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Abstract

Based on recent scientific research and industrial approach on the selective oxidation of propane over complex metal oxide catalysts,
strategical elements which are necessary for developing complicated oxide catalysts and for achieving industrial processes are summarized
and discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The selective oxidation of light alkanes (C2–C4) into oxy-
genated products is a very attractive way for the chemical
utilization of natural gas resources. Moreover, additional in-
terests in the transformation of such light alkanes into valu-
able compounds are the lower environmental impact and the
lower cost of such processes. In spite of that many works
have been carried out in the field of selective oxidation since
1960s[1,2], the only reaction that has been brought up to in-
dustrial scale until now is the well-known butane oxidation
to maleic anhydride over V-P-O catalysts[3]. In the other
alkane oxidations, the work is still carried on at laboratories
or pilot plant scales. The main problems lying in these se-
lective oxidation reactions are: (i) how to activate the highly
stable C–H bond of light alkanes effectively, (ii) to sup-
press the further oxidation of the formed products (alkenes
or oxygenates) to undesired products, and (iii) to minimize
the possibility of C–C bond breaking to COx. Obviously,
the design of active and selective catalysts for the alkane
oxidation are difficult tasks.
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Therefore, the points that have been considered as key
factors determining the alkane transformation to products
via catalytic selective oxidation are mainly concerned with
the activation of both oxygen and alkane, the reactivity dif-
ference between reactants and products, and the reaction
mechanism. A better understanding of each of them brings
an improved possibility of increasing the catalytic perfor-
mance. At the same time, process design become highly im-
portant for achieving difficult catalytic oxidations such as
the selective oxidation of propane to acrylic acid.

The present report summarizes the selective oxidation of
propane over various complex metal oxide catalysts, partic-
ularly Mo-V-O based mixed oxide catalysts, and deals with
several parameters which are necessary to be considered for
design a new industrial process of propane selective oxida-
tion.

2. Gas-phase catalytic selective oxidation of propane

2.1. Oxidative dehydrogenation of propane to propene

Propene is an important starting material in the petro-
chemical productions. There are several industrial catalytic
processes for simple dehydrogenation of propane[4–6] but
their drawbacks are the high temperature due to the en-
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dothermic reaction as well as the rapid deactivation of the
catalysts by the deposition of C on the active surface (cok-
ing). On the other hand, the catalytic oxidative dehydro-
genation of propane is thermodynamically favorable (�H
= −117 kJ/mol) and has been recognized as an attractive
alternative. This reaction is in fact the one which has been
the most studied in the field of propane selective oxidation
so far. A large number of catalysts have been – and are
still – studied. Among the great variety of catalytic systems
showing activity for this reaction, we can quote some cata-
lyst systems: metal molybdates[7–9] or vanadates[10,11],
niobium pentoxide[7,12,13]. For example, the high catalytic
performances have been given over the V-Mg-O system
(typically 60% selectivity to propene at 15% conversion of
propane)[14–17]. It is well studied that the nature of the
active phases present in the catalyst, the preparation method
as well as the surface reducibility and acid-base properties
were important parameters controlling propene selectivity.
As for the reaction mechanism, the general agreement is
that the rate-determining step of the reaction is the breaking
of the C–H bond.

It was, however, clearly observed that the propene selec-
tivity prominently decreased with the propane conversion
over all types of the heterogeneous catalytic systems re-
ported, so that the per pass yields higher than 15% have been
scarcely achieved. The main reason for this quick decrease
is the high reaction temperatures (500–550◦C) required for
the propane activation. Therefore, the total oxidation in-
evitably takes place due to the higher reactivity of produced
propene. The reason for such high reaction temperature is
that the re-adsorption of produced propene is needed to be
suppressed. If catalysts are highly active and can work at
low reaction temperature below 400◦C, adsorbed propene
intermediate will have a lot of chance to react further, re-
sulting in low selectivity to propene. In addition, this is the
same reason why basic metal oxide like MgO which can pro-
mote the desorption of propene is combined with vanadium
oxide that is considered to be responsible for propane ox-
idative activation. In other words, product reaction strongly
govern the reaction conditions in the case of heterogeneous
catalytic oxidation.

2.2. Direct oxidation of propane to acrolein

Two technological approaches for producing acrolein
from propane oxidation are envisaged: (i) a two-stage pro-
cess based on a first dehydrogenation step of propane to
propene followed by a conventional unit for propene oxida-
tion to acrolein, (ii) a direct one-stage propane conversion
to acrolein. The second approach is much preferable, which
is, however, accompanied by many difficulties due to the
high reactivity of acrolein compared to that of propane.
Some oxides have recently been reported to catalyze the
direct oxidation of propane to acrolein[18–29].

