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(57) Abstract: A system for a Fischer-Tropsch synthesis using a three-phase reactor in which a primary filter removes coarse cata-
lyst particles from the product and in which catalyst fines are removed in a secondary filter. Some or all portion of the product
wax from the secondary filter is recycled back to the reactor, either as a back flush medium for the primary filter or directly to the
slurry in the reactor, whereby removal of catalyst fines is rendered independent of the rate of wax production.
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Apparatus and Method for Conducting a Fischer-Tropsch

Svnthesis Reaction

The present invention relates to an apparatus and method for conducting an F-T
synthesis reaction and is particularly concerned with maintaining wax filtration

flux in a three-phase slurry bubble column reactor (SBCR).

In reactors that generate high molecular weight hydrocarbons (wax), some of
the reaction products must be removed from the reactor in liquid form,
preferably without losing catalyst, which will be in suspension in a finely

divided form.

It is well known that there is a high risk of generating fines in a FT slurry
reactor due to attrition/erosion of catalyst, and this can create the danger of

ceitalyst loss and blocking of wax filters by fine catalyst particles.

Several methods have been described in the literature for effecting the
separation of the catalyst and/or wax from the reactor slurry, such as internal
ﬁitration, external filtration, hydrocyclones, magnetic methods and
settling/sedimentation. As the concentration of catalyst fines builds up in the
réactor slurry, the flux through the filter will decrease and at a certain point it
will be too low to maintain the filtrate capacity needed for a given wax

production rate.

There are several known ways of reducing the effect of fines on the filtration,
such as using a larger filtration area, more frequent cleaning (for example back-
ﬂhshing) of ﬁltérs , higher differential pressure for filtration etc.. However all
of these methods are either space limited or energy consuming and may shorten

tﬁe life time of the filters.
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The relationship between fines concentration in the slurry and the filtration flux
is;highly non-linear. This is shown as a very large decrease in flux as a result of
increasing the fines concentration at very low or virtually zero fines
concentrations, while further increases in fines concentration has a smaller
effect.~- The fines generation rate in the reactor is not particularly sensitive to the
wjax production rate, but is more sensitive to the fluid dynamics of the reactor,
which are for example related to the feed gas rates and of course the
mechanical properties of the catalyst. Operating the reactor at conditions that
giﬁve lower wax production is not a permanent solution; it simply extends the
of)erating time somewhat and gives lower overall production.  The
C(i)ncentration of fines in the slurry will increase at a higher rate if the removal

of wax is decreased as the only outlet of fines is through the filtered wax.

It'is therefore important to have a system for controlling the fines removal rate
oﬁt of the reactor, both during normal operation and during upset

cc}nditions/turn down.

According to one aspect of the invention, there is provided apparatus for
cénducting a three-phase reaction, in which gaseous reactants are reacted in the
pfesence of a finely divided solid catalyst in suspension in a liquid comprising,
at least in part, the reaction product of the gaseous reactants, thereby forming a
slilrry, the apparatus comprising a reactor vessel, a primary filter unit, and a
ﬁitrate cleaning unit, and in which: the reactor vessel includes a reactant inlet
aﬁd a gas outlet and is arranged to contain the slurry in use; the primary filter
uf;it is arranged to be in contact with slurry in use, the primary filter unit having
ari outlet for primary filtrate; and the filtrate cleaning unit is arranged to
remove further particulate material from the filtrate in use, and includes an inlet

fdr the filtrate, an outlet for liquid product that has been subjected to cleaning;
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and in which the apparatus further includes a cleaned liquid product recycle

line from the filtrate cleaning unit to the reactor.

According to another aspect of the invention, there is provided a process for
cénducting a three phase reaction in which gaseous reactants are reacted in the
pfesence of a finely divided solid catalyst in suspension in a liquid comprising,
at least in part, the reaction product of the gaseous reactants, thereby forming a
sliurry; the process comprising the steps of: introducing the gaseous reactants
inito the slurry in a reactor; subjecting the slurry to a filtration step to remove
particulate material in a primary filter unit to produce a filtrate stream;
sﬁbjecting the filtrate stream to a cleaning step in a filtrate cleaning unit
tlfereby removing further particulate material to produce a liquid product
stieam; and recycling at least a portion of the liquid product stream to the

reactor.

