrylonitrile. Nowadays, the mosveasystem is
represented by Mo/V/Nb/Te/O, which is able to reach yield in A(PNo 62%. It has
been developed by Mitsubishi Kasei and it is composed of two pbaked M1 and
M2 whose preparation is very difficult and relevant, along with theposition, the
synthesis, the activation, the modality of doping and the nucleation/growtine of
phase’

Other catalysts have been developed by different Companies who etay
different reaction condition: propane rich and propane lean conditions, such a

maximum conversion and low conversion with recycle, remain mostly unknown.

* Mo/VI/Te/Nb/O: in the propane ammoxidation catalyst the metabies are
arranged in more than one phase, mutually consistent in structwile. Ea
phase is pure obtainable and tunable preparations are developed to reach
desired solid system composition. M1 phase {(Wq NbTe 9059
orthorhombic, in Figl.5) is able to transform independently propane to
acrylonitrile  with good performance but co-catalyst M2 phase
(MogeV133T€1 80108, pSeudo-hexagonal) is required to promote the
unconverted-desorbed propene to ACN; catalyst is composed of 60% M1
phases and 40% M2 phases with traces of other phases. The gestatal m

role is listed after:

0 V is necessary to obtain the required crystalline structerihg
VOg; lattice network; it is the metal responsible for the alkane
dehydrogenation; the lack of vanadium in M2 make the co-catalyst

unable in alkane activation.

o Mo, like V, forms MoQ lattice network; catalytically it provides to

allylic co-ordination and nitrogen insertion.

o Te is located in the hexagonal ring and promotesitHeabstraction

in propene conversion to ACN.

15
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o Nb occupies the same position of Vanadium and improves the

selectivity in ACN.

Fig. 1.5 M1 ammoxidation catalyst phase: O atoms are shown as brown spheres in the

middle of each coloured four sided. In rectangular boxes are skwn four active sites;

looking at the upper one: the side lone sphere is te around central site composed bi

the V**,gMo°>*y, couple. Two opposite pitched sites are made by*5Mo®*o5 (bonded

out of the square with M&") while the other two ones are made by MB,sMo>*y5s

(bonded out of the square with M8" and Mo"). The pentacoordinated site, made by

four Mo ®* external site and one Md', is occupied by NB* and finally the site opposite to

Te* bond site and between 4 M3 sites is composed by ¥ gM0°>*;»

16

Bimetallic antimonate catalysts are solid systems wgifi by
nonstoichiometry, composed by>5land a metal in 3+ oxidation state {Qr
or a couple of the same metal in different oxidation stat&/\V',
FeE*/Fe’*)) in which the electro-neutrality is maintained by cationavates
creation. V antimonate is one of the more investigated systratalyst
with a molar ratio equal to 1 gives a solid system in whiclogateficient
structure is achieved with 0.04 cationic position unoccupied pear@on
and electro neutrality is maintained by means of different \daidon state
(VooShhofOs is indeed V'o,8vV*06:Sb0.9204). Preparation methods
engrave on V(Ill) to V(IV) ratio so that it is possible tbtain system with

V/Sb molar ratio equal to one in thé"W**,Sh,0, range x=1 y=0 z=1 / x=0
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y=0.89 z=0.89 (that is ¥,Sb0, to V**;sShy sd0,). However it is possible
to obtain catalyst with V/Sb ratio different from 1:

o To keep unitary the coefficient of antimony, excess of Vanadium ca
be inserted in the structure with a mechanism related to an
hypothetical insertion of ¥ atoms in the cation vacancies made on a
quasi- V5.805kh 804 high defective compound (the higher the
V*#IV¥ ratio, the higher the cation vacancy amount) so that each V
inserted is 3+ and, to maintain electro neutrality, thréé afoms
reduce to V" this way, starting from a mainly/formula, a mainly
V¥ formula is reached. In the same way, in iron antimonate, the
cation is placed in specific position and iron is reduced to evolve the
rutile structure of FeShQ(Felll) in tri-rutile superstructure FegDbs
(Fell).

0 Itis possible to increase the Sb to V ratio, dot  Sb,O, are formed

in crystalline or amorphous forms

17
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1.4 Rutile-type structure

1.4.1 Rutile Structure

Rutile refers to a structure composed by metal fluoride*Me metal oxide (d-
incomplete transition and XIV group Me) in a tetragonal cell in tvimetal is bonded
with six oxygen in octahedric coordination (Fig.1.7) and oxygen is in planar

coordination with three metals (Fig.1.6).

Fig. 1.6 Rutile unit cell: in the centre and in the edgehere are octahedric metals and

on the other position the oxygens are placed in planar coordination

Nid’/;
o= Q;\“‘

Fig. 1.7 Octahedric coordination of centred metals in rutilestructure. Compared to

Fig 1.6, the structure here is 90° rotated in the sheet plane and 90° perpendamly.

It is possible to show another structural view considering a hexagoaalination

instead of tetragonal, as shown in Fig.1.8
Metal ions and oxygen hybridization cause distortion in the rutile structure

« Highly charged vicinal ions repel each other and destabilize thette

inducing distortion.
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* Oxygen bonded to 3 metal atoms reaches pure sp2 hybridizaton &r

quasi-sp2 one) so that a triangular planar configuration is achieved.

Fig. 1.8 HCP rutile lattice. Full circles in metal cation andempty circles represent

oxygen ions.

Octahedra are linked by vertex (c axe) and by edge (a and b9%&Remtated) to
form infinite chain in c directions, as shown in Fig.1.8 and Fig.1.9. Considalt the
octahedral site formed by oxygen (not shown in Fig. 1.9, but existnky in the

empty spaces), half of the whole cavity is occupied by metal atoms (Fig.1.10).

b;
a
[

Fig. 1.9 Octahedra connection by edge (a and b directions) and vertex (c axe)
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NARN)
NN/
AVJ%WMM

Fig. 1.10 Octahedra edge-linked rotation and half-filled site arrangement.

Rutile systems can be classified as:
e Oxide (TiO,, SNQ)

* Rutile-type (FeSb@ VSbQ, CrSbQ, AISb(Q,, GaSbQ, CrNbQ,, FeNbQ,
RhVQ,) and trirutile (NiSBOe)

» Solid solution (\(Ti1.4O4, VSN _,O,)

» Non stoichiometric solid solution (typical in Sb-rutile with tfeemation of

Sn oxides)

Trirutile structure (MeMe,Og) mentioned above is a superstructure in which Me

and Me are alternatively accommodated in an ultra ordered network (Fig.1.11).

- riorad A i‘ ':.'I
o '\ \vas 74
T P W AR AN
¢ ) s
L\ _.I y , "_-".
d _{_ ¥
q ,.\__ II . .’ :I._.- el ": 1 III
\, ;;.!‘f Nof W
_— L) "". !
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-‘( ; L -_\_.,' 3 i - L "?-. n

Fig. 1.11 Rutile and tri-rutile structure

1.4.2 Ruitile structure properties

« Cationic Radius (Pauling) of cations (Mewhich are able to get rutile
structure are plotted versus the related number of d electrans.(R); it is
therefore clear that the existence range is 0.52<rc<0.78 A. The

cationic/anionic radius ratio (0.37<rc/ra<0.56 considering the previous data
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and the oxygen radius in Il coordination, 1.36 angstrom) is usuallylusef
predict the coordination geometry: 0.414 as minimum radius ratio in
octahedric and 0.732 for cubic. The data are thus coherent but itagtamip

to remember that this theory is applicable only for full ionimpound. This

Is a constraining factor for the rutile structure, in which covajential
character is crucial in energetic stabilization. Moreover,idhe&c model is
unsuitable because of the prediction of four short and two long bonds, which
is just the opposite of the real configuration. The loss in ionicackar is

mainly due to the cationic charge made by the oxygen.

0,8

—8—3d-TiV Cr Mn Ge
0.75 | —6—4d - Nb Mo Tc Ru Rh Sn
—>%—5d-TaWReOs Ir Pt Pb

0,7 A

0,65 -

ionic radius (A)

o6l

0,55

m
=

0,5

number of d electrons

Fig. 1.12 lonic radiuses (angstrom) versus number of d electrdn. All data refer to

charge 4+ and coordination VI.

Electro-negativity, according to radius data, supports the pure bmmd
character mismatch: the electro-negativity difference betv@eand Mé&*
describes the character so that values lower than 1,7 define the $ond a
covalent while values upper than 1,7 define the bond as ionic. As itlis wel
known, it is wrong to consider “pure” a character only on that grounds but

is widely accepted to consider medium a character which iar tne
borderline value and pure a character clearly far from the borderlis
shown in Fig.1.13, rutile structure lies on the entire range of electr

negativity.
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—8—3d-TiV Cr Mn Ge

—6—4d - Nb Mo Tc Ru Rh Sn

—»—5d - TaW Re Os Ir Pt Pb

154

Electronegativity Difference

number of d electrons

Fig. 1.13 Difference in electronegativity between metal and oxygeersus the number
of d electron

» Cell Volume: Rutile structure is able to accommodate catwitls very
different size, condition which underline the elasticity of thiida. As
already said above, in some cases metal-metal interaetioecur and so
the distortion of the cell happens: two ions accommodate on the@anse
on “c” direction and attract one another (Fig.1.14). Cation interactases
a lattice contraction along “c” parameters and a consequenpdiameter
stretching; these events modify the cell geometry but the votamains the
same. Vegard’'s law is still valid in every rutile compositiange (cell
volume increases linearly with the ionic radius of the catioshawn in Fig.
1.15).

Fig. 1.14 Metal-Metal coupling in vicinals octahedric site in “c” plane directbn
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cell volume, A*3

701

60

5 6 7 8
ionic radius, A

Fig. 1.15 The cell volume value (cubic Angstrom) versus the ioniadius (Angstrom)

shows linearity, as stated in Vegard's law.

* Rutile-type structure solid solution can be theoretically fafme interstitial

or substitutional:

o Interstitial solid solution is formed by the insertion of &éiarain an
empty cavity. Many processes can compensate the positive efcess
charge, such as cation vacancy formation, anion interstitial imsert

or redox process on original lattice cation.

o Substitutional solid solution is formed by a substitution of an origina
cation with another one. To maintain a lattice stability the gubest
and the expelled metal have usually to be similar in radius and ¢charge
however it is possible a larger cation insertion, which creatattice
distortion, but the insertion of a differently charged cation is only
possible if accompanied with redox reaction or vacancies creation, s

that to maintain electro neutrality.

As far as the half octahedric empty sites are concernec-typi¢ interstitial solid

solution has never been prepared, mainly because of the high instabditgdcby the
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positive ions inclusion. On the contrary, substitutional rutile carabiyesynthesized
provided that the general concept of similarity between the nuatalis observed in
order to reach homogeneous solid solution; this means that stailans may be un-
soluble and very different metal may be miscible. It is imfxsso make previsions
and usually only a small range of composition may be obtained.

This structure gives a wide range of possible modifications whadh tie different

redox, electric and surface properties.

1.4.3 Heterogeneous ammoxidation catalyst design

The efficiency of a catalyst can be described with manynpeters such as
conversion, productivity and vyield, but the power of a solid systerwhith a
transformation of a molecule into another occurs, is mainly destwith selectivity.
Seven basic principles describe the features that a compound maesinharder to

drive efficiently a heterogeneous catalytic reaction.

« Lattice oxygen: catalytic mechanism can be shortly defineld thi¢ word
“coordination”. In gas phase oxidation, the gaseous oxygen is able to attac
molecule without hanging location preferences, so O2 is intringicall
unselective. The power of catalysis is due to the coordinatitvatexl on
the reactants by the lattice. Reciprocal positions and thencestaetween the
coordination site and the oxygen site allow the oxygen tokatiteecsubstrate
only in specific position. Oxygen is present a§ @nd it is exposed to
gaseous phase to get in contact with the reductant; the vacatiday ligfe
reacted oxygen moves toward re-oxidation site and oxygen is rdmdnis
with bulk O™

* Metal-oxygen bond: the strength which keeps the oxygen bonded to the
catalysts is a key factor. A weak bond means that the oxygemyiseactive
and available to different substrate sites, while, on the other laahdrd
bond highlights a low reactivity or even unreactivity. It is veryontgnt to

tune the oxygen-lattice bond strength in order to obtain a mild condition
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between the two extreme situations “selective/unreactive” and

“reactive/unselective”.