One prominent system was the Ag-Bi-V-Mo-O catalyst
reported by Kim et al.[18–22]. Homogeneous reaction of

propane to propene was, however, demonstrated to occur in
this case[22]. Nevertheless, this work provides very impor-
tant phenomena that the radical type reaction promoting the
reaction of propane to propene does not seriously disturb
the allylic oxidation of propene over solid catalysts and does
not promote the further oxidation of acrolein prominently if
radical chain reactions are suppressed. Then, one can cre-
ate a possible catalyst for selective oxidation of propane to
propene if a solid catalyst could possess radical generating
function on its surface.

The work by Sinev et al.[27] follows a similar method-
ology. They have reported a high per pass yield of acrolein
(11.3%) from propane by using two consecutive layers of
catalysts in the same reactor. The first layer was composed of
a V-Sb-Bi-Ba catalyst active for propane oxidative dehydro-
genation; the second layer was composed of a Mo-Bi-Co-Fe
catalyst, active for propene allylic oxidation to acrolein. Ex-
cept both the two catalyst layers at the same time, no yield
in acrolein higher than 5% was observed for the oxidation
of propane. Since simpler catalysts are obviously better for
use, development of combined system into one oxide cat-
alysts in which radical character initiating the homolytic
C–H breaking is introduced by metal element, like vana-
dium, might be the most desirable approach to realize the
reaction.

In relation to the acrolein synthesis, some works on
oxygenate production are also introduced here. There are
a few research works dealing with the propane oxidation
to other oxygenated compounds such as alcohols, aldehy-
des, acetone, and acids[30–37]except acrolein and acrylic
acid. Takita [34] has reported the catalytic oxidation of
propane over Cu2P2O7 and Ni2P2O7 metal phosphates. The
characteristic point in their approach was the reaction con-
dition of propane rich feed at 450◦C. Various oxygenated
compounds were produced like acetaldehyde, methanol,
acrolein, acetic acid, propionic acid, propionaldehyde, ace-
tone. Komatsu et al.[35] found that B-P-O mixed oxide
revealed to be an active and selective catalyst for the partial
oxidation of propane to oxygenates at 550◦C. In the above
both cases of the metal phosphate catalysts which are rather
poor in oxidation performance, critical reaction conditions
like high partial pressure and high reaction temperature
seems to accelerate radical-type activation of propane over
the surface effectively. Baerns and co-workers[37] re-
ported the activity of CoOx/SiO2 catalyst in combination
with compressed CO2 for the heterogeneously catalyzed
partial oxidation of propane. They obtained a cumulative
selectivity to oxygenates of nearly 40% under the propane
conversion of 30% at 350◦C. The oxygenates detected
were acetone, acetic acid and methanol. They explained
that the high selectivity was achieved by the solvent power
of the dense CO2 in the supercritical phase, which was
able to remove the formed oxygenates from the catalyst
surface easily. All these examples emphasize possibilities
of effects of reaction variables on the propane selective
oxidations.
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2.3. (Amm)oxidation of propane to acrylonitrile and
acrylic acid

Acrylonitrile is a widely used chemical and is mainly pro-
duced by catalytic heterogeneous gas phase ammoxidation
of propene. In order to reduce the cost of the feedstock, the
use of propane in place of propene is then a natural choice for
an alternative process. As have been reviewed by Moro-oka
and Ueda[38] and later by Matsuura[39], there are strategi-
cally four types of reaction system: (1) processes using halo-
gen promoters (such as methyl or hydrogen bromide)[40],
(2) two steps ammoxidation process ((oxi)dehydrogenation
+ conventional propene ammoxidation)[41], (3) processes
using high partial pressure of propane[42,43], and (4) one
step ammoxidation process. The last two consist of the di-
rect oxidation of propane over heterogeneous oxide catalysts
and apparently suitable for realization. In fact, two promi-
nent catalytic systems have been developed for the one-step
direct ammoxidation of the fourth category. The first one is
V-Sb-O mixed oxides with a rutile structure[44,45]. The
second catalytic system is Mo-V-Te-Nb-O mixed oxides de-
veloped by Mitsubishi Chemical[46–48]. The common fea-
tures of these two catalysts are: (i) the presence of vanadium
as the key component for the oxidative activation of propane
and (ii) the formation of a particular mixed oxide structure
for selectivity.

