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(57) Abstract

Synthesis gas is prepared from a hydrocarbon feedstock, e.g. natural gas, liquefied petroleum gas, a naphtha, or a gas oil,

by subjecting a part thereof to steam reforming and another part to partial oxidation. The hot gas stream from the steam reformer

(3) at a temperature of about 650 °C to about 950 °C and 30 bar to 60 bar contains typically up to 20 % or more of unconverted
hydrocarbon and is mixed with the hot gas from the partial oxidation unit (6) which is at the same pressure as the hot gas from
the steam reformer (3) and at a temperature of about 1200 °C to about 1500 °C. The mixed stream at a temperature of about 1100
°C to about 1200 °C can be passed through a secondary reforming zone (12) to reduce the methane content in the mixed stream
to about 2 % to about 5 % or more on a dry gas basis. The exit gas from the secondary reformer (12) can then be cooled and com-
pressed for use, for example, for methanol synthesis. By adjusting the ratio of the amounts of hydrocarbon feedstock fed to the
steam reformer and to the partial oxidation unit, the steam: carbon ratio in the steam reformer, and the oxygen: carbon ratio for
the partial oxidation unit, the stoichiometry of the resulting synthesis gas can be adjusted to a desired value. )
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Process for the production of synthesis gas

This invention relates to a process for the
production of synthesis gas.

Synthesis gas is the name given to mixtures of
carbon oxides and hydrogen which are produced on a very
large scale from a carbonaceous feedstock, such as natural
gas. Such mixtures are used in the manufacture of various
industrial chemicals, particularly for production of
methanol and ammonia, as well as for production of liquid
synthetic fuels by the Fischer-Tropsch process. Synthesis
gas is also used in hydroformylation of olefins to yield
aldehydes.

For maximum efficiency the composition of the
synthesis gas should in most cases be as near stoichiometric
as possible for the intended end use thereof. For example,
for production of methanol it is desirable to use a
synthesis gas which has an approximately 2:1 hydrogen:carbon
monoxide molar ratio because this is what the stoichiometry
of the methanol synthesis reaction demands: __

CO + 2H, — CH,0H (1).
Carbon dioxide also forms methanol but the stoichiometry for

this reaction requires a 3:1 hydrogen:carbon dioxide molar
ratio:~-

Co, + 3H, T CH30H + H,0 (2).
On the other hand a synthesis gas for production of an
aldehyde by hydroformylation should have an approximately
1:1 Hy:CO molar ratio because the stoichiometry requires
this ratio. Thus, for example, propylene can be
hydroformylated in the presence of a rhodium complex
catalyst, e.g. HRh(CO) (PPhj3)3, according to the following

reaction:
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CH3-CH=CH, + H, + CO ————> CH3-CH,-CH,-CHO

n-butyraldehyde (major product)

+
CH,-CH(CH3)-CHO
iso-butyraldehyde (minor
product) (3).

If hydroformylation of an olefin to form directly the
corresponding alcohol is to be practised, for example:
CH,=CH, + 2H, + CO ———> CH3-CH,-CHy-OH (4),
then a synthesis gas with an approximately 2:1 H,:CO molar
ratio is desirable.

Whilst carbon dioxide can be tolerated in a
synthesis gas for production of methanol, its presence in a
synthesis gas for hydroformylation or for use in Fischer-
Tropsch reactions is undesirable.

Two major routes to synthesis gas are steam
reforming of hydrocarbons and partial oxidation of
hydrocarbons.

Taking natural gas, the major constituent of which
is methane, as an example of a typical hydrocarbon feedstock

for steam reforming, the primary reaction concerned is:

CHy + HyO — CO + 3H, (5) .
In the presence of steam the following reaction occurs:

The potential also exists for the deposition of carbon by
the following reaction:

2C0 — co, + C (7).
While reactions (6) and (7) are exothermic, reaction (5) is
strongly endothermic. ‘

In a commercial plant the hydrocarbon feedstock is
desulphurised, if necessary, admixed with steam and passed
through catalyst filled tubes mounted in a reforming furnace.
In order to convert as much feedstock to synthesis gas as

possible it is normal to operate at moderate pressure, e.g.
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about 18 bar to about 20 bar, and at high temperature, e.g.
900°C. Under such conditions the effluent gas typically
contains about 2 to 5% or more methane on a dry gas basis.
Use of higher pressures or lower temperatures results in
more slippage of methane; hence at about 40 bar and 850°C
the effluent gas from the steam reformer tubes can contain
up to 20% or more methane on a dry gas basis.

If methane is replaced by a higher hydrocarbon
feedstock, such as n-butane, then a similar equation can be
written for the steam reforming reaction, for example:

n-C4Hyg + 4H,0 —> 4CO + 9H, (8).
In this case the carbon oxides:H, molar ratio is higher than
in the case of methane.

It will be appreciated that the temperature and
pressure conditions typically used in a steam reformer

~impose heavy demands upon the materials of construction of

the reformer tubes in particular. In practice the tubes are
normally operated close to their metallurgical limit and
exhibit notable creep with time. Eventually tube failure is

" unavoidable.

