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(57) Abstract: A process for the production of liquid
hydrocarbon products from synthesis gas in a system
comprising a reaction zone and a gas separation zone
wherein the process comprises: a) in the reaction
zone, contacting synthesis gas at elevated temperature
and pressure with a suspension of a particulate
Fischer-Tropsch catalyst in a liquid medium so as to
convert at least a portion of the synthesis gas into
liquid hydrocarbon products; b) discharging a product
suspension comprising catalyst suspended in the liquid
medium and the liquid hydrocarbon products from the
reaction zone into the gas separation zone, the product
suspension having unconverted synthesis gas dissolved
and/or entrained therein; c) in the gas separation zone,
separating a gaseous stream comprising unconverted
synthesis gas from the product suspension; d) recycling
at least a portion of the separated gaseous stream to the
reaction zone; and e) recycling at least a portion of the
degassed product suspension from the gas separation
zone to the reaction zone.



WO 01/94500

Al

IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF,
CG, CIL, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii)) for the following designations AE,
AG, AL, AM, AT, AU, AZ, BA, BB, BG, BR, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IN, IS, JP, KE, KG,
KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, MG,
MK, MN, MW, MX, MZ, NO, NZ, PL, PT, RO, RU, SD, SE,
SG, SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, UZ, VN, YU,
ZA, ZW, ARIPO patent (GH, GM, KE, LS, MW, MZ, SD, SL,
SZ, TZ, UG, ZW), Eurasian patent (AM, AZ, BY, KG, KZ,
MD, RU, TJ, TM), European patent (AT, BE, CH, CY, DE,
DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, TR),
OAPI patent (BE, BJ, CE, CG, CI, CM, GA, GN, GW, ML,
MR, NE, SN, TD, TG)

as to the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii)) for the following desig-
nations AE, AG, AL, AM, AT, AU, AZ, BA, BB, BG, BR, BY,

BZ, C4, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC,
EE, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IN, IS, JP,
KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD,
MG, MK, MN, MW, MX, MZ, NO, NZ, PL, PT, RO, RU, SD,
SE, SG, SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, UZ, VN,
YU, ZA, ZW, ARIPO patent (GH, GM, KE, LS, MW, MZ,
SD, SL, SZ, TZ, UG, ZW), Eurasian patent (AM, AZ, BY,
KG, KZ, MD, RU, TJ, TM), European patent (AT, BE, CH,
CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT,
SE, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, G4, GN,
GW, ML, MR, NE, SN, TD, TG)

of inventorship (Rule 4.17(iv)) for US only

of inventorship (Rule 4.17(iv)) for US only

Published:

with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.



10

15

20

WO 01/94500 PCT/GB01/02345

FISCHER-TROPSCH PROCESS

The present invention relates to a process for the production of liquid

hydrocarbons from a gaseous mixture comprising carbon monoxide and hydrogen
(synthesis gas), in the presence of a Fischer-Tropsch catalyst. In particular, the present
invention relates to the production of liquid hydrocarbons by contacting synthesis gas
with a Fischer-Tropsch catalyst in a three-phase (liquid/gas/solid) fluidised bed.

The production of hydrocarbons by contacting synthesis gas with a Fischer-
Tropsch catalyst, typically a cobalt or iron catalyst, which may be either supported or
unsupported, has been known for a considerable number of years. Fischer-Tropsch
processes have been operated commercially for example by Sasol Technology (Pty) Ltd
in South Africa. Much of the early work on Fischer-Tropsch hydrocarbon synthesis was
accomplished using fixed bed catalysts but in recent times attention has shifted to the
use of liquid phase catalytic reactions largely because of the relative ease of removing
the exothermic heat of reaction in such systems.

Fischer-Tropsch processes which employ particulate fluidised beds in shurry
bubble column reactors are described in, for example, US Patent Nos. 5,348,982,
5,157,054; 5,252,613, 5,866,621, 5,811,468; and 5,382,748. Slurry bubble column
reactors operate by suspending catalytic particles in a liquid and feeding gas phase
reactants into the bottdm of the reactor through a gas distributor which produces small
gas bubbles. As the gas bubbles rise through the reactor, the reactants are absorbed into
the liquid and diffuse to the catalyst where, depending on the catalytic system, they can
be converted to both liquid and gaseous products. If gaseous products are formed, they

enter the gas bubbles and are collected at the top of the reactor. Liquid products are
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recovered by passing the slurry through a filter which separates the liquid from the
catalytic solids. A principal advantage of slurry reactors over fixed bed féhclgors is that
the pressure of a circulating/agitated slurry phase greatly increases the transfer rate of
heat to cooling surfaces built into the reactor. A distinct advantage of bubble columns
over mechanically stirred reactors is that the required mixing is effected by the action of
rising bubbles, a process significantly more efficient in energy than mechanical stirring.

