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LOW-PRESSURE FISCHER-TROPSCH PROCESS

Field of the Invention

This invention relates generally to a low pressure Fischer-Tropsch process for
converting carbon monoxide and hydrogen to diesel fuel or diesel blending stock.

Baclkground of the Invention

The Fischer-Tropsch (FT) process for converting carbon monoxide and
hydrogen to liquid motor fuels and/or wax has been known since the 1920’s.

During the Second World War synthetic diesel was manufactured in Germany
using coal gasification to supply a 1:1 ratio of hydrogen and carbon monoxide for
conversion to fuel hydrocarbons. Because of trade sanctions and the paucity of
natural gas, South Aftica further developed the coal via gasification route to synthesis
gas and employed a fixed-bed iron Fischer-Tropsch catalyst. Iron catalysts are very
active for the water-gas shift reaction which moves the gas composition from a
deficiency of hydrogen and closer to the optimum Hy/CO ratio of around 2.0. When
large natural gas supplies were developed, stcam and autothermal reformers were
employed to produce the synthesis gas feedstock to slurry-bed FT reactors using
cobalt or iron catalysts.

In Gas-To-Liquids (GTL) plants, compromises must be made between liquid
product yield and plant operating and capital costs. For example, if there is a market
for electricity, a steam reformer design may be chosen because this technology
produces a large amount of waste heat: flue gas heat can be converted to electricity
using an ‘economiser’ and steam turbine. If conservation of natural gas feedstock and

low capital cost are paramount, autothermal or partial oxidation reformers using air
are favored.
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Another factor in selecting the best reformer type is the nature of the reformer
hydrocarbon feed gas. If the gas is rich in CO,, this can be advantageous because the
desired Ho/CO ratio can then be achieved directly in the reformer gas without the need
to remove excess hydrogen, and some of the CO; is converted to CO, increasing the

5 potential volume of liquid hydrocarbon product that can be produced. Additionally,

the volume of steam that is required is reduced, which reduces the process energy
requirements,

The market for Fischer-Tropsch (FT) processes is concentrated on large
10 “World-Scale” plants with natural gas feed rates of greater than 200 million scfd
because of the considerable economies of scale. These plants operate at high-pressure,
about 450 psia, and use extensive reoycling of tail gas in the FT reactor. For, example,
the Norsk Hydro plant design has a recycle ratio of about 3.0. The emphasis is on
achieving the maximum wax yield, In terms of product slate, these large plants strive
15 for the maximum yield of FT waxes in order to minimize the formation of C,-C;
products. The waxes are then hydrocracked to primarily diesel and naphtha fractions.
Unfortunately, light hydrocarbons are also formed in this process. The reformers
usually use some form of autothermal reforming with oxygen that is produced
cryogenically from air, an expensive process in terms of operating cost and capital
20 cost. The economies of scale justify the use of high operating pressure, the use of
oxygen natural gas reforming, extensive tail gas recycling to the FT reactor for
increasing synthesis gas conversion and controlling heat removal and product wax
hydrocracking, To date, an economical FT plant design has not been developed for
small plants with capactties of less than 100 million scfd,
25
The catalytic hydrogenation of carbon monoxide to produce a variety of
products ranging from methane to heavy hydrocarbons (up to Cgo and higher) as well
as oxygenated hydrocarbons is usually referred to as Fischer-Tropsch synthesis. The
high molecular weight hydrocarbon product primarily comprises normal paraffing
30  which cannot be used directly as motor fuels because their cold properties are not
compatible. After further hydroprocessing, Fischer-Tropsch hydrocarbon products can
be transformed into products with a higher added value such as diesel, jet fuel or
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kerosene. Consequently, it is desirable to maximize the production of high value
liquid hydrocarbons directly so that component separation or hydrocracking are not

necessary.

Catalytically active group VIII, in particular, iron, cobalt and nickel are used
as Fischet-Tropsch catalysts; cobalt/ruthenium is one of the most common catalyzing
systems, Further, the catalyst usually contains a support or carrier metal as well as a
promoter, ¢.g., rhenium.

Summary of the Invention

According to one aspect of the invention, there is provided Fischer-Tropsch
(FT) process having a cobalt catalyst with crystallites, wherein the crystallites have an
average diameter greater that 16 nanometors. The process produces a liquid
hydrocarbon product containing less than 10 weight percent wax (>Cj1) and greater
than 65% diesel (Co-Cp3). The process can have a FT catalyst support for the cobalt
catalyst, wherein the catalyst support is selected from the group of catalyst supports
consisting of alumina, zirconia, titania and silica, The cobalt catalyst can have a
catalyst Joading that is greater than 10 weight %. The operating pressure for the
Fischer-Tropsch process can be less than 200 psia. Promoters can be utilized in this
process, in which case the promotors are selected from the group consisting of :
ruthenium, thenium, rhodjum, nickel, zirconium, titanium, and mixtures thereof, A
flash distillation can be conducted on the process to reduce the naphtha cut. The
process can use a FT reactor that does not use tailgas recycle. The process can also
use 4 reformer that uses air ag an oxygen source, The reactor can be a fixed-bed FT
reactor or a slurry bubble bed FT reactor.