Thus, the present invention makes it possible, in a way which is independent of
tlfe wax production rate from the reaction, to use some of the filtration capacity
1n the primary filter to improve the filtration performance by removing fines
friom the reactor slurry, by using a secondary filter and recycling at least part of
this secondary filtrate to the reactor to improve the slurry properties in the

reactor to achieve a higher filtration rate in the primary filter.

As the primary filtration capacity is very dependent on the fines concentration
in the slurry, it is important to be able to remove fines from the slurry at a
hfgher rate than the generation of fines after an upset that has given a higher
ﬁf_les concentration than the normal steady state concentration in the slurry. By
ufilizing the primary filtration capacity and the wax polishing capacity to
reécycle maximum pure wax to the reactor, and, if necessary, operating the

reactor at conditions that gives low fines generation, the fines concentration in
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the slurry can be gradually decreased and thereby achieve increased primary

filtration capacity.

Preferably, there is a cleaned liquid product recycle line from the filtrate
cleaning unit to the primary filter unit, whereby the primary filter can be back
flushed using a portion of the liquid product. Preferably, the filtrate cleaning

uhit is a secondary filter unit comprising a relatively fine filter.

Thus, an important feature of the invention is that the primary filter removes
cc;arscr catalyst particles which are retained within the reactor while the
pfimary filtrate, including fines, is fed to the secondary filter. In the secondary
fﬂ;ter or wax polishing unit, the fines are removed and almost particle free wax
is:;produced. The net product is taken from this pure wax, however, if pure wax
is recycled to the reactor, the flowrate of liquid product in the form of pure wax
frbm the secondary filter exceeds the rate at which wax is catalytically
produced in the reactor. Therefore, crucially, a portion of the product from the
sécondaw filter is recycled to the reactor in order to increase the flow of wax
01?1t of the reactor. Part or all of the pure wax from secondary filtration(wax
leishing unit) can be used at the same time for backflushing the primary filter
asi this will also effectively constitute a recycle of pure wax. In this way, the
raéte of wax product removal from the reactor via the primary filter is not
lifnited by the rate of net removal of product from the system as a whole, the

latter being equal to the catalytic production of wax in the reactor.

Preferably, the primary filter is located within the reactor, and is arranged, in
uée, to be at least partially immersed in the slurry. Preferably, the secondary
ﬁiter (wax polishing unit) is outside the reactor. The system may include a
dégasser unit located between the primary and secondary filters, which

preferably includes a gas outlet, and outlet for primary filtrate leading to the
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scécondary filter, and an optional recycle line for primary filtrate leading back to

th_é reactor.

There may also be a filtrate buffer unit arranged to receive cleaned liquid
product from the filtrate cleaning unit, the filtrate buffer unit having liquid
pﬁoduct outlet, a liquid product recycle line to the reactor, and an optional

liquid product recycle line to the primary filter unit.

In operation, the back flushing is carried out intermittently, as required,
dépending upon catalyst particle build-up on the primary filter. The back
ﬂilshing causes catalyst particles located on the outside of the filter to re-enter
the slurry and will also to a certain extent remove particles located within the

ﬁiter media.

The primary filter is preferably a static filter with a relatively coarse pore size,
tyipically +/- 50% of the mean catalyst particle size. Typically, the mean
caitalyst particle size is in the range 50 to 100 um. The flow through the
pfimary filter is controlled by the differential pressure over the filter and/or a

ﬂ%)w control valve on the primary filtrate line leaving the reactor.

Preferably, the process includes a fines removal step in which fine catalyst
particles filtered out in the filtrate cleaning step are removed. This wax
polishing step can be a secondary filtration system, for example a cross flow
ﬁitration system, disposable cartridges with once through or multi pass or back
whshab]e filters, an effective guard bed, or a centrifuge, or any other equipment
w}th a high efficiency for removal of particles remaining in the filtrate from the
pﬁimary filter unit. It preferably has a high efficiency for removal of particles
<25 pm. The catalyst particles from the wax polishing step are preferably not

rdcycled back to the slurry reactor.
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By keeping the flux through the internal filters high and independent of the net
w?x production rate, the fines are removed continuously in the filtrate cleaning
sYstem, while the surplus of secondary filtered wax is recycled to the reactor to
maintain a constant slurry level and a low concentration of catalyst fines in the
slfilrry. This or part of this wax can then be used for back flushing the primary
filters.

