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ABSTRACT OF THE DISCLOSURE

A process for the conversion of natural gas into higher hydrocarbons, which
comprises the following steps:

(i) reacting natural gas with steam in at least one reforming zone
containing a reforming catalyst to produce a first product stream
containing carbon monoxide, carbon dioxide and hydrogen;

(i1) passing said first product stream, without separating said carbon
dioxide, to a Fischer-Tropsch reactor to produce a second product stream
including hydrocarbons and carbon dioxide:

(iii) passing said second product stream to a recovery zone where the
desired higher hydrocarbon products are recovered, the remaining components
of said second product stream forming a third product stream;

(iv) passing at least a portion of said third product stream into the

reforming zone of process step (i).
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IMPROVED GAS CONVERSION PROCESS

This invention relates to an improved gas conversion process.

Much literature is available on the conversion of natural gas
into higher hydrocarbons. One possible scheme converts natural gas
into synthesis gas, a mixture of hydrogen and carbon monoxide, by
reaction with steam and optionally oxygen. This process 1is known as
reforming. The synthesis gas can then be converted into higher
hydrocarbons using the Fischer-Tropsch process.

Use of natural gas, typically a mixture of predominantly methane
with some higher hydrocarbons, nitrogen and carbon dioxide, as the
only carbon-containing material in the feed to the reformer, leads to
a synthesis gas with a CO:Hy molar ratio which is not optimum for use
in the Fisher-Tropsch reaction. Accordingly, it 1is normal practice to
remove carbon dioxide co-produced during the reforming process and
recycle the desired quantity back to the reformer. The addition of
this carbon dioxide to the feed changes the CO:Hp molar ratio.
Careful control of the amount of recycled carbon dioxide allows
a desirable CO:Hy ratio to be achieved. This process is described,
for example, in a review article by Goff and Wang in Chemical
Engineering Progress, August 1987, pp. 46-53.

Integrating a conventional reforming process as described above
with a conventional Fischer-Tropsch process would result in a reaction
scheme such as the one shown in Figure 2 and described later in this
specification. GB-A-2183672 describes a prbcess for producing liquid

hydrocarbons from a hydrocarbonaceous feed which comprises the

following steps:
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(i) catalytically reforming at least part of the hydrocarbonaceous

one reforming zone;

(ii) heating the reforming zone(s) by means of a carbon
dioxide~containing heating gas comprising a product obtained by
partial oxidation of reformer product obtained in step (i) or of
a remaining part of the hydrocarbonaceous feed or of a mixture
thereof with an oxygen-containing gas 1in an oxidation zone;

(iii) separating carbon dioxide from heating gas obtained in
step (ii);

(iv) catalytically converting at least part of the reformer
product obtained in step (i) and/or gas obtained after
separating off carbon dioxide in step (iii) at elevated
temperature and pressure into normally liquid hydrocarbons; and

(v) combining at least part of the carbon dioxide obtained in step
(iii) with hydrocarbonaceous feed for at least one of steps (i)
and (ii).

This process adopts the conventional approach described above

involving the separation of carbon dioxide before carrying out the

conversion of the reformer product (synthesis gas) into liquid
hydrocarbons.

We have now found an improved scheme for integrating a reforming
process with a Fischer-Tropsch process.

Accordingly, the present invention provides a process for the
conversion of natural gas into higher hydrocarbons, which comprises
the following steps:

(1) reacting natural gas with steam in at least one reforming zone
containing a reforming catalyst to produce a first product
stream including carbon monoxide, carbon dioxide and hydrogen;

(ii) passing said first product stream, without separating said
carbon dioxide, to a Fischer-Tropsch reactor to produce a second
product stream including hydrocarbons and carbon dioxide;

(iii) passing said second product stream to a recovery zone where the
desired higher hydrocarbon products are recovered, the remaining

components of said second product stream forming a third preoduct
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(iv) passing at least a portion of said third product stream into the
reforming zone of process step (i).