In US 5,776,988, a Fischer-Tropsch process is operated by passing liquid and

. gas through the reactor in an ascending flow so as to expand a particulate fluidised

catalytic bed by at least 10% and up to 50% in relation to the height of the bed at rest
and to place the catalyst in random movement in the liquid. By controlling the size and
density of the catalytic particles, and the velocities of the gases and of the liquids, while
taking into account the viscosity of the liquid and the operating conditions, the catalytic
bed expands to a controlled height. The size of the catalyst is typically of mean
equivalent diameter of between 100 and 5000 pm. This mode of operation has an
advantage that the catalyst is more uniformly dispersed throughout the liquid medium
allowing improvements in the operability and productivity of the process to be obtained.

However, there remains the need for further improvements in the mode of
operation of a Fischer-Tropsch process. It has now been found that a Fischer-Tropsch
process can be operated using a three phase fluidised bed without being constrained by
the velocities of the liquid and gas or the size of the catalyst particles.

The present invention relates to a process for the production of liquid
hydrocarbon products from synthesis gas in a system comprising a reaction zone and a

gas separation zone wherein the process comprises:

+a) in the reaction zone, contacting synthesis gas at elevated temperature and pressure

with a suspension of a particulate Fischer-Tropsch catalyst in a liquid medium so as
to convert at least a portion of the synthesis gas into liquid hydrocarbon products;
b) discharging a product suspension comprising catalyst suspended in the liquid
medium and the liquid hydrocarbon products from the reaction zone into the gas
separation zone, the product suspension having unconverted synthesis gas dissolved
and/or entrained therein;
¢) in the gas separation zone, separating a gaseous stream comprising unconverted

synthesis gas from the product suspension;
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d) recycling at least a portion of the separated gaseous stream to the reaction zone; and
e) recycling at least a portion of the degassed product suspension from tﬂevgélls
separation zone to the reaction zone.
Advantages of the process of the present invention over conventional Fischer-
Tropsch processes include:
1. the ability to eliminate the requirement of keeping the fluidised catalytic bed in the

‘reaction zone;

. 2. the removal of the requirement to control the size and density of the catalyst particles

and the velocities of the gas and liquid feeds to the reaction zone; and

3. operating with a catalyst of reduced particle size (mean particle size of less than 100
microns) which (i) promotes the catalytic reaction, (i) improves product selectivities
and minimises methane by-product make, and (iii) enables the catalyst to remain
suspended in the liquid phase during recycle of the suspension to the reaction zone.

In the reaction zone, the particulate Fischer Tropsch catalyst is maintained in a
suspended state by the action of the flow of liquid (comprising liquid medium and
liquid hydrocarbon products) through the reaction zone. Suitably, the rate of flow of
liquid through the reaction zone is equal to or greater than the terminal fall velocity of
the catalyst particles.

The suspension may be cooled within the reaction zone using a heat exchanger,
for example, heat transfer tubes, positioned within the suspension (three phase fluidised
bed) in order to assist in removing exothermic heat of reaction from the system.

Preferably, the liquid hydrocarbon products comprise a mixture of hydrocarbons
having a chain length of greater than 5 carbon atoms. Suitably, the liquid hydrocarbon
products comprise a mixture of hydrocarbons having chain lengths of from 5 to about
90 carbon atoms. Preferably, a major amount, for example, greater than 60% by weight,
of the hydrocarbons have chain lengths of from 5 to 30 carbon atoms. Suitably, the
liquid medium comprises one or more of the liquid hydrocarbon products.

The gas separation zone may be part of the system inside or outside the reaction
zone. In the gas separation zone, a gaseous recycle stream is separated from the
suspension. The gaseous recycle stream may comprise gaseous by-products (methane),
gaseous intermediate hydrocarbon products (gaseous products having 2 or 3 carbon

atoms, in particular, ethane or propanes), vaporised low boiling liquid hydrocarbon
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products (e.g. pentanes, hexanes or hexenes), and vaporised water by—prod,uct, in
addition to unconverted synthesis gas. These gases and vapours are discﬁéféed from the
reaction zone together with the suspension (either dissolved or entrained in the
suspension).

. In a first embodiment of the present invention the gas separation zone is located
outside of the reaction zone (hereinafter referred to as “external gas separation zone”).

The reaction zone is operated full of suspension (i.e. without a headspace). Product

. suspension is discharged from the reaction zone and is passed to the external gas

separation zone. The external gas separation zone is operated with a headspace from
which the gaseous recycle stream is withdrawn. Preferably, the volume of the
headspace is not more than 25%, more preferably not more than 10% of the volume of
the external gas separation zone. It is envisaged that a heat exchanger, for example,
cooling coils, may be present below the level of suspension in the external gas
separation zone to assist in the removal of exothermic heat of reaction.