Partial oxidation is an alternative method of
producing synthesis gas. Air is commonly used as oxidant in
the production of synthesis gas for production of ammonia,
since the aim is to produce eventually an approximately 3:1
Hy:N; mixture. On the other hand for production of
synthesis gas for hydroformylaticn, where nitrogen would be
an undesirable constituent of the synthesis gas and would
accumulate in the conventional gas recycle loop around the
hydroformylation reactor, pure oxygen is normally used.
Hence an air separation plant is usually located in the
vicinity of a partial oxidation plant. |

Partial oxidation is an exothermic, non-catalytic
process:

2CHy + 0Oy —> 2C0 + 2H, (9).
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A certain amount of further oxidation is unavoidable which,
for the sake of simplicity, can be expressed as:

CHy + 20, ————> CO, + 2H,0 (10).
This process can be carried out at, for example, 40 bar or
higher in a pressure vessel with a refractory lining and
produces a gas mixture with an exit temperature in the
region of 1200°C to 1500°C. Despite the high gas
temperatures involved, metallurgical problems do not
normally arise in practice due to the use of a refractory
lining to the pressure vessel. At the temperatures used,
the conversion of methane to carbon oxides and hydrogen
according to eguations (9) and (10) is essentially complete.
Hence the exit gases from the partial oxidation reactor are
substantially free from unreacted hydrocarbons, e.g.
methane.

In the synthesis of methanol the methanol synthesis
loop is typically operated at a pressure of from about 50
bar to about 100 bar. Hence compression from the synthesis
gas production pressure to methanol synthesis pressure is
necessary. When using natural gas as the hydrocarbon
feedstock production of synthesis gas at 40 bar has the
advantage that this is a typical pipeline pressure used for
transport of natural gas. Hence there is an advantage in
generating the synthesis gas at as high a pressure as
possible so as to reduce the costs associated with
compression of synthesis gas to methanol synthesis pressure.

A synthesis gas for methanol synthesis can be
characterised by its SM ratio which is defined as:

2 (moles CO) + 3 (moles COjy)
SM = .
moles H,

For methanol synthesis it is desirable to use a synthesis
gas with an SM ratio in the range of from about 0.9 to about

1.1 and even more preferably close to one. However, steam



%4

WO 93/15999 PCT/GB93/00329

reforming of natural gas gives a hydrogen-rich gas mixture
of carbon oxides and hydrogen which normally contains excess
hydrogen for methanol synthesis, while partial oxidation
yields a carbon oxides-rich mixture of carbon oxides and
hydrogen which is deficient in hydrogen for methanol
synthesis. Accordingly there have been a number of
proposals to subject part of the feedstock only to steam
reforming and the remainder to partial oxidation so as to
achieve a mixed synthesis gas of the required composition.

A similar variation in the synthesis gas compositions can be
achieved from other gaseous or vaporisable liquid
hydrocarbon feedstocks containing a higher number of carbon
atoms, e.g. naphtha or a gas oil fraction, by the two
different processes.

One procedure proposed for production of synthesis
gas for methanol production involves use of a pair of
essentially separate, parallel plants, one using steam
reforming to convert the hydrocarbon feedstock to synthesis
gas and the other using partial oxidation. According to
this proposal the feedstock for the steam reforming plant is
desulphurised, mixed with steam, pre-heated and reformed at
a temperature in the region of 900°C and at a pressure in
the region of from about 18 bar to about 20 bar in the
presence of a steam reforming catalyst to produce a hydrogen -
rich stream, that is to say a synthesis gas with a higher
Hy:carbon oxides ratio than desired. This is then passed
through a reformed gas boiler and through various heat
recovery stages, ending with a condenser to remove the
process condensate. The resulting gas is typically at a
préssure of about 15 bar. This is then compressed to about
40 bar or higher in the first stage of a make-up gas
compressor for the methanol synthesis loop. 1In the parallel
plant the natural gas feedstock at about 40 bar or higher is

- subjected to partial oxidation by reaction with high purity
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oxygen. The exit temperature from the partial oxidation
reactor is typically in the range of from about 1200°C to
about 1500°C. The resulting CO-rich synthesis gas stream,
that is to say a synthesis gas stream that is richer in CO
than the desired synthesis gas stream with an SM value of one,
is typically passed in turn through a waste heat boiler, a
carbon scrubber, and further heat recovery stages which may
include, for example, a boiler feed water heater and a
reboiler for one of the methanol distillation columns, and
finally a condenser, before being admixed with the synthesis
gas from the steam reforming train which has already been
compressed to about 40 bar or higher. The combined stream
is then further compressed to methanol synthesis pressure,
e.g. to a pressure in the range of from about 50 bar to
about 100 bar. By feeding an appropriate proportion of the
hydrocarbon feedstock to the two separate synthesis gas
trains, a final synthesis gas with the appropriate
stoichiometry for methanol synthesis is obtained. However,
essentially two separate plants are required, each with its
own heat recovery equipment.

In GB-A-1569014 there is proposed a process for
producing from a desulphurised hydrocarbon containing
feedstock a synthesis gas having essentially the
stoichiometric composition required for methanol synthesis
in which part of the feedstock is subjected to steam
reforming to give an effluent gas containing hydrogen at a
temperature between 650°C and 880°C. This gaseous reformer
effluent is then admixed with the rest of the feedstock,
which has been preheated to over 350°C and has bypassed the
steam reformer. The mixture of reformed gas and bypassed
hydrocarbon feedstock is then reacted with an oxygen-rich
gas in a secondary reforming reactor operating under
essentially adiabatic conditions and containing a bed of

reforming catalyst so as to produce a synthesis gas at a
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- minimum temperature of 880°C and containing less than 7% of

methane on a dry gas basis. Operation at a pressure of
between about 40 and 120 bar is preferred. 1In this process

- the steam reformer is operated at a higher pressure and

lower temperature than usual; although this results in a

" lower conversion of the methane or other hydrocarbon

feedstock, the unconverted hydrocarbon feedstock is
available as a feedstock for the subsequent partial
oxidation step which occurs in the secondary reforming
reactor.

