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Abstract This short review documents some examples of
the recent innovations in the field of catalytic selective
oxidation aimed at improving process performance and
process sustainability in general. Some strategies adopted
in order to increase selectivity to the desired product are
illustrated, including unconventional procedures for the
oxidation reaction—the cyclic mode as compared to the co-
feed mode—and special arrangements of the catalytic bed,
as in the case of the oxidation of o-xylene to phthalic
anhydride. The choice of which oxidant to use is also
discussed, in relation to the process of oxidative desul-
phurization of gasoil.

Keywords Selective oxidation - Sustainability -
Oxidation of o-xylene - Oxidative desulphurisation -
Cyclic redox process

1 Introduction

The chemical industry is experiencing important changes.
The driving force for these changes is the need to improve
competitiveness and consolidate market positions while
complying with the regulations for safeguarding human
health and the environment.

Selective oxidation catalysis plays a pivotal role in this
context; in fact, in recent years, substantial technological
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improvements have led to enhanced performance and
energy efficiency, and to a reduced impact of several oxi-
dation processes on the environment [1-14].

The following events led to the development of new
methodologies for oxidation catalysis:

1. The development of new types of heterogeneous
catalytic systems for liquid phase oxidations, and the
use of environmentally friendly oxidants, i.e. hydro-
gen peroxide and air, in place of hydroperoxides
leading to the co-formation of sizeable amounts of
co-products, of HNO3, of toxic oxidants such as cr
salts.

2. The synthesis of intermediates and monomers from
alkanes by means of oxidative processes, replacing the
traditional synthetic pathways from alkenes and aro-
matics. This has implied not only economic advanta-
ges with respect to the technologies formerly in use,
but also the replacement of either toxic reactants and
intermediates, or multi-step processes.

3. The shift from air-based, once-through processes to
more selective and less polluting oxygen-based recycle
processes, and the corresponding change from reac-
tant-lean to oxidant-lean conditions. This has led to
lower emissions into the atmosphere, and reduced
costs for the treatment or disposal of contaminated
streams, which more than compensates for the higher
cost of oxygen compared to air.

However, new challenges are now driving the research
towards the exploration of new catalytic routes that (i) use
renewable raw materials in place of building blocks
derived from oil and natural gas, (ii) adopt the intensifi-
cation concept, and (iii) make use of new types of catalysts
not only for new synthetic routes, but also for established
industrial processes, with the aim of achieving better
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selectivity to the desired products, and a reduced formation
of both by-products and waste compounds.

In this report, a few examples of cutting-edge ideas
developed in the field of catalytic oxidation are illustrated,
with the aim of showing how nowadays the chemical
industry is even more active and firmly oriented towards
new challenges which involve improving the sustainability
of chemistry.

2 Target Oxidations Investigated in the Last 20 Years:
Dream Reactions, Nightmare Reactions and
Successfully Implemented Processes

Table 1 shows a non-exhaustive list of catalyzed “dream”
oxidations that have been the subject of investigation over
the last 20 years. Some of these are now commercial pro-
cesses, whereas others are not very promising in terms of
obtaining a yield or selectivity that could make the process
exploitable at a commercial level (“nightmare reactions”).

It is worth noting that the most important industrial
achievements in the field of liquid-phase oxidation have
been possible because of the discovery of Titanium silicate
(TS-1) by ENI researchers [15]. Thanks to the unique
reactivity properties of TS-1, several innovative processes
that use hydrogen peroxide, e.g. the hydroxylation of
phenol, the epoxidation of propene (Hydrogen-Peroxide-
Propene-Oxide process) and the ammoximation of cyclo-
hexanone, are now industrial processes. Others are cur-
rently under investigation, e.g. the direct hydroxylation of
benzene to phenol. In fact, the high specificity of TS-1
towards hydrogen peroxide and its chemical/physical fea-
tures (e.g. its hydrophobic-constrained environment) lead
to an optimal selectivity with respect to both the substrate
and the oxidant.

In the HPPO process, the hydrogen peroxide production
unit (by the anthraquinone route) and propene oxide syn-
thesis are integrated in order to limit the costs for hydrogen
peroxide purification and concentration [16]. The cost of
the oxidant, however, is still a problem. In order to solve
this, the direct liquid-phase synthesis of hydrogen peroxide
through the reaction between hydrogen and oxygen is
being investigated. This approach could be especially
useful for those oxidation processes that use diluted
aqueous/alcoholic hydrogen peroxide solutions; Degussa/
Headwaters recently announced the application of the
direct synthesis of hydrogen peroxide in a pilot unit, and its
possible integration with propene oxide production [17].
Nevertheless, it is apparent that hydrogen peroxide cannot
be the oxidant of choice for those oxidation processes,
where the added value of the final product is low.