According to another aspect of the invention, there is provided a FT process
operating at less than 200 psia, using an air autothermal reformer, and having a CO
conversion of at least 65 % and providing a diesel yield greater than 60% by weight in
a single- pass FT reactor using a cobalt catalyst. The catalyst has a metallic cobalt
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loading greater than 5% by weight and rhenium loading of less than 2% by weight on
a catalyst support material selected from the group of catalyst support materials
comprising alumina, zirconia, and silica. The cobalt catalyst is in the form of
crysiallites, wherein the crystallites have an average diameter greater that 16
5 nanometers. The FT catalyst support material can be comprised of slumina. This
process can have a feed gas, wherein selective membranes or molecular sieves are
employed to remove hydrogen from the feed gas. Alternatively, the cobalt catalyst
loading can be greater than 6 weight % and operating pressute can be Jess than 100
psia, ‘The reactor can further have a promoter, wherein said promoter comprises a

10  promoter selected from the group of promoters congisting of ruthenium and rhenium
or mixtures thereof,

According to yet another aspect of the invention, there is provided a FT

process operating at less than 200 psia, using an oxygen sautothermal reformer, and

15 having a CO conversion of at least 65 % and providing a diesel vield greater that 60%
by weight in a FT reactor using a cobalt catalyst. The catalyst hag a metallic cobalt
loading greater than 5% by weight and a rhenium loading of less than 2% by weight

on a catalyst support selected from the group of catalyst supports comprised of
alumina, zirconia and silica materials, The cobalt catalyst is in the form of crystallites,

20 said crystallites having an average diameter greater that 16 nanometers. The FT
catalyst support can be comptised of alumina. The process can include a tailgas from

the reformer, whetein the tailgas is partially recycled to the reformer. The process can

also include a feed gas wherein selective membranes or molecular sieves are
employed to remove hydrogen from the gas. Alternatively, the cobalt catalyst loading

25  can be greater than 6 weight % and the operating pressure can be less than 100 psia.
The reactor can further have a promoter, wherein said promoter comprises a promoter

selected from the group of promoters consisting of ruthenium or rhenium, or
mixtures thereof

30 According to yet another aspect of the invention, there is provided a FT
process operating at less than 200 psia, using an oxygen steam reformet, and having a
CO conversion of at least 65 % and providing a diesel yield greater than 60% in by
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weight in a FT reactor using a cobalt catalyst with a metallic cobalt loading greater
than 5% by weight and rhenium loading of less than 2% by weight on a catalyst
support selected from the group of catalyst supports comprised of alumins, zirconia,
or silica materials, or mixtures thereof, The cobalt catalyst is in the form of
crystallites, wherein the crystallites have an average diameter greater that 16
nanometers, The FT catalyst support can be comprised of alumina. The process can
include a feed gas, wherein selective membranes or molecular sieves are employed to
remove hydrogen from the feed gas. The process can further include a tailgas from
the reformer, wherein some or all of the tailgas is burned to provide heat to the
reformer, Alternatively, the cobalt catalyst loading can be greater than 6 weight %
and the operating pressure can be less than 100 psia. The reactor can further have a
promoter, wherein said promoter comprises a promoter selected from the group of
promoters consisting of ruthenium or rhenium, or mixtures thereof.

According to yet another aspect of the invention, there is provided a FT
process operating at less than 200 psia, using an air or oxygen partial oxidation
reformer, and having a8 CO conversion of greater than 65 % and providing a diesel
yield greater than 60% by weight in a FT reactor using a cobalt catalyst with a
metallic cobalt loading greater than 5% by weight and rhenium loading of less than
2% by weight on a FT catalyst support selected from the group of catalyst supports
comprising alumina, zitconia, and silica materials, The cobalt catalyst is in the form
of orystallites, and the crystallites have an average diameter greater that 16
nanometers, The FT catalyst support can be comprised of alumina. The process can
include a feed gas, wherein selective membranes or molecular sieves are employed to
remove hydrogen from the feed gas. The process can further include a tailgas from
the reformer, wherein some or all of the tailgas is bumed to provide heat to the
reformer. Alternatively, the cobalt catalyat loading can be greater than 6 weight %
and the operating pressure can be less than 100 psia. The reactor can further have a
promoter, wherein said promoter comprises a promoter selected from the group of
promoters congisting of ruthenium or rhenium, or mixtures thereof.
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Brief Description of the Drawings

Figure 1 is a process flow diagram for a particular embodiment of the invention;

Figure 2 is a flow diagram for flash separation of naphtha and diesel hydrocarbon
fractions as a subsequent step to the Fischer-Tropsch process;