There are, however, a number of significant

problems with the process proposed in GB-A-1569014. For

example, when a hot reformer gas is mixed with fresh feed
gas which has bypassed the steam reformer, a mixed feedstock
is obtained for the oxygen blown secondary reformer which

contains a significant proportion of hydrogen, small

- proportions of carbon oxides, and excess steam, as well as

the fresh hydrocarbon feed. This mixture is then burnt with

high purity oxygen. The design of the burner and of the
combustion zone is critical because there is the risk of

' ~impingement of the extremely hot flame on the vessel wall,

which could cause a reactor failure and hence pose a very

- major safety hazard, and because there is also the risk of

flame or radiant heat impact on the catalyst, which is

somewhat less serious from a safety standpoint but is still

~an important operating criterion.

It is believed that both of these problems, i.e.

~ impingement of the hot flame on the vessel wall and damage

to the catalyst, have occurred in practice in commercial

plants built and operating according to the teachings of GB-

A-1569014.

The burner design for such a plant is complicated
by the fact that it has to operate with a wide mixture of
combustible gases in the feed gas thereto, ranging from




WO 93/15999 PCT/GB93/00329

hydrogen to methane and higher hydrocarbons, which have
significantly different burning velocities and combustion
kinetics. Moreover the effluent gas from the steam reformer
is subject to variations in flow rates and composition due
to control fluctuations, changes in catalyst performance,
and reaction equilibria. Hence there is the added problem
of controlling the feedstock composition to the burner,
which is obtained by mixing hot gas from the steam reforming
reactor with fresh gas, which is at a substantially
different temperature, prior to combustion.

There is accordingly a need to provide an improved
process for the production of synthesis gas of a desired
stoichiometry from a hydrocarbon feedstock, such as methane,
natural gas, liquefied petroleum gas, naphtha or a gas oil
fraction. There is a further need to provide a process for
producing synthesis gas of desired stoichiometry in which
the risks to the safety of the plant and of damage to the
catalyst associated with mixing a hot hydrogen-rich stream,
fresh hydrocarbon feed and an oxygen-containing gas are
obviated.

The present invention accordingly seeks to provide
an improved process for the production of synthesis gas in
which the risks associated with mixing of oxygen-containing
gases with a hot hydrogen-containing gas are substantially
obviated. It further seeks to provide a process for
production of synthesis gas of desired stoichiometry using a
combination of steam reforming and partial oxidation in
which a single set of heat recovery equipment can be used.
It further seeks to provide a process for the production of
synthesis gas of desired stoichiometry from natural gas or
other hydrocarbon feedstock which can be operated
efficiently at higher than normal reforming pressures,
thereby reducing the costs associated with further

compression to the pressure required for a subsequent
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synthesis step, such as methanol synthesis.

According to the present invention there is
provided a process for the production of a synthesis gas
comprising:

(a) providing (A) a primary reforming zone containing a
charge of a steam reforming catalyst, and (B) a partial
oxidation zone;

(b) supplying to the primary reforming zone at a first
predetermined rate a first stream of a hydrocarbon
feedstock; ‘

(c) supplying steam to the primary reforming zone in a
first predetermined ratio relative to the hydrocarbon
feedstock of the first stream;

(d) maintaining the primary reforming zone under
temperature and pressure conditions conducive to formation,
by steam reforming of the hydrocarbon feedstock, of a
gaseous mixture comprising carbon oxides and hydrogen;

(e) recovering from the primary reforming zone a first
gaseous product stream comprising carbon oxides, hydrogen,
methane, and steam at a first elevated pressure and at a
first elevated temperature;

(f) supplying to the partial oxidation zone at a second
predetermined rate a second stream of the hydrocarbon
feedstock;

(g9) supplying an oxygen containing gas to the partial
oxidation zone in a second predetermined ratio relative to
the hydrocarbon feedstock of the second stream and in an

amount corresponding to at least the stoichiometric amount

required for partial oxidation of the second stream of the

hydrocarbon feedstock;

(h) maintaining the partial oxidation zone under
partial oxidation conditions;

(1) recovering from the partial oxidation zone a second

gaseous product stream comprising carbon oxides, hydrogen
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and steam at a second elevated temperature in excess of the
first elevated temperature and at a second pressure which is
substantially the same as the first pressure;

(3) admixing the first and second gaseous product
streams to form a mixed gaseous stream at a third
temperature intermediate the first and second temperatures
and at a third pressure substantially the same as the first
and second pressures; and

(k) selecting the ratio of the first and second rates
in dependence upon the composition of the hydrocarbon
feedstock, the first predetermined ratio and the second
predetermined ratio to provide a desired carbon
oxides:hydrogen ratio in the mixed gaseous stream in
dependence upon the intended use thereof as a source of
synthesis gas.

It will be appreciated by those skilled in the art
that, in the process of the present invention, a hydrocarbon
feedstock is treated in a steam reforming plant and in a
partial oxidation plant connected in parallel, the hot
gaseous exit streams from the steam reforming plant and from
the partial oxidation plant then being mixed before any
attempt is made to recover any significant amount of heat
from either gaseous exit stream. In this process the
relative amounts of hydrocarbon feedstock fed to the
respective plants, the steam:carbon ratio of the supply to
the steam reforming plant (i.e. the first predetermined
ratio), and the carbon:oxygen ratio of the supply to the
partial oxidation plant (i.e. the second predetermined
ratio) are selected to produce a mixed gas stream with a
desirable SM value at a desired temperature and pressure.

In a particularly preferred process the mixed
gaseous stream of step (J) is contacted with a reforming
catalyst in a secondary reforming zone to yield a final

synthesis gas stream which is lower in unreacted
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hydrocarbons than mixed gaseous stream of step (j).