Catalysts which also give high yields to oxygenated
compounds from alkanes and cycloalkanes, with either O,
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or H,O, or less conventional oxidants (e.g. peroxyborate),
are the MeAIPO systems investigated, amongst others, by
Thomas and co-workers [18-20]. These catalysts combine
tunable redox properties with a constrained reaction envi-
ronment in which shape-selectivity effects permit oxida-
tions on reactive substrates with high regio-selectivity. As
the selectivity properties of these materials have been
demonstrated, the potential for the industrial implementa-
tion of the MeAIPO systems are related to the improvement
of time productivity (space-time-yield) as well as catalyst
lifetime.

In recent years, the most important achievements in gas-
phase oxidation have been related to processes formerly
using traditional reactants, i.e. olefins and aromatics, where
the nature of the substrate to be oxidized, rather than the
oxidant type, has changed [21, 22]. Sometimes, this has led
to advantages in terms of reduced costs, e.g. lower raw
material costs, as in the ammoxidation of propane to
acrylonitrile which is presently industrially produced in
one Asahi plant, replacing the more expensive propene
ammoxidation. The same applies to the synthesis of acetic
acid by direct ethane oxidation, a process set up recently by
Sabic to replace methanol carbonylation or other indirect
oxidation routes.

In other cases, however, the driving force for the study
of an alternative technology has been the replacement of
environmentally unsustainable or dangerous processes.
One emblematic example is the direct oxidation of iso-
butane to methacrylic acid, which has been investigated
since the early 1980s as a possible alternative to the
acetone cyanohydrin route for methylmethacrylate pro-
duction [23, 24]. However, despite several efforts and the
publication of many patents and papers, the best perfor-
mance achieved so far is far from being of industrial
interest; in fact, it seems that a substantial improvement in
the yield to methacrylic acid from isobutane may remain
an impossible feat.

As for the nature of the oxidant used in gas-phase
reactions, interest has been shown in the use of reactants
other than molecular oxygen, but only for specific appli-
cations. For example N,O is the oxidant used in the BIC-
Solutia process for the direct hydroxylation of benzene to
phenol [25, 26]; however, it is also being studied as a
mono-oxygen donor for the oxidation of alkanes to alco-
hols and for the epoxidation of olefins [27-29]. Further-
more, it shows interesting selectivity properties also in the
oxidative dehydrogenation of alkanes to olefins [30, 31].
The best catalysts for the activation of N,O are based on
Fe-modified MFI-type zeolites. However, due to its pro-
hibitive cost, N,O is a convenient oxidant only when it
takes the form of the undesired, harmful co-product of a
process, and can be fed in a downstream unit, thus devel-
oping an integrated process.
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Table 1 continued

Status Hurdles

Improvement

Old or conventional process

Catalyst

New process

Still economically

Cheaper raw material Under investigation:

Two steps: oxidation of

Mo/V/Nb/Te(Sb)/O

Propane to acrylic acid with O,

good yield and unfavourable

selectivity

(direct oxidation)

propene to

acrolein + oxidation to

acrylic acid

Commercial

Cheaper raw material

Propene ammoxidation

Mo/V/Nb/Te(Sb)/O

Propane to acrylonitrile with O,/NHj3

(direct ammoxidation)

Under investigation: Low yield and low

Acetone cyanohydrin route No toxic reactant, no co-

Keggin polyoxometalate

Isobutane to methacrylic acid with O,

catalyst stability

good selectivity

product

Under investigation: Short catalyst lifetime

Acetone cyanohydrin route No toxic reactant, no co-

Keggin polyoxometalate

Isobutyric acid to methacrylic acid with O,

good yield

product

Low yield. Low reactant

Under investigation:

One-step

Two steps: oxidation of

CoAIPO-18

n-Hexane to adipic acid with O,

availability. Results

good selectivity

cyclohexane to KA

not confirmed in the

literature

QOil + oxidation with

HNO;

CO, is also being investigated as an oxidant for high-
temperature reactions, under conditions that make its
reduction to CO thermodynamically favourable [32, 33].
Even H,O,—ecither generated in situ via a reaction between
H, and O, [34, 35] or directly vaporized inside microre-
actor devices [36]—is being studied as the oxidant for gas-
phase epoxidation reactions [37].