Redox properties: in order to define a reaction as “catalyte’, reactive
mechanism has to be repeated more than once on the catalyfihsitack

of Oxygen, occurred during the reaction on the catalytic surface, i
replenished by bulk oxygen while the vacancy moves toward the reoxidation
site, in which molecular oxygen is adsorbed from the gas phase, tisen it
cleaved and introduced in the solid system &5 The vacancy is thus

neutralized and the redox catalytic cycle is now complete.

Multifunctionality: the whole mechanism of substrate transformasionade

up in different steps: adsorption, activation, N-inserption and, oxidation.
Different metals are involved in such reactions in differetdlgac sites, so
that multifunctionality is often synonymous of multimetallicitpifferent
metals are different elements with different atomic numler Bismuth
molybdate composed by Biand M§*) or the same element with different

oxidation state (i.e. antimonate catalyst made &f &hd SB)

Site isolation: it is necessary to achieve selectivity, wicieh be obtained
with spatial separation among the surface sites, usually the rowygs. The
number of vicinal oxygens reflects the reaction stoichionmesthyeved in the
catalytic mechanism: less oxygen than necessary leadshiaracarbon
activation without complete transformation; higher amount of viorggen

can push the activated substrate to over-oxidation.

Cooperation of phases: as already seen before, multifunctioizafidached
with the aim of placing different catalytic sites in one sirgjlase or in more
than one. The mechanism of substrate transformation starts framp@ois
and activation; if the multifunctionality occurs in different phasis
intermediate has to move on the surface from a site to anotreatsambed
(or quasi-adsorbed) conditions. To reach effective cooperationtéhieas do

be near and, consequently, the phases must be intimately linked;n$ mea
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that different phases must form a coherent interface, which iyuseeched

only in similar structures or by means of intermediate lattice.
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2 EXPERIMENTAL

2.1 Catalysts

Rutile-type antimonates are catalysts which are active imaidation of

hydrocarbons. In order to increase the substrate activation pespeftine catalyst, a

secondary element (such as vanadium or others active in dgeydtion) is often

added to form a binary system. These elements are able tosmtheaconversion rate

of olefins or to allow the activation of the paraffins.

2.1.1 Catalysts preparations

Many preparations are claimed to be active in the synthesigbfsystems and the

choice depends on many important factors, like the final productrésaand the scale

applications (lab scale or industrial scale). Generally speattiagnain steps are the

following:

Raw material selection: antimony and the second component aasetien
different oxidation state and associated to different anions; pteEpara
claimed to be active in rutile synthesis starts from Carbon sxi860;,
Sh0Os, V,0,, V,05, Cr0;3,...) or from soluble salt (SbgISbCE, Cr (NO)s3,
VO(acag), SnCl, NH,VOs...).

Component mixing: there are basically two ways, a dry one (oxigiegh
and wet one (water solution). The aim of this step is to reacimadenous

intimate-contact mixture.

Precursor preparation consists of evaporation of the solvent and/or redox

reactions.

Thermic treatment involves phase changes and reactions nedesehtsin

rutile structure.

The dry way of catalyst preparation consists of oxide mixture rogdgaining or

milling and subsequent heat treatment; typical preparation madelibyreaction is

the formation of vanadium antimonate rutile. It is desirable taiola catalyst in this
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way because of the easy operation, the absence of liquid reflutheretonomic
factor; the container and the balls have to be made by mateeiaisted in order to
avoid corrosion or element migrations. On the other hand it is diffiouttontrol
reaction parameters such as real temperature produced tBattion itself, pressure
impressed on grains by the spheres in the mill, influence of speeded by the mill.
As claimed by Berry et al., the operation described above gbs @ind \LOs is easily
conducted, but very condition sensitive: the preparation consists eh@guimixing
and a very slow heating rate composed by (i) heating to 600°€ hours, (ii) still
600°C for 12h, (iii) temperature increasing to 750°C in 6 hours aidigothermal
treatment at 750°C for 24h. This reaction, performed in oxygemftemen, leads to
a monophasic vanadium-rich rutile phase |80, and sublimation of
antimony(lll) oxide; no reagents residue are observed. The samiomneaade in
commercial nitrogen results in a rutile antimony-deficient phasd an-Sb,O, phase
formed by oxidation of antimony by molecular oxygen; in presencexgfen,
vanadium oxide is subjected to a redox reaction, due to the antwitoly reduces
V,0s to form the tetroxide. Oxygen excess in the gas phase leads to an initial gntimon
oxidation to a-Sh,O4 which is unable to react with vanadium. In all preparation
methods an excess of antimony leads to the formation of surpluagtoride phase
while an excess of vanadium results in presence,Ot ¥s unreacted reage?ﬁ. Solid
state reaction of Chromium and antimony trioxides are deschpddlipek at al. to
obtain rutile phase in long-time thermic condition (from 500°C to 1000dDmost 12
days}".

The wet way consists of a suspension o0fCzhin water in which NH4VO3 is
dissolved. After solvent evaporation the precursor is dried and calctn860¥.
Starting from equimolar V and Sb, rutile phase and tracesSi$O, are obtained; an
excess of antimony leads to an increasing amount of antimomyitelf. Similar
preparations are described by Cavani and co-workers starting fronmofy(l11)
oxide and Vanadium pentoxide pre-treated with hydrogen peroxide to obtain

monoperoxovanadium cation (VO{0); also in this case rutile phase is obtaffled
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Another wet way consists of the dissolution of the soluble salacwng the metal
to be incorporated into the structure (WV,CbnCl,, SbCk, SbCE, Cr(NG;)3, Fe(NQ)3
and so on), in absolute ethanol and the subsequent drip in water butferdd7a

Separation, dryness and calcinations complete the synthesis.

2.1.2 Rutile Phase

As already said before, rutile phase occurs during the precuisoratian. Centi
and co-workers claim that in vanadium antimony rutile phase, thencatdox
reaction takes place in the 350-500°C rahg€avani et al., studying the solid state
reactions between different antimony oxides and vanadium pentoxide, abseeve
absence of rutile formation at 400°C calcination temperaturegstrat SbVQ at
500°C (using Sj3;) and complete transformation to rutile phase at 600°C (using
Sh0O3). At the latter temperature, rutile formation in,Sp synthesis is detected in
small amount®. To obtain rutile phase with good confidence, temperature has to keep
in the range of 700-800 °C. Temperatures above 800°C break the itk tia form
Carbon oxides more stable.

It is necessary to stress the relevance of the time ndeddle rutile formation:
intimate contact reached in wet way synthesis corresponds ¢éasy diffusion of a
cation to another phase to give redox reaction. Solid state reaetierrelated to a
spatial separation between the cations placed in differehb@ah intimately mixed
and grained) physically separated grains, so that the mutual diffagieds a great
deal of time and sometimes a higher temperature. Actualgglia state reactions, the
higher temperature holds on the order of days (24 hours or more) while i
coprecipitation temperature holds on the order of hours (usually 3 hours).

Rutile phases are detectable and usually studied by meansayf sfpectroscopy

and Raman spectroscopy:

* In X-ray spectroscopy the antimonate chromium and vanadium lattiiee
cell shows four main lines around 28, 35, 54 and 6&2d minor line
around 39, 41, 57, 61 and 64. 2As observed before, rutile structure owns a

very flexible lattice, which is able to accommodate vacarmmesexcess of
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cations by means of non-stoichiometry. This variation result@sdshift:
an expansion of the cell induces a shift of the lines to lower segld the
extent of the movement is different from line to line. Differeations
incorporated in the rutile lattice may induce a variation in tlystalinity
and in the crystal size; this effect is recognised in XRD tspsmopy
observing the lines shape. Scherrer formula relates the ceystalto the
peak width at half height:

B(20) = K//Lcosd

« Raman spectroscopy is a very useful technique, as it is euwbyfaat.
Unluckily the spectra collected are often of low quality, so sones they
are difficult to be interpreted. It has often been noticed thahprovement
in the crystals quality leads to a better peaks resolution. Dameg#s at about
760, 670, 540 cihare typical of the rutile structure and a broad band placed
in the 800 — 900 cthrange is usually assigned to defects in the Sb-O-Sb
chain.

2.1.3 Antimony oxides phasé§?®

Antimony is a silvery lustrous grey metalloid, present in oxahastates Ill and V,
found in nature mainly as the sulphide mineral stibnite,3$bOxides formed by
antimony, included often in oxidation catalysts preparation, are difficule studied
because of the different existing stoichiometry and differentnpoipgh. The active
phase in catalysis is the most stable oxidgD@lbut oxide described with the formula
Sh,0s, SBbOs and SRO,; may also be obtained.

* SbO; may be found in two different allotropes, both stable at room
temperature: (i) cubic colourless senarmonite consists of dimneite highly
volatile which is able to sublimate above 775K; (ii) orthorhombienahite
has a layered structure formed by chains hold together by wedk Sb
interactions. There is no evidence of differences in catalystparation
between the two polymorphs. Volatility of senarmonite leads tagseous

media in the oxidation reactions. Preparation of antimony trioxigessible
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by oxidation of Sb (or SI%;) in air or by hydrogenation of higher oxides In
Raman spectroscopy, senarmonite shows a main peak around 2&indm
secondary remarkable peaks at 197 and 82 afalentinite shows peaks at
140, 294, 223 and 502 ¢m

Sh,Os is the other full antimony oxidation state oxide and there is no
evidence for the existence of the anhydrous powder. It is possible to
synthesize the pentoxide starting from lower oxides in drastic tomsli
Preparation of pure 905 starting from S§Os*nH»0, is often claimed to be
possible; the heat necessary for the water evaporation is enoughefor
partial dehydration coupled with the oxygen loss, with the consequent
formation of SBO;s. Only two Raman bands have been recognized in
pentoxide at 502 and 620 €m

Sh,0O, is the main mixed valency oxide, made of equimolar proportion of
Sb(lll) and Sb(V) and it should be responsible for the catafdtovity in
oxidation. It is prepared via 8b; oxidation (at temperature above 870K) or
via decomposition of higher oxide (upper than to 1000K).drthorhombic
(also known as cervantite) anfl”“monoclinic allotropes are available, but
the first one is the most common and it is prepared by Sb (gDsSb
oxidation at 873K or higher oxide decomposition at 1223K. Lower reduction
temperature leads t allotropes formation, also achievable frenone at
1233K in sealed tubes. Cervantite is observed by means of Raman
spectroscopy through bands at 200, 62, 43, 140 and 463pcform shows
band at 212, 79 and 405 ¢m

ShkyO,3 is the mixed oxide made by Sb(V) and Sb(lll) in 2:1 raties hade
by SbOs decomposition at 973K or by Hydrogen peroxide oxidation and it
shows a Raman band on 470 tifhis oxide has a structure between@p
and SbOs.The formation of SiD, is a thermal evolution of $0s, as

described by the following steps:

0 Sb0Os - SkO,3 non-stoichiometric amorphous (723K).
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0 ShO;3 non-stoichiometric amorphous - g§&hs non-stoichiometric
crystalline (977K)

0 ShO,3 non-stoichiometric crystalline - §b,53 (977 — 1026K)

0 ShOi3—0-ShO, (>1026K)

2.1.4 Rutile — antimony oxide phase cooperation

Once analysed the great properties of rutile as lattice hostste, his synthesis
and the phase characteristics of the antimony oxide, some corisilerat needed in
order to understand the behaviour of the antimonate catalysts.