Preferably the temperature and pressure conditions
used in the primary reforming zone include use of an inlet
temperature of from about 350°C to about 750°C, more
preferably from about 400°C to about 650°C, and an inlet .
pressure of from about 30 bar to about 60 bar. Normally the
temperature and pressure conditions used in the primary
reforming zone are selected to provide an exit temperature
of from about 750°C to about 950°C and an exit pressure of
from about 30 bar to about 60 bar.

Preferably the second gaseous product stream is
recovered from the partial oxidation zone at a second
temperature of from about 1200°C to about 1500°C. If
further reforming of the mixed gaseous stream of step (j) is
required, then it is preferred to select the second
predetermined ratio so as to produce a second temperature of
from about 1300°C to about 1500°C. On the other hand, if no
further reforming is required, a lower second temperature
may be preferred, e.g. from about 1200°C to_about 1400°C, in
which case the second predetermined ratio is adjusted
accordingly.

In step (j) the first and second gaseous product
streams are preferably mixed to form a mixed gaseous stream
at a third temperature of from about 900°C to about 1200°C.
If the mixed gaseous stream of step (j) is to be subjected
to further reforming in a secondary reforming zone, then the
third temperature is preferably from about 1000°C to about
1200°C, whereas the third temperature may be lower if no
secondary reforming zone is included.

The hydrocarbon feedstock may, for example,
comprise a natural gas having a methane content of from
about 65% to 100%. Alternatively it may be a liquid
hydrocarbon feedstock, such as a liquefied petroleum gas, a

naphtha or a gas oil.
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The oxygen containing gas is normally a high purity
oxygen stream obtained from an air separation plant.

In the process the SM ratio is preferably from
about 0.90 to about 1.10.

If the mixed gaseous stream of step (j) is to be
used directly as a source of synthesis gas without further
reforming, then it is desirably cooled prior to use by
passage through one or more heat recovery zones connected in
series, typically selected from heat recovery units such as
a waste heat boiler, a reformed gas boiler, a feed gas pre-
heater, a boiler feed water heater, a heat exchanger for a
distillation column reboiler, and a condenser. The cooled
mixed gaseous stream, which still contains some untreated
hydrocarbon feedstock, can then be compressed, as and if
necessary, and/or further treated, e.g. subjected to CO,
removal, ready for use in a subseguent chemical synthesis
step, e.g. methanol synthesis, a Fischer-Tropsch reaction,
or hydroformylation.

Alternatively the mixed gaseous stream of step (J)
can be passed through a secondary reforming zone prior to
passage through one or more heat recovery zones, as outlined
in the preceding paragraph, prior to possible compression
ready for use in a subsequent chemical synthesis step.

A further possibility is to cool the mixed gaseous
stream of step (j) by direct quench.

Alternatively the mixed gaseous stream of step (J)
can be contacted with a reforming catalyst in a secondary
reforming zone to yield a final synthesis gas stream. This
final synthesis gas stream can be passed through a heat
recovery train comprising one or more heat recovery units
connected in series or it can be cooled by direct quench.

It will thus be seen that the output from both the
steam reforming zone and the partial oxidation zone, after

mixing and possibly also secondary reforming, are passed
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though a common heat recovery system.

For large plants it may be more economic to provide
two or more steam reforming zones and/or partial oxidation
zones connected in parallel.

As outlined above, the process may include a
secondary reforming zone through which the mixed gaseous
steam of step (j) is passed. The decision whether to
include a secondary reforming zone in a particular plant or
not will normally be taken on economic grounds. Thus it may
be more economic, under certain circumstances, to accept a '
certain methane slippage in the mixed gaseous stream and to
feed this as synthesis gas into the methanol synthesis loop
and then to recover untreated methane in the purge gas
stream from the methanol synthesis loop for recycle to the
synthesis gas plant. An advantage of such a procedure is
that the third temperature can be reduced to a value of, for
example, from about 1200°C to about 1400°C, with a

‘consequent saving in high purity oxygen and that no

secondary reforming reactor is necessary; on the other hand,
the disadvantage of such a procedure is that, because of the
presence of unreacted methane in the mixed gaseous stream of
step (j), the volume flow rate of gas through the heat
recovery train and the gas compressor for the methanol
synthesis loop is correspondingly higher. For a given plant
the designer can assess these factors and reach a decision
on economic grounds whether it is preferable, either by
reason of capital cost savings or operating cost savings or
a combination of both, to include a secondary reforming
reactor or to include provision for recycle of unreacted
hydrocarbons from the inert gas purge from the methanol
synthesis loop.

In order that the invention may be clearly
understood and readily carried into effect, three preferred

processes in accordance with the invention for the
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production of a synthesis gas of stoichiometry suitable for
methanol synthesis will now be described, by way of example
only, with reference to the accompanying drawings, Figures 1
to 3 of which are each a flow diagram of a respective
methanol synthesis plant.

Referring to Figure 1 of the drawings, a
desulphurised natural gas is supplied to the plant in line 1
at a pressure of about 40 bar or more. Part flows on in
line 2 to a steam reforming furnace 3 after having been mixed
with steam supplied in line 4. The rest of the natural gas
'is fed by line 5 to a partial oxidation reactor 6 which is
also supplied with high purity oxygen in line 7. If
desired, or as necessary, steam or water can be supplied to
partial oxidation reactor 6 in line 8.