Compared to traditional oxidants, these oxidants may
sometimes alter the catalyst surface features, and favour
the development of more selective active layers. This is the
case for N,O, which helps maintain more reduced V active
species in V oxide-based catalysts during propane oxida-
tive dehydrogenation, while limiting consecutive combus-
tion reactions [38].

3 Old and New Strategies for the Control of Selectivity

From Table 1, it can be seen that selectivity is still the main
target for improving several oxidation processes.

Some strategies aimed at achieving better selectivity can
be summarized as follows:

1. A cyclic approach for metal-oxidized redox reactions,
in which the two steps of the mechanism are separated
in time or space, for instance being conducted inside
two separate vessels.

2. The use of additional gas-phase components, which—
although not directly involved in the reaction stoichi-
ometry—may considerably improve the catalytic per-
formance. This may be due to different phenomena: (a)
a change in the reactivity properties of the catalytically
active surface layer; (b) a change in the heat-conductive
properties of the gas-phase, that may help in attaining
milder temperatures at the catalyst surface, especially
when the reaction is strongly exothermic; (c) an
improved desorption rate of the desired product from
the catalyst surface into the gas phase, which may help
in limiting the extent of consecutive reactions. Exam-
ples of components added to the inlet feed include
water, carbon dioxide, organic sulfites and sulfates,
NO,, alkylamines, and halogen-containing compounds.
Some of them are effective even when present in trace
amounts (ppm), whereas some of them need to be added
at a % (vol) concentration.

3. An accurate design of catalyst morphology, with
properly tuned porosity that may favour the rapid
counter-diffusion of the desired product and finally
limit the contribution of re-adsorption phenomena.

4. A proper design of catalytically active sites, based on
the principle of “site isolation” [39-41]. The latter
may be useful for both gas-phase and liquid-phase
reactions. In this context, the design of the “active site

@ Springer
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morphology” has been evolving over time, from the
concept of a limited array of oxidizing sites available
on the catalyst surface to systems in which the “single
site” is structurally and chemically separated from the
neighbouring active sites, eventually being incorpo-
rated inside catalytically inert matrices.

5. Special reactor configurations. For example, the struc-
turing of the catalytic bed into several layers, with each
layer having an optimized composition with respect to
each specific step in complex multi-step reactions. The
most relevant, industrially applied, example is the
selective oxidation of o-xylene to phthalic anhydride,
in which the transformation of the alkylaromatic into
the anhydride occurs through a series of kinetically
consecutive steps. In relation to this, there is also a
complementary approach involving the staged feeding
of either the reactant or the oxidant along the reactor,
in order to alter the concentration of the main
components in the gas-phase taking into account the
reactivity properties of the catalyst.

In the present paper, some of the abovementioned issues
that deal with the improvement of catalytic performance or
a more efficient process integration are discussed in detail
with the aid of some emblematic examples.

3.1 The Cyclic Approach in Redox Catalysis

In oxidation reactions involving a redox-type interaction
between the catalyst and the reactant, the selectivity to the
product of partial oxidation is a function of several factors,
the most important being:

(1) The surface density of oxidizing cations.

(2) The presence of consecutive reactions on the desired
product.

(3) The presence of gas-phase homogeneous combustion
reactions.

These factors may be responsible for the formation of
combustion products, and hence for a decline in the
selectivity to the desired compound. However, these
problems can eventually be solved by carrying out the
reaction with decoupling of the redox steps in two separate
vessels (cycle operation): (a) the reaction between the
catalyst and organic substrate is conducted in a reactor, and
(b) the reoxidation of the reduced catalyst is carried out in a
separate, regeneration reactor, through contact with air
[42]. Therefore, the two reactants are never present at the
same time inside the reactor. This approach is also referred
to as anaerobic oxidation [43].

The main advantages of anaerobic oxidation compared
to the conventional co-feed operation, are the following:

@ Springer

(a) A smaller percentage of reactions occurring between
the hydrocarbon and reactive adsorbed oxygen spe-
cies, which may be responsible for the low selectivity
to the desired compound.

(b) A reduced contribution of gas-phase homogeneous
oxidative reactions.

(c) The possibility of using higher concentrations of the
hydrocarbon than in the co-feed process. A higher
concentration means higher productivity, or smaller
equipment size, and the handling of smaller volumes
of gas.

(d) Improved safety, because the formation of flammable
mixtures is not possible.

(e) Possibility to independently optimize the reaction
parameters in each step.