The gaseous recycle stream is preferably cooled before being recycled to the
reaction zone, for example, by passing the gaseous recycle stream through an external
heat exchanger, to further assist in the removal of exothermic heat of reaction from the
system. The gaseous recycle stream may be cooled to below its dew point to form a two
phase mixture of gas (synthesis gas, methane by-product, intermediate gaseous

hydrocarbons) and condensed liquid (water by-product and low boiling liquid

" hydrocarbon products). The condensed liquid may be recycled to the reaction zone

entrained in the gaseous stream. Alternatively, the condensed liquid may be separated
from the gaseous recycle stream, for example, using a suitable gas-liquid separation
means (e.g. a hydrocyclone, demister, gravity separator) and is recycled to the reaction
zone, for example, using a nozzle. Preferably, excess water by-product is removed from
the separated condensed liquids using a suitable separation means (e.g. a decanter),
before recycling the condensed liquids to the reaction zone. It is envisaged that the
external heat exchanger and gas-liquid separation means may be combined within a
single unit in order to simplify recycling of the gaseous stream to the reaction zone.
Fresh synthesis gas (hereinafter “syngas”) may be fed to the gaseous recycle
stream, either upstream or downstream of the external heat exchanger. Where the

syngas has not been pre-cooled, it is preferred that the syngas is fed to the gaseous
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recycle stream upstream of the heat exchanger. Preferably, the gaseous recyple stream
is recycled to the reaction zone via a blower or compressor located dowhStreém of the
external heat exchanger. Suitably, the gaseous recycle stream is fed to the reaction zone
via a gas sparger.

Preferably, a purge stream is taken from the gaseous recycle stream to prevent
the accumulation of gaseous by-products, for example, methane, in the system. If

desired, any gaseous intermediate products may be separated from the purge stream.

. Preferably, such gaseous intermediate products are recycled to the systefn where they

may be converted to liquid hydrocarbon products. Preferably, the purge stream is taken
downstream of the external heat exchanger.

In order to ensure that the particulate catalyst remains suspended in the liquid
medium and liquid hydrocarbon products, degassed suspension may be withdrawn from
at or near the bottom of the external gas separation zone and may be at least in part
reintroduced to the external gas separation zone (via a by-pass loop conduit) at a
position below the level of suspension, preferably, immediately below the level of
suspension, in the external gas separation zone. The suspension is passed around the
by-pass loop conduit by means of a slurry pump. A product side stream may be taken
from the by-pass loop conduit downstream of the slurry pump. The product side stream
is passed to a product separation stage (described below) where liquid medium and
liquid hydrocarbon products are separated from the particulate catalyst. An advantage
of withdrawing the product side stream downstream of the slurry pump is that the pump
can supply sufficient power to overcome any pressures drops in the product separation
stage.

At least a portion of the degassed suspension from the external gas separation
zone is recycled to the reaction zone (hereinafter referred to as “suspension recycle
stream”) via a slurry pump. It has been found that by selecting a particulate catalyst
having a mean particle size of less than 100 microns that the particulate catalyst remains
suspended in the suspension recycle stream. Fresh catalyst may be added either to the
suspension recycle stream or directly into the reaction zone.

The suspension recycle stream may be subjected to further cooling, for example,
by being passed through an external heat exchanger, before being recycled to the

reaction zone. It is envisaged that the degassed suspension will contain residual
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gases/vapours (unconverted syngas, gaseous by-products, gaseous intermediate
products, vaporised low boiling liquid hydrocarbon products and Vapoﬁéed'Water by-
product) in which case low boiling liquid hydrocarbon products and water by-product
may condense in the heat exchanger. The residual gases may be separated from the
condensed liquid and the degassed suspension using a suitable gas-liquid separation
means (for example, a hydrocyclone). The separated residual gases may be withdrawn

from the hydrocyclone and may be recycled to the reaction zone. The degassed

. suspension together with the condensed liquid is recycled to the reaction zone via a

slurry pump (hereinafter referred to as suspension recycle stream). Suitably, a product
side stream is taken from the suspension recycle stream downstream of the slurry pump
and is passed to a product separation stage (described below). Fresh catalyst may be
added either to the suspension recycle stream or directly into the reaction zone.

In a second embodiment of the present invention the gas separation zone is
located inside the reaction zone (hereinafter referred to as an “internal gas separation
zone”). Suitably, the internal gas separation zone comprises (i) a headspace into which
a gaseous phase comprising unconverted syngas is disentrained from the suspension,
and (ii) a quiescent region into which degassed suspension is discharged (i.e. a region
through which gas bubbles are not passed). For example, a weir may be located in the
upper part of the reaction zone in such a position as to control and maintain the
expanded height of the fluidised bed. Suitably, suspension flows over the weir into a
quiescent region of the reaction zone. Without wishing to be bound by any theory, it is
believed that as the suspension flows over the weir gaseous phase is disentrained from
the suspension into the headspace.