Also, the one-step direct conversion of propane to acrylic
acid attracts many researchers with a view to replace the
current two-steps propene–acrolein and acrolein–acrylic
acid process[49], since 1990s. Several types of catalysts
have been studied as listed inTable 1 and three poten-
tially leading systems emerged. The first one is heteropoly
acids and salts[50–57]. The second is the modified vana-
dium pyrophosphate[58–72]. The last class of catalysts
is the multi-component mixed metal oxides[73–113],
among of which we can quote Mo-V-based[75–113] and
Ni-Mo-based oxides[73,74] as main.

Both propane oxidation and ammoxidation, in which
the transfer of multi-electrons involves, requires the coor-
dinated efforts of several active sites, as well as balanced
reduction-oxidation properties of the catalyst, to complete
the catalytic cycle. In this sense, Mo-V-Te(Sb)-Nb-O mixed
oxide has appeared to be typical. Since this catalyst has

Table 1
Performance of various catalytic systems in propane oxidation to acrylic acid

Catalyst Reaction temperature (◦C) Conversion (%) Selectivity (%) Yield (%) Reference

Pyridin/P1Mo12O40 340 9 31 3 [52]
H1.26Cs2.5Fe0.08P1V1Mo11O40 380 47 28 13 [53]
Te/VPO 380 50 22 11 [59]
Ce/VPO 390 28 68 19 [69]
VPZr0.5Ox 340 18 81 15 [70]
6 wt.% Te-HPA/Ni0.92MoO3.92

a 420 39 40 16 [73]
Mo1V0.3Te0.23Nb0.12Ox 380 80 60 48 [111]
Mo1V0.3Sb0.25Nb0.12K0.013Ox 420 39 64 25 [112]

a Te-HPA: ammonium telluromybdate.

been reported active and selective for both the reactions,
giving 50–60% acrylonitrile selectivity at a propane conver-
sion of exceeding 80–90%[47] and achieving nearly 50%
of acrylic acid yield per pass[111], we deal with in detail
how this multi-component catalyst works in the next part.

2.4. Mo-V-Te(Sb)-Nb-O catalyst for propane oxidation

The performance of this catalyst for propane oxidation
to acrylic acid has been shown to be significantly better
than that of any other multi-component metal oxides, or
any VPO or HPC type of catalysts reported to date. Large
amount of work has, therefore, been recently reported about
the Mo-V-Te(Sb)-Nb-O catalysts[73–113]. The multitude
of key parameters about catalyst preparation, the preparation
method[77,82,91], the raw material used and the catalyst
composition[76,102,104], the calcination treatment[114],
has been studied and reported in the publications, since
the preparation of the catalysts with a particular structural
phase was poorly reproducible. Because of this situation,
structure-activity relationship and roles of each constituent
of the catalyst have been remained unclear.

In the meantime, we have succeeded in preparing the
Mo-V-O based oxide catalysts by hydrothermal method
[80,87,115–122]and this method was applied for the synthe-
ses of single phasic complex metal oxides, binary Mo-V-O,
ternary Mo-V-Te-O and quaternary Mo-V-Te-Nb-O, which
have various crystal structures[121,122]. Then, by compar-
ing the catalytic performance of these catalysts as well as re-
lated structural materials, we deduced the structure-activity
relationship and the role of each constituent in the
Mo-V-Te-Nb-O catalysts.

The hydrothermal preparation of the catalysts and the se-
lective oxidation of propane in gas-phase were carried out
according to the methods described in our previous reports
[120–122]. Fig. 1 illustrates the model crystal structures of
three distinct types of Mo-based oxides. All of them assume
basically the same layered structure, in which networks of
corner-shared MO6 (M = Mo, V) octahedra form slabs and
the octahedra between the slabs also share the corner oxy-
gen forming linear infinite chains of octahedra along the
c-direction. The unit cell parameters of thec-axis are always
4.0 Å for every case in this layer-type structure. The differ-
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[010]

Catalysts  Structure  Conversion (%) of 
C3H8 C3H6

Mo1.0V0.44Te0.1Ox Othorhombic 33 68
Mo1.0V0.81Te0.64Ox  Hexagonal   1   9 
Mo1.0V0.25Ox Tetragonal(Mo5O14)   0   6

Reaction temperature: 380 ºC. 