The two-step approach has been described in literature
for almost all catalysed oxidation reactions, especially for
gas-phase processes, and in several cases it may effectively
improve performance with respect to the co-feed mode.
Alternate feeding of reactants was reported for the direct
synthesis of propene oxide via a reaction between propene
and oxygen, over supported Ag-based catalysts [44], for the
ammoxidation of o-xylene to o-phthalonitrile [45], the
oxidation of n-butane to maleic anhydride catalyzed by V/
P/O, in a Circulating-Fluid-Bed-Reactor [46], and the
oxidation of propene to acrolein with a Bi/Mo/W/Co/Fe
mixed oxide [47], to cite but a few examples. The Wacker—
Chemie process for acetaldehyde production through the
oxidation of ethene has industrial applications.

A time-balance of the two separate steps is one impor-
tant aspect. In fact, re-oxidation of the reduced solid may
be much slower than the “reduction” step and, therefore,
the optimisation of parameters for each step is crucial. This
is illustrated in one example, which is described below.

3.1.1 The Anaerobic Synthesis of 2-Methyl-1,4-
naphthoquinone (Menadione)

In the industrial production of menadione (2-methyl-1,4-
naphthoquinone, the intermediate for the synthesis of
vitamins of the K group) (Fig. 1), the conventional route
using 2-methylnaphthalene and chromium oxide in sul-
phuric acid as the oxidant, co-produces a large amount of
inorganic salts. Therefore, many efforts are aimed at
developing a catalytic route, and several systems have been
investigated which make use of either hydrogen peroxide
[48] or O, [49] as the oxidant for either 2-methylnaph-
thalene or 2-methyl-1-naphthol.

Matveev et al. [49] first described the use of aqueous
solutions of Keggin-type P/Mo/V polyoxometalates for the
selective, stoichiometric oxidation of 2-methyl-1-naphthol,
in a liquid bi-phasic system, at moderate reaction conditions
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Fig. 1 Various routes for

Ti-MCM-41 / H,0,

menadione synthesis

CHy

Current industrial process: CrO; / H,SO,

OSF

Yield 38-42%

Ti-MMM-2 / H,0,

l I CHg

H3+nPM°12-nVno40 / 02

(Vikasib technology). After the reaction, the aqueous phase
containing the reduced polyoxometalate is re-oxidized with
air, at a high temperature and pressure. The best perfor-
mance in the synthesis step was obtained with the com-
pound H5PM010V2040.

The synthesis step is very selective, but a crucial point is
the re-oxidation step, which limits the overall productivity
of the process. In this regard, we found that it is possible to
obtain a high selectivity to menadione even when starting
from the partially oxidized polyoxometalate, instead of the
fully oxidized one. In other words, there is no need to re-
oxidize the fully reduced compound (x = V*/
(V¥ + V%) in the polyoxometalate o = 1) to the com-
pletely oxidized one (x = 0); in fact, partial re-oxidation
(final value equal to 0.25) leads to a compound that
behaves as selectively as the fully oxidized one in meth-
ylnaphthol oxidation [50]. The advantage is that partial re-
oxidation of the reduced polyoxometalate takes much less
time than its complete oxidation, and it can even be per-
formed under mild conditions.

The best time-balance between the two steps, with a
concomitant good selectivity to menadione, was obtained
for a maximum reduction level of o = 0.60-075, and by
shuttling the V average oxidation state in the polyoxo-
metalate between o« ~ 0.60 and o ~ 0.25, with an initial
molar ratio of vanadium/methylnaphthol equal to 8
(Fig. 2).

-
o
o

no—— >

- The oxidized POM is
reduced by methylnaphthol
< —mo

The reduced POM is
oxidized by oxygen

Yield menadione, %
~
(4]
T

50 |-
0 0.5 1
Degree of Vreduction, o

Fig. 2 A modified-redox approach for the synthesis of menadione
[50]

3.1.2 The Oxidative Dehydrogenation of Propane
to Propene: Aerobic Versus Anaerobic

The demand for olefins, especially ethene and propene, is
expected to increase significantly in the near future. At
present, olefins are primarily produced via steam-cracking,
fluid-catalytic-cracking, and catalytic dehydrogenation.
Although these processes are widely used, intense research
is being carried out in order to develop catalysts for the
oxidative dehydrogenation (ODH) of alkanes, for the fol-
lowing reasons [22, 51-54]:

1. In steam cracking, ethene is the preferred product, but
the demand for propene is growing faster than that for
ethene, especially in Western Europe. In addition, in
the case of FCC, smaller amounts of propene are
produced with respect to ethene. Therefore, the current
production of olefins is not in line with the market
demand forecast for olefins.

2. The thermodynamic constraints of dehydrogenation
limit alkane conversion; furthermore, a major problem
is coking, which causes rapid catalyst deactivation.