The gaseous phase which is present in the headspace of the internal gas
separation zone comprises unconverted syngas and may additionally comprise gaseous
by-products, gaseous intermediate products, vaporised low boiling liquid hydrocarbon
products and vaporised water by-product. A gaseous stream is withdrawn from the
headspace. This gaseous stream is recycled to the reaction zone in an identical manner
to the first embodiment of the present invention.

Preferably, degassed suspension is withdrawn from the quiescent region of the
internal gas separation zone and at least a portion of the degassed suspension is recycled

to the reaction zone. Preferably, the degassed suspension is cooled, for example, by
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being passed through an external heat exchanger, before being recycled to. the reaction
zone in an identical manner to the first embodiment of the present invention.

In both the first and second embodiments of the present invention, a stream
comprising a low boiling solvent may be introduced into the reaction zone. It is also
envisaged that a low boiling solvent could be introduced into the external gas separation
zone of the first embodiment of the present invention. Low boiling solvent is defined

herein as a solvent having a boiling point, at standard pressure, in the range of from 30

:t0 280°C, preferably from 30 to 210°C. Preferably, the low boiling solvent is selected

from the group consisting of aliphatic hydrocarbons having from 5 to 10 carbon atoms,
alcohols (preferably, alcohols having from 1 to 4 carbon atoms, in particular, methanol),
and water. In order to simplify the process, it is preferred that the low boiling solvent is
a.low boiling liquid hydrocarbon product or mixtures thereof, such as hydrocarbon
products having from 5 to 10 carbon atoms, in particular, pentanes, hexanes, or hexenes.
Without wishing to be bound by any theory, it is believed that vaporisation of the low
boiling solvent in the reaction zone aids and enhances the mixing of the gaseous
reactants, liquid medium and the solid catalyst thereby increasing conversion of syngas
to liquid hydrocarbon products. Moreover, vaporisation of the low boiling solvent in
the reaction zone (and/or in the external gas separation zone of the first embodiment of
the present invention) will also assist in removing some of the exothermic heat of
reaction allowing more control over the product selectivities and minimising the
production of gaseous by-products, for example, methane. Where a low boiling solvent
is introduced into the reaction zone (and/or the external gas separation zone of the first
embodiment of the present invention), the gaseous recycle stream will comprise
vaporised low boiling solvent. Consequently, the condensed liquid formed upon
cooling the gaseous recycle stream may additionally comprise low boiling hydrocarbon
solvent.

Preferably, the ratio of hydrogen to carbon monoxide of the syngas used in the
process of the present invention is in the range of from 1:1 to 3:1 by volume, typically
2:1 by volume. Impurities such as methane, carbon dioxide, nitrogen and water may be
present in the syngas.

The syngas may be prepared using any of the processes known in the art

including partial oxidation of hydrocarbons, steam reforming, and autothermal
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reforming. A discussion of these syngas production technologies is provided in
“Hydrocarbon Processing” V78, N.4, 87-90, 92-93 (April 1999) and “Pétrolé et
Techniques”, N. 415, 86-93 (July-August 1998). It is also envisaged that the syngas
may be obtained by catalytic partial oxidation of hydrocarbons in a microstructured
reactor as exemplified in “IMRET 3: Proceedings of the Third International Conference
on Microreaction Technology”, Editor W Ehrfeld, Springer Verlag, 1999, pages 187-
196. Alternatively, the syngas may be obtained by short contact time catalytic partial

- oxidation of hydrocarbonaceous feedstocks as described in EP 0303438." Preferably, the

syngas is obtained via a “Compact Reformer” process as described in “Hydrocarbon
Engineering”, 2000, 5, (5), 67-69; “Hydrocarbon Processing”, 79/9, 34 (September
2000); “Today’s Refinery”, 15/8, 9 (August 2000); WO 99/02254; and WO 200023689.

The catalyst which may be employed in the process of the present invention is
any catalyst known to be active in Fischer-Tropsch synthesis. For example, Group VIII
metals whether supported or unsupported are known Fischer-Tropsch catalysts. Of
these iron, cobalt and ruthenium are preferred, particularly iron and cobalt, most
particularly cobalt.

A preferred catalyst is supported on an inorganic refractory oxide. Preferred
supports include silica, alumina, silica-alumina, the Group IVB oxides, titania
(primarily in the rutile form) and most preferably zinc oxide. The supports generally
have a surface area of less than about 100 m*/g, preferably less than 50 m?%/ g, more
preferably less than 25 m*/g, for example, about 5m?/g.

The catalytic metal is present in catalytically active amounts usually about 1-
100wt %, the upper limit being attained in the case of iron based catalysts, preferably 2-
40 wt %. Promoters may be added to the catalyst and are well known in the Fischer-
Tropsch catalyst art. Promoters can include ruthenium (when it is not the primary
catalyst metal), thenium, hafnium, cerium, and zirconium, and are usually present in
amounts less than the primary catalytic metal (except for ruthenium which may be
present in coequal amounts), but the promoter:metal ratio should be at least 1:10.
Preferred promoters are rhenium and hafnium.