Mo1.0V0.25Ox Mo1.0V0.81Te0.64OxMo1.0V0.44Te0.1Ox

Fig. 1. Ideal structure of three distinct types of Mo-V-O based catalysts
and their catalytic performance for propane and propene oxidations.

ence in each structure is the octahedra arrangement in the
slabs as can be seen inFig. 1. In the orthorhombic struc-
ture as described inFig. 1(1), the MO6 (M = Mo, V) oc-
tahedra network in the slab is constructed with pentagonal
and hexagonal rings of the octahedra[99,109,110]. In this
case, the heptagonal rings are generated during the linking
of these pentagonal and hexagonal rings[123]. The pen-
tagonal bipyramidal sites may be occupied by Mo and V.
Te as the third constituent element is located in hexagonal
channels exclusively, whereas the heptagonal channels re-
main empty. It has been revealed that Te in the hexagonal
channel was linked together with oxygen along thec-axis
[124]. The other structures shown inFig. 1 are rather sim-
ple and not possessing the heptagonal rings. The hexagonal
structure contains only hexagonal ring channels (Fig. 1(2)),
whereas Mo5O14 with the tetragonal structure (Fig. 1(3))
contains the pentagonal ring channels only.

Fig. 1also shows brief comparison of the activity of these
catalysts in the propane and propene oxidations. The cat-
alytic activity of the orthorhombic material in both propane
and propene selective oxidations is clearly superior to the
other Mo-based layer oxide catalysts. Since all these cata-
lysts present the same arrangement of the octahedra along
the c-axis with the commonc-parameter of 4.0 Å (Fig. 1),
the slab plane with the particular arrangement of the octa-
hedra only possesses the high catalytic activity and selec-
tivity for the propane oxidation. As described above, the
orthorhombic Mo-V-O based catalyst is not a simple struc-
tural mixture of the phase constructed with the pentagonal
ring unit and the phase with the hexagonal ring unit but is a
new structural material with the additional heptagonal ring.
It might be, therefore, natural to assume that the heptagonal
ring unit creates active sites for propane oxidation.

The point that may relate to the catalytic activity seems to
be the situation of octahedra coordination at the heptagonal
ring unit. For the formation of the orthorhombic phase with
the complicated arrangement of the pentagonal and hexag-
onal rings in the slab, the octahedra in the structure must
be distorted or puckered, compared to the other structural

phases which are rather symmetric. The distorted state may
give rise to active lattice oxygens and also may facilitate the
migration of lattice oxygen in the lattice, which is obviously
suitable for achieving high and stable oxidation activity.

No matter what happens in the heptagonal ring unit, it is
no doubt that structure formation in the Mo-based complex
metal oxide catalysts is indispensable for propane selective
oxidation, just like as V-P-O catalysts[3]. Therefore, very
close and regular arrangement of each catalytic functional
component in the level of crystal structure or at atomic level
seems to be highly important for catalyst design for the reac-
tions. If well-arranged components are isolated structurally
[125] and can complete one catalytic cycle of a selective ox-
idation, the resulting catalyst would be highly selective. We
would like to emphasize that artificial or self-organization of
catalytic components in particular structure during catalyst
preparation is necessary to create new type of active sites
that can achieve highly difficult selective alkane oxidations.

In order to clarify the role of each element, we have suc-
cessfully synthesized binary Mo-V-O, ternary Mo-V-Te-O
and quaternary Mo-V-Te-Nb-O catalyst separately by the
hydrothermal method. The XRD patterns with the main char-
acteristic peaks at 6.6◦, 7.9◦, 9.0◦, 22.2◦, 27.3◦ and 45.3◦
were exactly the same for these calcined catalysts except
peak intensity and no other additional peaks were observed
in every sample. Thus, these three catalysts assume the same
orthorhombic structure. In thec-axis of the orthorhombic
structure, the octahedra in the slabs share the corner oxygen
forming linear infinite chains of octahedra. From a structural
point of view, therefore, Mo and V are essential elements to
form the above orthorhombic structure network, whereas Te
or Sb simply occupies the hexagonal channels. As for Nb,
it should be regarded as a substitution element for Mo or V.
As listed inTable 2, V content was lower in Mo-V-Te-Nb-O
catalyst than in Mo-V-O and Mo-V-Te-O catalysts, suggest-
ing that Nb can play the same structural role as V, prob-
ably at the pentagonal unit. All solids had similar surface
areas; 6.1, 6.9 and 6.2 m2/g for Mo-V-O, Mo-V-Te-O and
Mo-V-Te-Nb-O respectively.

