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(57) Abstract: A process for the production of anhydrides by contacting a gaseous feed stream with a particulate catalyst, said pro -
cess being carried out in a tubular reactor having an inlet and an outlet, said outlet being located downstream of the inlet, said react -
or comprising one or more tubes having located therein one or more carriers for said particulate catalyst and cooling medium in con-
tact with said tubes; wherein said catalyst carrier comprises: an annular container for holding catalyst in use, said container having a
perforated inner wall defining a tube, a perforated outer wall, a top surface closing the annular container and a bottom surface clos-
ing the annular container; a surface closing the bottom of said tube formed by the inner wall of the annular container; a skirt extend -
ing upwardly from the perforated outer wail of the annular container from a position at or near the bottom surface of said container
to a position below the location of a seal; and a seal located at or near the top surface and extending from the container by a distance
which extends beyond an outer surface of the skirt; said process comprising: (a) introducing the gaseous reactants through the inlet;
(b) passing said reactants downwardly through said at least one tube to the upper surface of the, or the first catalyst carrier where
they pass into the passage defined by the inner perforated wall of the container before passing radially through the catalyst bed to -
wards the perforated outer wall; (c) allowing reaction to occur as the gas contacts the catalyst; (d) passing unreacted reactant and
product out of the container though the perforated outer wall and then upwardly between the inner
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surface of the skirt and the outer wall of the annular container until they reach the seal where they are directed over the end of the
skirt and caused to flow downwardly between the outer surface of the skirt and the inner surface of the reactor tube where heat
transfer takes place; (e) repeating steps (b) to (d) at any subsequent catalyst carrier; and (f) removing product from the outlet.
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PROCESS FOR THE PRODUCTION OF ANHYDRIDES

The present invention relates to a process for the oxidation of hydrocarbons in the
presence of a catalyst to form anbydrides. More particularly it relates to a process for
the catalytic oxidation of butane or benzens to maleic anhydride or the oxidation of o-

xyiene, naphthalene or mixtures thereof to phthalic anhvydride,

Processes for the oxidation of hydrocarbons such as butane and benzene to malsic
anhydride are well known in the art.  For about 50 vears, the main process route to
maleic anhydride has been the oxidation of benzene in the vapour phase and this
remains 8 commercial route accounting for around 15 1o 20 % of global capacity.
However, bigh benzene costs mean that the process is becoming less attractive from

an economic standpoint.

As the chemistry of the reactions are very similar, many of the old plants intended to
utilise benzene as a starting material have been retrofitted io enable n-butane to be
used as the starting material. Whichever starting material is used, the reaction is very
exothermic. However, as discussed in more detail below, the energy released from
the reaction in which n-bufane is the starting material excesds that where benzene is

the starting material and this is reflected in the steans co-product.

it should be understood that there are a number of side reactions. In particular, there
are mechanisms that result in small amounts of acetic acid and acrylic acid being

formed in addition to carbon oxides.

The chemisiry for the oxidation of butane and benzene to maleic anhydride are very
similar as are the catalysts used in the reaction. Typical commercial catalysts are
based on unsupported vanadium phosphoros oxide (VPO). These are conventionally
used in fixed bed reactors. Promoters such as those selected from lithium, zine and
molybdenum may also be used. Recent research has suggested that magnesiom,
calcium and barium ions may also be effective promoters with the potential to

generate higher conversion, yvield, and selectivity than the unmodified VPO catalyst.
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The ratio of phosphorous to vanadium in the catalyst determines the activity of the
catalyst and hence the life. Catalyst activity is greater at high phosphorous:vanadium
ratios, but the catalyst life is sacrificed as the activity increases. A
phosphoroustvanadium ratio of 1.2 has been suggested to provide the optimal balance

between activily and catalyst life,

The process for the production of maleic anhydride is iHustrated schematically in
Figure 1. In this process, feed is prepared in section A, Here the benzene or n-butane
feed is vaporised and mixed with compressed air in s controlled manner generally
using static in-line mixers. If a catalyst prometer, such as trimethyl phosphate, is to
be used, it will be added at this stage. The prepared feed is then passed to section B

where the oxidation reaction takes place.

The oxidation will generate & subsianiial amount of heat which must be removed.
Careful control of the reactor is requived to prevent the hydrocarbon/oxygen

composition breaching combustion Hmits.

The product of the oxidation reaction is then removed from section B and passed to
section C where recovery of the crude product occurs. Here more heat is removed
from the reaction off-gas and then an aqueous or solvent based recovery systeni is
generally emploved to obtain the crude maleic anhydride stream. This crude stream s
then passed to section D where product purification oceurs, This is typically a two-
step distillation approach involving light ends removal and the separation of a heat

cut. This separation is generally vacuum assisted.