Preferably, the process includes a degassing step in which gas is separated from
thfe primary filtrate stream from the primary filter and is removed from the
préocess, while the remaining, liquid phase is directed to the filtrate cleaning or
wiax polishing unit. Primary filtrate preferably enters into a degassing vessel
wilich is pressure controlled to be able to adjust the differential pressure over
tﬁe primary filter and thereby also the flux. As an option, this vessel can be
uéed as a settling separation vessel to avoid losing relatively larger catalyst
péﬂicles, for example particles > 50% of mean particle size. Due to their
hfgher sedimentation velocity, the larger particles will tend to settle to the
bottom of the degassing vessel. From the bottom of the degassing vessel,
pﬁimary filtrate including larger catalyst particles can be recycled back to the

reactor either by gravity or by pumping.

In the case of the various recycle streams, they may be continuous or

irftennittent.

Preferably, the reaction is a Fischer-Tropsch synthesis reaction to produce
h§drocarbon wax, carried out in a slurry bubble column reactor, and in which
thjé H, and CO are supplied to a slurry in the reactor, the slurry comprising the
céitalyst in suspension in a liquid including the reaction products of the H, and

CO, the catalyst being maintained in suspension in the slurry at least partly by
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the motion of the gas supplied to the slurry.  Preferably, the reaction
tehlperature is in the range 190-250°C and the reaction pressure is in the range
1(}-60 bar. Preferably, the H,)/CO ratio of the gases supplied to the Fischer-
Tiropsl'i synthesis reactor is in the range 1.1 to 2.2 and the superficial gas

velocity in the reactor is in the range 5 to 60 cm/s.

The product of the process may be subjected to post-processing steps, such as
de-waxing, hydro-isomerisation, hydro-cracking and combinations of these.

The invention extends to the product of the process described.

The term ‘wax’ as used herein means a substance comprising hydrocarbons,
which at normal operating temperatures of the reactor is a liquid although the
sﬁbstance may contain varying amounts of hydrocarbons that at ambient

teirlperatures are solid or semisolid (wax-like).

‘The invention may be carried into practice in various ways and one
embodiment will now be described in the following Example, with reference to
the accompanying drawing in which:

Figure 1 is a schematic process diagram,;

Figure 2 is a schematic diagram of the apparatus used in the test examples;

Figure 3 is a graph showing the influence of fines content on the permeability;

and

Fi;gure 4 is a graph showing the effect of removing fines in a secondary filter

on the filtration flux in the primary filter.
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Figure 1 shows a process for carrying out a F-T synthesis reaction in

accordance with the invention.

The apparatus comprises a slurry bubble column reactor 11, a primary filter
uﬁit 12 located within the reactor 11, a degasser unit 13, a wax polishing unit

14 outside the reactor 11, a wax buffer vessel 15 and a back flush vessel 16.

The reactor 11, is equipped with conventional internal features (not shown)
such as heat exchange and gas distributor components (not shown). The
internal filter 12 is relatively coarse, having a nominal opening size in the range
+/-50% of catalyst mean particle size. The filters can either be of wedge wire

t};pe, woven mesh or any other suitable structured design.

The degasser 13 is a vessel in which gas entrained in the primary filtrate from
thée internal filter 12 is allowed to disengage. The pressure in the degasser is
loéwer than on the outside of the primary filters to create the necessary driving
fofrce for the filtration The wax polishing unit 14 is a secondary external filter,
tyi)ically in the form of a cross flow filter or disposable filter cartridges.
Aitematively, it could be a packed bed working as an adsorbent for the
pérticles, a centrifuge or any other equipment able to remove fines from the
liguid. It is arranged to remove particles, preferably >1micron and more
preferably > 0.1 um. These fine particles which are removed by the external

filter are not recycled to the reactor and are normally disposed off.