The three solids presented a similar catalytic activity for
the propane oxidation as shown inTable 2. It is obvious that
propane conversion is independent of the presence of either
Te or Nb. The activation of propane thus takes place undoubt-
edly on Mo-V sites. On the other hand, the catalysts con-
taining Te achieved much higher selectivity to acrylic acid:
60–65% over Mo-V-Te-Nb-O and 45–50% over Mo-V-Te-O
catalyst, compared with the one containing only Mo and V
(5–10%). The results indicate that Te element plays an im-
portant role in the formation of oxygenated products.

Since over both Mo-V-Te-O and Mo-V-Te-Nb-O ox-
ide catalysts, the oxidative dehydrogenation of propane
to propene mainly occurred at very short contact time,
propene is regarded as the first intermediate product. The
selectivity to propene gradually deceased and the selectivity
to acrylic acid increased with increasing the contact time
and then reached a steady level at which the selectivity was
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Table 2
Catalytic activity of orthorhombic Mo-V-(Te)-(Nb)-O for the selective oxidation of propanea

Catalystb Surface area (m2/g) Conversion (%) Selectivity (%)

C3H8 O2 AAc C3H6 Acec AcAc CO CO2

Mo1.0V0.34Ox 6.1 32.7 70.1 3.4 5.1 0.2 16.9 43.9 30.5
Mo1.0V0.44Te0.1Ox 6.9 36.2 71.1 46.6 7.7 1.3 16.5 14.3 13.6
Mo1.0V0.25Te0.11Nb0.12Ox 6.2 33.4 63.8 62.4 8.7 0.4 7.3 11.1 10.1

a Reaction conditions: 500 mg catalyst, flow rate 20 ml/min, composition C3H8/O2/H2O/N2 = 8/10/45/37, reaction temperature 380◦C.
b Chemical compositions were determined by ICP.
c AA: acrylic acid; Ace: acetone; AcA: acetic acid.

about 15% higher for the Nb-containing catalyst than the
Nb-free catalyst. This means that acrylic acid forms through
propene and reacts further to acetic acid and COx over both
the catalysts. The difference is the acrylic acid selectivity
at the high contact time condition. The higher selectivity
clearly reveals that the further oxidation of formed acrylic
acid is retarded over the Nb-containing catalyst. In fact the
Mo-V-Te-Nb-O oxide catalyst was found to be much less
active for acrylic acid oxidation to acetic acid and COx than
the Mo-V-Te-O catalyst. Thus the role of Nb is the creation
of catalyst surface which can stabilize the formed acrylic
acid species and prevent the further oxidation.

As a consequence, it was clearly demonstrated that the
catalyst with the particular arrangement of MO6 (M = Mo,
V) octahedra forming slabs with pentagonal, hexagonal, and
heptagonal rings in (0 0 1) plane of orthorhombic structure
was exclusively superior both in the propane oxidation ac-
tivity and in the selectivity to acrylic acid to the other related
Mo and V-based layer oxide catalysts consisting of either
pentagonal or hexagonal ring unit. Mo and V, which were in-
dispensable elements for the structure formation, were found
to be responsible for the catalytic activity for propane oxida-
tion. Te located in the central position of the hexagonal ring
promoted the conversion of intermediate propene to acrylic
acid effectively, resulting in a high selectivity to acrylic acid.
The introduced Nb occupied the same structural position of
V and the resulting catalyst clearly showed the improved
selectively to acrylic acid particularly at high conversion re-
gion, because the further oxidation of acrylic acid to COx

was suppressed. All these results strongly suggest a strate-
gical approach in catalyst synthesis for controlling element
arrangement in the solid structure.

3. Design of a new process based on propane selective
oxidation

In order to design a new process based on propane se-
lective oxidation, several parameters have to be considered:
(1) depending on the desired product, the by-products and
the impurities, (2) the location for the new plant, and the
source of propane, (3) the kind of process to be used:
multi-tubular fixed-bed reactor, fluidised bed reactor or cir-
culating fluid-bed reactor, (4) complete conversion par pass

or partial conversion and in the latter case, propane recycle
or not, (5) use of air or oxygen, (6) market size and by then
what is the annual production foreseen for the future plant.
Of course, the selection of the best process will depend on
the catalyst properties, but the search for a new catalyst will
depend also on choices that were made initially.