The proportions of the natural gas supplied in
lines 2 and 5 depend upon its composition. For example, if
the natural gas has a methane content of about 70%, then
approximately 60% thereof is supplied in line 2 and about
40% thereof in line 5. On the other hand if a natural gas
with a methane content approaching 100% is used, then as
little as about 25% of it may be fed, under appropriate
circumstances, in line 2 whilst the remainder passes through
line 5. Typically, however, the proportion fed in line 2 to
the steam reformer when the purity of the natural gas
approaches 100% methane ranges from about 40% to about 50%
of the total feedstock. 1In accordance with conventional
practice the volume of steam supplied in line 4 is
significantly in excess of the stoichiometric amount
required by equation (5) above (and by the analogous
equations, such as equation (8), in which higher
hydrocarbons replace methane) in order to Suppress carbon
laydown by the reaction of equation (7). Similarly slightly
in excess of the stoichiometric amount of oxygen required to

satisfy the requirements of equation (9) (or the analogous
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equations in which higher hydrocarbons replace methane) is
supplied in line 7 to the partial oxidation reactor 6 in
order to achieve the desired exit temperature.

Reforming furnace 3 is operated with a tube internal

-pressure of about 40 bar or higher and the exit temperature

from the catalyst filled reformer tubes is typically about
750°C to about 850°C. Under these conditions the effluent
gas stream in line 9 can contain up to 20% or more methane

on a dry gas basis.
The catalyst in the tubes of steam reforming furnace

- 3 can be any of the catalysts conventionally used for steam

reforming of hydrocarbons. Typical catalysts include those
containing one or more of the following active components:
nickel, nickel oxide, cobalt oxide, chromia and molybdenum
oxide. Such an active component or components may be
supported on a suitable refractory support. As examples of
suitable refractory supports there can be mentioned

aluminium oxide, alkaline earth oxides, zirconium oxide, and

- mixtures thereof. The catalyst may further include a

promoter, such as thorium, cerium, caesium, an alkali metal .

- oxide, or a mixture of two or more thereof. Further

disclosure of suitable catalysts will be found, for example,
in US-A-3264066, US-A-3442613, US-A-3763205, and US-A-

4079017.
Partial oxidation reactor 6 is also operated at

_about 40 bar or higher and with an exit gas temperature of

about 1350°C to about 1450°C. The quantity of oxygen
admitted in line 7 is matched to the quantity of hydrocarbon

- feedstock supplied in line 5 so as to give the required exit

temperature to achieve by equilibrium the desired
composition of the gas exiting partial oxidation reactor 6

in line 10. The hot gases in lines 9 and 10 are mixed and

‘pass on in line 11. The temperature of the gaseous mixture

in line 11 is controlled to lie within the range of from
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about 1000°C to about 1200°C. Under normal circumstances
this can be achieved by adjusting the conditions in the
steam reforming furnace so as to produce an appropriate exit
gas temperature in line 9, raising or lowering this in
dependence on the mass flow in line 9 relative to the
temperature and mass flow of the gas in line 10. An
alternative and preferred method of adjusting the
temperature of the gas mixture in line 11 involves altering
the oxygen feed rate in line 7 (or the hydrocarbon feedstock
rate in line 5) so as to alter the oxygen:carbon feed ratio
to the partial oxidation reactor 6, thereby changing the
temperature of the gases exiting in line 10. If necessary
the gas in line 11 can be passed through a heater in order
to raise its temperature.

The gas in line 11 can be passed to a secondary
catalytic reactor 12 containing a charge of catalyst. Since
it still contains both steam and methane further reforming
according to eguation (5) above can take place. Since the
temperature is sufficiently high further reaction of methane
with steam can occur to form more carbon oxides and hydrogen
in passage through secondary catalytic reactor 12, which
operates essentially adiabatically.

The catalyst in reactor 12 can be any of the
catalysts conventionally used for steam reforming of
hydrocarbons, such as those mentioned above. Preferably,
however, it is one of the catalysts recommended for
effecting high temperature secondary reforming.

The resulting synthesis gas in line 13 has an SM
value close to one and a methane content on a dry gas basis
of approximately 2 to 5% or more. It is passed through heat
recovery train 14, which may include a waste heat boiler or
a reformed gas boiler, a feed gas pre-heater, a boiler feed
water heater, a heat exchanger for a distillation column

reboiler, or other heat recovery means, and a condenser to
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remove process condensate, which is mainly condensed steam.
The cooled gas passes via line 15 to a make up gas
compressor 16 in which it is brought up to methanol
synthesis pressure, e.g. 100 bar. Recycled gas may be fed
in line 17 to a separate stage of gas compressor 16 or to a
separate circulating gas compressor. The compressed gas
passes on in line 18 to methanol synthesis reactor 19. A
mixture of methanol and unreacted gas passes on in line 20
to methanol recovery section 21 from which product methanol
is passed to purification and storage in line 22.
Uncondensed material and gas pass on in line 23 to.form the
recycle stream in line 17. A purge gas stream is taken in
line 24 to remove inert gases from the plant.

A portion of the purge gas stream in line 24 may be
recycled and fed, for example, to a desulphurisation reactor
(not shown) used to desulphurise the hydrocarbon feedstock.
In this case the purge gas can supply any hydrogen needed in

that desuphurisation reactor.
Line 25 permits steam to be admixed with the

natural gas in line 5, if desired, prior to admission to

. partial oxidation reactor 6.