Energy recovery 1s a Key factor in achisving an economic process for the production
of maleic anhydride. Some or all of the reactor off-pases, post maleic anhydride
recovery, non-condensables from vacuum systems, fank vent gases, and waste
hydrocarbon rich liguids may all be utilised in energy recovery in section E.
Generally these are incinerated to recover energy as super-heated steam. The steam
can be used to supply energy to the process or to supply energy to integrated

PEOCESSes.
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Specifically, the oxidation of n-butane to maleic anhydride is a complex reaction in
which the caialytic system abstracts 8 hydrogen atoms and inserts 3 oxygen atoms
giving an exothermic hest release of 297 kealig-mol of bulane, with the main side
reaction of butane oxidation to carbon oxides releasing a further 500 keal’g-meol of

heat. These reactions are shown by the equations below:

CH3CHCHROUH, + 3,50, — CH{C000 + 44,0

CHaCHOHLCH: + 5.50; — COp + 200 + 3H:0

For the oxidation of benzene (o maleic anhydride the heat releases are 332 keal/g-mol

and 555 kcal/g-mol:

CoHg + 40, — CH{COR0 + 2H,0 + CO, + O

Calg + 60 — 3000 + 300 + 3HO

However, it should be understoond that the ratio of carbon monoxide to carbon dioxide

is not fixed

On-going development work to improve the maleic anhydnide production process
centres on identifving more active catalysts and obtaining an increase in yield
However, the benefit of more active catalysts can be difficult to realise in, for
example, fixed bed reactors unless the specific reaction rate can be increased. Such
increases in productivity generate larger amounts of heat which must be removed at a2

rate that maintains a stable operating temperature,

Similar processes are used for the oxidation of o-xylene, naphthalene or mixtures
thereof to phthalic anhydride. These processes are also well known in the art. The
catalyst used will generally be similar o those used in the production of maleic
anhydride or may be modifications thereof based on a vanadium-titania mixture. For
the oxidation of o-xylene there is a significant heat release of 265 keal/g-mol, as well

as there being heat released when naphthalene is oxidised (467 keal/g-mol):
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CeHa{CHay + 30 — CHCORO + 3HO

CioHsg + 4.50; — CHyCORD + 2H0 + 200,

Generally the reactions are carried out in specialised reactors which include devices to
provide cooling. Generally fixed bed or fluid bed reactors will be used. However, it
is difficult to realise the benefits of more active catalysis unless the specific reaction

rate can also be increased.

Currently the best heat removal to catalyst ratio for a fixed bed system is delivered by
an axial tubular reactor. In this arrangement, catalyst peliets are loaded inside tubes
of an axial reactor. Cooling medivm, such as vaporising water, is supplied around the
tubes. Reactant gases are then passed through the tubes where they contact the
catalyst and the oxidation reaction iskes place. The heat evolved is transferred
through the tube wall to the surrcunding cooling medium.  In view of the nged 10
control the heat within the tube, the size of the tubes is Himited to allow the heat 1o
pass readily from the centre of the tubes to the walls where heat exchange ocours.
Generally therefore the tubes have a diameter of less than about 40 mm to ensure the
required level of heat transfer and to prevent the catalyst located towards the centre of
the tube overheating and thermal runaway occurring. The small size of the tubes
coniributes to the high cost of construction of these reactors since the number and
hence weight of the tubes in the reactor required to contain a specific catalyst volume

is Himifed,

Even at the small tube size the catalyst particles have to be relatively small in order to
gnsure reasonable mixing and heat transfer. In addition careful selection of conditions
such as superficial velocity and gas hourly space velocity has to be made in order to
maintain the required heat transfer and manage the conversion of the reactant gases at

a reasonable overall pressure drop.

The issue of pressure drop is critical for the oxidation reaction in that mass transfer

limitation is thought to occur in catalyst pellets leading to excess carbon dioxide

4
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production in the pores of the catalyst.  Whilst this problem can be alleviated by
ensuring that the active sites are only present near the surface of the catalyst particle,
this can deleteriously affect productivity as the active sites that are available have to

be worked hard to deliver a reasonable overall productivity.

Various approaches have been suggested for addressing the problems of these
reactors. One proposal is to use multizone catalyst beds. Here the fixed bed is packed
with catalysts of different activities, Generally the least active catalyst will be used at
the feed point with the most active catalyst being located at or near the exit. Whilst
this allows for staged heat release, packing of the catalyst info the tubes becomes a

more complex, and hence more costly, procedure.

A second alternative that has been suggesied is to operate with variable temperature
zones within the same catalyst bed. In this arrangement the same catalyst bed is
subjected to different temperature regimes. This is achieved by employing heat
removal technigues. However, the engineering of the reactor required to achieve this

is complex and costly.