3.1. Raw material cost and competing processes

In the case of the selective oxidation of ethane to acetic
acid, the competing process is the carbonylation of methanol,
and so the competition is not against the cost of ethene but
rather against the cost of methane/syngas. In the present
case, selective (amm)oxidation of propane is aimed to re-
place the (amm)oxidation of the olefin. In the conventional
acrylic acid production, propene accounts for about 80% of
the variable cost, it seems then reasonable to try to replace it
by a cheaper feedstock. Today, propene is mainly produced
by steam crackers at a steady rate over the year, and its price
is mainly related to the crude oil price. Propane can be seen
as a low sulphur fuel, and then its market price is changing
from highs in winter time to lows in summer time. How-
ever, on the average propane market price is around 140%
of the crude oil price. Over the past 10 years, the average
price of propane and propene have been around $200/t and
$420/t, respectively. The demand for propene is expected
to increase due to a large demand for polypropylene, but
as in many applications a polymer can substitute another
one, the polypropylene price cannot be expected to increase.
There is a price differential between propane and propene,
and if it was to increase, companies would build world
scale dehydrogenation units, for which there are several
commercial processes available, such as the OLEFLEXTM,
CATOFINTM and FBD-3TM processes. On large scale units,
the propene production cost by propane dehydrogenation is
around $210/t, then one can expect that the price differential
should remain constant.

Although propane is cheaper than propene, it is more
difficult to react and the reaction will generate more heat.
The heat of reaction can be seen as an indication for the
investment needed: more heat of reaction means larger
heat-exchangers and reactors[126,127]. Then, from the
alkanes the capital investment required will be higher than
from the olefin. In order for a company to develop a new
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technology based on propane it will be necessary to make
the benefit on the raw material cost. For acrylic acid, this
means that the selectivity required to develop a new process
will be somewhere between 60% and 75%.

3.2. Location

Propane is available nearly everywhere either as a refinery
stream (liquefied petroleum gas (LPG)) or as a gas field
stream (natural gas liquid (NGL)). In the USA, half of the
propane production is from refineries. However, low cost
propane will be available only from large gas fields such as
in the Middle-East or in the North-Sea.

3.3. Product quality and by-products

For both acrylonitrile and acrylic acid, a new process
based on propane will substitute for an existing process,
and then the demand is to achieve at least the same product
quality. In case of acrylic acid there is a particular focus
on the propionic acid content, as it will not polymerise
and then contribute to the VOCs. However, heavy impu-
rities such as benzoic acid or maleic acid are expected to
be lowered as they are due to condensation reactions from
the propene rich stream. In the acrylonitrile production,
HCN by-production in the conventional process is used to
feed an acetone-cyanhydrine plant for the methylmethacry-
late production. A detailed understanding of the reaction
mechanism is then necessary in order to minimize un-
wanted by-products. In the propane selective oxidation to
acrylic acid, it was shown that propionic acid and acetone
where produced by hydration of the propene intermediate
[119,121]. Propionic acid production can be reduced by an
optimal design of the catalyst, but also by the use of an
additive mixed with the catalyst[128].

3.4. Process selection

Today acrylic acid is produced from propene in two steps,
acrolein being an intermediate, using multi-tubular reactors.
However, acrylonitrile is produced in a single step using
fluidised bed reactors. Fluidised bed reactors are not used

Table 3
Advantages (A) and disadvantages (D) for each process

Criteria Fixed bed Fluid bed CFBR

Scale-up A—multiply data from a single tube D—pilot D—pilot
Flammability limits D D A
Productivity D D—need high catalyst inventory A—high gas flow rate, high partial pressure
Heat transfer D—(hot spot) implies catalyst dilution A A
Gas recycling No—due to low Alkane content Needed as operating in fuel-rich region
Pressure drop D—implies large catalyst particles A—small particles A—but need attrition resistance
Diffusion limitations D A A
Catalyst reduction D—variable from top to bottom of

the reactor
D—need an excess of O2 at
the inlet

A—control of catalyst oxidation state

Size limitation D A A

for acrylic acid production as it is less stable than acry-
lonitrile, and would decompose through gas phase reactions
in the freeboard of the fluid bed. The last process that can
be considered is the circulating fluid-bed reactor (CFBR).
Such a process is quite common in the refining industry with
the fluid catalytic cracking (FCC) units, and has been de-
veloped by DuPont for the butane oxidation for maleic an-
hydride production[129–132]. In this process, the catalyst
is circulated from a reactor where the hydrocarbon reacts
with the catalyst to the regenerator where it is re-oxidised
with air before returning to the reactor. The CFBR technol-
ogy can be considered if the catalyst operates according to
the Mars-Van Krevelen mechanism, i.e. catalyst reduction
and re-oxidation are decoupled in time. In such a case, they
can be decoupled in space, and reduction and re-oxidation
take place in different vessels. Patents have been applied for
both acrylic acid and acrylonitrile using this redox process
[133–135]. Each technology has advantages and disadvan-
tages summarized inTable 3.