The wax buffer 15 is a holding vessel for the final wax product from the wax
polishing unit 14. The back flush vessel 16 is a holding vessel for the wax

which is periodically flushed back through the internal filter 12.
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The system operates in the following way. H, and CO gas is introduced into
t}fe reactor 11 via the reactant inlet 17. The gases enter a slurry 18 in the
réactor comprising catalyst particles of mean particle size of 50 to 150 micron
cénsisting of at least one active metal (Fe, Co) on a support suspended in liquid
wax produced by the F-T synthesis reaction. The catalyst particles are at least
partially maintained in suspension by the upwardly moving gas bubbles.
Uineacted gases and lighter fractions are removed from the reactor 11 in a gas

outlet line 19.

Wax product is separated out of the slurry 18 in the reactor 11 by the primary
ﬁiter 12 and enters the filtrate zone 21 within the filter 12. This primary filtrate
nérmally includes some catalyst fines. The primary filtrate is conveyed to the
dégasser unit 13, via a primary filtrate line 22, where entrained gas is
diésengaged and removed via a gas outlet line 23. The degaissed primary filtrate
1s conveyed to the wax polishing unit 14 via a degassed filtrate line 24. A
p(é)rtion of the degassed primary filtrate can optionally be recycled directly to
tHe reactor via a primary filtrate recycle line 25 for the purpose of returning
relatively larger particles that have settled out in the degasser unit 13 to the

rdactor 11.

Catalyst fines are extracted from the degassed primary filtrate in the wax
pélishing unit 14 and then periodically or continuously removed from the wax
pélishing unit 14 via line 33. Polished wax product from the wax polishing
uréﬂt 14 is conveyed to the wax buffer vessel 15 via wax product line 26. A
pénion of the wax product is removed as a final product via a product outlet

line 27.

In addition, a portion of the product is conveyed to the back flush vessel 16 via

a product back flush recycle line 28. Intermittently the wax product in the back
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ﬂilsh vessel 16 is flushed back into the primary filter 12 via a back flush line
29 The backflush medium can alternatively be an other liquid fed to the
backflush vessel 16 via a line 34 rather than the pure wax from the buffer
vessel 15. A suitable liquid might be the condensed hydrocarbons from the
overhead stream 19. The backflush 29 serves to clean the primary filter 12 and
return catalyst particles from the outside of the primary filter to the slurry 18 in
tHe reactor 11. Some or all of the wax in the buffer vessel 15 is recycled

diérectly back to the reactor 11 via a recycle line 32.

The recycled product also serves to control the slurry level in the reactor and
eﬁables the rate of wax product removal from the reactor via the internal filter
to be independent of the rate of net removal of product from the total system

tffe latter being equal to the catalytic production of wax in the reactor.

The system also includes an option to divert some or all of the wax product
from the buffer vessel 15 to the wax polishing unit 14 via a recycle divert line

3 1, prior to recycle lines 28 and 32.
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E%ample 1

The test apparatus consists of a column 41, a primary filter 42 in the column
41:, a degasser 43, a disposable filter cartridge 44, a filtrate buffer vessel 45
aﬁd a backflush vessel 46.

The test apparatus is a column 41 with 20 cm ID and approx 3 m slurry level.
The unit is operated at ambient temperature at pressures up to 7 bar using a
h}f/drocarbon liquid with physical properties at ambient temperature resembling
licéluid wax at the operating temperature of an F-T reactor. Diethylbenzene sold
under the trade name Therminol LT has been found to be a suitable model liquid.
An alumina-supported cobalt-based FT-catalyst with mean particle size 70-80
rri{icrons was used. In this test, N, was used as feed gas 47 at an inlet superficial
geéls velocity of 16 cm/s at 7 bar pressure. All of the filtrate from the filtrate
blélffer vessel 45 was recycled to the column 41 and via the recycle line 48 the
ﬁitrate could be secondary filtered through the disposable cartridge 44 when
sélected. When not selected, the primary filtrate passed via line 48 directly to
the filtrate buffer vessel 45 and recycled to the column 41 via a line 49 and a
pc}rtion used for backflushing of the primary filter 42 via line 51 and backflush
véssel 46. The primary filter 42 used was a RigiMesh R from Pall Corporation
ar;d the secondary filter 44 used was a disposable filter from Europafilter called

EF500HY able to remove particles >0.1 micron.