An alternative approach is to carry out the reaction in a fluid bed reactor. This does
offer some advantages. In particular these reactors will have an energy balance that
provides export of high-pressure steam as a result of operating with less than half the
air rate required for a fixed bed sysiem. In this amrangement, small catalyst panicles
are suspended in the hydrocarbon product and are agitated by the injection of reaction
gas at the bottom of the reactor. The gas becomes highly dispersed throughout the
reactor and so in theory the mass transfer area from gas to catalyst is very large.
Additionally, as the catalyst diameter is low, the mass transfer and heat transfer
resistances within the catalyst particle are also low. Since the catalyst surface area 13
refatively large the heat transfer from catalyst particle to fluid is high so that the
particles can be maintained at approaching fluid temperature conditions. The high
heat evolution in the reaction can be managed with internal or external coils in which
water is vaporised. Thus in theory, carrving out the process in a bubble sturry reactor

offers various advantages.
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However, problems can be encountered if the necessary particle size distribution in
the reactor cannot be maintained while utilizing an economical amount of catalyst
make-up.

An alternstive approach has been to use a transport bed reactor, These reactors are
also known as circulating-fluidized-bed reactors, However, these reactors still suffer

from various drawbacks and disadvantages.

Thus it will be understood that whilst the various approaches to carrying out the
reactions for the production of anhydrides such as maleic aphydrde and phthalic
anhydrides each offer some advantages, they also each have their own disadvantages.
There is therefore still 2 need to provide an improved process which addresses one or

maore of the problems of prior art arrangements.

According to the present invention there is provided a process for the production of
anhydrides by contacting a gascous feed stream with a particulate catalyst, said
process being carried out in a tubular reactor having an inlet and an outlet, said outlet
being located downstream of the inlet, said reactor comprising one or more tubes
having located therein one or more carriers for said particulate catalyst and cooling
medium in contact with said at ieast one tube;

wherein said catalyst carrier comprises:

an annular container holding catalyst, said container having a perforated inner
wall defining a tube, a perforated outer wall, a top surface closing the annular
container and a bottom surface closing the annular container,;

a surface closing the bottom of said tube formed by the inner wall of the
annular container;

a skirt extending upwardly from the perforated outer wall of the annular
container from a position at or near the bottom surface of said container to a position
below the location of a seal; and

a seal located at or near the top surface and extending from the container by a
distance which extends beyond an outer surface of the skirt; said process comprising:

{a} introducing the gaseous reactants through the inlet;

(b} passing said reactants downwardly through said at least one tube to the

upper surface of the, or the first, catalyst carrier where they pass into the

B
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passage defined by the inner perforated wall of the container before
passing radially through the catalyst bed towards the perforated outer wall;

{c} allowing reaction o oceur as the gas contacts the catalyst;

{d} passing unreacted reactant and product out of the container though the
perforated outer wall and then upwardly between the inner surface of the
skirt and the cuter wall of the annular container uniil they reach the seal
where they are directed over the end of the skint and caused to flow
downwardly between the outer surface of the skirt and the inner surface of
the reactor tube where heat transfer takes place;

{e} repeating steps (b} to {d} at any subsequent catalyst carrier; and

{fy removing product from the outlet.

The catalyst camrier is described in detail in PCT/GB201G/001931 filed on 19

October 2010 which is incorporated herein by reference.

For the avoidance of doubt, any discussion of orientation, for example terms such a8
upwardly, below, lower, and the like have, for ease of reference been discussed with
regard to the orientation of the catalyst carrier as illustrated in the accompanying
drawings. However, where the tubes, and hence the catalyst carrier, are used m an

alternative orientation, the terms should be construed accordingly.

The catalyst container will generally be sized such that it is of a smaller dimension
than the internal dimension of the reactor tube into which it is placed. The seal i3
sized such that it interacts with the inner wall of the reactor tube when the catalyst
carrier of the present invention is in position within the tube. The seal need not be
perfect provided that it is sufficiently effective to cause the majority of the flowing

gas to pass through the carrier.

Generally, a plurality of catalyst carriers will be stacked within the reactor tube. In
this arrangement, the reactanis/products flow downwardly between the outer surface
of the skirt of a first carrier and the inner surface of the reacior tube uniil they contact

the upper surface and seal of a second carrier and are directed downwardly into the

i}
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tube of the second carrier defined by the perforated inner wall of its annular container.

The flow path described above is then repeated.

The catalyst carrier may be formed of any suitable material.  Such material will
generaily be selected to withstand the operating conditions of the reactor. Generally,
the catalyst carrier will be fabricated from carbon steel, aluminium, stainless steel,

other allovs or any material able to withstand the reaction conditions.

The wall of the annular container can be of any suitable thickness., Suitable thickness
will be of the order of about 0.1 mum to about 1.0 mm, preferably of the order of about

4.3 mm to about 0.5 mm.

The size of the perforations in the inner and outer walls of the annular container will
be selected such as to allow uniform flow of reactani(s) and product{s} through the
catalyst while maintaining the catalyst within the container. It will therefore be
understood that their size will depend on the size of the catalyst particles being used.
In an alternative arrangement the perforations may be sized such that they are larger
but have a filter mesh covering the perforations 1o ensure catalyst is maintained within
the annular container. This enables larger perforations to be used which will facilitate

the free movement of reactants without a significant loss of pressure.

it will be understood that the perforations may be of any suiisble configuration.
indeed where a wall is described as perforated all that is required is that there is
means to allow the reactants and products to pass through the walls. These may be
small apertures of any configuration, they may be slots, they may be formed by a wire

screen or by any other means of creating a porous or penmeable surface.