A further advantage of the process of the present invention is that smaller
catalyst particle sizes can be employed compared with a conventional slurry process.

Preferably, the catalyst has a mean particle size of less than 100 microns, preferably less
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than 75 microns, more preferably less than 50 microns, most preferably Iess}’than 40
microns, for example, in the range 1 to 30 microns, preferably 5 to 20 microns. In
contrast, a conventional shurry process will typically employ a catalyst having a particle
size of greater than 40 microns. Advantages of smaller catalyst particle sizes include
reducing the selectivity of the process of the present invention to methane by-product
and also reducing the formation of heavier hydrocarbon products. It is also envisaged

that larger catalyst particles can be employed, for example, the catalyst may have a

. mean particle size of up to 500 microns.

Preferably, the suspension of catalyst discharged into the gas separation zone
comprises less than 40% wt of catalyst particles, more preferably 10 to 30 % wt of
catalyst particles, most preferably 10 to 20 % wt of catalyst particles.

Suitably, the reaction zone of the process of the present invention comprises a
vessel which may be a tank reactor or a tubular loop conduit.

Where the vessel of the reaction zone is a tank reactor, the suspension recycle
stream is preferably introduced at or near the bottom of the tank reactor. Suitably, gas
(gaseous recycle stream and any fresh syngas) is sparged into the reaction zone through
a sparger. Preferably, the sparger is positioned near the bottom of the reaction zone.
The tank reactor may be operated with or without a gas cap (headspace). Where the
tank reactor is operated without a gas cap, the suspension is discharged to an external
gas separation zone, preferably from at or near the top of the tank reactor. Where the
tank reactor has a gas cap, the tank reactor will have an internal gas separation zone.

Where the vessel of the reaction zone is a tubular loop conduit, the suspension is
moved around the loop conduit via one or more pumps and/or propellers positioned in
the tubular loop conduit. The loop conduit may be provided with one or more spargers.
Preferably, the spargers are spaced apart along the length of the tubular loop conduit in ‘
which case each sparger discharges gas (gaseous recycle stream and any fresh syngas)
into a section of the tubular loop conduit. Preferably, a pump or propeller is positioned
in each of the sections of the tubular loop conduit. A heat exchanger may be disposed
along substantially the entire length of the tubular loop conduit or substantially along
the length of each section of tubular loop conduit thereby providing improved
temperature control. The tubular loop conduit may be operated with or without a gas

cap (headspace). Where the loop conduit is operated without a gas cap the suspension is
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discharged to an external gas separation zone. Where the loop conduit has a gas cap,
the tubular loop conduit will have an internal gas separation zone. L
Preferably, the gas which is fed to the reaction zone compﬁses from 50 to 100%
by volume of fresh syngas (make-up syngas).
The present invention can be operated in batch or continuous mode, the latter is
preferred.

In a continuous process part of the degassed suspension is continuously removed

. from the system and is passed to a product separation stage where liquid medium and

liquid hydrocarbon products are separated from the particulate catalyst. The product
separation stage comprises a suitable liquid-solid separation means. Examples of
suitable liquid-solid separation means include hydrocyclones, filters, gravity separators
and magnetic separators. Alternatively, the liquid medium and liquid hydrocarbon
products may be separated from the catalyst by distillation. Preferably, there are two or
more product withdrawal lines (for two or more product side streams), each line leading
to a dedicated solid-liquid separation means. This ensures continuous operation of the
process by allowing one or more of the solid-liquid separation means to be taken off-
line for cleaning. The catalyst is recycled as a concentrated slurry from the solid-liquid
separation means to the reaction zone. The separated liquid (liquid medium, liquid
hydrocarbon products, any low boiling hydrocarbon solvent and any water by-product)
is passed to a product purification stage. The purification stage may be simplified by
using a liquid hydrocarbon product as the liquid medium which eliminates the
requirement to separate the liquid medium from the liquid hydrocarbon products. In the
purification stage, any water by-product is removed from the liquid hydrocarbon
products.

In order to prevent the accumulation of water by-product in the system it is
preferred that at least a portion of the water by-product is removed from the suspension
recycle stream (the suspension which is recycled from the gas separation zone to the
reaction zone). This may be achieved by taking a side stream either directly from the
gas séparation zone or downstream of the gas separation zone. The liquid components
of the side stream are separated from the particulate catalyst (as described above) and
water by-product is removed from the separated liquids (also as described above) before

recycling the liquid components back to the reaction zone. The separated catalyst may

10
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be recycled to the reaction zone as a concentrated slurry. It is envisaged that removal of
water by-product from the system can be incorporated into the product sépafﬁtion stage,
by recycling a portion of the separated liquids, from which water has been removed,
back to the reaction zone.

The process of the invention is preferably carried out at a temperature of 180-
280°C, more preferably 190-240°C.

The process of the invention is preferably carried out at a pressure of 5-50 bar,

- more preferably 15-35 bar, generally 20-30 bar.