The reforming step (i) is well known in the art. The reaction of
natural gas with steam is known as the steam reforming, while the
reaction of natural gas with steam in the additional presence of
oxygen is known as autothermal reforming. Either steam reforming oOr
autothermal reforming, or a combination of both, may be used 1in step
(i).

Specific combinations of steam reforming and autothermal
reforming are known. In series reforming, the product from a steam
reformer is passed to an autothermal reformer along with fresh natural
gas and oxygen feed. In convective reforming, steam and natural gas
are partially reacted, and the product is passed to an autothermal
reformer along with fresh natural gas, steam and oxygen feed. The
product stream from the autothermal reformer, which is at a very high
temperature, is circulated back to the initial reactor where it 1is
passed outside the reaction zone to provide a source of heat for the
reaction. Any of these arrangements may be used in the process of the
present invention. Throughout this specification and claims, except
where the context otherwise requires, the term "reformer" includes
one or more than one reformer; where there is more than one reformer,
these may be optionally of different types.

The reforming reaction is preferably carried out at a temperature
in the range of from 700 to 1100, especially 780 to 1050°C. The
pressure is preferably in the range of from 1000 to 8000 kPa (10 to 80
barg), especially 2000 to 4000 kPa (20 to 40 barg). Any suitable
reforming catalyst, for example a nickel catalyst, may be used.

The output from the reformer includes carbon dioxide. It 1is
necessary, in order to produce a synthesis gas with the desired CO:Hj
ratio, that the feed to the reformer includes carbon dioxide. In
conventional practice, this carbon dioxide is obtained by sepafation
of carbon dioxide from the reformer output, and recycle back to the
reformer. It is an important feature of the present invention that

this separation of carbon dioxide need not be carried out. Separation
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of carbon dioxide is expensive. It is often carried out by amine
stripping. This involves reaction with an amine, followed by removal
by boiling, and compression tO reach the necessary pressure for
recycle back to the reformer. It is a major cost advantage of the
process of the invention that this step is unnecessary.

The output from one reforming zone may if desired be passed on to
a further reforming zone, but carbon dioxide 1is not separated from the
product stream emerging from the end of the total reforming process.
Rather, the first product stream including carbon dioxide is passed
into the Fischer-Tropsch reactor. This is an unconventional feedstock
for a Fischer-Tropsch reactor, for reasons which will be explained
later. The carbon dioxide required in the feedstock for reforming
step (i) is obtained by separation from the second product stream

igssuing from the Fischer-Tropsch reactor.

Preferably, water is separated from the first product stream by
cooling before the stream is fed to the Fischer-Tropsch reaction. If
the first product steam has a ratio of hydrogen to carbon dioxide
above that desired for input to the Fischer-Tropsch reactor, it may be
subjected to a suitable hydrogen removal step; for example, the first
product stream may be passed to a membrane separation unit to remove

excess hydrogen.

Fischer-Tropsch reactors are often operated with a major recycle
of unconverted synthesis gas separated from the product stream and
introduced with the fresh feedstock. If this is done, it is necessary
to remove carbon dioxide from the fresh synthesis gas feed, to prevent
it building up to unacceptably high standing concentrations in the
recycle loop. In the present invention, at least a portion of the
third product stream is fed to the reformer rather than being recycled
to the Fischer-Tropsch reactor. Accordingly, there is no excessive
build up of carbon dioxide in the Fischer-Tropsch reactor, and use of
the carbon dioxide containing feedstock from the reformer 1s
accordingly acceptable. The proportion of the third product stream
fed to the reformer is such as to achieve the desired quantity of
carbon dioxide in the feed for the reformer. This quantity will of

course depend on a number of factors including the temperature and
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pressure used as well as the content of higher hydrocarbons. A major
factor determining the gquantity of the recycle is the content of inert
materials, such as nitrogen. Natural gas usually contains nitrogen,
and unless some of this nitrogen is removed, it will reach
unacceptable levels in the system. Accordingly, some of the third
product stream is normally removed in a gas purge which may be
utilised as fuel. In general, preferably at least 50%, especially at
least 75%, up to 99%, of the third product stream, may be recycled.
The quantity of carbon dioxide fed in this recycle is preferably in
the range of from 10 to 40%Zv based on the natural gas feed.