The improved energy efficiency of the exothermal ODH
with respect to endothermal dehydrogenation or cracking,
is an incentive for the development of a new process for
olefin production. Several catalytic systems have been
described so far for the ODH of propane and ethane. In the
case of ethane, excellent yields to ethene have been
obtained under mild reaction conditions with Mo/V/Nb/Te/
O [55] and with Ni/Nb/O catalysts [56].

On the contrary, in the case of propane ODH, the best
yield to propene is no greater than 30%, with both catalysts
based on vanadium oxide dispersed over mesoporous sili-
ceous materials [57, 58] and silica/titania-supported K-
doped molybdenum oxide [59] (Fig. 3); in the latter case,
however, propene productivity is lower than 0.05 g gt h™".
In fact, most catalytic systems described in the literature
achieve good selectivity only at very low propane conver-
sion. Itis clear that these values are far from interesting to the
industrial sector.

The problem with propane is that any attempt to force
the conversion of the alkane, by increasing the temperature
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Fig. 3 A selectivity versus conversion plot for the oxidative dehy-
drogenation of propane to propene, also indicating the catalysts that
perform best

or contact time, results in a decrease in selectivity to pro-
pene, due to the relevant contribution of consecutive
reactions on the olefin formed [52, 60]. An additional
problem may derive from the presence of parallel com-
bustion reactions occurring on propane. In some cases,
however, the selectivity to the olefin is very high, if
extrapolated at a very low partial pressure of oxygen. This
suggests that the anaerobic reaction between the catalyst
and the hydrocarbon may be very selective to the formation
of propene.

In the anaerobic ODH of propane, improved selectivity
to the olefin compared to the co-feed operation can be
obtained with catalysts made of V,0s5-SiO,. The same

1,0
\ .tAVZOS-Tioz cyclic operation
0,8 V05 TIOf A0 - - --- V505810, " T T

Propene selectivity

0,0
0,0 0,1 0,2 0,3 0,4 0,5 0,6
Propane conversion

Fig. 4 A comparison of the selectivity to propene obtained by cyclic
feed (redox mode) (full symbols) and co-feed (open symbols), for
supported vanadium oxide catalysts [62]. V,05-Al,0; (W), V,05—
TiO, (A), V,05-Si0, (), V,05-TiO»/Al,0; (@)
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effect was not observed with catalysts in which vanadium
oxide was deposited on alumina or titania [61-63] (Fig. 4).
The improvement in selectivity to propene was around
30% (60% selectivity in cyclic mode versus 30% in co-feed
mode) for a 35% propane conversion. Also, a very high
selectivity to propene was obtained at low propane con-
version in the redox mode; however, this was mainly due to
the fact that during anaerobic oxidation a reduced catalyst
develops, and the latter may catalyze the non-oxidative
dehydrogenation of the alkane with great selectivity, but
with low conversion.

One condition for obtaining improved selectivity with
the cyclic operation is the presence of catalysts in which V
sites are highly dispersed; this has been achieved by pre-
paring high-surface-area vanadium oxide-silica co-gels,
with a V,05 content lower than 10% [61].

The same concept has also been used with an alkane
dehydrogenation catalyst [64, 65], to shift the equilibrium
of the reaction by using a catalyst selective for H, com-
bustion. This can be carried out by feeding O, together
with the alkane; a (post)transition metal or its oxide can be
used to selectively oxidize hydrogen [66]. An advantage of
this approach is that energy is released by exothermic
oxidation, and this is needed to aid dehydrogenation.
However, by mixing oxygen, hydrogen, and hydrocarbons
at high temperatures, a dangerous mixture can be obtained.
The separation of reactants using dense ion-conducting
oxides or oxygen-selective membranes reduces the risk of
explosion. However, as an alternative approach, the cyclic
concept can be applied. Specifically, a solid oxygen carrier
SOC (e.g. Cep oW 10, [64]) is used to selectively remove
H, from the reactor and improve product yield. In the
second step, a flow of oxygen is applied to re-oxidize the
reduced SOC; the latter is typically a metal oxide that can
easily sustain the redox cycle. When coupled with a
dehydrogenation catalyst, better conversion and selectivity
to propene was obtained compared to a conventional
dehydrogenation reactor [64].