The main advantage of the multi-tubular fixed-bed reac-
tor is the scale-up factor. Multi-tubular reactors are made of
several thousands of tubes; of around 25 mm diameter and a
few meters in length (precise dimensions depend on the reac-
tion considered and on the catalyst efficiency). The full size
of the reactor is often limited by the transportation by road,
and by the efficiency to remove the heat of reaction, lead-
ing to at most about 30,000 tubes. The heat carrying media
can be a molten salt. With fixed-bed reactors, the pilot scale
can be limited to a single tube, thereby reducing the devel-
opment cost. For the fluid-bed reactor, although correlations
are available, it would be required to go through a pilot plant
of at least 20 cm diameter. Similarly for the CFBR reactor,
there are no well known scale-up factors and an intermediate
pilot plant/demonstration unit might be necessary, leading
to additional costs in the process development.

In selective oxidation of hydrocarbons, the flammability
range often dictates the operating conditions. In fixed-bed
reactors, one prefers to operate outside of the flammability
limits. However, in fluid-bed reactors, it is possible to operate
slightly within the flammability limits as one considers that
the catalyst itself behaves as an inert and as the hydrocarbon
and the oxygen containing streams can be injected through
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separate nozzles. In the CFBR reactor, as the hydrocarbon
and the oxygen containing streams are introduced in two
different vessels, there is a limited risk of entering within
the flammability range. In addition, on the reaction side a
higher partial pressure of propane can be applied. Usually, in
co-feed reactors the catalyst achieves equilibrium between
the rate of reduction and the rate of re-oxidation. To avoid
the over-reduction of the catalyst and its negative side-effect
– irreversible phase transformation – an excess of oxygen
partial pressure is necessary. This excess oxygen can further
react with the products in the gas phase downstream of the
reactor. In the CFBR, a controlled reduction of the catalyst
is achieved in the reactor, and then a key parameter for the
catalyst is the amount of oxygen it can provide before the
irreversible phase transformation, and within a limited time.

In highly exothermic selective oxidations, heat transfer is
a key issue. Compared to the conventional propene oxida-
tion to acrylic acid in two steps (two different reactors), the
direct selective oxidation of propane would be achieved in a
single reactor. A higher amount of reaction heat will have to
be removed from the reactor. In case of fixed-bed reactors,
a hot spot develops near the entrance of the reactor. A larger
hot spot generally means shorter catalyst lifetime, lower
selectivity, and a higher risk of temperature runaway. Then,
the productivity per reactor will be lower from propane
than from propene for a multi-tubular fixed-bed reactor. In
the fluid-bed reactor, and in the CFBR, it is easier to deal
with the reaction heat as the catalyst itself is carrying the
heat of reaction that can be lost on heat exchanger tubes
installed within the reactor/regenerator. The CFBR reactor
can be seen as an improved fluid-bed reactor from the point
of view of productivity. In order to increase the production
of acrylic acid in a fluid bed, it is desirable to increase
the gas velocity. However, at some stage the catalyst gets
entrained and moves upward. The CFBR is a solution to
return the catalyst from the top of the reactor to the bottom
of the fluid bed. A comparison of reactor operation between
a fixed-bed and a fluid-bed reactor has been published by
Baerns and co-workers for the selective oxidation of ethane
to acetic acid[136]. They concluded on the difficulty in
obtaining high yields, with both type of reactors, and that a
possibility to increase the acetic acid yield could be to use
a fluid bed with a specific geometry: including baffle plates
in the fluid-bed reactor.

Whatever the kind of reactor selected, there are three pos-
sible approaches concerning the selection of air or oxygen,
linked with the gas recycle. For each approach, a reactor de-
sign might be more appropriate (Table 4). There are several
solutions that are calling for different type of catalysts.