If the feedstock to the reformer contains significant quantities
of higher hydrocarbons, this can result in excessive coking of the
catalyst. It is conventional to process the feed for a reformer by a
pre-reforming step to remove these hydrocarbons. In the process
according to the present invention, the portion of the third product

stream recycled to the reformer may also if desired be subjected to

such a pre-reforming step.

Fischer-Tropsch conditions are well known to those skilled in the
art. Preferably, the temperature is in the range of from 150 to
350°C, especially 180 to 240°C, and the pressure is in the range of
from 100 to 10,000 kPa (0 to 100 barg), especially 1000 to 5000 kPa
(10 to 50 barg). Any suitable Fischer-Tropsch catalyst may be used,
for example one based on cobalt or jron. If the catalyst comprises
cobalt or iron on a support, very many different supports may be used,
for example silica, alumina, titania, ceria, zirconia or zinc oxide.
The support may itself have some catalytic activity. Preferably the
catalyst contains from 2 to 25%w, especially from 5 to 15%w of cobalt
or iron. Alternatively, the catalyst may be used without a support.
In this case, the catalyst is often prepared in the form of an oxide.

Active metal catalytic components or promotors may be present as well

as cobalt or iron if desired.

The useful products obtained from the Fischer-Tropsch reactor
will of course depend on the catalyst and the operating conditions
used. The initial products may undexgo further processing to obtain

the desired products; for example, if the initial products obtained
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include waxy hydrocarbons, these may be cracked using known techniques
to produce higher value liquid products, for example in the gasoline
or middle distillates range.

The invention will now be further degcribed with reference to the
accompanying drawings, 1in which Figures 1 and 5 are flow sheets
representing a process according to the invention; Figures 2 and &4 are
comparison flow sheets representing a typical process operating on
prior art principles; and Figure 3 shows a typical reformer
arrangement which may be used in the process according to the
invention.

In Figure 1, steam and natural gas, optionally together with
oxygen, are fed into a reformer. The reformer may be a single
reforming zone containing a reforming catalyst, or it may be a system
containing more than one reforming zone, the zones being connected 1in
any desired way. The output from the reformer is a first product
stream which preferably after condensing and removing most of the
water content, is passed directly to a Fischer-Trospsch (FT) reactor
operating under Fischer-Tropsch conditions. The output from the
Fischer-Tropsch reactor is a second product stream from which the
des;red liquid or solid hydrocarbon products are removed normally in
distillation columns. Low boiling by-products such as water are also
removed at this stage. The third product stream remaining after
product recovery contains various gaseous components such as carbon
dioxide, carbon monoxide, hydrogen and methane. The third product
stream is monitored for carbon dioxide content, and as much as
required of the stream 1is recycled via a compressor to the reformer.
The undesired portion of the stream 1s removed in a gas purge.

By comparison, Figure 2 shows a typical process operating on
prior art principles. The process of Figure 2 contains all of the
features of Figure 1, but a number of édditional process steps are
necessary. The output stream from the reformer is subject to a carbon
dioxide removal step. The quantity of carbon dioxide required as feed
for the reformer is recycled to the reformer via a compressor, while
excess carbon dioxide is vented. The remaining product stream is fed

to the Fischer-Tropsch reactor. Products from the Fischer-Tropsch
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reactor are recovered as in Figure 1, but the remaining gas stream 1s
split into two. One part is recycled to the Fischer-Tropsch reactor
via a compressor. As much as required of the second part is recycled
via a compressor to the reformer. The undesired portion is removed 1in
a gas purge.