It is widely accepted that an excess of antimony in ruéitalgsts is needed to form
an antimony tetroxide phase, which is able to enhance ACN sdigciikis effect has
been discussed by Andersson and co-workers: gbigQunselective in propane
ammoxidation to acrylonitrile while cervantite is not active likaae conversion; as
shown in Fig.2.1, the increase of Sb to V ratio up to 1, leads to addesrase in

propane conversion and in propene selectivity with a clear increase in A€titivity.
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Fig. 2.1 Catalytic properties of rutile with increasing of nomiral Antimony amount.
Moving from 50 to 33.3 (from Sb/V = 1/1 to Sb/V = 2/1), the increase ACN selectivity
is drastic; higher Sb quantity influences significantly the selectivity and affects

negatively the activity.

In order to understand the behaviour of the phases inside the catalysbeen

made a comparison of the following solid systems:

e pure SbVQ (a)
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* mixture of SbVQ anda-Sh,0O, after co-calcination at 800°C, (b)

» SbVQ, after co-calcination withu-Sh,O, and sub-sequent sieve separation

(€)

* 0a-ShO, after co-calcination with SbVQand sub-sequent sieve separation

(d)

This study (Fig. 2.2) points out the effective activity and seligtin ACN of (b)
compared to (a), according to the phase cooperation theory mendbogd. The
increase in selectivity of (c) in comparison to (a) is rentagawhich is
understandable if an antimony cation migration has been consideradgth@nism
of migration, on vanadium cations, is crucial to explain the actio$g and the

selectivity improvement on the usually unselective antimony tetroxide (d).

Sel. propene
[ Sel. acrylonitrile
B Propane conversion ||
B NH, conversion

]
T

Conversion and selectivity (%)
N
[=]

Fig. 2.2 Comparison of the solid systems described above: (a) reuSbVQO, (b)
mixture of SbVO, and a-Sb,O, after co-calcination at 800°C, (c) SbVQ@ after co-
calcination with a-Sb,O, and sub-sequent sieve separation, (d) -8b, after co-

calcination with SbVO, and subsequent sieve separation.

2.1.5 Synthesis

Chromium antimonate has been synthesized with two differenpagaton
methods:

» Co-precipitation, developed for preparation of Snkased systems by
Rhodig* different weights of starting material (different solublet $elve

been tested) have been calculated to obtain 10g of the desired SWCr rat
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SbCk (or i.e. SbG) and the other cation (Cr(NR, Ga(NQ)s) are dissolved

in absolute ethanol (usually 100mL of solvent are used); the fuss gi pale
yellow solution which becomes transparent and’ Galt gives an intense
blue mixture. Vigorous stirring has been kept for 15 minutes, at room
temperature, to guarantee sufficient homogeneity of the solution. The
mixture is then dropped in 100mL of water solution buffered with
ammonium acetate (10%w/w) and kept at pH 7+0.2 by means of ammoni
aqueous solution (10% w/w). After its separation from the supernatant, t
solid has been washed 3 times with distilled water. The pr@cigshen
dried at 120°C for 12 hours and calcined in air at 700°C for 3 hours. A
crucial step of this preparation is the managing and accurageijhting the
antimony chloride for its very tendency to hydrolyze, also withmaisture,

to give gaseous hydrochloric acid and a white solid.

Slurry, in 100mL of the water solution of Cr(N)g@ or Ga(NQ)s;, antimony
trioxide is kept in suspension by stirring at room temperaturéer Af5
minutes mixing, the solution is dried in rotavapor at 70°C and lowspres
then it is calcined in air. Varying time and temperature ofhtre treatment

allows obtaining different solid systems.

High-energy milling is an easy technique already availableprepare
vanadium antimonate: the oxides of the cation@lmr SBOs and CpOs)

are weighed and premixed in ethanol to ensure good homogeneity of the
sample. After the liquid removal (3 hours at 120°C), the solid urexts
milled for the time needed to complete the solid-state reaclibe milled
powder is then calcined for 3 hours at 700°C. In our case carborum
tungstenate balls and container were used to avoid contamination or
corrosion. Raman analyses of these samples did not point out congderabl
rutile bands and for this reason no test in ammoxidation has lee®nnped.
Further investigations are needed to understand the solid statiorrea

mechanism in rutile synthesis.
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2.1.6 Catalysts characterization

The catalysts prepared with the methods described above asetenaed with
Raman spectroscopy, EDX probe, XRD spectroscopy, XPS, BET and AAS analysis.

« Raman Spectroscopy analyses are performed on a Renishaw 1000, with
confocal microscope confocal Leika DMLM (zoom 5X, 20X e 50X) coupled
with a CCD camera. Excitement is made by green Argon at 514nm. The
instrument works in reflectivity within an area ofufn® (considering a 50X
zoom) and 2um deep, so Raman spectroscopy is considered a technique for
superficial investigation. Raman analysis is fast, in the arflBninutes, very
punctual and non invasive (usually non destructive, but sometimes bonds

rupture occurs due to the high energy of the light source).

» EDX probe INCA Oxford mod 350 SEM Zeiss. Evo 50: the sample is
analyzed in powder or tablets form. During the analysis it isiblesto
collect SEM images of the catalyst.

« XRD diffraction analysis are conducted on an automatic powder
difractometer Phillips X' Pert 9/29 with Bragg Brentano geayeising Cu
Ka (A= 1,5416 A) radiation and 1,5kw power. Analysis are performed in the
range of 5° - 90° @ with 0,02° (®) steps of 40 seconds each. Inorganic
phase searching is based on Hanawalt on PDF-2 (Powder Ddfirdste,
ICDD) data. Quantitative analysis and structural data ateulated by
means of GSAS software (Generalized System Analysis 18ystcherrer

formula is used for particle size estimation.

« XPS analysis are conducted in ultra high vacuum at 2k@r, 200kV in
“Survey” modality (surface atomic concentrations) and “Multibdality
(signals shape). The analysis works within an area of about §,%meh
10nm depth.

 BET measurements are made on a Carlo Erba Sorpty 1750 instrusiegt,
nitrogen as adsorption gas. The method of analysis consists aitiah i

evacuation of adsorbed substances in vacuum conditions at around 200°C
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and nitrogen pulses at ca 77K (by means of liquid nitrogen). The pressure
measured during the pulse and gives indication of the monolayer fonmati
the number of pulses indicates the amount of nitrogen adsorbed as well as the

area covered by the molecules.

ICP-AAS: the sample is dissolved in TFM and hydrochloric acidneans
of a Milestone Ethosl microwave (power around 1500W and at 220°C).
Analysis are performed on an ICP PERKIN ELMER “OPTIMA 4800.
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2.2 Catalytic tests

2.2.1 Plant

In Fig.2.3 it is shown the plant employed in gas phase ammoxidation of propan
and propene.

R,
M, M,
v, NS
Vi Vs M;
gl
Feed in A~

GC-TCD
Air >< )
M, v, v, Ay |_|

M,

Fig. 2.3 Schematic representation of the gas phase ammoxidation plant

Gas flows are measured by means of Mass Flow Meter (MdiM) are mixed
joining together the exit pipes. MFMs are reliable in a fixed rasgdhe values set
around the lower borderline lead to instability of the flow. V1+&id V2+M2 are
two separated lines useful to spill out part of the reactionmstinearder to decrease
the total flow. That way it is possible to reach a lower ftban the MFM range or to
change the stream (therefore the contact time) during the reaction. Thiedéesad an
air line enter in a 4-way valve (V4) from which two lines cooo¢& one headed to the
reactor and the other to the gaschromatograph (GC). In one positiba vélve the

reaction feed goes to the analysis system while air passmgyh the reactor; in the
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other position the reactant reaches the reactor and the airogibes(GC). In the first
case it is possible to maintain the reactor hot and the caialgstenvironment while
the feed undergoes analysis. This is crucial because an oxide kegit &&mperature
in oxygen-free atmosphere may undergo to irreversible surface icatidins and
therefore lose the lattice oxygen. In the second case theuergdo the reactor while
air cleans the analysis system lines. V4 is important forghetion safety because, if
some problems occur and a security arrange is necessary, amdasymediate valve
switching quenches the reactor and puts the plant in safe conditions.

Following the analysis line, M4 is useful to waste part of the f(like M1 and
M2): little pressure is necessary to allow the flow feed@@ but overpressure is
unwanted. To handle the pressure of the GC, M4 is adjusted.

The reactor line crosses V5, a three way valve which istaldeect the flow to a
soap flow meter (F1) for the flow measurement. That way thetaehas not been
crossed by reaction feed, or by other gases so it is fullytesbld his is a way to
interrupt the reaction (like in the case already seen with M#)jn this situation the
catalyst has not been crossed by air so that it may undergaioedand surface
modification.

The flow that passes through the reactor is subjected toffrictss, which is nearly
absent in the soap flow meter. The measured and the real flewdfarent; we claim
that the over pressure induced by the friction loss is negligiblhat measured and
real flows may be considered equals; it is not possible tsunedhe stream in the
outflow because of the condensation of some products due to the loweraemge
and the crossing of the soap.

The flow passes through the reactor and it is parted: a portion reaches theséd,
by M5, and the other goes to vent.

Each flow coming out bubbles in a water basic absorber so that pahdetcids
are stopped by condensation or neutralization. Only gases suchbas cides,
nitrogen, helium, unreacted oxygen and negligible amount of hydrocarboeleased

to atmosphere.
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2.2.2 Analysis

The plant is integrated with an on-line GC AGILENT 7890 A and dmatGC
able to separate propane and propene

The analysis of the flows is carried on with 3 columns:

* Col 1 leads to a chromatogram like the one shown in Fig.2.4, in which the
first peak is formed by £ N, and CO while the others are related t0,CO
(1.3), NH3 (3.8"), Propane/Propene (5.7°),,61 (12.9'), HCN (15.1"),
Acrolein (19.3’), AcCN (20.5’) and ACN (22.1").

TCDE B, Back Signal (PROVANSIG 12099,

25 |

3000—:
2A00 —
QDDD—-.
500 —

000 —

th
2
(=}
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5700
== 15152
10207
20,632
7 22137

a_—

25 5 75 0 12.5 15 17.8 20 22.5 min

Fig. 2.4 Gas-Chromatogram obtained with the column 1; peaks areesolved except

for the ammonia one(3.7s), which shows a long tail on which propene peak is fone

* Col 2 is a pre-separation column, in whicg &, and CO pass un-held at the
same time.

* Col 3 makes the separation of the previously un-separated pedéd el
Col 2 (Fig.2.5): @(2.4), N, (3.2") and CO (6.6).
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TR A, Front Signal (FROVALSIG120499.0)
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Fig. 2.5 Gas-Chromatogram obtained on Column 3: Nitrogen (3.2) comesut as

oxygen shoulder.

The sample insertion in the GC occurs by means of pneumatic Velndged with

the instrument software. Three valves are required, as shown in Fig. 2.6.

Front TCD Back TCD

Fig. 2.6 The sampling valves needed to feed the columns.

V3 is the first-six-way-valve in which the flow coming from thee before the
reactor (react in) and the flow coming out of the reactor (r@at} are selected to be
sent to the other valves or to be joined to the vent line.

V2 is a ten-way-valve in which the flow selected in V3 and $&parated flows of
Helium enter and then may be connected to a loop (loop V2), to théineot to the
column 2. The last one is then directed to the vent line, to the wdhar or to the
column 3. In the “off” position, the flow coming from V3 crosses thapland reaches

V1; at the same time an He feed washes the column 2 countenicaind goes to vent
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while the other He feed passes through column 3/TCD. In the “on” osite flow
coming from V3 is joined to the V1 line directly and a helium line crodse&op and
reaches the column 2, the column 3 and eventually the detector. The other He line goes
to vent. This system is useful because in column 3 it is possildeparate oxygen,
nitrogen and carbon monoxide, but at the same time the column &lenat get in
contact with ammonia. In fact, the gas feed injected by loop \fZesseparated in
column 2, in which O2, N2 and CO exit all together not restrainednfien time is
indeed dead column time) and go to column 3; after these substeteetson time,
the valve switches so that gases not eluted have been washed aavalgdiyym flow.
This way Oxygen, nitrogen and carbon monoxide in the column 3 haveséparated
and reach the detector TCD front.