In an alternative procedure part or all of the
purge gas stream in line 24 can be subjected to a physical
separation method, e.g. pressure swing absorption, in order
to obtain a stream rich in hydrocarbon feedstock for recycle
to line 2 or line 5 and/or a stream rich in hydrogen for
recycle, for example, to line 15, besides a stream
relatively high in inert gases, such as nitrogen and/or

argon, which is purged from the plant.
The plant of Figure 2 is similar to that of Figure

1. However, secondary reforming reactor 12 is omitted and

the mixed gas stream in line 11 is fed directly to heat

'recovery train 14. Hence the gas feed to the gas compressor

16 in line 15 still has a significant methane content, e.g.
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about 5 to about 10% on a dry gas basis, since secondary
reforming has not been used. Another significant difference
is that the gas stream purged from the methanol synthesis
loop in line 24 is passed to a gas separation train 30.
Train 30 can include a cryogenic unit which can be
integrated into the air separation plant used to produce the
high purity oxygen in line 7, and/or a gas separation unit
using a membrane, and/or a pressure swing absorption unit.
Gas separation train 30 provides separation of the gas in
line 24 into a methane rich stream which is recycled in line
31, a hydrogen rich stream in line 32 (which can be used, if
desired, as a source of hydrogen for use in desulphurisation
of the natural gas feedstock), and an inerts rich stream in
line 33 which is purged from the plant.

In Figure 3 of the drawings a natural gas stream in
line 101 at pipeline pressure, e.g. 40 bar or more, is
passed through a desulphurisation reactor 102 which is
supplied with a hydrogen containing stream in line 103. The
desulphurised natural gas in line 104 is fed by lines 105
and 106 to respective banks of catalyst filled reformer
tubes 107 and 108 in a steam reforming furnace 108.
Reference numeral 110 indicates the common flue gas duct for
the two banks 107 and 108 of reformer tubes. Prior to entry
to its respective bank of reformer tubes 107 or 108, each of
the natural gas streams in lines 105 and 106 is admixed with
steam from lines 111 and 112 respectively so as to provide a
predetermined steam: carbon ratio in the feed mixture to the
steam reformer tubes.

Further desulphurised natural gas from line 104 is
fed by way of lines 113 and 114 to respective partial
oxidation reactors 115 and 116 which are also fed with a
mixture of high purity oxygen and steam; the oxygen supply
lines are numbered 117 and 118 respectively, while the
relevant steam supply lines are indicated at 119 and 120.

-
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Reforming furnace 109 is operated at approximately
40 bar and so as to produce an exit gas stream in each of
lines 121 and 122 which is at approximately 825°C; this gas
stream in each case still contains up to 20% methane on a
dry gas basis besides hydrogen, carbon oxides and steam.

Partial oxidation reactors 115 and 116 are each
operated at essentially the same pressure as steam reforming
furnace 109 and with a carbon:oxygen ratio in the supply
thereto such that the exit gas temperature in the gas
streams in each of lines 123 and 124 is about 1450°C; these
gas streams contain a mixture of carbon oxides, hydrogen and

steam but essentially no unconverted hydrocarbon from the

- natural gas feedstock.

The exit gas streams in lines 121 and 123 are mixed.

and pass on in line 125 to a secondary reforming reactor

- 126. The temperature of the mixed stream in line 125 is

typically about 1180°C. Similarly the streams from lines
122 and 124 are mixed to form a common feed stream in line
127, typically at a temperature of about 1180°C, for a
further secondary reforming reactor 128. In passage through
secondary reforming reactors 126 and 128 unconverted
hydrocarbons in the gas streams in lines 125 and 127 are
further converted to carbon oxides and hydrogen. Hence the
methane content in the gas streams exiting the secondary
reforming reactors 126 and 128 in lines 129 and 130
respectively is typically about 2% to 5% or more on a dry
gas basis. These gas streams are passed through respective
heat recovery units 131 and 132, e.g. reformed gas boilers,
and the resulting partially cooled streams in lines 133 and
134 are combined to form a common feed stream in line 135

for a heat recovery section 136. This heat recovery section

136 can include one or more heat recovery units connected in

series, such as a waste heat boiler, a boiler feed water

heater, and/or a heat exchanger for a distillation column
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boiler, and finally through a condenser.

The cooled gas in line 137 is fed to a gas
compressor 138 for a methanol synthesis loop in order to
raise the pressure to methanol synthesis gas pressure, e.g.
approximately 100 bar. The compressed make up gas in line
139 is admixed with recycled gas in line 140 and fed to the
final stage of the gas compressor 138. The compressed gas
is fed in line 141 to methanol synthesis reactor 141 which
contains a charge of a suitable methanol synthesis catalyst,
e.g. a reduced Cu0/Zn0O catalyst, maintained at a methanol
synthesis temperature, e.g. 250°C. The resulting methanol-
containing vaporous mixture flows on in line 143 to a
methanol recovery section 144 which includes a condenser.
Ligquid crude methanol is recovered in line 145 and is passed
on for refining and storage. Uncondensed material is
recovered in line 146; part is recycled in line 140 whilst a
purge stream from the loop is supplied in line 147 to a
pressure swing absorption unit 148 to separate untreated
hydrogen therefrom. Such hydrogen is supplied by way of
line 103 to the desulphurisation reactor 102. Gas is purged
from the plant in line 149.

Steam can be admixed with the hydrocarbon feed to
the partial oxidation reactors 115 and 116 by means of lines
150 and 151.