Although the top surface closing the annular container will generally be located at the
upper edge of the, or each, wall of the annular container, it may be desirable to locate
the top surface below the upper edge such that a portion of the upper edge of the outer
wall forms a lp. Similarly, the bottom surface may be located at the lower edge of

the, or each, wall of the annular container or may be desirable to locate the botlom
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surface such that it is above the bottom edge of the wall of the annular container such

that the wall forms a lip.

The botiom surface of the annulus and the surface closing the bottom of the tube may
be formed as a single umit or they may be separate pieces connected together. The
two surfaces may be coplanar but in a preferred arrangement, they are in different
planes. In one arrangement, the surface closing the bottom of the tube is in a lower
plane than the bottom swrface of the annular container. This serves to assist in the
location of one carrier on to a carrier arranged below it when a plurality of containers
are to be used. 1t will be understood that in an alternative arrsngement, the surface
closing the bottom of the tube may be in a higher plane that the bottom surface of the

annuiar container.

Whilst the bottom surface will generally be solid, it may include one or more drain
holes. Where one or more drain holes are present, they may be covered by a filter
mesh. Similacly s drain hole, optionally covered with a filter mesh may be present in
the surface closing the bottom of the tube. Where the carrier is to be used in a non-
vertical orientation, the drain hole, where present will be located in an alternative

pasition t.e. one that is the lowest point in the carmier when in use.

One or more spacer means may extend downwardly from the botiom surface of the
annular container. The, or each, spacer means may be formed as separate components
or they may be formed by depressions in the bottom surface. Where these spacer
means are present they assist in providing a clear path for the reactants and products
flowing between the bottom surface of the first carrier and the top surface of a second
lower carrier in use. The spacer may be of the order of about 4 mm to about 15 mm
or about & mm deep. Alternatively, or additionally, spacer means may be present on

the top surface.

The top surface closing the annular container may include on its upper surface means
to locate the container against a catalyst carrier stacked above the container in use

The means to locate the container may be of any suitable arrangement. In one
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arrangement it comprises an upstanding collar baving apertures or spaces therein to

allow for the ingress of reactants.

The upwardly extending skirt may be smooth or it may be shaped. Any suitable shape
may be used. Suitable shapes include pleats, corrugations, and the like. The pleats,
corrugations and the like will generally be arranged longitudinally along the length of
the carrier. The shaping of the upstanding skirt increases the surface area of the skirt
and assists with the insertion of the catalyst carrier into the reaction tube since it will
aliow any surface roughness on the inner surface of the reactor tube or differences in

tolerances in tubes to be accommodated.

Where the upwardly extending skirt is shaped, it will generally be flattensed to a
smooth configuration towards the point at which it i3 connected to the annular
container to allow a gas seal t0 be formed with the annular container. The upstanding
skirt will generally be connected o the outer wall of the annular container at or near
the base thereof. Where the skirt is connected at a point above the bottom of the wall,
the wall will be free of perforations in the area below the point of connection. The

upstanding skirt may be flexible.

Generally, the upstanding skirt will stop at about 0.5 cm to about 1.5 cm, preferably

about | om, short of the top surface of the annular container.

Without wishing to be bound by any theory, it is believed that the upstanding skirt
serves to gather the resctants/producis from the perforated outer wall of the annular
container and direct them via the shapes towards the top of the catalyst carrier
collecting more reactants/products exiting from the outer wall of the annular container
as they move upwardly. As described above, reactantsiproducts are then directed
down between the tube wall and the outside of the upstanding skirt. By this method
the heat transfer is enhanced down the whole length of the camrier but as the heat
exchange is separated from the catalyst, hotter or colder as appropriate heat exchange
fluid can be used without quenching the reaction af the tube wall and at the same time
ensuring that the temperature of the catalyst towards the centre of the carier s

appropriately maintained.

1o
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The seal may be formed in any sutiable manner. However, it will generally be
sufficiently compressible fo accommaodate the smallest diameter of the reactor tube.
The seal will generally be a flexible, sliding seal. In one arrangement, an O-ring may
he used. A compressible split ring or a ring having a high coefficient of expansion
could be used. The seal may be formed of any suitable material provided that it can
withstand the reaction conditions. In one arrangement, it may be a deformable flange
extending from the carrier. The flange may be sized to be larger than the intermnal
diameter of the tube such that as the container is inseried into the tube it is deformed

to fit inside and inferact with the tube.

In the present invention, the annular space between the outer surface of the catalyst
container and the inner surface of the tube wall is small, generally of the order of from
about 3 mm o about 10 mum. This narrow gap allows a heat transter coethicient 1o be
achieved such that an acceptable tempersture difference of the order of abowt 10 ° to

about 40 °C between the cooled exit gas and the coolant to be achieved.