3.2 The Choice of the Best Oxidant:
Alkylhydroperoxides Versus Hydrogen Peroxide
in the Oxidative Desulphurization of Gasoil

Diesel regulations in Europe and North America call for a
reduction in sulphur down to either 10 or 15 wppm by
2009. Refiners will have to meet Ultra-Low Sulphur Diesel
(ULSD) regulations at a significant cost; in most cases,
either a new high-pressure hydrotreating unit or the
revamping of a medium-pressure hydrotreating plant will
be required. Operating under tougher conditions, however,
implies penalty in fuel characteristics, and high investment
and operative costs, due to the high hydrogen consumption.
Therefore, the oxidative desulphurization of gasoil, ODS,
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may be an alternative option to reduce sulphur levels in
transportation fuels [67-71].

The key feature of this technology is its complemen-
tarity with hydrodesulphurization. In fact, compounds
which are less reactive with hydrogen are more reactive
with oxygen; this is the case for dibenzothiophenes, and
especially for 4-methyldibenzothiophene and 4,6-dime-
thyldibenzothiophene, which are very difficult to convert
by HDS due to their steric hindrance. These compounds
can be oxidized under mild conditions by peroxides, and
can be transformed to sulphoxides and sulphones; the latter
are highly polar and have significantly different physical
properties to the hydrocarbons in gasoil. They can therefore
be easily removed.

The key to successfully implementing this technology is
the efficient integration of the ODS unit with existing hy-
drotreating units. A general scheme of the ODS process
includes three sections, (a) a peroxide supply section,
including peroxide storage and handling facilities, (b) a
sulphone generation section and (c) a sulphone separation
section, achieved either by means of solvent extraction or
by adsorption on a solid.

The high cost of hydrogen peroxide makes it economi-
cally unfavourable to use; moreover, organic hydroperox-
ides may be preferred rather than hydrogen peroxide,
because of the solubility of the former in the hydrocarbon
media. Therefore, ENI SpA and UPO LLC have jointly
developed a new ODS process for the production of ULSD
[72, 73], in which one innovative aspect involves the in situ
production of the alkyhydroperoxide (Fig. 5). This consid-
erably limits the costs of the storage, handling and use of the
oxidant. In the process, the first step is a circulating reaction
loop in which the hydrotreated hydrocarbon stream is mixed
with air to produce a hydroperoxide-containing stream. This
is performed in the presence of an organic initiator, at
130 °C and 70 atm; no catalyst is necessary in this step. The
stream—containing approximately 2000 wppm O as the
peroxide, and where a fraction of S has already been oxi-
dized to sulphone—is then fed to the sulphur oxidation
section, where a suitable heterogeneous catalyst is added in

P vent TN —
desorbent
> 5 N
S c £ |+ sulfones
26 o 5]
® = “('5‘ (%]
g3 o 3
33 3 3
air + (7} S
=
» [C——
< : \I/ desorbent
hydrotreated  gasoil + gasoil + sulfones  gasoil with less
gasoil hydroperoxide than 10 ppm S

Fig. 5 Simplified flow-sheet of the ENI-UOP ODS process

order to complete the reaction and reach a level of uncon-
verted S lower than 10 ppm.

Several homogeneous and heterogeneous catalysts are
active and selective for the ODS of benzothiophenes in
gasoil with hydroperoxides; Keggin type polyoxometalates
are amongst the most efficient [71]. Alumina-supported
phosphomolybdic acid (Keggin-type polyoxometalate,
POM) (H3PMo,,0,40) was shown to be quite active, yielding
a sulphur conversion higher than 70%, with t-butylhydro-
peroxide as the oxidant. In a batch reactor, the alumina-
supported V-substituted POM, HsPMo,oV,0,4, reached
complete conversion of the S-containing compound within
2 h. When a hydrotreated diesel with 300 wt ppm S was fed
to a continuous reactor, tests performed with a TBHP/S
molar ratio close to 10 showed that both heteropolycom-
pounds gave a conversion of S well above 95%, with a life
exceeding 1600 h time-on-stream, and with an average
residual S content in the outlet stream lower than 10 ppm.
The V-containing heteropolycompound, however, also
catalyzed hydroperoxide decomposition, which converted
almost completely; in this case residual TBHP was less than
100 ppm, whereas with the supported H3;PMo;,0,49 the
residual amount of oxidant was higher than 800 ppm. At the
end of their catalytic life, these two heteropolyacids can
easily be regenerated through heat treatment and air flow
under mild conditions (250 °C).

3.3 Special Configurations of the Catalytic Bed:
The Case of 0-Xylene Oxidation to Phthalic
Anhydride

One of the industrial processes that has received great
attention since the 1970s is the selective oxidation of o-
xylene to phthalic anhydride (PA) [74—78]. The reason for
this is that the catalyst, the main component of which is
vanadium oxide deposited over titania in the anatase form,
is the prototype of systems in which the spreading of an Me
oxide onto a support not only enhances the specific surface
area of the active phase, but also modifies the intrinsic
chemical-physical characteristics and hence the catalytic
properties of the Me—O moiety.