Although the process of the invention has been
described in relation to methanol synthesis, it will be
readily recognised by those skilled in the art that the
teachings of the invention can be applied also to the
production of synthesis gas for ammonia synthesis. In this
case air or a mixture of air and oxygen is used in place of
the high purity oxygen in line 7 in the plant of Figure 1
and methanol synthesis reactor 19 is replaced by an ammonia
synthesis reactor, the gas in line 11 being subjected to a

shift reaction and CO; removal prior to compression and the
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gas in line 15 having an approximately 3:1 Hy:N, molar
ratio. Alternatively methanol synthesis reactor 19 can be
replaced by a hydroformylation reactor supplied with a
suitable a-olefin, such as propylene; in this case the
proportion of natural gas supplied in line 2 and 5 and the
conditions in steam reformer 3 and partial oxidation reactor
6 are chosen to provide an approximately 1:1 H,:CO molar
| mixture in line 15, whilst an aldehyde, e.g.n-butyraldehyde,

is recovered in line 22 in place of methanol. In this case
a CO, removal zone may be included in line 15.

The invention is further illustrated in the
following Examples. '
Example 1

A natural gas containing 96% methane with the
balance comprising ethane, propane, carbon dioxide and
nitrogen is supplied to a plant of the type illustrated in
Figure 1 in line 1 at a rate of 100 kmol/h at 40 bar. 45
kmol/h of this stream is fed to primary reforming furnace 3
in line 2 after having been admixed with steam from line 4.
The gas in line 9 is at 40 bar and at a temperature of

750°C. 1Its composition is:

Component % by volume Flow rate (kmol/h)
H,0 45.6 96. 4
Hy 32.6 69.0
Cco 3.4 7.2
co, 6.0 12.6
CH, 12.2 25.9
N, + Ar 0.2 0.5

The remaining 55 kmol/h of the natural gas is fed in line 5
to partial oxidation reactor 6 which is also supplied in
line 7 with 46.2 kmol/h of oxygen and in line 8 with 92.3
kmol/h of steam. There exits from partial oxidation reactor
6 a gas stream in line 10 at 1450°C. Upon mixing the two

streams in lines 9 and 10 the resulting mixture in line 11
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The resulting synthesis gas exits at 38 bar and 930°C in

line 13 with the following composition:

Component % by volume Mass rate (kmol/h)
H,0 37.0 186.5
H, 42.7 215.0
co 11.5 58.1
Co, 6.9 34.8
CH, 1.7 8.6
N,y + Ar 0.2 1.2

This stream has an SM value of 1.03 and a methane content
(on a dry gas basis) of 2.7%.

Example 2
In this Example a plant of the type illustrated in

Figure 1 is used. The feedstock is a natural gas having the

following composition:

Component % by volume
CHy 71.3
COy 1.6
CoHg 11.2
C3Hg 8.8

n=-CyHyg 1.9

i-C4Hyg 3.5

n-CgHjp, 1.0

n-CgHjg 0.4
N, + Ar 0.3

The flow rate in line 1 is 100 kmol/h, 60% of which is
supplied in line 2 to steam reformer 3, whilst 40% of the
natural gas is fed in line 5 to partial oxidation unit 6.
The exit temperature and pressure of the gas in line 9 from
the steam reformer 3 are 850°C and 40 bar respectively; its

composition is:
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Component $ by volume Mass flow (kmol/h)
H,0 37.7 165.4
H, 41.6 182.4
Co 8.0 35.2
co, 6.4 27.9
CHy 6.3 27.8
N, + Ar Trace 0.2

O, is supplied to partial oxidation unit 6 in line 7 at a
rate of 44.8 kmol/h in admixture with 89.7 kmol/h steam from
line 8. The gas from the partial oxidation unit 6 in line
10 is at 1450°C and 40 bar. After admixture of the two hot
gas streams from lines 9 and 10 the temperature of the mixed
stream in line 11 is 1067°C. The gas in line 13 is at 944°C

and 38 bar and its composition is:

Component % by volume Mass flow (kmol/h)
H,0 34.7 249.7
H, 44.1 317.5
Cco 12.7 91.2
Co, 6.6 47.8
CH, 1.7 12.5
N, + Ar Trace 0.5

This stream has an SM value of 1.03 and a methane content
(on a dry gas basis) of 2.7%. '
It will be appreciated by those skilled in the art
that the apparatus illustrated in the drawings has the
following advantages compared with a conventional steam
reforming plant:
(1) it can be operated at a higher pressure (e.g. 40
bar) than a conventional steam reforming plant, which is
typically limited to 20 bar or so, and the otherwise
unacceptably high slippage of methane or other hydrocarbon
feedstock through the steam reforming tubes, corresponding
to an effluent gas analysis comprising up to 20% or more

methane on a dry gas basis, can be tolerated;
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(2) it replaces a significant part of the catalyst duty
of the steam reformer by incorporating a secondary reforming
reactor downstream from where the two gas streams mix, i.e.
one from the steam reformer and the other from the partial
oxidation reactor, and this secondary reactor can be an
adiabatic reactor, which is much cheaper than a multi-tube
furnace reactor of the type normally used for steam
reforming;
(3) use of combined steam reforming and partial
oxidation can offer improved economics, particularly in
large capacity plants, and produces lower emissions of
carbon dioxide and nitrogen oxides compared to steam
reforming alone by virtue of reducing the reforming furnace
heat load and consequently reducing the flue gas emissions
therefrom.