In V1 the flow coming from the second valve and helium are fed; adadpthe
column 1 line may be joined with the inner line. Gases coming oot ¢adumnl and
the loop may be connected to the back detector or to the vennlithe foff” position
the feed crosses the loop while the column and TCD have beebdcimssielium. In
the “on” position the loop V3 is washed by helium and the content gobacio
detector after having been separated in column 3.

The normal position of valves 1 and 2 is “off”, which means that lsdpdding
and helium is cleaning the columns and the detectors. When anstiyds, the valves
automatically turn in “on” position and the sample reaches tharod. After ca. 3
minutes valve 2 repositions itself on “off” position, as well ayedl at the end of the
analysis after 25 minutes.

In ammoxidation of propene , no other device is required.

In propane ammoxidation, however, along with unreacted alkane, propene is present
in reacted flow. In the analysis system described above, propdna@rene are not
separated, so they have been revealed at the same elution dime gsak). The
quantification of propane and that of propene are operated on another imstrume
equipped with a Flame Conductivity Detector (FID) by meansmpgainjection with
syringe, drown by a septa inserted in the line coming out of tistoreand directed to

vent. The response factors of propane and propene are the same both amd @D
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FID detector, so that it is possible to analyze the flow in iRe GC and to use the
data collected as ratio amount with the parameter calculated on the other GC

GC is calibrated every 3 month by means of syringe injection upimg oxygen,
pure nitrogen, carbon oxide 4% and monoxide 4% in helium, pure propane, pure
propene, water in acetone, hydrocyanic acid by argentometatiait, acrolein in
water, acetonitrile and acrylonitrile in water. Calibratiasloops are made using

oxygen and carbon oxides.

2.2.3 Thermic system

In order to avoid condensation of products such as water, AcCCN and &CiNe
pipelines and the apparatus crossed by the flow coming out of thorreae
maintained at least at 150°C by means of heating ceramistares belt, resistance
tape and resistance oven. The power supply along with temperagma &iom

thermocouple are handled and displayed with regulators and programmers.

2.2.4 Calculation sheet

Data are elaborated automatically by means of a Micrdsedel programmed

calculation sheet.

» First data inserted refer to date, sample ID, sample ckasdits, sample

volume and weight.

 The flow data are written as follows: MFM setting, flow, fem@a, flow
measure. The program automatically calculates the retentran @nd the
feed composition. It is possible to calculate the amount of fessted in

order to change the retention time and to recalculate the flux to the reactor.

 The peaks areas are inserted and parameters of reaction statversion,
yield, selectivity, carbon balance are calculated. The reseltscarected on

the flux changing due to the reaction stoichiometry.

* In propane ammoxidation, the results given by FID are insertedaand

ano/ene ratio is calculated; this ratio, which is applied to ttltocarbon
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area revealed on TCD, allows calculating the amount of propanectedea

and, of course, of propene produced.

If the carbon balance falls within 95% and 105%, data are considered as
reliable and are normalized on balance and selectivity, i.e. sum of
selectivities has to give 1 then every selectivity is dividedtlier sum of
selectivities. If the carbon balance is out of range, data aretedjand the

test is remade.

Data collected are plotted in graphs which are useful to repreékent

catalytic performance and to compare different catalysts.
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3 Results and discussion

3 RESULTS AND DISCUSSION

3.1 Ga/Sb and Cr/Sb mixed oxides

3.1.1 Characterization

We chose Ga and Cr as the main component of single-metal antasdegause at
variance with V in V/Sb/O systems, the most stable valente fetaboth metal ions is
3+. With rutile V/Sb/O, the presence of a valence state highar3han the mixed
oxide is the main reason for the generation of cationic defects, dma-obordination
O ions, that are recognized to play an important role in theadéicih of the alkane. On
the other hand, in V/Sb/O systems the structure cannot accommaaateony
amount higher than the equiatomic ratio, 1/1; indeed, the various @ichisinetric
V/Sb series reported in the literature contain either a dfhiatratio between the two
components, or an excess of V atoms. Any excess antimony iy pa#dad over the
surface of the rutile V/Sb/O in the form of an amorphous antinexye, which also
plays an important role for the ammoxidation of the intermedidtiyped propene
into acrylonitrile.

Different is the case for rutile Cr/Sb mixed oxide; in fact-stoichiometry is not
so much due to the presence of Cr with oxidation state higher thabuB+to the
incorporation of excess Sb, in the form of eithef*Sir SB*. In other words, the
excess Sh, necessary to favour the transformation of the olefimat®tely formed
to acrylonitrile, is not present as a separate phase, but irdemdrporated inside the
rutile framework. Due to the similar features of'Cand G&" cations (no oxidation
state higher than 3+ stable at high temperature, similar i@dws), we were
wondering whether the same structural behaviour experimentally obsevile
Cr/Sb/O might be expected also in the case of Ga/Sb rutile mbxdes.
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Me/Sb Code Me/Sb | S.S.A.|Preparation procedure
at. ratios at. ratios | m?g
preparation analysis
Ga/Sh 1/1 GalSlep 1/1.17 113 Co-precipitation
Ga/Sb 1/2 GalSkop 1/1.6P 91 Co-precipitation
Ga/Sb 1/3 GalSkop 1/4.12 50 Co-precipitation
Cr/Sb 1/1 Cri1Shdp 1/0.8 37 Co-precipitation
Cr/Sb 1/2 Cr1Shep 1/1.6 67 Co-precipitation
Cr/Sb 1/3 Cr1Shp 1/2.8 54 Co-precipitation
VISb 1/1 V1Sbitp Nd 26 Co-precipitation
VISb 1/2 V1Sbep Nd Co-precipitation
VISb 1/3 V1Sbep Nd 7 Co-precipitation
Cr/Sb 1/1 Cr1Sbdpw 1/1.18 23 Co-prec.+ NECI wash
Cr/Sb 1/1.5/ CrlSbl.5pw 1/1.42 Co-prec.+ NHCI wash
1/1.56 22
Cr/Sh 1/2 Cr1Shagw 1/1.92 Co-prec.+ NHCI wash
1/2.10 27

Cr/Sb 1/2.5/  CrlSb2.5pw 1/2.7¢ 23 Co-prec.+ NKCI wash
Cr/Sb 1/3 Cr1Sh&pw 1/3.50° 34 Co-prec.+ NEKCI wash
Cr/Sb 2/1 Cr2Shds Nd 53 Slurry ag. Sb acetate
Cr/Sb1.5/1 Crl.5SkaH Nd 47 Slurry ag. Sb acetate
Cr/Sb 1/1 Crl1Shas Nd 50 Slurry ag. Sb acetate
Cr/Sb 1/1.5 CrlSbl.ad Nd 37 Slurry ag. Sb acetate
Cr/Sb 1/2 Crl1Shasl Nd 29 Slurry ag. Sb acetate
Cr/Sb 1/2.5 CrlSb2.ad Nd 22 Slurry ag. Sb acetate
Cr/Sb 1/3 CrlShsasl Nd 17 Slurry ag. Sb acetate
CrSb 1/2 CrlSb2ad Nd 29.0 Slurry aq. SBOs
CrSb 1/2 Crl1Sb2los Nd 41.0 Slurry aq. SBOs
CrSb 1/2 CrlSb2asd Nd 45.6 Slurry aq. SBOs
CrSb 1/2 Cr1Sb2bd Nd 48.9 Slurry aq. SBOs
CrSb 1/2 CrlSb2gd Nd 53.1 Slurry ag. SBO3

Tab. 3.1 Catalysts examined: the first row describes the cataklgscomposition and the
hypothetic Me/Sb atomic ratio, the second row lists the saple 1.D., the third row
reports the Me/Sb atomic ratio (when available) found by meansf (a) elementary AAS-
ICP analysis and or (b) SEM-EDX analysis, fourth row reports he specific surface area

and the last row describes the synthesis method.
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Tab.3.1 compiles the samples prepared and the specific surfacafteeghermal
treatment in air at 700°C. In the case of the Cr/Sb/O samgiiéstent series of
samples were prepared; one series was synthesized with-pinecgioitation procedure
from ethanolic solution, as reported in the previous works and alsmwsdpior the
preparation of Sn/V/Sb/O rutile samples (the same proceduradegded also for the
preparation of the Ga/Sb/O samples). A second series alseywtesized with the
co-precipitation procedure, but the precipitate was thoroughly washiadwaiter
before thermal treatment, an operation aimed at removing the ammahionde
formed during the co-precipitation step.

Another series was prepared by means of the conventional slutmpan&t which
Sb is not dissolved in the preparation medium, but indeed is presarstodid. In this
procedure, two different raw materials can be used, either Sle ¢8bhO; or even
Sh,0s), or Sb(CH3COQ) In the former case, Sb oxide is insoluble in the reaction
medium, and hence a slurry develops; with Sb acetate, oncd &mdbe aqueous
solution of the Cr salt, the immediate precipitate of an Sb comp(iketl/, an Sb
oxohydrate) occurs. There are major differences between the vamieparation
methods, as will be clear after comparison of the charaatserst calcined samples
having the same Cr/Sb ratios, but prepared using the different proce#&ores.
example, the osl (slurry method from®Sbxide) is hardly reproducible, and samples
prepared with exactly the same amount of starting amount and usinticatle
procedures, may finally show quite different features, e.g., areliffemount of Sb
incorporated in the rutile structure. This may be attributedht fact that the
reproducibility of the solid state reaction occurring in the predgitzetween Cr
oxohydrate and Sb oxide is negatively affected by the relatisefg particle size of
the latter compound. Indeed, the same irreproducibility was notvalaser the case of
the asl method (slurry redox from antimony acetate), probabbause the Sb
compound that precipitates after dropping the Sb acetate in the aqodaiien is
more reactive than Sb oxide, either because of the smalleri@aiize or because of

the higher reactivity of an oxohydrate as compared to the oxide.
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In regard to samples prepared with the co-precipitation procedureghé¢hmal
treatment of unwashed precursors (cp method) finally led to sarhpleng greater
specific surface area than those prepared by preliminary remobwale salt (cpw
method) (Tab.3.1). Since this treatment did not affect so much ys&altinity of
calcined samples (that was the same for the two seriegSib/Cr samples, as inferred
from X-ray diffraction patterns, see below), the effect on serfarea was due to a
different morphology of samples. It is possible that the decomposift ammonium
chloride, occurring at around 350°C, generates holes and cavities particde that
finally are responsible for the higher surface area of sangyidmined from the
untreated precursors. The surface area of Cr/Sb/O samplesegrdgyameans of the
slurry procedure (asl) was higher than that of co-precipitated) (spmples for Cr/Sb
atomic ratio values ranging from 1/1 to 1/1.5, but then became sifaildhe two
series of samples when higher Sb contents were used for cafagptgation. For
what concerns the surface area of Ga/Sb/O samples, Tab.3.1 8staiws was
systematically higher than that of Cr/Sb/O catalysts. Indh&e, the difference was
due to the lower crystallinity of Ga/Sb/O samples (see XRD pattepwied below).