The size of the annulus between the skirt and the catalyst wall and the skint and the
tube wall will generally be selected to accommodate the gas flow rate required while
maintaining high heat transfer and low pressure drop. Thus the process of the present
invention may additionally include the step of selecting the appropriate size of the

annulus to meet these critenia.

The process of the present invention enables relatively large reactor tubes t© be used.
In particular, tubes having diameters in the region of from about 75 mm to about 130
min or even about 150 mm can be used compared to diameters of less than about 40
mm used in conventional systems. The larger diameter tubes will allow an increase in
capacity of about 25,000 tonnes to about 250,000 tonnes a year for the same length

reactor tube,

As discussed above the highly exothermic nature of the reactions in which anhydnides
are formed is 2 major factor in the design of a reactor in which the reaction can be

carried out. The use of the catalyst carrier in the process of the present invention,

i1
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allows tubes comprising a plurality of catalyst carriers to become, in effect, a phurality

of adiabatic reactors with inter-cooling.

Any suitable catalyst may be used in the process of the present invention. Powdered,

foamed, structured, or other suitable forms may be used.

One benefit of the process of the present invention is that the carrier allows for the
deployment of small diameter catalysts to be used such as those having diameters of
from about 100 um to about | mm. Since these are used in a fixed bed, the mass
transfer resistances can be greatly reduced over prior art arrangements, This will lead

to improved selectivity to the required products.

Further, as these small catalysis have a high surface area and are located in the direct
flow of the reacting gas, they are maintained at 4 temperature which 18 very similar to

that of the flowing gas. This will reduce the tendency to by-product formation.

In one alternative arrangement, a monolith catalyst may be used. In this arrangement,
the structure of the catalyst container may be modified. Full details of a catalyst
container suitable for use with a monolith catalyst is desoribed in GB palent
application no 11056918 filed 4™ April 2011 the contents of which are incorporated

herein by reference.

Thus according to a second aspect of the present invention there is provided a process
for the production of anhvdrides by contacting a paseous stream with a monolith
catalyst, sald process being carried out in a tubular reactor having an inlet and an
putlet, said outlet being located downstream of the inlet, said reactor comprising one
or more tubes having located therein one or more carviers for said monelith catalyst
and cocling medium in contact with said tubes;
wherein said catalyst carrier comprises:

a container holding a monolith catalyst, said container having a bottom surface
closing the container and a skirt extending upwardly from the bottom surface of said

container to a position below the location of a seal and spaced therefrom, said skirt
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being positioned such that there a space between an outer surface of the monolith
catalyst and the skirt; and

a seal localed at or near a top surface of the monolith catalyst and extending

from the monolith catalyst by a distance which extends beyond an outer surface of the
skirt; saild process comprising:

{a} introducing the paseous reactants through the inley;

{b) passing said reactants downwardly through said at least one tube to the
upper surface of the, or the first, monolith catalyst where they pass through
the monolith catalyst;

{c} allowing reaction o occur as the gas contacts the catalyst;

{d) passing unreacted reactant and product out of the catalyst and then
upwardly between the inner surface of the skirt and the ouler surface of the
monolith catalyst until they reach the seal where they are directed over the
end of the skirt and caused to flow downwardly between the outer surface
of the skirt and the inner surface of the reactor tube where heat transfer
takes place;

{e} repeating steps {b) to {d} at any subsequent catalyst carrier; and

{f) removing product from the outlet.

In one armangement, the monolith catalyst is a solid, ju that there 18 substantially no
space within the body of the monelith that is not occupied by catalyst. When the
monolith i5 in use in a vertical reactor with downflow, the reaciani(s) flow
downwardly through the reactor tube, the reactant{s) first contacts the upper face of
the monolith catalyst and flows therethrough in a direction paraliel to the axis of the
cylinder. The seal of the container prevents the reactani(s} from flowing around the
monolith and assisis the direction of the reactants into the catalyst, Reaction will then
occur within the monolith catalyst. The product will then also flow down through the

monolith in a direction paraliel to the axis of the eylinder,

Once the reactant(s) and product reach the bottom surface of the catalyst cammier they
are directed towards the skirt of the camrier. To facilitate this flow, fest may be
provided within the carrier on the upper face of the bottom surface such that, in use,

the catalyst monolith is supported on the feet and there is a gap between the bottom of

i3
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the catalyst monolith and the bottom surface of the catalyst camer. The upwardly
extending skirt then directs the reactani{s} and product upwardly betwsen the inner
surface of the skirt and the outer surface of the monolith catalyst uniil they reach the
underside of the seal. They are then directed, by the underside of the seal, over the
end of the skirt and they then flow downwardly between the owler surface of the skirt

and the inner surface of the reactor tube where heat transfer {akes place.