Figure 3 shows one possible arrangement for the reformer shown 1in
Figure 1. Natural gas is passed through a pre-heater, and then split
into two streams. One stream is mixed with steam and passed into the
reaction zone of a convective reformer. The product emerging from the
reaction zone is then mixed with the second stream of natural gas and
with oxygen obtained via an air separator, and passed into the
reaction zone of an autothermal reformer. The product emerging from
the autothermal reformer is a very hot synthesis gas-containing
stream, and this is then passed 1into the heating jacket of the
convective reformer referred to above. Here, the hot synthesis
gas~containing stream heats the gases entering the reaction zone of
the convective reformer. In this process, the synthesis
gas-containing stream 1is cooled; it subsequently undergoes further
cooling, water is removed by condensation, and the stream is passed to
the Fischer-Tropsch reactor.

‘Operation of the process according to the invention can be
modelled quantitatively , and an example of such modelling is given
below.

(a) TYPICAL CASE WITH CO9 RECYCLE (conventional process)

The reformer arrangement used for this example is as shown in
figure 3 and the overall process arrangement is as shown in figure 4.
Part of the natural gas feed (stream 1) is combined with the
hydrocarbon recycle stream (stream 9), the COp recycle stream (stream

7), and steam (stream 3) and passed to the primary (convective)
reformer where the hydrocarbons are partially reformedl For the
purpose of this example the level of steam added is based on providing
a (steam + CO9):carbon ratio in the feed gas of 3.3, which to those
skilled in the art represents an acceptable operating regime to
prevent carbon laydown on the reforming catalyst. The partially

reformed gas is then combined with the remaining natural gas and the
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reforming is completed by combining with oxygen (stream 2) in a
secondary (autothermal) reformer. The synthesis gas produced 1is
partially cooled as it passes back through the convective reformer and
some of the sensible heat is used to provide the endothermic heat of
reaction for the primary steam reforming. The synthesis gas is cooled
further and condensed water is removed. CO9 is then removed from the
synthesis gas before passing to the Fischer-Tropsch conversion stage.
Some of the COp removed is compressed and recycled to be co-mixed with
the fresh natural gas feed to the convective reformer. The amount of
COy recycled depends upon the CO/Hy ratio required in the downstream
process; for a given natural gas composition increasing the amount of
COy recycled increases the CO/Hy ratio (and vice versa).

The cost of removing and recycling the COy is expensive and
typically would represent around 30Z of the costs associated with
producing the synthesis gas within the process.

(b) TYPICAL CASE WITHOUT COp RECYCLE (according to the invention)

The overall process arrangement for this example is shown in
figure 5. The process assumptions and conditions are the same as 1in
the above example except in the way that COy is recycled to the
reformer to adjust the CO/Hy synthesis gas ratio. In this scheme the
synthesis gas is passed directly from the reforming stage (after any
necessary cooling/water removal) to the Fischer-Tropsch reaction. The
resulting gases are cooled and condensed hydrocarbon and aqueous
products are separated from the gas stream. Part of this process tail
gas is recycled to the fresh reformer feed. It is a crucial part of
the current scheme that sufficient tail gas is recycled to provide the
necessary COy feed to the reformer to achieve the desired Hp/CO
ratio. Any surplus tail gas is purged from the process and can if
required be used as fuel gas for any heating or power generation
requirements.

Although the scheme increases the hydrocarbon recycle (stream 9)
leading to higher recycle compressor costs and an increased reformer
duty, the resultant increases in equipment costs are substantially
outweighed by the savings in CO9 removal and recycle. Overall the

nett saving in plant capital (synthesis gas generation and hydrocarbon
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recycle) is estimated to be about 10-12%2 between the two schemes

outlined above.

The estimated quantities of the materials present at various
points in the two schemes (a) and (b) above are given in Table 1. The
table shows that the carbon dioxide can be handled according to the
invention without incurring significant penalties in other aspects of
process operation. It also shows, surprisingly, that the oxygen
requirements for the process do not increase relative to the

requirements for the conventional operation.
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Table 1

(a) TYPICAL CASE WITH CO9 RECYCLE (conventional process, Figure 4 )