Chemical analysis was used to check the composition of samples; thisciglady
important for co-precipitated samples, because the procedure adopteat thdd to
the complete precipitation of all metal oxohydrates, and the taumtnaolution, still
containing dissolved metal cations, was removed by filtratiorbethe thermal
treatment of the precipitate. Furthermore, the comparisom @ pH diagrams
highlighted remarkable differences between the metals used, théqsencfinally
representing a compromise aimed at obtaining the concomitant pBoipitof
corresponding oxohydrates. However, data reported in Tab.3.1 shovinghatiomic
ratio between components, for all samples prepared, was not miererdiffrom that
one used for the preparation of the starting solution. In the case plesgonepared by
the slurry method (asl and osl), there was no need to make chemalgsis of
samples, since the precipitation of the solid occurred by solvenvetem; therefore,
the chemical composition of calcined samples was identicahaif df the starting

solution.
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Fig.3.1, Fig.3.2 and Fig.3.3 reports the X-Ray diffraction patterns of GalSbxcp,
CrlSbxcpw and V1Sbxcp samples. Patterns of CrlSbxasl and CrlSbxcptighe |
were also reported in a previous work) were quite similar to tab&¥1Sbxcpw, and

are been reported for sake of brevity.
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Fig. 3.1 XRD patterns of GalSbxcp. * rutile (JCPDS 81-1219); # D13 (71-1091).
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Fig. 3.2 XRD patterns of Cr1Sbxcpw. * rutile (JCPDS 81-1219).
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Fig. 3.3 XRD patterns of V1Sbxcp. * rutile (JCPDS 81-1219); § $0, (80-0231).
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Some major differences between the series of samples are evident:

» The crystallinity of samples was very different; more @afse samples
were V1Sbx (average crystallite size 59 nm), the leastaltiype GalSbx
(average crystallite size 7 nm). The crystallinity of thelSbx samples
(crystallite size 20 nm) was not much affected by the medtifiguieparation
used.

* In XRD patterns of all CrlSlmpw and CrlSbep samples, the only
crystalline compound was rutile CrSpQ@IPCDF 35-12885, with the
exception of sample Cr1Sg3 for which crystalline SiD,; also formed, and
for the CrlSba8s sample, which contained £); also (Tab.3.2). Quite
different was the situation for GalSbx and V1Sbx samples; in thesform

case, crystalline 30,3 (JCPDF 71-1091) was present in the sample

GalSh3, that however did not form in GalSb2, whereas crystalline Sb204
formed in both V1Sb2 and V1Sb3 samples. Therefore, rutile V/Sb/O tanno

accommodate excess Sb in its structure with respect to dlehismetric

atomic ratio, whereas rutile Cr/Sb/O may host a large excess Sb.

* As mentioned above, the slurry redox method carried out usi@; S to
remarkable differences in the characteristics of samplbsuaih all of them

were prepared with the same Cr/Sb atomic ratio (1/2), and dansnof

identical procedure. This is evident from Tables 3.1 and 3.2; sample

CrlSb2msl, when prepared several times, gave a surface area that ranged in

the interval between 29 and 53 m2/g (Table 1), whereas the amountaf Sb
oxide (as inferred after Rietveld refinement of the correspondin@® XR
patterns) decreased and that of rutile correspondingly increade®.@jaAt
the same time, the volume of the tetragonal cell also dragenarkably,
confirming that the amount of Sb incorporated in the structure was @hyers

proportional to the amount of extra framework Sb oxide.
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Code Crystalline phases Cell volume (3, c/a
GalSbtp Rutile Nd
GalSbezp Rutile Nd
GalSh3gp Rutile + SRO;3 Nd
CrlSbxp Rutile 64.43, 0.661
CrlSbzp Rutile 65.29, 0.658
CrlSb2p Rutile + SRO;3 65.52, 0.655
V1Sbicp Rutile Nd
V1SbZp Rutile +0-SkO, Nd
V1Sbzp Rutile +a-Sk,04 Nd
CrlSbXpw Rutile 64.03, 0.659
CrlShl.5pw Rutile 64.60, 0.659
Cr1Sbzpw Rutile 65.24, 0.657
Cr1Sb2.spw Rutile 65.59, 0.656
Cr1Sbgpw Rutile 65.68, 0.655
Cr2Shad 93% Rutile + 7% CGOs 62.76,
Crl.5Sbad Rutile Nd
CrlSbad Rutile 63.96, 0.663
CriSbl.5s Rutile 64.26, 0.658
CriSbas Rutile 65.48, 0.653
CriSb2.5sl Rutile 65.59, 0.651
CriSbad Rutile + CpO5 65.84, 0.665
CrlSbh2asl 61.8% Rutile + 38.2% SB, Nd
Cri1Sb2lod 77.0% Rutile + 23.0% SB, Nd
Cr1Sb2asl 81.0% Rutile + 19.0% Sb, 64.62
CrlSh2bd 89.4% Rutile + 10.6% S0, Nd
Cr1Sb2gd 91.3% Rutile + 8.7% Sk, 64.78

Tab. 3.2 features inferred from X-ray diffraction patterns of Cr/Sb/O calcined

samples

Fig.3.4, 3.5 and 3.6 also reports the crystallographic parameters (Talihg.2),
volume of the tetragonal cell and the c/a ratio, evaluated bysnefathe Rietveld
refinement. Corresponding values of volume cell for monophasic Cecp®band
CrlShxasl samples are also shown in Fig.3.4, in function of the Sb/Cr at@ta
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3 Results and discussion

The incorporation of an excess Sb with respect to the stoichioneetmposition
CrSbQ (volume cell 64.31 A3Y] led to an evident expansion of the cell, with a slight
decrease of the c/a ratio. This is similar to what experafignobserved for the
Fe/Sb/O system, in which an increase of the Sh/Fe ratig leaan increase of the cell
volume of the tetragonal structure, with development of a tririkiesuperstructurg.

In that case, hosting of an excess*3b compensated for by a reduction of Fe®
Fe*; the limit compound with stoichiometric Fegl is formed for a Sh/Fe atomic

ratio of 2, in which Fe is in the divalent oxidation state.
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62’5 | | | | | |
0 0,5 1 15 2 2,5 3 35

Sb/Cr, atomic ratio

Fig. 3.4 Cell volumes are reported versus the Sb/Cr atomi@tio. A tendency curve is
added to clarify the trend.

In the case of our Cr/Sb/O samples, two different hypothemede formulated.
The first one, by analogy with the proposals of Berry, includesi¢évelopment of a
Sb’*-rich solid solution, with concomitant reduction of*Cto CF* and development
of a trirutile-like cation ordering. The increase in cell volumght thus be due to the
presence of the bigger Trcation (0.90 A). The second hypothesis involves the
development of a compound with stoichiometry*CySb*,S*0,. In consideration
of the ionic radii of the octahedral cations®q.69 A), SB* (0.76 A), SB* (0.60 A),
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an increase in the cell volume with respect to that of C;Sta@ be explained by

hypothesizing a partial replacement of ‘Gons with the bigger Shion.
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Fig. 3.5 Specific surface area plotted on the relative amount afutile in the
framework.

It is also interesting to note the relationship between the amoentraf framework
SO, in Crl1Sb2sl samples and the corresponding value of specific surface area, as
well as the relationship between the former parameterrendaiume of the tetragonal

cell (Fig.3.5 and 3.6, respectively).
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Fig. 3.6 Relative amount of rutile in the structure on the related cell vaime.
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Samples reported in the Figures are those compiled in Taln8.2Znany others as
well, that were prepared in the attempt to obtain a variable arb@it incorporated
in the rutile lattice, while keeping the overall Cr/Sb ratio cartstais evident that an
increase of the rutile content in samples leads to an enhancentlkeatsoiface area of
samples, which is an expected phenomenon because of the intrinsic low surfade area
Sh,O,. Moreover, the higher was the amount of Sb incorporated in the fatiice
(the lower being the amount of extra framework antimony oxide), treagrevas the
volume of the tetragonal cell of rutile, an observation that agsgthsexperimental
results achieved with samples belonging to samples prepared with the othmtaneth

Raman spectra of the Cr1Sipw, GalSbhgp, V1Shxp and CrlSbas are shown
in Fig.3.7, Fig.3.8, Fig.3.9 and Fig.3.10. Raman bands of fifle are at 143 cih
(B1g), 235 crit (2 phonon process), 448 €ntEg) and 612 cih (Alg), whereas SnO
rutile shows bands at around 470, 630 and 770, @orresponding to the Eg, Alg,
and B2g vibration modes, respectiv&lywhich well correspond to bands observed at
approximately 470 (or the very weak 560), 670 and 796 ionGalSbgp samples; an
increase of the Sb content leads to a slight shift of the 670bamd towards lower
energy, whereas the band at higher energy becomes broader and fiesd. de
However, the position of Raman bands of rutile can be stronglytedifdryy sample
crystallinity and surface effeéfs® The band at 470 ch however, can also be
attributed to SkD,5, and in fact its intensity increases when the Sb content segea
also; it becomes the most intense one in sample GapSioBwhich crystalline Sb
oxide is also present. This sample however also shows a broad bamahait 200 cm
!, attributable tai-Sb,O,.
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Fig. 3.7 Raman spectra of calcined CrlSkopw systems.
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Fig. 3.8 Raman spectra of calcined CrlSikasl systems.

56



3 Results and discussion

673 475

742

Ga1Sh3cwp

= R < Mg, S

1000 800 a0 400 200
Raman shift, cm-'

Fig. 3.9 Raman spectra of calcined GalSbpg systems.
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Fig. 3.10 Raman spectra of calcined V1Skpwsystems.
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Spectra of CrlSkopw samples have analogies with those of Gatflwatalysts,
and differences as well. Main rutile bands are at approx 750, 670, 565 anth467 ¢
also in this case, the latter band might be attributable §®,§ba compound that
however is not observed in any X-ray diffraction pattern of thd-evegstallized
Cr1Sbx samples. It is worth noting that a part from a better resuldtinting for a
better crystallinity of the rutile compound (a phenomenon also wx$den XRD
patterns), and for the development of a shoulder at around 850aanncrease of the
Sb content does not lead to any major modification of Raman sp&dir@ad weak
band at about 200cm-1, that can correspond either to the main banr®md,
(200cn) or the main band df-Sh,0, (212cm') shows a slight increase. Unluckily
secondary bands useful to recognize the phase, are placed in undaleaeof the
spectra (62ciand 79crit) or are too weak to be observed, 30% and 25% of the main
band intensity, at 403chm and 405cri(data referred too-Sk,O, or B-ShOs,
respectively).

Raman spectra of samples Cri&bxshow some major differences if compared
with spectra of CrlSkpw samples. Specifically, the band at approx 750" dm
shifted towards higher energy in Cr1$pd; then, an increase of the Sb amount leads
to weakening of the intensity for this band, at the same time comigsoaiteboth higher
(at about 860 cif) and lower (at about 740 éhenergy becoming progressively more
intense. Finally, in Sb-richer samples a broad band, probably cogsidtithe three
different components, dominates the spectrum in the 700-90Gpettral region. The
band at 465 crhis again attributable to gb,5; remarkably, this band is substantially
absent in the Cr1Sbpw sample, it is well evident in Sb-richer samples, but it almos
disappears in the CrlSfi8v sample. Worth noting, the XRD pattern of this latter
sample highlighted for the unexpected formation 0fQOgr even in the Raman
spectrum, a band at 550-555 teorresponds to the most intense band eOgr

In literature, the high-energy band is attributed to the developwiepttionic
vacancies in the rutile structure, and is specifically reledadbrations of Me-O bond
involving coordinatively unsaturated O atoms. Therefore, Raman sjredicate that

major variations in the rutile structure because of excess Stporation are obtained
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3 Results and discussion

with the slurry-redox procedure. In this case, the starting Sb comp@nd
Sb(lll)acetate, whereas in the co-precipitation procedure SbV qhent@e is used.
With the latter procedure, the development of the rutile mixed cxmtethe scarce
amount of defects hints for the incorporation of excess Sb in thedbwth SB* and
Sb*, thus with formation of a stoichiometric solid solution of the type
crsi' Sb’1.,04.4¢ The size of the trivalent cations explains the expansion of the
tetragonal cell experimentally observed; the driving force for ¢deation of SB' to

S is the formation of the stable rutile compound, and is accountdulyftre fact
that the SKOs self-reduces to $B, (a mixed-valence SHSBE* compound) at around
800°C. The same expansion of the tetragonal cell is observed with teedefective
samples obtained by the slurry-redox method, that also suggests #ithe
incorporation of S cation, or the formation of € in this case, the presence ofSb

IS quite expected, because of the starting compound used for the poeparfati
samples. We note that the formation of a non-stoichiometric gteuntay derive from
various factors: (i) excess Sb is incorporated mainly &5 8tat would lead to the
reduction of part of Cf to CF": Cr" ..Cr',Sb’ 1404425 UP to the limit trirutile-like
CrShOs for a Sb/Cr atomic ratio of 2; (ii) Sb is incorporated maia$ SB', that if
taking the place of Sbwould lead to the development a corresponding amount of
anionic vacancies, CrShysB",0,., (this structure however might probably host a
limited amount of SB); (i) excess Sb is incorporated as*Slthat would either lead
again to the reduction of €rto CF*": Cr'",5,Cr'5,Sb’SH" 0, (also in this case only a
limited amount of excess Sb might be incorporated), or to the formatioatiohic
vacancies, or to the incorporation of exce§s 0r example in the interstitial positions
(CrSb’sB",04.3729). However, the question arises how much Sb could be incorporated
in all of these cases, while at the same time maintaihgdefective) rutile structure.
One relevant experimental result is the behaviour shown by sanfi@&ow; in this
case, the presence of segregated Cr oxide and of rutile only, witlh oaid& (as
inferred from both XRD pattern and Raman spectrum) suggests tiate3bess may
finally take wholly the place of trivalent Cr in the rutile structure; $kgregation of Cr

might occur as a consequence of its reduction @, @rhose size is too big to fit
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within the rutile mixed oxide for a large amount of it; the reduCedvould then be
oxidized to CyO3; during the thermal treatment in air.