The liquid hydrocarbon products from the product purification stage may be fed
to a hydrocracking stage, for example, a catalytic hydrocracking stage which employs a
catalyst comprising a metal selected from the group consisting of cobalt, molybdenum,
nickel and tungsten supported on a support material such as alumina, silica-alumina or a
zeolite. Preferably, the catalyst comprises cobalt/molybdenum or nickel/molybdenum
supported on alumina or silica-alumina. Suitable hydrocracking catalysts include
catalysts supplied by Akzo Nobel, Criterion, Chevron, or UOP.

The invention will now be illustrated with the aid of Figures 1 and 2.

Figure 1 illustrates the first embodiment of the present invention (external gas
separation zone).

Reaction zone (1) is filled with a suspension (2) of catalyst in a liquid medium.
The reaction zone (1) is maintained at a temperature of from 180 to 280°C and at a
pressure of from 5 to 50 bar. Syngas is sparged into the reaction zone (1) via sparger
(3). A suspension of catalyst in liquid medium and liquid hydrocarbon products
(product suspension) is withdrawn from the top of the reaction zone (1) via a line (4)
and is introduced into an external gas separation zone (5). A gas cap (6) is present in
the gas sepération zone (5) above the level of suspension (7) in the gas separation zone.
One or more heat exchangers (8), for example cooling coils are positioned below the
level of suspension (7) in the gas separation zone (5) and in the reaction zone (1).

A gaseous recycle stream comprising unconverted syngas, gaseous intermediate
products, any vaporised low boiling solvent, any véporised low boiling liquid
hydrocarbon products and any vaporised water by-product may be withdrawn from the
gas separation zone (5) through line (9). By means of a heat exchanger (10), the

gaseous recycle stream may be cooled to a temperature at which liquid condenses out.
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The condensed liquid (typically comprising low boiling hydrocarbon products, water
by-product and any low boiling solvent) may be separated from the 'gasec‘:ms fecycle
stream in a gas-liquid separator (11). The condensed liquid may be withdrawn from the
gas-liquid separator (11) via line (12) and may subsequently be recycled to the reaction
zone (1), optionally after having removed water by-product (not shown). The gaseous
recycle stream from the gas-liquid separator (11) is recycled to the reaction zone (1) via

line (13), compressor/blower (14) and lines (15) and (16). A purge stream may be taken

: from the gaseous recycle stream via line (17) to prevent the build up of éaseous by-

products (e.g. methane) in the reaction zone (1). Fresh syngas may be introduced to the
sparger (3) via line (16).

Degassed suspension may be withdrawn from the gas separation zone (1)
through line (18) and a portion of the withdrawn suspension is recycled to the gas
separation zone (1) via pump (19) and line (20). A portion of the withdrawn suspension
is passed from pump (19) to a suitable solid-liquid separator (21) (e.g. a hydrocyclone, a
filter, a gravity or magnetic separator, or a distillation zone) via line (22).

Degassed suspension is withdrawn from the gas separation zone (5) via line (23)
and is recycled to the reaction zone (1) via slurry pump (24) and line (25).

Figure 2 illustrates the second embodiment of the process of the present
invention (internal gas separation zone). Reaction zone (30) is partially filled with a
suspension (31) of catalyst in a liquid medium. Syngas is introduced into the reaction
zone (30) via sparger (32). The reaction zone (30) is maintained at a temperature of
from 180 to 280°C and at a pressure of from 5 to 50 bar. Cooling coils (33) are
positioned below the level of suspension in the reaction zone (1). Fluidisiﬁg medium
flows over a weir (34) into a quiescent region (35) (part of the internal gas separation
zone). A gaseous recycle stream comprising unconverted gaseous reactants, any
vaporised low boiling liquid hydrocarbon products and any vaporised water by-product
is recycled from a gas cap (36) (part of the internal gas separation zone) which is
present in the upper part of the reaction zone (30) via line (37). By means of a heat
exchanger (38) the gaseous recycle stream passing through the line (37) is cooled to
below its dew point to form a two phase mixture of gas and condensed liquid. The
condensed liquid typically comprises low boiling hydrocarbon products and water by-

product. The gaseous recycle stream is then passed to a gas-liquid separator (39) where
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condensed liquid is separated from the gaseous recycle stream. The separated
condensed liquid may be removed from the gas-liquid separator via line (40) and may |
be recycled (not shown) to the reaction zone (30) (after removing any excess water
using, for example, a decanter, not shown). The gaseous recycle stream from the gas-
liquid separator (39) is recycled to the reaction zone (30) via line (41),
compressor/blower (42) and lines (44) and (44). Make-up syngas may be introduced
into line (44). A purge stream (45) may be taken from line (43) to prevent the build up

. of gaseous by-products in the gas cap (36).