In addition, compared to the proposals of GB-A-
1569014, because the combustion step is separated from the
secondary catalytic reforming step, the invention:
(a) avoids the risks associated with the use of a flame
in proximity to the secondary reforming catalyst by
physically separating the combustion zone from the catalytic
zone and thereby avoids the potential for flame impingement
upon the catalyst or radiant heat damage to the catalyst;
and
(b) avoids the need for the primary steam reformer
outlet stream to pass through the partial oxidation
combustion zone and hence there is less danger of flame
instability. Thus hydrogen in the steam reformer outlet gas
is not mixed with fresh hydrocarbon feedstock prior to
mixing with the oxygen used for partial oxidation. Instead
only hydrocarbon feedstock, e.g. natural gas, is fed to the
burner of the partial oxidation reactor in accordance with
conventional partial oxidation practice which has been built
up over the last 30 years or more. By mixing the effluent
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gas from the steam reformer with the exit gas from the
partial oxidation reactor only after combustion has
occurred, the effects of variation in composition of the
respective exit streams caused by control fluctuation and
variations in the feedstock composition are of little

consequence. Moreover the deqgree of mixing of the two exit

' gas streams is not critical to the operation of any

downstream secondary reforming reactor and/or heat recovery
equipment. Also higher temperatures and longer residence
times can be achieved in the partial oxidation reactor for a
given reactor size thereby reducing the potential for carbon
and soot formation. Furthermore the duty imposed on the
secondary catalyst bed is significantly reduced.

Another benefit of using the process of the
invention compared with that of GB-A-1569014 is that it

- minimises or substantially avoids the potential for carbon

or soot formation. A potential problem with both steam
reforming and partial oxidation of natural gas is the
formation of carbon. This potential to form carbon

increases with feedstocks that are rich in higher

- - hydrocarbons and particularly when the feedstock composition

is liable to change, for instance if the feedstock comes
direct from a pipeline. The potential for forming carbon in

a partial oxidation reactor supplied with natural gas is

-very low when operated at the high temperatures proposed for

use in the process of the present invention since there is

"virtually no hydrocarbon remaining after the combustion step

in the partial oxidation reactor.
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CLATIMS
1. A process for the production of a synthesis gas
comprising:
(a) providing (A) a primary reforming zone containing a

charge of a steam reforming catalyst, and (B) a partial
oxidation zone;

(b) supplying to the primary reforming zone at a first
predetermined rate a first stream of a hydrocarbon
feedstock;

(c) supplying steam to the primary reforming zone in a
first predetermined ratio relative to the hydrocarbon
feedstock of the first stream;

(d) maintaining the primary reforming zone under
temperature and pressure conditions conducive to formation,
by steam reforming of the hydrocarbon feedstock, of a
gaseous mixture comprising carbon oxides and hydrogen;

(e) recovering from the primary reforming zone a first
gaseous product stream comprising carbon oxides, hydrogen,
methane, and steam at a first elevated pressure and at a
first elevated temperature;

(f) supplying to the partial oxidation zone at a second
predetermined rate a second stream of the hydrocarbon
feedstock;

(g) supplying an oxygen containing gas to the partial
oxidation zone in a second predetermined ratio relative to
the hydrocarbon feedstock of the second stream and in an
amount corresponding to at least the stoichiometric amount
required for partial oxidation of the second stream of the
hydrocarbon feedstock;

(h) maintaining the partial oxidation zone under
partial oxidation conditions;

(1) recovering from the partial oxidation zone a second
gaseous product stream comprising carbon oxides, hydrogen

and steam at a second elevated temperature in excess of the



4

- W0 93/ 15999 PCT/GB93/00329

- 27 =

first elevated temperature and at a second pressure which is
substantially the same as the first pressure; |

(3) admixing the first and second gaseous product
streams to form a mixed gaseous stream at a third
temperature intermediate the first and second temperatures
and at a third pressure substantially the same as the first
and second pressures; and

'(k) - selecting the ratio of the first and second rates
in depéndence upon the composition of the hydrocarbon

feedstock, the first predetermined ratio and the second

- predetermined ratio to provide a desired carbon

oxides:hydrogen ratio in the mixed gaseous stream in
dependence upon the intended use thereof as a source of
synthesis gas.

2. ‘A process according to claim 1, in which the mixed

"gaseous stream of step (j) is passed through a heat recovery

section comprising one or more heat recovery units connected

in series to form a final synthesis gas stream.

3. A process according to claim 1, which includes the
step of cooling-the mixed gaseous stream of step (j) by

direct quench.

4. A process according to claim 1, in which the mixed
gaseous stream of step (j) is contacted with a reforming

‘catalyst in a secondary reforming zone to yield a final

synthesis gas stream.

5. A process according to claim 4, in which the final

synthesis gas stream is passed through a heat recovery train

‘comprising one or more heat recovery units connected in

series.
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6. A process according to claim 4, in which the final

synthesis gas stream is cooled by direct quench.

7. A process according to any one of claims 1 to 6, in
which the temperature and pressure conditions used in the
primary reforming zone include use of an inlet temperature
from about 350 °C to about 750 °C and an inlet pressure of

from about 30 bar to about 60 bar.

8. A process according to any one of claims 1 to 7, in
which the temperature and pressure conditions used in the
primary reforming zone are selected to provide an exit
temperature of from about 650°C to about 950°C and an exit

pressure of from about 30 bar to about 60 bar.

9. A process according to any one of claims 1 to 8, in
which the second gaseocus product stream is recovered from
the partial oxidation zone at a second temperature of from
about 1200°C to about 1500°C.

10. A process according to any one of claims 1 to 9, in
which in step (j) the first and second gaseous product
streams are mixed to form a mixed gaseous stream at a third

temperature of from about 900°C to about 1200°C.

11. A process according to any one of claims 1 to 10,
in which the hydrocarbon feedstock comprises a natural gas
having a methane content of from about 65% to 100%, a
ligquefied petroleum gas, a naphtha, or a gas oil.

12. A process according to any one of claims 1 to 11,
in which the oxygen containing gas is essentially pure

oxygen.
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13. A process according to any one of claims 1 to 12,
in which the SM ratio, where
2 (moles CO) + 3 (moles COy)
SM = '
moles Hy
is from about 0.90 to about 1.10.
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