In Fig.3.11 are shown Raman spectra of samples CrbSb2xwhich the cations
relative amount still much the same (Sb/Cr = 2), but low reprodigiluf the
synthesis method leads to differences in the rutile to antimomie®xatio. Rietveld
data extrapolated on XRD difractograms are collected in TakC315b2as 61.8%
rutile, Cr1Sb2bsl 77.0% rutile, Cr1Sbzam 81.0% rutile, Cr1Sb26 89.4% rutile and
Cr1Sb2@d 91.3% rutile.

760 200
825 ‘ 665 '

CriSh2gosl ; | 468 400 260

Cr1Sh2fosl

T ot
CrlSb2dosl

Cr1Sb2bosl

Cr1Sb2aosl

1000 800 600 400 200
Raman Shift (cm-1)

Fig. 3.11 Raman spectra of calcined CrlSb2sbsystems. The rutile amount in the
structure increases along with y-axis:

Bands at 760 and 665 Emare associated to rutile structure; weakness and
broadness may be due to low crystallinity of the phase, as alesdgd previously.
Other bands associated tosOb; (468cm") and to SHO, (200 and 400cit) are
present, along with a band at 4605mresent also in vanadium antimonate spectra, is
due to the presence of £1. In this case the presence of the trioxide is explained by

the use of its in the catalysts preparation. All the bandslatedeto the antimony
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oxides decrease along with the increase of rutile percentag®usiywbecause the
reminder to 100% is S0, (detected by XRD analysis).

Fig.3.12 plots the Sb/Cr surface ratio as determined by XPS, in danati the
Sb/Cr preparation ratio, for samples Crl&bx The surface ratio was close to the
preparation one for CrlSH1 but then increased exponentially when the Sb/Cr
preparation ratio was increased, showing a considerable surfédeneemt of Sb. The
latter was mainly present as°§bbut an increase of the Sb content led to an increase
of the relative amount of $b This effect might be attributed to the formation of
pentavalent Sb oxide dispersed over the surface of rutile in sahgleyy more Sb
than the amount required for the stoichiometric formation of thesrdtibwever, we
would like to note that Raman spectroscopy did not provide any evidend&ef
formation of free SjDs; the band at Raman shift 465 ¢mmight be attributed to
ShyOs5 (containing 66.5% Sb and 33.5% SB), but we would like to note that the
relative intensity of this band did not increase remarkably wherSbheontent was
increased, and that the relative amount of $&s inferred from XPS) was much less
than the 33%, and moreover it did increase when the amount of Sb wasea;rihat
is not the expected effect if excess Sb were segregatedratithesurface in the form
of SkO.3. Finally, it is evident that in sample CrlSk®,5%hat should contain the
greater amount of free antimony oxide, there are no experimend@nees neither
from Raman spectrum nor from XRD pattern of the presencaudi sompound.
Therefore, we propose here that the Raman band observed at Z6Bdeed is
attributable to Sb-O-Sb vibration for excess Sb incorporated iruthe structure, and
that the considerable surface enrichment of Sb is attributabile fact that excess Sb

accumulates towards the surface zone of rutile crystallites.
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Fig. 3.12 Surface ratio calculated by XPS analysis plotted on theoretical atomic rat

More accurate data on antimony surface enrichment are shaweédg.i3.13,
Fig.3.14 and Fig.3.15, in which sputtering XPS analysis of Crd®hlCriSbzpw
and CrlSbad are illustrated. The estimated sputtering speed is 6 nm/min and

collected results are reported as atomic percentage concentration.
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Fig. 3.13 Atomic concentrations of oxygen, antimony and chromium in QiSblcpw

sample plotted on sputtering depth.
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Fig. 3.14 Atomic concentrations of oxygen, antimony and chromium in QiSbZpw
sample plotted on sputtering depth.
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Fig. 3.15 Atomic concentrations of oxygen, antimony and chromium in I@SbZ2asl
sample plotted on sputtering depth.

Each sample shows surface antimony enrichment along with amohecrease;
the contemporaneous surface oxygen enrichment means that the animtiey
surface is mainly present as pentavalent cation, so that oxyganssig needed to

maintain electro neutrality (the Zbsubstitutes the €. However, some antimony

63



New catalysts for acrylonitrile synthesis

may be present as trivalent cation, in order to form surface slemmglar to SEO, or
ShkyO,3, which are the structures commonly detected on rutile surface.

Catalysts prepared with the same method (Cr1Syhhnd CrliSb&ow) show a
similar trend, but in the sample with Sb/Cr ratio equal to 2 theuat of oxygen is
generally higher to compensate the great charge due to the eXc8b¥. In both
samples, the Cr amount in bulk is higher than the Sb one, despite ektess of
antimony in catalyst CrlSb@w. This effect may be explained with the following
mechanism: during its formation, the structure starts fromuatsin of homogeneity,
in which the cations are randomly dispersed in the lattice. THen@mt surface
enrichments, induced by energy lowering, draw*$tmd SB* from the bulk to the
surface while C¥ is pushed inside, in a cations exchange mechanism.

Actually, the oxygen trend slope is clearly higher in the equinsaleple; it allows
us to state that in samples with Sb/Cr ratio equal to &,févioured the movement of
the trivalent antimony (in exchange mechanism with trivalentrohinm) in order to
limit the oxygen displacement and save energy.

It is also evident that even in the case of the equiatomic comg&wdr = 1), for
which there is no accumulation of Sb oxide at the rutile surfategre are
considerable intracrystalline gradients of the two elements. Her avord, it is no
longer possible to talk about random distribution of the two elementie itise rutile
lattice, but of the preferential segregation of Sb towards theneXtgurface part of
rutile crystallites (with predominance of Sb-O-Sb bonds), andpmferential
segregation of Cr in the more internal part of rutile crysémlli The possible
predominance of Cr-O-Cr bonds might also explain why sometineeseeorded the
preferential segregation of chromia, during recording of Raman speittrahigh-
energy laser (spectra not reported)
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3 Results and discussion

3.2 Catalytic results

3.2.1 CrlSbxcpw - Propene ammoxidation

Ammoxidation of propene is carried out in a quartz reactor at alewing
temperatures: 410, 420, 430, 440, 460°C. Feed composition is approxipraizye
7%, oxygen 17% and ammonia 10%. A total flow of about 45mL/min crdssesof

catalyst placed in the isotherm part of a tubular oven so thabtttact time is about
1,3s.
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Fig. 3.16Conversion of propene (top left), oxygen (top right) and ammami(bottom)
on catalysts CrlSbtpw (Sb/Cr 1.15), CrlSbl.6pw (Sb/Cr 1.56), CriSb2pw (Sb/Cr
2.10), Cr1Sb2.5tpw (Sb/Cr 2.70) and Cr1Sb8pw (Sb/Cr 3.50)

Conversions of propene, oxygen and ammonia, as showed in Fig.3.16, arise along
with temperature and never overstep 50%. In each reagent, the atsestywith the
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increases of the antimony content. Samples with Sb/Cr ratio hilgher2,0 show a
lower conversion of reagents, with a grater effect on oxygen. The other sa8iples (
= 1.15, 1.56 and 2.10) show similar values in every picture, so tlsadifficult to
observe a trend in conversion properties along with Sb/Cr ratio.

In Fig.3.17, performances on ACN production are shown. The catalysisclass
in conversion of the hydrocarbon exhibit the best efficiency in AGhKh&tion. In
samples with low Sb/Cr ratio (1,15 and 1.56), the selectivity driopsrly with the
conversion increase. In catalysts with Sb/Cr ratio upper to 2,elretigity trend is
with maximum; in Cr1Sb2dpw and CrlSb&w samples the selectivity is much the
same in all the conversion range (70 — 75%). This way ACN yielckases linearly
with the conversion rise in high Sb samples (double in 50°C temperapur&23a2%
in Sb/Cr=2,10 ca. 7-15% in Sb/Cr in 2.70 and 3.50) and it is much the sanheig ot
(ca. 13%).
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Fig. 3.17 Selectivity in ACN plotted on conversion of propene for catalysts Cr1Styiw
(Sb/Cr 1.15), Cr1Sb1.8pw (Sb/Cr 1.56), Cr1Sb2pw (Sb/Cr 2.10), Cr1Sb2.5&pw (Sb/Cr
2.70) and Cr1Sb8pw (Sb/Cr 3.50). Scale on y-axis is in the range of 40-80% to evidence

the difference.
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In Fig.3.18 are shown selectivities in Carbon oxides (@), Hydrogen cyanide
(HCN), Acrolein (ACR), Acetonitrile (AcCN) and ACN of cayalts CrlSbhapw
(Sb/Cr 1.15), CriSkpw (Sb/Cr 2.10) and CrlSbw (Sb/Cr 3.5). Sample
CrlSbl.5pw (Sb/Cr 1.56) is omitted because it is in between the first{ tmhile
Cr1lSb2.8pw (Sb/Cr 2.7) is left out because it is equal to the latter sample.

Looking at the general trends of the products selectivity, it iardleat at low
temperature the catalysts behave similarly. Increasing therdambantimony in the
structure, at 410°C, selectivity in ACN arises from ca. 60%ato80% while CO2,
HCN and AcCN are the main coproducts. CO and ACR are not producsdhis
2% in selectivity). Upon 430°C, differences in reactivitye goointed out; the
temperature favours the products of total oxidation,, G and HCN, which have
much the same values and consequently the production of ACN is pulad do
Numerically, the arise in carbon dioxide corresponds to the drop of. A
oxidation properties given to the solid systems by chromium k@ @t high
temperatures, especially considering the higher conversion of propene. The
mechanism on which lays this behaviour may be explained with theselation
theory; antimony works as a chromium thinner and sets up thatmxidoower of the

system.
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Fig. 3.18 Selectivities in CO2, CO, HCN, ACR, AcCN (left y-axisgnd in ACN (right
y-axis), for catalysts with Sb/Cr ratio 1.15 (up), 2.10 (middle) and 3.50 (bottom).
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3.2.2 CrlSbxcpw - Propane ammoxidation

Ammoxidation of propane is carried out in a quartz reactor, at thewial
temperatures: 420, 450, 480, 510, 540°C. Feed composition is approxiprateye
7%, oxygen 17% and ammonia 10%. A total flow of about 45mL/min crdssesof
catalyst placed in the isotherm part of a tubular oven so thabtitact time is about
1,3s.