Degassed suspension is withdrawn from the quiescent region (35) via line (46)
and is cooled by passing the suspension through heat exchanger (47). The degassed
suspension is then passed to a further separation zone (48). A gaseous stream is
withdrawn from the gas separation zone (48) via line (49)and is either purged or is
recycled to the reaction zone (30). Suspension is withdrawn from separation zone (48)
via line (50) and is recycled to the reaction zone (30) via a slurry pump (51) and line
(52). A product side stream is removed from line (52) and is passed to a suitable solid-
liquid separation means (53) (e.g. a hydrocyclone, a filter, a gravity or magnetic
separator, or a distillation zone) where the liquid component of the suspension is
separated from the catalyst to give a liquid product stream and a concentrated sturry of
the catalyst in a residual amount of liquid (not shown). The concentrated shurry of
catalyst may be returned to the reaction zone (30) (not shown).

The liquid product stream from the separation means (53) is then passed via line

(54) to a purification zone (not shown).
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Claims

1. A process for the production of liquid hydrocarbon products from synthesis gas

in a system comprising a reaction zone and a gas separation zone wherein the process

comprises:

a) in the reaction zone, contacting synthesis gas at elevated temperature and pressure
with a suspension of a particulate Fischer-Tropsch catalyst in a liquid medium so as
to convert at least a portion of the synthesis gas into liquid hydrocarbon products;

b) discharging a product suspension comprising catalyst suspended in the liquid
medium and the liquid hydrocarbon products from the reaction zone into the gas
separation zone, the product suspension having unconverted synthesis gas dissolved
and/or entrained therein;

¢) in the gas separation zone, separating a gaseous stream comprising unconverted
synthesis gas from the product suspension;

d) recycling at least a portion of the separated gaseous stream to the reaction zone; and

e) recycling at least a portion of the degassed product suspension from the gas
separation zone to the reaction zone.

2. A process as claimed in Claim 1 wherein the suspension is cooled by means of a

heat exchanger positioned within the reaction zone.

3. A process as claimed in Claims 1 or 2 wherein the reaction zone is operated

without a headspace and wherein the product suspension having unconverted synthesis

gas dissolved and/or entrained therein is withdrawn from the reaction zone and is passed
to an external gas separation zone.

4, A process as claimed in Claim 3 wherein the external gas separation zone is
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operated with a headspace and wherein the separated gaseous stream is withdrawn from
the headspace of the external gas separation zone and at least a portion of the separated
gaseous stream is recycled to the reaction zone. 4

5. A process as claimed in Claim 4 wherein a heat exchanger is present below the
level of suspension in the external gas separation zone.

6. A process as claimed in any one of Claims 3 to 5 wherein degassed suspension

is withdrawn from the external gas separation zone and is at least in part reintroduced to

- the external gas separation zone via a by-pass loop conduit.

7. A process as claimed in Claim 6 wherein degassed suspension is withdrawn
from at or near the bottom of the external gas separation zone and is at least in part
reintroduced to the external gas separation zone at a position immediately below the
level of degassed suspension in the external gas separation zone.

8. A process as claimed in Claims 6 or 7 wherein the degassed suspension is
passed around the by-pass loop conduit by means of a slurry pump and a product side
stream is taken from the by-pass loop conduit downstream of the sturry pump.

9. A process as claimed in any one of Claims 3-8 wherein degassed product
suspension is withdrawn from the external gas separation zone and at least a portion of
the degassed product suspension is recycled to the reaction zone.

10. A process as claimed in Claims 1 or 2 wherein the gas separation zone is located
inside the reaction zone (“internal gas separation zone”).

11. A process as claimed in Claim 10 wherein the internal gas separation zone
comprises (i) a headspace into which a gaseous phase comprising unconverted synthesis
gas is disentrained from the suspension, and (ii) a quiescent region into which the
degassed product suspension is discharged.

12. A process as claimed in Claim 11 wherein the separated gaseous stream is
withdrawn from the headspace of the internal gas separation zone and at least a portion
of the separated gaseous stream is recycled to the reaction zone.

13. A process as claimed in Claims 11 or 12 wherein degassed product suspension is
withdrawn from the quiescent region of the internal gas separation zone and at least a
portion of the degassed product suspension is recycled to the reaction zone.

14. A process as claimed in any one of the preceding claims wherein the degassed

product suspension is cooled, by being passed through an external heat exchanger,
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before being recycled to the reaction zone. .

15. A process as claimed in Claims 14 wherein at least a portion of tﬁe degassed
product suspension is passed to a product separation stage where liquid medium and
liquid hydrocarbon products are separated from the particulate catalyst.

16. A process as claimed in Claim 15 wherein the separated liquid hydrocarbon
products are fed to a hydrocracking stage.

17. A process as claimed in any one of the preceding claims wherein the gaseous

. recycle stream is cooled, by being passed through an external heat exchahger, before

being recycled to the reaction zone.