In one alternative arrangement, the monolith catalyst has a channel extending
tongitudinally therethrough, Generally the channel will be located on the central axis
of the monolith catalyst. Thus where the reactor tube is of circular cross-section, the
monolith catalyst of this arrangement will be of annular cross-section.  In this
arrangement, in use, in 2 vertical reactor with downflow, reactant{s} flow downwardly
through the reactor tube and thus first contacts the upper surface of the monolith
catalyst. The seal blocks the passage of the reactant(s) sround the side of the catalyst.
Rince the path of flow of reactani(s) is impeded by the catalyst, it will generally take
the easier path and enter the channel in the monolith. The reactant(s) then enters the
annular monolith catalyst and passes radially through the catalyst towards the outer
surface of the catalyst monolith. During the passage through the catalyst monolith
reaction occurs. Unreacted reactant and product then flow out of the meonslith
catalyst though the outer surface thereof The upwardly extending skirt then directs
reactant and product upwardly between the inner surface of the skirt and the outer
wall of the monolith catalyst until they reach the seal. They are then divected, by the
underside of the seal, over the end of the skirt and flow downwardly between the
outer surface of the skirt and the inner surface of the reactor tube where heat transfer

takes place.

In the arrangement in which the monolith catalyst includes the chamnel, the catalyst
carrier may inclade a top surface which will extend over the monolith catalyst but
leave the channel uncovered. This top surface serves to enswre that the reactant{s) do
not enter the catalyst monolith from the top but are directed into the channel for radial

flow.
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The discussion of the specific features of the catalyst carrier above in relation to the
first embodiment applies egually in connection to the catalyst carrier for a monolith

catalyst of the second embodiment insofar as the relevant features are present.

Whichever type of carrier is used, in one arrangement more than 40 camers,
preferably more than 41 carriers are located within a single tube. More preferably,
from about 70 to about 200 carrers may be used. This will enable a reasonable
temperature rise of the order of from about 10 °C to about 20 °C to be maintained

over each stage.

The radial flow through the, or each, catalyst carrier within the tube means that the
gas flow path length is also very low when compared with prior art arrangements.
Total catalyst depths of the order of about 2 metres may be achieved within a tube of
up to 20 metres of length at catalyst hourly space velocities of about 2400, The low
flow path means that the overall pressure drop achieved is an order of magnitude
lower than that which would be experienced with the same catalyst in an axial tube

not using the process of the present invention.

One advantage of being able to achieve a low overall pressure drop by the process of
the present invention is that long tubes with high superficial gas velocities, gases
containing high quantities of ineris or a gas recyele may be accommodated without
the pressure drop and potential for catalyst crushing disadvantages experienced with
high flows through current fixed bed systems, This ability to accommodate recycle
will enable overall conversion at fower per pass conversions o be achieved at high

catalyst productivity and selectivity,

The catalyst may be repeatedly and reliably loaded into the carrier at 4 manufacturing
facility. The containers may be assernbled in connected units which will simplify the
ivading of the reactor and in particular will mean that the operators do not have 1o
come into contact with the catalyst. The unloading procedure is also simplified since

the carriers may be readily discharged before being taken for reprocessing.
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In one arrangement of the present invention, a plurality of reactors may be used in

paraliel.

Liquid product stream separate from the stream exiting the reactor will be recovered.
In the process of the present invention, unreacted gas exiting the outlet of the, or each,
reactor may be further treated to remove heat. The removed heat may be reused
and/or rejected to cooling.  Liguid product separated from the stream exiting the

reactor will be recovered.

In one arrangement, two or more reactors may be located in series fluid
communication with facilities located between each reactor to remove heat. The heat
may be reused and/or rejected to cooling.  In one arrangernent, unreacted feed
containing steam exiting the last stage of a series of interconnected reactors may be
recycled to any suitable point in the process. In one arrangement it will be recycled to

the inlet of the first reactor.

In one alternative arrangement, two or more groups of parallel reactors may be
located in series. In this arrangement, groups of parallel reactors are in series
communication with facilities located between each group to remove heat. The heat
may be reused or rejected 1o cooling.  In one armangement, liquid product may be
removed between each stage with carbon oxides containing steam being passed {o a
subseguent reaction stage in the series. Carbon oxides conlaining steam exiting the
last stage of a series of interconnected reactors may be recycled to any suitable point

in the process. In one arrangement it will be recyeled to the inlet of the first reactor,

Where the process includes a plurality of reaction stages, additional {eed may be fed

to the second and/or one or more of any subseguent stages.

The process of the present invention may be used for the production of anhydrides. In
one arrangement it relates to the production of maleic anhydride from a feed stream
comprising n-butane or beneene. In an alternative arvangement, it relates to
production of phthalic anhydride from a feed siream compnsing o-xylene,

naphthalene or mixiures thereof



WO 2012/146902 PCT/GB2012/050233

Any suitable reaction conditions may be used. In one ammangement, the inlet
temperature may be in the region of about 100 °C which will give an exit temperature

of about 420°C. The reaction pressure may be from about 8.7 bara to about 3.5 bara.