Propane ammoxidation, compared to propene, shows a lower catalysty, ez
that it is necessary to perform the reaction at higher teropesain order to reach a
considerable conversion of the hydrocarbon. However, the actiwgryslow, in fact
in propene conversions at 410 — 460°C are 10 — 35%, while in propane conversions a
420 — 540°C are 0 — 20%.

In Fig.3.19 conversion and selectivity data are shown: conversion of the alkane rises
linearly with temperature, but it never oversteps 20%. An increaesitemperature
upon 540°C is unproductive because of the increase of selectivity iroxidation
products with the consequent decrease in high value products (ACN, AcGN
Propene).

As in propene ammoxidation, activity is higher in samples with |owmeony
amount, so it is possible to state that higher relative amount omamm boosts the
alkane activation and the related oxidative dehydrogenation.

Selectivity in carbon oxides, not reported, is double compar#étetone in alkene
reaction (20-50%), because of the higher temperatures needed tteatiesalkane.
Selectivity in ACN does not differ much in this set, but the trend followed inadictn
is clear (better performance with low antimony in strugtuaa increase in Sb/Cr ratio
leads to an increase in propene formation.

The highest Sb sample is the most selective in propene, soasishpeble that high
amounts of alkene are well converted to ACN by the most selacttaéyst in propene
ammoxidation; especially if we accept the theory of propene ietdiate in propane
ammoxidation.

The data in Fig.3.19 show the opposite situation: catalysts more actiACN

formation from alkene are selective in propene, but not efficierdomversion to
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ACN. This means that the ACN formation does not occur via propeneptes, but

directly on adsorbed dehydrogenated/activated propane.
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Fig. 3.19 Conversion of propene and selectivity in ACN and propenm alkane
ammoxidation tested on samples Crl1Skepw (Sb/Cr 1.15), Cr1Sb2pw (Sb/Cr 2.10) and
Cr1Sb3cpw (Sh/Cr 3.50).

Propane undergoes activation and dehydrogenation operated By The
dehydrogenation continues to form allylic intermediate, which lgested to nitrogen
insertion. The H-abstraction, needed to the allylic complex foomats made by a
trivalent cation.

Equimolar catalyst consists of ¥mnd SB" while catalysts with higher amount of
antimony consist of Gf, SB" and SB'. In conclusion, the activated hydrocarbon

placed on a Gf may undergo to oxidation on 8mr CF*; it seems that Cf is more
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active than SB in allyl-formation starting from the activated propane (adsorbed
propene): Cr-O-Cr group is necessary so antimony excess doesneaise selectivity
like in propene ammoxidation.

Selectivity in HCN from propane and from propene is much the sarmamples
Sb/Cr 2.10 and 3.50, while it is double in alkane if compared to alkeeguimolar
catalyst. It means that probably the ammoxidation does not ogclusiely via
adsorbed intermediate, but mainly via propene desorption. The mechanism is
competitive and the first is more efficient in nitriles fatmon (also AcCCN follows this
trend).
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3.2.3 GalSbxcp — Propene ammoxidation

Ammoxidation of propene is carried out in a quartz reactor at alewing
temperatures: 410, 420, 430, 440, 460°C. Feed composition is approxiprajgtye
7%, oxygen 17% and ammonia 10%. A total flow of about 45mL/min crdseksof

catalyst placed in the isotherm part of a tubular oven so thabtitact time is about
1,3s.
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Fig. 3.20 Conversion of propene (top left), oxygen (top right) and amman (bottom)
in GalShxcp samples.

In Fig.3.20, conversions of propene, oxygen and ammonia are shown. The
activation properties of the catalysts on hydrocarbon do not difier much; the
values recorded at different temperatures diverge of about 5%. Tleasacof Sb

amount (from 1 to 3 times the amount of Ga) leads to halve the oxggsorption
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3 Results and discussion

and to double the ammonia one. It means that Ga is very operatigrygen

activation and that the site isolation made by antimony is indeeess&y to slow
down the oxidation. In the same way, Ga/Sb ratio affects the armrmaotvation: an
excess of antimony leads to better performances.

As shown in Fig.3.21, the excessive oxygen activation on GalSbl leadghto hi
carbon oxides production, mainly dioxide, near to 80%. At the same time|overy
consumption of oxygen showed by GalSbh3 does not mean a low productivity (propene
conversion is almost the same), but a good performance in ACI80%g. Secondary
products are HCN (5-15%) and AcCN (ca.5%). Negligible amounts rofeac are
detected.
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Fig. 3.21 Selectivity in ACN (left) and COx (right) along with rection temperature of
GalSbxcp samples.
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3.2.4 GalSbxcp — Propane ammoxidation

Ammoxidation of propane is carried out in a quartz reactor, atthpdratures in
the 400 — 500°C range. Feed composition is approximately propane 20%, 0xygen 20
and ammonia 10%. A total flow of about 45mL/min crosses 1mL ofysatplaced in

the isotherm part of a tubular oven so that the contact time is about 1,3s.
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Fig. 3.22 Conversion of propane (top left) selectivity in ACN (top right) and $ectivity
in COx (bottom) in GalShxp samples.

As shown in Fig.3.22, in gallium antimonate, an increase in the antianoount
leads to a decrease in the hydrocarbon activity. The conversipmopéne never
oversteps 15% and GalSb3 sample is double than the GalSbl one in all range
temperatures. In the same way, oxygen conversion is higher dadé8b ratio. The
strong oxygen consumption leads to high carbon oxides production and causes a
worsening in ACN yield. The selectivity in ACN shows a trenchwtaximum, placed
around 490°C, which reaches values around 50% in GapSB3% in GalShé and
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3 Results and discussion

20% in GalShdp; upon 490°C overoxidation prevails on ammoxidation while below
490°C HCN is a bit favoured and gains about 10% on ACN (5 — 20%). Sdleativi

propene holds under 10% in every sample and remainder to 100% areafyachly
carbon oxides.
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3.2.5 CrlSbxasl — propene ammoxidation

Ammoxidation of propene is carried out in a quartz reactor, at thewiaoly
temperatures: 410, 420, 430, 440, 460°C. Feed composition is approxiprajgtye
7%, oxygen 17% and ammonia 10%. A total flow of about 45mL/min crdseksof
catalyst placed in the isotherm part of a tubular oven so thabtttact time is about
1,3s.
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Fig. 3.23 Conversion of propene (top left), oxygen (top right) and amman (bottom)
of CrlSbxasl sample.

In Fig.3.23 conversion of propene, oxygen and ammonia are shown. Conversions of
reagents rise as well as temperature increasing in eachesaamwpept for catalysts
with Sb/Cr ratio equal to 3, in which complete oxygen conversioeashed at low
temperature and further consumption of hydrocarbon and ammonia can n@&dproce

The reason can be ascribed to the presence,0k Gx strong oxidation catalyst).
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3 Results and discussion

As already seen in other samples, conversion performancesseclinearly with
the Cr/Sb ratio with a clear gap between samples near stoietno(Sb/Cr = 1 or 1,5)
and samples in clear excess of antimony.

In Fig.3.24, selectivities in ACN and conversions are reported.dieer the low
performances of catalysts with low antimony amount, in whalbcsivity deficit to
100% is CO (ca. 10%) and CO2. Samples with high ACN selectivity (3b/C5 and
2) produce also HCN (ca. 10%), CO (less than 10%) and CO2; neghgraant of
ACR and AcCN are detected. Good selectivity is reached at zonge lower than

30%, but conversions higher than 50% are not allowed because of the oxygen
depletion.
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Fig. 3.24 Performances in propene conversion and ACN selectivity of Cr1Sist
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3.2.6 Crl1Sbh2xosl — propene ammoxidation

Ammoxidation of propene is carried out in a quartz reactor, at thewiaoly
temperatures: 410, 420, 430, 440, 460°C. Feed composition is approxiprajgtye
7%, oxygen 17% and ammonia 10%. A total flow of about 45mL/min crdseksof

catalyst placed in the isotherm part of a tubular oven so thabtttact time is about
1,3s.
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Fig. 3.25 Conversion of Propene (top left), oxygen (top right) and ammin(bottom)
of CrlSb2eosl (62% rutile) , CrlSb2dosl (81% rutile), CrlSb2fosl (89% rutile),
Cr1Sb2gosl (91% rutile).

Samples are showed in Fig.3.25 and labelled by rutile amounttesdedeby XRD
analysis, expressed in percentage units. Sample Cra$pblantaining 62% of rutile

and 38% of S}, is quite an inefficient catalyst in propane ammoxidation, ifasd
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is very active in oxygen conversion and very selective in carbon ofiigs.25).

This sample reaches a propene conversion of about 32% and can not gd beyo
because of the lack of oxygen (completely converted) . Sample Crdsbix2the more
active in propene conversion and it is also very efficient ipger activation; in
Fig.3.26 selectivities in ACN and carbon oxides are reported anérnbericy of this
catalyst to burn the hydrocarbon to C@specially CqQ is very clear.

Samples with the higher amount of rutile in the structure (CrifSbzind
Cr1Sb2@dl) have shown similar conversion performances and the catalys8@46
of rutile gives the best performance in ACN selectivity. Thisofeatalysts shows a
trend with maximum and allows claiming that an excess gDSéffectively leads to a
better performance in ACN synthesis. However, a large amount ofcmtioxides
makes the system unselective in nitriles formation.

In all these samples the selectivity in HCN is surprisingly,las in AcCN and

ACR.
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Fig. 3.26 Selectivity in ACN and carbon oxides of CrlSb®al (62% rutile) ,
Cr1Sb2dosl (81% rutile), Cr1Sb2fosl (89% rutile), Cr1Sb2gos! (91% rutile).
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3.3 Catalysts comparation

As already seen above, in propene ammoxidation gallium antimonate reaches highe
conversion than chromium antimonate (10% higher in propene and ammoniaand 20
higher in oxygen). In fig.3.27 selectivities in ACN and COx data for Bx¢sand
GalSbxp catalysts are compared. Low antimony systems show bigreliites,
mainly due to the relevance of the trivalent cation properti@snaum and gallium
are added to the structure as oxidant compounds and, when their antaght tbis
character is very pronounced. Ga is a strong oxidant, more thandCihis is clearly
visible in COx selectivity. Along with the increase in the antimamount, Ga needs
more dilution than Cr in order to constraint oxidation features. Highmony systems
show very similar performances, so X1Sbh3cp catalyst reabbesame selectivities in
ACN and in COx. This reflects the importance of the structure badrdle of
antimony in nitrogen insertion.