The industrial catalyst, however, also contains several
promoters, the most important of which are Cs (K), Sb and
P. The role of promoters is crucial [79, 80], and the catalytic
performance is greatly affected by their nature and amount;
indeed, a 1% increase in the yield to phthalic anhydride may
make the difference in the commercial success of a catalyst.

Controlling catalyst composition in the catalytic bed, the
latter being subdivided into several different layers (multi-
bed reactor), is essential for process performance. In fact, the
relative amount of all the components is optimised for each
catalyst layer, because the effect of the promoters may differ
in relation to the gas-phase composition, and also because in
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Table 2 Examples from the patent literature showing catalyst com-
positions for V/Ti/O catalysts used in o-xylene oxidation, in each
layer of a three-bed reactor with downstream flow

Component (wt%) Ref. [81] Ref. [82] Ref. [83]
Top layer

TiO, 95.60 91.92 90.10
V,0s 4.00 4.84 7.12
Cs,0 0.54 0.62 0.35
Sb,05 - 1.93 2.37
P,0s - 0.29 -
K,0 - 0.01 -
Nb,Os - 0.39 -
Middle layer

TiO, 89.05 92.05 88.91
V,0s 7.50 4.84 7.12
Cs,0 0.14 0.48 0.10
Sb,05 3.20 1.94 2.37
P,Os 0.34 0.29 0.92
K,0 - 0.01 -
Nb,Os - 0.39 -
Bottom layer

TiO, 90.30 92.30 78.63
V,0s 7.00 4.86 19.81
Cs,0 - 0.21 -
Sb,05 2.50 1.94 -
P,Os 0.46 0.29 1.03
K,0 - 0.01 -
Nb,Os - 0.39 -

each section of the reactor, different stages of the reaction
require that catalyst components facilitate specific steps in
the reaction network. The latter includes several consecutive
oxidation steps, where each intermediately oxidized com-
pound desorbs into the gas-phase and then re-adsorbs onto
the catalyst surface to subsequently undergo oxidation.
Therefore, the composition of the gas-phase changes con-
siderably in the axial direction along the tubular reactor.
This is illustrated in Table 2, which compares a few
patents from the literature [81-83]; the amount of every
component is reported for each catalytic layer in a three-
bed reactor. The three layers may contain different
amounts of vanadium oxide, with the catalyst in the top
layer having the lowest amount. In such a case, the catalyst
is designed so as to maintain a lower temperature in the
hot-spot, distribute the reaction heat more evenly all along
the reactor, and to have a positive effect on the catalysts’
lifetime. The amount of cesium oxide, one key promoter,
decreases from the top downwards, to the bottom layer.
Cesium oxide has quite a remarkable effect on catalytic
performance; not only does it improve the selectivity to
reaction intermediates at moderate conversion, but it also

@ Springer

affects the vanadium redox properties [84, 85]. For
instance, the addition of this promoter causes a change in
the rate-determining step of the reaction [84]. With the
unpromoted 7 wt% V,Os catalyst, the reaction rate is
independent from the oxygen partial pressure, and the rate-
determining step is the reduction of the active site by o-
xylene. With the Cs-promoted -catalyst, the reaction
becomes dependent on oxygen and no longer depends on
the partial pressure of o-xylene; vanadium re-oxidation
becomes the rate-determining step of the reaction. On the
other hand, the presence of increasing amounts of Cs
enhances the rate of the determining step, thus accelerating
the re-oxidation of reduced V sites by O,. This helps to
keep the catalyst surface cleaner and to avoid surface sat-
uration effects. It also contributes to accelerating the sev-
eral subsequent steps leading to the formation of phthalic
anhydride [86].

The reaction network is very complex [86], including
parallel reactions leading to the oxidation of either one (to
form tolualdehyde) or two (to form phthalaldehyde) methyl
groups in o-xylene. Both compounds are intermediates in
the formation of phthalide; phthalaldehyde forms either
phthalide via intramolecular condensation or phthalic acid
by oxidation (Fig. 6). Moreover, it was found that under
conditions of surface saturation, normally achieved in the
presence of a high partial pressure of o-xylene, the con-
secutive transformation of phthalide to phthalic anhydride
is hindered. This implies that in the reactor zone, where the
conversion of the hydrocarbon is moderate, the key feature
of a catalyst is its ability to accelerate the re-oxidation of
reduced V sites and hence the readsorption of intermediates
on oxidized V sites. In this regard, the role of Cs is fun-
damental in the top catalytic layer (in a downstream unit),
whereas it is less important for those catalytic layers (the
middle and the bottom) that operate with a lower concen-
tration of o-xylene and higher O,-to-o-xylene molar ratios
[86].