In this example a substantially constant differential pressure (driving force) and
béckﬂush interval was applied to the primary filter 42 and the flow through the
primary filter 42 was monitored. The sensitivity for 2 types of fines on the
filtration permeability (flux/differential pressure) was measured by injecting a
known amount of catalyst fines. Before addition of type 1 fines (arithmetic

mean 8 micron, Sauter diameter 3.5 micron, 90wt%<l1 micron,
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10wt%<2micron) the amount of fines<25micron was below the detection limit
(<Z0.0§ wt%). By adding an amount of fines corresponding to 0.12 wt % of the
total particle load in the column, the average permeability dropped by a factor
>4 averaged over 15 min filtration time. For longer filtration cycles, the factor
wbuld be higher. Further addition of similar fines gave an additional, but much
srﬁaller decrease in the averaged permeability. The results are shown in Figure

3‘:

The sensitivity for Type 2 fines ( arithmetic mean particle size 23 micron,
Sa;luter diameter 9.6 micron, 90wt%<38 micron, 20wt%<IOmicron) on the
ﬁitration permeability (flux/differential pressure) was measured by injecting a
kIZlOWIl amount of catalyst fines. Before the addition, the amount of fines was
bélow the detection limit (<0.05 wt%). By adding an amount of fines Type 2
corresponding to 0.12 wt % of the total particle load in the column, the average
pérmeability dropped by a factor > 4 averaged over 15 min filtration time. For
ldnger filtration cycles, the factor would be higher. Further addition of similar
ﬁ%les gave an additional, but much smaller decrease in the averaged

permeability. The results are again shown in Figure 3.

By selecting secondary filtration of the primary filtrate before recycling to the
cci)lumn, the original filtration permeability could be recovered. The results are
shown in Figure 4. In Figure 4 the primary filtration flux as function of time is
giéven for the system after the addition of 0.3wt% Type 1fines and then starting

* secondary filtration.

From 380h on the time axis, secondary filtration through the cartridge 44, was
stérted and all the secondary filtrate recycled to the column 41. The secondary
filtration step 44 had a high efficiency for removing particles > 0.1 micron.

Dhring the next 70 h, the flux through the primary filter system 42 increased
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from 500 to 7000 kg/m’h. This shows a significant advantage from removing
ﬁrjles by recycling pure (catalyst free) filtrate at a high rate to the slurry reactor,
thereby effectively purging catalyst fines from the reactor slurry.

In an industrial plant, several or all primary filter units may be hooked up to
one filtrate cleaning unit and back-flushing of individual primary filter units
could be achieved by being connected to the cleaned liquid product recycle line

from the filtrate cleaning unit through a system of controlling valves.
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1. Apparatus for conducting a three-phase reaction, in. which gaseous
reactants are reacted in the presence of a finely divided solid catalyst in
suspension in a liquid comprising, at least in part, the reaction product of the
gaseous reactants, thereby forming a slurry, the apparatus comprising a reactor
véssel, a primary filter unit, and a filtrate cleaning unit, and in which: the
reiactor vessel includes a reactant inlet and a gas outlet and is arranged to
céntain the slurry in use; the primary filter unit is arranged to be in contact with
slhrry in use, the primary filter unit having an outlet for primary filtrate; and
tﬁe filtrate cleaning unit is arranged to remove further particulate material from
the filtrate in use, and includes an inlet for the filtrate, an outlet for liquid
préoduct that has been subjected to cleaning; and in which the apparatus further
in?cludes a cleaned liquid product recycle line from the filtrate cleaning unit to

tHe reactor.

2. Apparatus as claimed in Claim 1, further including a cleaned liquid
product recycle line from the filtrate cleaning unit to the primary filter unit,
whereby the primary filter can be back flushed using a portion of the liquid
pfoduct.