The present invention will now be described, by way of example, by reference to the
accompanying drawings in which:
Figure | is a schematic representation of the overall process for
the production of anhydrides;
Figure 2 is & perspective view from above of the catalyst carrier

of the present invention;

Figure 3 is a perspective view of the catalyst carmier from below;
Figure 4 is a partial cross section viewed from the side;
Figure 5 is a simplified diagram of the catalyst carrier of the

present invention;

Figure 6 is a schematic illustration of a carrier of the present

invention from below when located within a tube:

Figure 7 is a schematic cross section of three catalyst camrters

iocated within a fube;

Figure § is an enlarged cross-section of Section A of Figure 7;

Figure 9 is 2z schematic representation of an  alternative
embodiment of the present invention, illustrating the

flow path;

Figure 10 18 a schematic representation of a third embodiment of

the present invention, illustrating the flow path; and

17



WO 2012/146902 PCT/GB2012/050233

Figure 11 is a schematic representation of the flow path between

two stacked carriers of the kind illustrated in Figure 10,

A catalyst carrier | of the present invention is Hlustrated in Figures 2 to 4. The carrier
comprises an annular container I which has perforated walls 3, 4. The inner
perforated wall 3 defines a tube 5. A top surface 6 closes the anrular conlamer at the
top. It is located at a point fowards the top of the walls 3, 4 of the annular container 2
such that a Hp 6 is formed. A bottom surface 7 closes the bottom of the annular
container 2 and a surface 8 closes the bottom of tube 5. The surface 8 is located ina
lower plane that that of the bottom surface 7. Spacer means in the form of a plurality
of depressions 9 are located present on the bottom surface 7 of the annular container

2. Dirain holes 10, 11 are located on the bottom surface 7 and the surface 8.

A seal 12 extends from the upper surface 6 and an upstanding collar 13 is provided

coaxial with the tube 5.

A corrugated upstanding skirt 14 surrounds the container 2. The corrugations are

flattened in the region L towards the base of the camier 1.

A catalyst carrier 1 of the present invention located in a reactor tube 15, The How of

gas is illostrated schematically in Figure 5 by the arrows,

When a plurality of catalyst carriers of the present invention are located within a
reactor tube 15 they interlock as illustrated in Figures 7 and 8. The effect on the flow

path is illusirated in the enlarged section shown in Figure 8.

A catalyst carrier 101 of a second embodiment is illustraied in Figure 8. A bottom
surface 102 closes the bottom of the container 101, Feet 103 exitend upwardly from
the bottom surface to suppori a monolith catalyst 104, An upstanding skt 105
extends from the bottom surface 102, The skirt may be cormgated and may be

flattened as in g region towards the bottom surtace 103,

8
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A seal 106 is provided to extend from the monolith catalyst 104 and interact with the
wall of the reactor tube 107, Baffles 108 extend upwardly for the seal. These serve to
direct flow and to separate the carrier from the bottom surface of a carrier located

above the carrier. The flow of gas is illustrated schematically by the arrows.

An alternative embodiment of the present invention is iHustrated in Figure 10, In this
arrangement the monclith catalyst 104 has a longitudinal channel 109 therethrough.
In this arrangement, the feet of the first embodiment may be omitted. This carrier 18
similar in arrangement to the first embodiment. However, additionally a top surface
110 is provided to cover the upper surface of the monolith catalyst. The flow of gas

in the arrangement of Figure 10 is {llustrated schematically by the arrows.

Then a plurality of catalyst carriers of the present invention are located within a
reactor tube 107 the effect on the flow path is tlusirated in the enlarged section shown

in Figure 11

It will be understood that whilst the catalyst carriers have been described with
particular reference to a use in a fube of circular cross-section the tube may be of non-
circular cross-section for example, it may be a plate reactor. Where the tube is of
non-circular cross-section, the carrier will be of the appropriate shape. In this
arrangement, in the embodiment described in which an anpular monolith is used i
will be understood that the monolith will not be a circular ring and this term should be

construed accordingly,
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Clatms

i, A process for the production of anhydrides by contacting a gaseous feed
stream with a particulate catalyst, said process being carried out in a tubular reactor
having an inlet and an outlet, said outlet being located downstream of the inlet, said
reactor comprising one or more tubes having located therein one or more carrers for
said particulate catalyst and cooling medium in contact with said tubes;

wherein said catalyst carrier comprises:

an annular container for holding catalyst in use, said container having a
perforated inner wall defining a tube, a perforated outer wall, a top surface closing the
annular container and a boitom surface closing the annular container;

a surface closing the bottom of said tube formed by the inner wall of the
annular container;

a skirt extending upwardly from the perforated outer wall of the annular
container from a position at or near the botiom surface of said container to a position
below the location of a seal; and

a seal located at or near the top surface and extending from the container by a
distance which extends bevond an outer surface of the skirt; said process comprising

{a) introducing the gaseous reactants through the inlet;

(b} passing said reactants downwardly through said at least one tube io the
upper surface of the, or the first catalyst carrier where they pass into the
passage defined by the inner perforated wall of the container before
passing radially through the catalyst bed towards the perforated outer wall;