Table 4
Process selection criteria—some selected cases

Case Propane conversion Propane partial pressure Oxygen /air Recycle Process

1 Low Medium Oxygen Yes Fixed bed
2 High Low Air No Fluid bed or fixed bed
3 Medium High Air Yes CFBR

In case 2, in order to keep the catalyst fluidised, it is
necessary to have a large gas flow rate. This large flow rate
cannot be provided by propane alone, while keeping a high
conversion. It cannot be provided by steam either, as the
product obtained would then be too diluted, and would need
extra energy for distillation, and then the most appropriate is
to use air. In order to obtain a high conversion in fixed bed,
propane will have to be diluted to avoid the hot spot. Then,
the recovery of unreacted propane will become expensive,
so one should operate without recycle. If the propane partial
pressure is high, then it becomes more economic to recycle
the unreacted propane, as well as the propene produced, as
in cases 1 and 3. In case 1, the use of oxygen instead of
air, avoids to separate the unnecessary nitrogen. In case 3,
if air and propane are reacted in two separate vessels, the
recycle of unreacted propane is easier. Otherwise, it will be
necessary to recover the propane/propene for example by
adsorption as was investigated by BOC and Mitsubishi in
the propane ammoxidation[137].

The selection of the process to be applied, dictates also
the shape of the catalyst and some of its physical proper-
ties. In fixed-bed, in order to avoid large pressure drop, the
catalyst particles should be around 5–8 mm. In addition, in
order to reduce the hot spot, the catalyst might be diluted or
supported on inert material. The size of the catalyst particles
will generate mass and heat transfer limitations. In fluid bed
and CFBR, these effects will be limited as the catalyst par-
ticles would be from 50 to 80�m. However, the mechanical
properties of the catalyst and especially the attrition resis-
tance are of a primary importance. In fact, the mechanical
property may become a key issue when the attrition of an
expensive catalyst is very high. To illustrate this point, in
Table 5, two cases are presented, an attrition of 100 kg/day
which should be a target for a selective oxidation, and a
1000 kg/day attrition loss which is not uncommon for a
FCC unit. Due to a high attrition/deactivation loss in the
case of the selective oxidation of ethane to acetic acid, Fa-
keeha et al.[138] concluded that the reaction in a fluidised
bed or a fixed bed was not economic, with a catalyst priced
at $100/kg and a lifetime of only one year.

World production of acrylic acid is around 3000 kt/year
[139,140], then a new plant of 220 kt/year represents as much
as 7% of the world capacity. For a new process, some com-
panies may tend to favour smaller scale units, where fixed
bed might be more appropriate and present the advantage
of being a well established technology in the acrylic acid
production. The CFBR technology integrates all the advan-
tages of a fluid bed, with the possible control of the catalyst
reduction.
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Table 5
Calculation of the catalyst cost due to attrition in the acrylic acid production cost

Attrition loss (kg/day) Attrition loss (kg/year) Annual catalyst cost due to attrition (M$) Catalyst cost in the product cost (%)

100 33000 1.65 0.8
1000 330000 16.5 8.3

Note: Assuming a catalyst cost of $50/kg (Expected cost might be in the range of $20–50/kg catalyst.), 330 operating days per year, and a production
cost of $1/kg acrylic acid, and an annual production of 220 kt/year.

Table 6
Capital investment and production cost

Capital investment (M US$) Production cost (US$/t)

Acrylonitrile 270000 t/year
Propylene 280 ≈850
Propane 350 ≈790–840 depending

on recycle

Acrylic acid 220000 t/year
Propylene 190 ≈940
Propane 270 ≈960

3.5. Investment and operating cost

In general, investment and operating cost estimates are ei-
ther considered as confidential information, or are available
through consulting groups such as SRI, Nippon Chemtech
or Nexant/Chem Systems using state of the art patented cata-
lysts properties. Such studies are purchased by companies on
a client basis, and are only partially available in the open lit-
erature. Recently Nexant/Chem Systems released some data
[141,142]. The main data are summarized inTable 6. BOC
had also released an estimate for the acrylic acid production
combining a selective oxidation reaction and its PETROX
process for gas recycling purification[143]. Although they
did not disclose the required capital investment, they also
concluded that the variable cost would be slightly more
favourable for propane (−10%) than for the propene-based
process. In view of the similar production costs (Table 6),
there is still some need for further research to improve the
selectivity of the catalysts.

4. Conclusion

Many research for developing the catalytic selective ox-
idation process of propane to acrylic acid and acrylonitrile
are still undertaken in many places in the world. But there
must be strategical approaches in the research for designing
catalysts and process for the reaction. Since the propane se-
lective oxidation over solid catalysts is a highly difficult re-
action, elemental steps of the reaction, alkane and molecular
oxygen activation, effective intermediate oxidation, quick
desorption of desired products, etc., has to be well controlled
by both catalytic functions and process design. We here con-
clude that the metal oxide catalysts for the reaction should
be a crystal material with high-dimensional structure which
can generate multi-catalytic functions and that the oxidation

process should be assisted by a reaction engineering specific
for the propane oxidation.
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