3. Apparatus as claimed in Claim 1 or Claim 2, in which the primary filter

is_slocated within the reactor.

4. Apparatus as claimed in Claim 3, in which the primary filter is arranged,

1n use, to be at least partially immersed in the slurry.

5. Apparatus as claimed in any preceding claim, in which the filtrate

clbaning unit is outside the reactor.
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6. Apparatus as claimed in any preceding claim, in which the filtrate
cleaning unit is a secondary filter unit, the primary filter unit comprising a
re:latively coarse filter and the secondary filter unit comprising a relatively fine

ﬁiter.

7.  _Apparatus as claimed in any preceding claim, further including a
degasser unit located between the primary filter unit and the filtrate cleaning

unit.

8. Apparatus as claimed in Claim 7, in which the degasser includes a gas
outlet, an outlet for filtrate leading to the filtrate cleaning unit, and an optional

recycle line for filtrate leading back to the reactor,

9. Apparatus as claimed in any preceding claim, further including a filtrate
blziffer unit arranged to receive cleaned liquid product from the filtrate cleaning
uﬁit, the filtrate buffer unit having liquid product outlet, a liquid product
re;cycle line to the reactor, and an optional liquid product recycle line to the

primary filter unit.

10.  Apparatus as claimed in Claim 8 and Claim 9, further including a

recycle line from the filtrate buffer unit to the filtrate cleaning unit.

11. A process for conducting a three phase reaction in which gaseous
reactants are reacted in the presence of a finely divided solid catalyst in
suspension in a liquid comprising, at least in part, the reaction product of the
gaseous reactants, thereby forming a slurry, the process comprising the steps
of: introducing the gaseous reactants into the slurry in a reactor; subjecting the

slilrry to a filtration step to remove particulate material in a primary filter unit
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to produce a filtrate stream; subjecting the filtrate stream to a cleaning step in a
ﬁitrate cleaning unit thereby removing further particulate material to produce a
liéluid product stream; and recycling at least a portion of the liquid product

stzream to the reactor.

12 A process as claimed in Claim 11, including the further step of recycling
até least a portion of the liquid product stream to the primary filter, thereby back
flushing the primary filter.

13 A process as claimed in Claim 12, in which the back flushing step

causes catalyst particles located on the primary filter to re-enter the slurry.

14. A process as claimed in any of Claims 11 to Claim 13, further including
a fines removal step in which fine catalyst particles filtered out in the cleaning

stép are removed from the filtrate cleaning unit.

15 A process as claimed in any of Claims 11 to 14, further including a
dégassing step in which gas is separated from the filtrate stream from the
pfimary filter unit and is removed from the process, while the remaining, liquid

phase is directed to the filtrate cleaning unit.

16 A process as claimed in Claim 15, in which a portion of the liquid phase

from the degassing step is recycled to the reactor.

17. A process as claimed in any of Claims 11 to 16, for producing
h)?/drocarbons in which the reaction is a Fischer-Tropsch synthesis reaction,
cairried out in a slurry bubble column reactor, and in which the H, and CO are
sﬁzpplied to a slurry in the reactor, the slurry comprising the catalyst in

sufspension in a liquid including the reaction products of the H, and CO, the
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catalyst being maintained in suspension in the slurry at least partly by the

motion of the gas supplied to the slurry.

18. A process as claimed in Claim 19, in which the reaction temperature is

in the range 190-250°C and/or the reaction pressure is in the range 10-60 bar.

19. A process as claimed in Claim 17 or 18, in which the H,/CO ratio of the

géses supplied to the Fischer-Tropsh synthesis reactor is in the range 1.1 to 2.2.

20. A process as claimed in any of Claims 17 to 19, in which the superficial

gais velocity in the reactor is in the range 5 to 60 cm/s.

21. A process as claimed in any of Claims 17 to 20, in which the product of
the Fischer-Tropsch synthesis reaction is subsequently subjected to post-

processing.

22. A process as claimed in Claim 21, in which the post-processing is
selected  from de-waxing, hydro-isomerisation, hydro-cracking and

combinations of these.
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10 Effect of addition of lines on permeability
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