{c} allowing reaction to occur as the gas contacts the catalyst;

{d) passing unreacted reactant and product out of the container though the
perforated outer wall and then upwardly between the inner surface of the
skirt and the outer wall of the annular container until they reach the seal
where they are directed over the end of the skirt and caused to flow
downwardly between the outer surface of the skirt and the inner surface of
the reactor fube where heat trapsfer takes place;

{2} repeating steps (b) to {d) at any subsequent catalyst carrier; and

{fy removing product from the outlet.
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2 A process according to Claim | wherein the catalyst has a diameter of from

about 100 um to about | mm

3. A process for the production of anhydrides by contacting a gaseous feed
stream with a monolith catalyst, said process being carried out in a tubular reactor
having an inlet and an outlet, said outlet being located downstream of the inlet, said
reactor comprising one or more tubes having located therein one or more carriers for
said monolith catalyst and cooling medium in contact with said tubes;

wherein said catalyst carier comprises:

a container holding a monolith catalyst, said container having a bottom surface
closing the container and a skirt extending upwardly from the botiom surface of said
container to a position below the location of a seal and spaced therefrom, said skirt
being positioned such that there a space between an outer surface of the monolith
catalyst and the skirt; and

a seal located at or near a top surface of the monolith catalyst and extending
from the monolith catalyst by a distance which extends beyond an outer surface of the
skirt; said process comprising:

{a} iniroducing the gaseous reactants through the inlet;

{b} passing said reactants downwardly through said at least one tube to the
apper surface of the, or the first, monolith catalyst where they pass through
the monolith catalyst;

{c) allowing reaction to occur as the gas contacts the catalyst,

{d} passing unreacted reactant and product out of the catalyst and then
upwardly between the inner surface of the skirt and the outer surface of the
monolith catalyst until they reach the seal where they are directed over the
end of the skirt and caused io flow downwardly between the outer surface
of the skirt and the inner surface of the reactor tube where heat transfer
takes place;

{¢) repeating steps (b} to (d) at any subsequent catalyst carrier; and

(f} removing product from the outlet.

4. A process according to any one of Claims 1 to 3 wherein a plurality of catalyst

carviers are stacked within the reactor tube.
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5. A process according to any one of Claims | to 4 wherein the annular space
between the cuter surface of the catalyst container and the inner surface of the tube
wall is selected to accommodate the gas flow rate reguired while maintaining high

heat transfer and low pressure drop.

6. A process according to any one of Claims 1 to § wherein the annular space
between the outer surface of the catalyst container and the inner surface of the tube

wall i3 of the order of from abowt 3 mm to about 10 mm.

7. A process according to any one of Claims 1 o § wherein the tubes have a

diameter in the region of from about 75 men to about 130 mm.

&. A process acoording to any one of Claims 1 to 7 wherein more than 41 carriers

are located within a single tube,

g, A process according to any one of Claims 1 o 8 wherein from about 70 to

about 200 carriers are located within a single tube,

10. A process according to any one of Claims | to 9 wherein a plurality of reactors

are used in parallel.

1. A process according to any one of Claims 1 to 10 wherein unreacted gas

exiting the outlet of the each or each reactor is treated to remove heat.

12. A process according to Claim 11 wherein the removed unreacted gas is reused.

13, A process according to any one of Claims 1 to 9 wherein two or more reactors

are focaled in sertes.

4. A process according to Claim 13 wherein the reactors located in series are in

fluid communication with facilities located between sach reactor to remove heat.

15 A process according to Claim 13 or 14 wherein unreacted feed containing
steam exiting the last stage of the serigs of interconnected reactors is recycled o any

suitable point in the process.
22
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16. A process according to Claim 15 wherein unreacted feed containing steam
exiting the last stage of the series of interconnected reactors is recycled to the first

reacior.

17. A process according to Claim 9 wherein groups of parallel reactors are in

series communication with facilities located between each group 1o remove heat.

18. A process according to Claim 13 or 17 wherein the heat is reused and/or

rejected to cooling.

19, A process according to Claim 17, whersin liguid product 1s removed between
each group of parailel reactors with unreacted feed containing steam being passed to a

subsequent reaction reaction group in the senes.

20. A process according to Claim 20 wherein unreacied feed containing steam
exiting the last stage of a series of interconnected reactors is recycled to any suitable

point in the process.

21, A process according to Claim 20 wherein the stream is recycled to the inlet of

the first reactor.

22. A process according to any one of Claims 1 to 21 wherein the process is for
the production of maleic anhydride from a feed siream comprising n-butane or
benzene or is for the production of phthalic anhydride from a feed siream comprising

o-xylene, naphthalene or mixtures thereof.

23, A process according to any one of Claims 1 to 22 wherein the inlet

temperature is about 100 °C.

24. A process according to any one of Claims 1 to 23 wherein the reaction

pressure is from about 0.7 bara to about 3.5 bara.
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