The effect of Cs oxide can even be seen in the presence
of very small amounts of it, and this is likely due to a
delocalised effect (collective properties) rather than to a
specific interaction with active sites (e.g. the neutralization
of acid centres). This is in accordance with the observation
that alkali metal additives favour the dissociation of the
oxygen molecule; the electrons, transferred from the dop-
ant to the active metal site are back-donated to a 1, orbital
of an adsorbed O, molecule, thus facilitating the weaken-
ing of the O-O bond [80]. The effect is analogous to the
one found in n-type semiconductors, where a “basic” ion
introduces additional electron—donor levels in the band
gap, thus improving the reducing properties of the material.
Furthermore, only in the case of titania-supported oxides is
an electronic interaction between the supported metal oxide
centres through the conduction band of titania possible.
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This would explain the activating effect of titania on
vanadium oxide [87].

In the third (bottom) layer of the multi-bed reactor for
phthalic anhydride synthesis, the main requisite is to con-
vert as much of the o-xylene as possible (environmental
legislation in Italy allows no more than 50 mg/Nm® of
residual TOC to be released in the stream vented into the
atmosphere), while limiting the oxidative degradation of
intermediates and PA. In our previous work, we found that

Fig. 6 Reaction scheme of
o-xylene oxidation catalyzed by
V/Ti/O at 320 °C, i.e. under
conditions of incomplete
o-xylene conversion

Sb oxide has an important role both in maintaining a higher
dispersion of vanadium oxide and maintaining a high sur-
face concentration of isolated, more active sites [84, 85].
Therefore, the presence of Sb enhances catalyst activity.
On the other hand, Sb oxide may react with V oxide, to
yield the undesired VSbQOy, especially in the hottest zones
of the catalytic bed. For this reason, the amount of Sb oxide
has to be dosed for each catalytic layer in function of the
temperature and of the amount of V oxide loaded.
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In conclusion, promoters play an important role in tun-
ing the catalytic properties of V/Ti/O, by adapting its
reactivity in relation to both the gas-phase composition and
the degree of reaction advancement. The main roles of
promoters in V/Ti/O catalysts are (Fig. 7): (a) to moderate
the activity in the top layer and enhance it in the bottom
layer, thus helping to avoid excessively high temperatures
in hot spots; (b) to inhibit the parallel oxidative degradation
reactions to carbon oxides and maleic anhydride in the top
layer, and limit the consecutive hydrolysis and oxidative
degradation occurring on phthalic anhydride in the bottom
layer; (c) to accelerate the subsequent steps from o-xylene
to phthalic anhydride via the oxidation of reaction inter-
mediates, facilitating the re-adsorption and oxidation of
intermediates.

Therefore, the catalyst must have different key features
in relation to the layer where it is located. It is not sur-
prising that in some patents the amount of active phase
loaded in each step is regarded as the main parameter
controlling the reaction, and that some catalyst producers
even offer four different layers of catalysts [88]. Interest-
ingly, some recent patents use brand new catalytic systems
for the top catalyst layer; it is likely that these new systems
are capable of carrying out the first step in the reaction
network, i.e. transforming o-xylene to the aldehyde, very
selectively, and with minimal conversion of the reactant to
CO, [89, 90].

Future steps for improving performance in o-xylene
oxidation, and oxidation processes with complex multi-step
reaction networks in general, include the optimization of
catalyst type and composition for each single step. This
will possibly be combined with the arrangement of cata-
lysts inside special reactor configurations, aimed at
improving the tuning of the gas-phase composition in
relation to catalyst characteristics, and may also be
achieved using tools for the selective removal of specific
components from the reaction medium.

4 Conclusions

The examples discussed in this paper are emblematic of the
various strategies that can be adopted in catalytic selective
oxidation reactions with the aim of improving process
performance. The optimal strategy may include different
approaches in relation to the specific characteristics of each
reaction. These include reactor configurations in which the
catalyst is placed in contact with each one of the reactants
during different moments, the use of alternative oxidants
exhibiting different reactivity properties towards the sub-
strate and the catalyst, and the design of catalysts in which
the composition is optimized in relation to the gas-phase
composition (and vice versa). These examples demonstrate

@ Springer

that the combined effort of several disciplines and the
interaction of various skills are essential in order to
accomplish the ambitious goal of realizing a more efficient
and sustainable chemical industry.
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