18. A process as claimed in Claim 17 wherein fresh synthesis gas is fed to the
gaseous recycle stream either upstream or downstream of the external heat exchanger.
19. A process as claimed in any one of the preceding claims wherein a purge stream
is taken from the gaseous recycle stream.

20. A process as claimed in any one of Claims 17 to 19 wherein the gaseous recycle
stream is cooled to below its dew point to form a two phase mixture of gas and
condensed liquid.

21.  Anprocess as claimed in Claim 20 wherein the condensed liquid is either
recycled to the reaction zone entrained in the gaseous recycle stream or is separated
from the gaseous recycle stream and is recycled to the reaction zone separately from the
gaseous recycle stream.

22.  Anprocess as claimed in any one of the preceding claims wherein a stream
comprising a low boiling solvent having a boiling point, at standard pressure, in the
range of from 30 to 280°C is introduced into the reaction zone.

23. A process as claimed in any one of claims 3-9 and 14-22 wherein a stream
comprising a low boiling solvent having a boiling point, at standard pressure, in the
range of from 30 to 280°C is introduced into the external gas separation zone.

24.  Anprocess as claimed in any one of the preceding claims wherein the catalyst
comprises iron or cobalt supported on an inorganic refractory oxide selected from the
group consisting of silica, alumina, silica-alumina, the Group IVB oxides, titania and
zinc oxide.

25.  Aprocess as claimed in any one of the preceding claims wherein the particulate

Fischer Trospch catalyst has a mean particle size of less than 40 microns.
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26. A process as claimed in any one of the preceding claims wherein the suspension

of catalyst discharged into the gas separation zone comprises less than 40% wt of

catalyst particles.

17



WO 01/94500 PCT/GB01/02345

1/2

Fig.7

14 13

17

> / oToToeToToTol
[+]




WO 01/94500 PCT/GB01/02345

2/2
.,  Fig2

41

& ~

39

48

S PRy
AN —Q J




INTERNATIONAL SEARCH REPORT

al Application No

PCT/GB 01/02345

IpC 7

A. CLASSIFICATION OF SUBJECT MATTER

€1062/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

IPC 7

€106

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

claim 1

column 5, 1ine 54 - Tine 59
column 6, line 4 - Tine 9
column 6, 1ine 70 - line 73
column 7, line 7 - line 9
column 7, Tine 34 - Tine 40
column 7, Tline 71 -column 8,
figure 1

1ine 2

-/

Category ° | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2 810 739 A (RAMBOSEK GEORGE M ET AL) 1,3,24

22 October 1957 (1957-10-22)

claim 1

column 4, Tine b2

column 4, Tine 67 - line 70

figure 1
A US 2 680 126 A (ATWELL HAROLD V) 1,3,4,9,

1 June 1954 (1954-06-01) 14,19,

21,24

Further documents are listed in the continuation of box C.

Patent family members are listed in annex.

"
e

e

g

° Special categories of cited documents :

document defining the general state of the art which is not
considered to be of particular relevance

earlier document but published on or after the international
filing date

document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
Citation or other special reason (as specified)

document referring to an oral disclosure, use, exhibition or
other means

"P* document published prior to the international filing date but
later than the priority date claimed

*T* later document pubiished after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

*X* document of pariicular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

*Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr]lts, such combination being obvious to a person skilled
inthe art.

*&* document member of the same patent family

Date of the actual completion of the international search

7 September 2001

Date of mailing of the international search report

14/09/2001

Name and mailing address of the ISA

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040, Tx. 31 651 epo nl,
Fax: (+31-70) 340-3016

Authorized officer

De Herdt, O

Fomm PCT/ISA/210 (second sheet) (July 1992)




INTERNATIONAL SEARCH REPORT

nal Application No

PCT/GB 01/02345

C.(Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT

Category ° | Citation of document, with indication,where appropriate, of the relevant passages

Relevant to claim No.

A US 2 474 845 A (JENNY FRANK J ET AL)
5 July 1949 (1949-07-05)
claim 1
column 4, line 45 - line 47
figure 1
A US 5 776 988 A (CHAUMETTE PATRICK ET AL)

7 July 1998 (1998-07-07)
cited in the application
claim 1

figure 1

column 4, Tine 32 — 1ine 37
column 5, 1ine 21 - 1ine 31

Form PCT/ISA/210 (continuation af second sheet) (July 1992)




INTERNATIONAL SEARCH REPORT

Tnformation on patent family members

Inte

1al Application No

PCT/GB 01/02345

Publication

Patent document Patent family Publication

cited in search report date member(s) date

UsS 2810739 A 22-10-1957 NONE

US 2680126 A 01-06-1954 NONE

US 2474845 A 05-07-1949 NONE

US 5776988 A 07-07-1998 FR 2741064 A 16-05-1997
CA 2189888 A 11-05-1997
EP 0773274 A 14-05-1997
NO 964748 A 12-05-1997

Formm PCT/ISA/210 (patent family annex) (July 1892)