Stream | 2 3 4 5 6 7 8 9
temp (C) 400 200 371 50 64 63 4 35 400
pressure (bar) 43 36 40 36 32 1.2 143 2 43
hydrogen 0 0 0 2329 2329 0 0 7 0
oxXygen 0 583 C 0 0 0 0 0 0
nitrogen 37 3 0 102 102 0 0 39 59
CcO 0 0 0 1121 1121 0 0 8 34
CO9 10 0 0 307 0 89 218 0 0
methane 895 0 0 30 30 0 0 0 111
ethane 57 0 0 0 0 0 0 0 3
water 0 0 1325 0 0 D 0 0 0

(b) SAME CASE WITHOUT CO9 RECYCLE (according to the invention,

Figure 5)
temp (C) 400 200 371 - 64 - - 50 400
pressure (bar) 43 36 40 —~ 32 - - 25 43
hydrogen 0 0 0 - 2470 - - 104 270
oxygen 0 586 0 - 0 - - 0 0
nitrogen 37 3 0 - 143 - - 39 104
CO 0 0 0 - 1189 - - 49 130
CO9 10 0 0 - 420 -~ ~ 116 316
methane 895 0 0 - 21 - - 26 70
ethane 57 0 0 - 0 - - 0 b
water 0 0 1850 - 0 - - 0 0

BASIS 1000 KMOL/HR NATURAL GAS FEED
All flows in Kmol/hr

10
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We Claim:

1.

A process for the conversion of natural gas into higher hydrocarbons, which

comprises the following steps:

(1)

(11)

(iii)

(1v)

2.

reacting natural gas with steam in at least one reforming zone containing a
reforming catalyst to produce a first product stream containing carbon monoxide,
carbon dioxide and hydrogen,

passing said first product stream, without separating said carbon dioxide, to a
Fischer-Tropsch reactor containing a Fischer Tropsch catalyst, which 1s not cobalt
with titanium, zirconium, ruthenium or chromium on a silica or alumina or
silica/alumina support, to produce a second product stream wherein the second
product stream comprises hydrocarbons and carbon dioxide;

passing said second product stream to a recovery zone where the desired higher
hydrocarbon products are recovered, the remaining components of said second
product stream forming a gaseous third product stream comprising carbon
dioxide;

passing at least a portion of said third product stream into the reforming zone of
process step (1).

A process according to claim 1 in which the Fischer Tropsch catalyst is cobalt on

a zinc oxide support.

3.

A process according to claim 1 or 2 in which the step (1) is carried out at a

temperature in the range of from 700 to 1100°C and a pressure in the range of from 1000
to 8000 kPa.

4.

A process according to any one of claim 1, 2 or 3, in which the Fischer- Tropsch

reactor of step (ii) operates at a temperature in the range of from 150 to 350°C and a

pressure in the range of from 100 to 10,000 kPa.

11
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. A process according to any one of claims 1, 2, 3 or 4, in which step (1) comprises
the following steps:

(a) steam and natural gas are partially reacted in a steam reformer and the product is

passed to an autothermal reformer along with fresh natural gas, steam and oxygen;

and
(b) the product stream from the autothermal reformer 1s circulated back to the steam
reformer where it is passed outside the reaction zone to produce a source of heat
for the reaction.
6. A process according to any one of claims 1, 2, 3, 4 or 5 in which water is
separated from the first product stream before the stream 1s fed to the Fischer-Tropsch
reactor.
7. A process according to any one of claims 1, 2, 2, 4, 5 or 6, in which the first
product stream 1s subjected to a hydrogen removal step before the stream is fed to the
Fischer-Tropsch reactor.
8. A process according to any one of claims 1, 2, 3, 4, 5, 6 or 7, in which from 50 to
99%v of the third product stream is recycled into the reforming zone of process step (1).
9. A process according to any one of claims 1, 2, 3, 4, 5, 6, 7 or 8, in which the
quantity of the third product stream recycled into the reforming zone of process step (1) is
such as to give a quantity of carbon dioxide of from 10 to 40%v based on the natural gas
feed.
10. A process according to any one of claims 1, 2, 3, 4, 5, 6, 7, 8 or 9, in which the
portion of the third product stream recycled into the reforming zone of process step (1) is

subjected to a pre-reforming step to remove higher hydrocarbons.

12
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