An increase of the amount of antimony, starting from the equimalactgte of a
catalyst, leads to better performances in ACN selectivity, ehéower Carbon oxides
formation. Sb/X = 3 is the ratio limit at which COx selectivitpps decreasing and

reaches the unbreakable limit of 10%.
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——CriSbicp —m—CrlSb2cp —aA—CrlSb3cp ——CrlSbhlcp —m—CriSb2cp —a— CrlSbh3cp

1,00 0,50
0,90
— 0,80+ g 040
Q 0,70+ O
2 0,60 20,30
= 0,50 1 2
b3 | 5]
@ 0,40 2 0,20
o) ¢}
$O030 - %]
0,20 0,10+
010 -
0,00 ; ; ; 0,00 ; ; ;
400 420 440 460 480 400 420 440 460 480

Temperature (°C) Temperature (°C)

—e—GalSbhlcp —m— GalSb2cp —a— GalSb3cp —e— GalSblcp —m— GalSh2cp —— GalSb3cp

1,00 1,00
0,90 - 0,90
0,80 1 0,80 1
P x
2 0,70 - 8 0,70
0,60 - ,
> > 0,60
'S 0,50+ 'S 0,50+
§ 0,40 1 § 0,40 4
8 0,30 - 8 0,30
0,20 - 0,20
0,10 0,101
0,00 ‘ ‘ ‘ 0,00 ‘ ‘ ‘
400 420 440 460 480 400 420 440 460 480
Temperature (°C) Temperature (°C)

Fig. 3.27 Selectivity data of CriSbspw catalysts (top) and GalSbxcp catalysts
(bottom)

In Fig.3.28 are shown the data of chromium and gallium antimonatedysts
along with the most popular Vanadium antimonate, with molar ragualeo 1/1, 1/2
and 1/3. Vanadium antimonate tests have been performed at the follmwidgions:
O, 20%, NH; 9,5%, propane 25,5% and temperature from 350°C to 500°C. Data are
sorted primary in the hosted cations and secondary in the antimooyna
Conversions at 420°C and 480°C are represented with thick black hdethe best
selectivities in ACN (always attained around 480°C) are shown with bldsk ba

Propane conversions in GalSbX and CrlSbx are almost the same, abdé half
V1Sbx ones. In the same cationic class of samples, activisyaiang with antimony
increase, especially at high temperatures, and it seems thiatwbeks better on

catalysts with great oxidant cation amount.
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Fig. 3.28 Performances of chromium, gallium and vanadium antimonateosted by
hosted cation. In each group of catalysts antimony amount increasé®m 1 to 3 along
with y-axis. Conversions of propane at 420°C and 480°C are showed withidk black
lines and the best selectivities in ACN reached in thethole temperature range are

represented with black balls linked by thin lines.

The best selectivity (55%) is reached in GalSh3 sample, Widlether catalysts
are around 30%. Focusing on the cationic groups in Cr and V systemsatbaret
many differences in performances as the antimony amount chavigksjn GalSbx
sample the antimony variance leads to an increase of 3 &SN selectivity (from
ca. 20 to ca.60%).

As shown in Tab.3.3, reagents conversion arises along with the téumpera
increase. Generally speaking, a decrease of antimony in theusgrieads to a higher
conversion of oxygen and hydrocarbon; this observation can not be applied to t
vanadium samples because of the particular conditions creatéeé kshole or quasi-
whole oxygen consumption. The ammonia conversion does not show many
differences.

Some values require paying particular attention:
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* The remarkable change in ACN selectivity, observed in Fig.3.21 inugmalli
group, is linked with the high selectivity in COx of the equimolar sampl
noticed also at low temperatures. Moreover, the oxygen convassaiite
lower than the vanadium catalysts one. Ga in large excesyisfiective in
oxygen activation and, even though the hydrocarbon activated is not much,
yield in carbon oxides is high. The oxidation mechanism removes the
substrate from ammoxidation, so that ACN production is low. The site
isolation operated by antimony reduces the oxidation tendency andsesre
the selectivity in nitrogenated molecules. This effect éalccomparing the
data collected at 420°C are because, while selectivity in CVasystems

ACN is much the same, in Ga systems it is higher.

» The fact that Ga samples show low selectivity in propene atdowerature
is a further indication that the oxygen activated leads tooaidation of

activated alkane.

» Poor oxygen concentration on V1Sb3 environment, due to its high
conversion, makes the Carbon oxides production unfavoured, as it is

particularly evident in COx selectivity.

CriSbl i Crisb3 | visbl i Vvish3 |GalSbl i GalSb3
420C 1 1 11 14 3 =
@ 420 6 1 W5 e 55 e
g Oz 4e0c 20 10 90 100 60 23
5 420C7| 0 8 73 & i g
O NH:  e0c 31 23 60 58 20 27
420C | 25 20 > = = -
ACN  4g0c| 38 31 31 30 18 55
2 .420T 11 18 15 10 & g
2 CsHs  “g00¢ 5 11 10 8 6 8
8 LG 5 55 50 s -
3 X 480C 39 42 46 15 60 30 .
420C 28 15 18 38 8 1%
HCN  hgoc] 16 11 11 46 7 14

Tab. 3.3 Performances of Chromium, Gallium and Vanadium antimonatesare
reported: conversions of propane, oxygen and ammonia along with seliedies in
Acrylonitrile, propene, carbon oxides and hydrocyanic acid in catalyis with equimolars

and large excess of antimony.

83



New catalysts for acrylonitrile synthesis

To make it simpler the analysis of data, only samples witlrcad antimony ratio
equal to 1 and 3 have been showed in Tab.3.3. Observing all the cadalti on
propane which we have at our disposal, along with characterizationsbéeésin
chap.3.1.1, it is possible to notice that:

» Cr systems are structurally and catalytically cohereptilige samples are
monophasic and catalytic properties change linearly in the wholer &dio

range. The antimony increase leads to:
o Decrease in activity.
o0 Increase in Carbon oxides.
o Similarity or slight decrease in N-containing products.

» Ga systems show bad structural properties, in fact rutiléatsyis small and,
upon Sb/Ga = 2, antimony can not be incorporated and forp®;Stomes.
Data clearly show some changes passing from monophasic (Gah8bl a
GalSbh2) to biphasic (GalShb3) lattice:

o Carbon oxides halves (GalSb1l-GalSb2-GalSh3 = COx selectivity
50-55-10 at 420°C and 60-59-30 at 480°C).

0 ACN selectivity increases from 3 to 8 times (GalSbl-GalSb2-
GalSb3 = ACN selectivity 50-55-10% at 420°C and 18-33-55% at
480°C).

» V systems exhibit very high crystallinity, but they do not acexuess of
antimony, in fact Sf, is clearly visible and well crystallized starting from

V1Sh2. Catalytic changes visibly happen:

o Carbon oxides decrease considerably (V1Sb1l-V1Sb2-V1Sb3 = COx
selectivity 30-20-21% at 420°C and 46-10-15% at 480°C).

o HCN increase more than double (V1Sb1l-V1Sb2-V1Sbh3 = HCN
selectivity 18-43-38% at 420°C and 11-56-46% at 480°C).
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o Oxygen conversion rises along with the antimony increase while the

other reagents decrease everywhere but in VSb systems.

* The decrease in COx selectivity noticed along withkCzland SBO;3;, may
be seen from another point of view: monophasic rutile leads to Carbon
oxides formation. In particular, as shown in Tab.3.4, rutile leads tgheeti

CO, formation compared to CO:

Cr1Sh1 i CriSh2 i CriSh3 | ViSbl | Vi1Sb2 | V1Sb3 |GalSbliGalSb2iGalSbh3
Rutile : Rutile { Rutile Rutile i Rutile { Rutile Rutile { Rutile | Rutile
Phases i a-Sp,0, | a-Sb,0, | SbeOy3
co| 39 | 43 | a2 46 | 10 | 15 60 | 59 | 30
coJ/col 10 i 10 i 6 3 i 35 i 3 14 § 18 | 5

Tab. 3.4 Carbon oxides selectivities and oxide/monoxide ratio relatedd the phases
observed by means of XRD in Cr, V and Ga coprecipitated catalyst All data refer to
propane ammoxidation at 480°C.

To sum up:

» SO, comparison is related to higher HCN formation and higher O

consumption
* ShO,3 comparison is related to higher ACN formation

* Rutile structure XSb@ is related to higher carbon oxides formation,
especially CQ.
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3.4 Starting materials

As described in the previous chapters, different synthesis metmutslifferent
starting materials are used in order to obtain rutile-typetstre. In particular, CrShO
structure may be obtained starting from Sb(lll) and Sb(V).

In order to check the influence of the starting materials on thed@aacteristics,
catalysts have been synthesized by means of the coprecipitatibodns¢arting from
SbCk and SbG as antimony source; catalytic properties are tested in propane
(Fig.3.1) and propene ammoxidation. No differences were pointed out, sa that i
possible to state that the starting materials do not affectruile formation, as

supported by Raman spectra.
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Fig. 3.29 Conversion of propane and selectivity in acrylonitrile of calysts AF04
(circle) and AFO5 (square), made respectively starting frm SbCls and SbCk with the
same antimony and chromium amount (Sb/Cr = 2,70).

Other antimony sources have been tested with the coprecipitadithodnand no

evidence of differences in catalytic performances has been carried out.
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4 CONCLUSIONS

The production of acrylonitrile is one of the most important reastin the
petrochemical manufacture and it is also so prolific thde ldevelopments in the
processes and in the catalysts lead to big economical aftermath.

Nowadays acrylonitrile is produced with very good efficiency sigrtfrom
propene, but one of the bigger issue is the development of systems vehableato
convert propane selectively.

Rutile-type catalysts are effective systems in the ammbeidaof alkane and
alkene to the relative nitrile but, except for vanadium antimonatasgtural studies
about these systems are not extensive. Vanadium is a very aotiyeonent in
hydrocarbon activation and it is useful to allow a good alkaneersion, but it yields
too many carbon oxides. Chromium and gallium are elements witlamixfeatures,
less active than vanadium which are able to form rutile-type structuteamimony.

Different preparation methods of rutile structures are preseriteirature and
different raw materials may be used with this aim; eagtihgsis gives to the solid
system different properties and the obtained catalysts beh#feeenlily into the
reaction mechanism. One of the main catalyst features is thbemwand the kind of
the formed phases along with rutile-type structures, especially ¥aas® of antimony
is introduced in the system.

In this work we have studied chromium and gallium antimonate olotainith
coprecipitation method starting from antimony chlorides and slomeyhod starting
from antimony oxide and antimony acetate. The hosted cations are asid®luble
salt in each case.

By means of chemical and physical analyses we found out that:

 Each Cation leads to the formation of rutile crystalliteshwadifferent

dimensions, hence different phase qualities.

» Each cation behaves differently with an excess of antimony aadg e the

segregation of different antimony oxides.
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« The method of preparation as well as the raw materials usedtdethe
formation of different solid systems, mainly as far as the tyuali the
crystals is concerned. This is probably due to the intimateacowithin the

reactants in the catalysts syntheses.

« Solid state reaction is not a suitable method of preparatiochi@mium

antimonates, contrary to vanadium systems.
* The insertion of an excess of antimony leads to:

o0 The formation of a monophasic sample in chromium antimonates

(which points out that the lattice is very elastic).

0 The segregation of 0,3 in gallium antimonates (very active in
ACN selectivity).

o0 The segregation of 30, in vanadium antimonates, also at a very low
excess of antimony (very active on carbon oxides and hydrocyanic
acid yields)

» Bulk and surface compositions are not equals in each cation/8bSatface
enrichments in antimony let us understand that the segregatiattimbay
oxides in the surface of the catalysts is due to the tenderagtiofiony to
form Sb—O-Sb bonds.

All the catalysts synthesized have been tested in propane avuenpr
ammoxidation and they proved themselves to be active and selecfenation of
acrylonitrile. In propene ammoxidation, an excess of antimony in Cr angs&ars is
needed to limit the oxidant features of the hosted cations. S&lestof about 80%
have been reached along with conversions up to 50%. In propene ammoxidation the
activation of the alkane is the limiting step, so that conversionsr reverstep 20%;
nevertheless, selectivities of about 40% are reached along with higacpoodof
carbon oxides due to the high temperature needed in alkane transformation.

From the catalysts comparison it is clear that an exgeastimony oxides on the

surface allows reaching better performances and gallium antiewevith a Ga/Sb
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composition of 1/3 is the best catalyst in each ammoxidagiaction. The presence of
a small amount of $,3is preferable to the presence of the antimony tetroxide.

The formation of a good rutile crystal lattice does not lead wnbabetter
performances: the rutile structure is needed to operate goodsasi&éion on the
oxidant compound (which activates the substrate) and it allovilse atame time, the
presence of Sh-O-Sb species (active in N-insertion). Thesedeggitescind from the
phases, so that monophasic chromium antimonates are actiemsysid do not differ
much from gallium antimonates; the monophasic lattice simplyg ca¢ allow big
domes of Sh-O-Sb sites.

Data point out that probably the mechanism of propane ammoxidation oncurs i
adsorbed conditions and that a whole propene molecula desorbed from the systems and

readsorbed to perform a “propane ammoxidation” is not so commonly found.
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