Figure 3 is a graph showing C5+ carbon number distribution for the catalyst of
Example 3 (trilobes) at 190 °C,;

Figure 4 is a graph showing the effect of pressure on the performance of the catalyst
of Exampie 4,

Figure 5 is a graph of C5+ carbon number distribution of the catalyst of Example 7 at
190°C, 70 psia,

Figure 6 is a graph of the C5+ carbon number distribution for the catalyst of Example
8a (I.D=5) at 200°C, 70 psia;

Figure 7 is a graph of the C5+ carbon number distribution for the catalyst of Example
O (F-220) at 190 °C., 70 psia

Figure 8 is a graph of the C5+ carbon number distribution for the catalyst of Example
10 using a Ruthenium promoter;

Figure 9 is a graph of the C5+ carbon number distribution for Catalyst of Example
11 (Aerolyst 3038 silica);

Figure 10 is a graph showing the relationship of cobalt catalyst crystallite size to wax
content of a C5+ FT product; and

Figure 11 is a graph showing a comparison of catalyst used in Example 9 carbon
distribution with a traditional Anderson-Shultz-Flory distribution.
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* In all Figures showing graphs of carbon numbers, naphtha is indicated by
large squares, diesel by diamonds and light waxes by small squares.

Detailed Description of Embodiments of the Invention
Introduction

In Fischer-Tropsch processes, various parameters such as the size and shape of
cobalt crystallites affect the activity of cobalt supported catalysts. The size of metal
crystallites controls the number of active sites available for reduction (dispersion) and
degree of reduction.

Under certain pretreatment and activation conditions, a strong interaction
between cobalt metal and oxide supports forms undesirable cobalt-support structures,
for example, cobalt aluminate, which may require high reduction temperature. High
reduction temperature can result in sintering cobalt crystallites and forming large
cobalt metal clusters. Not only temperature treatments, but also cobalt metal

precursors and metal loading, as well as metal promoters affect the size of cobalit
crystallites. Low cobalt metal loading could result in high metal dispersion and small

crystallites but enhances the metal-suppott interaction leading to poor reducibility and
low catalyst activity.

Hydrogenation of catbon monoxide using cobalt-supported catalyst is directly
proportional to the amount of exposed cobalt atoms. Therefore, increasing cobalt
metal dispersion on the oxide support surface, logically, enhances the catalyst activity
and C5+ selectivity. However, small cobalt crystallites strongly interact with the
oxide support forming unreducible cobalt-support systems. The strong correlation
between cobalt metal crystallites and reducibility influences the catalyst activity and
may produce undesirable products. Under typical Fischer-Tropsch reaction
conditions cobalt crystallite size range (9-200 nm) and dispersion range (11-0.5 %)
have minor influence on C5+ sclectivity, Nevertheless, smaller cobalt crystallites
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suffer from parious deactivation. In fact, Barbie et. al 2000 studied the comrelstion
betwoen the doactivation rats and cobelt ceystallite sies and obscrved & peak at 3.5 am.

~ Pmbodiments of the invention described horein relste to = low-pressure
Fischer-Tropech process and a cafalyst that produces & high diesel-fraciion yield
Process pressarre oo be below 200 paia. Tha cadalyst is cobalt deposited at grestet
MSMmmmmMMﬁ&me
rutheaium at 0,01 -2 wt. %, and have crystaliites having an aversge diamster groatex
than 16 nanometers. It has been discoverad that this catalyst is very effective at low
pressires in oonverting syuthesis gae into diesel i high yleld, producing a Hquid
hydrocarbon product contalning lees than 10 wt.% wax (>C28) md greater than 65% |
MM).mmmmmmwbmm
of low pressmre gases conkaining low moleculsr waight hydrocarbons mio FT liquids.
Examples of applications sre landfill ges, oil field solution gas and low pressure gas
from de-pressmred gas fladds. In ol these casms, multiplesinge gas snd alr
comgression would bo required in traditional FT plants. The high efficimucy of the
preseat FT catalyst enmbles high CO conversion snd produces & product stremn
contabung up 00 90+ wt, % dicssl in & uinglo pass, The use of air in the natnral gas
refonmer provides a synthvsis gas conteining spproximadely 50% nitrogen, which
facilitetrs hest removal in the FT rosctor 45 sensible heat and increases gas velocity
and hast tranafer efficiency, wo that tail gas recycling is not needod. Nephtha can be
partially saparyted from the kydrocarbon product by flash disfillation at low cost to
genersie a move pure diesal product. This also serves to provide some praduct cooling.
The Lquid hydmoarbon produst {s excallant for biending with petroleom diesel to
inorcese ostane umber and reduce sulfor content.

Ths present embodiments can be appliad to world-acale gas-to-liquid plets,
but slao i0 small FT plants using less than 100 million scfd. When spphisd to small
FT plxxts, the present anbodiments sirive for optimived economics with sy anphasia
o simplicity and minimized capital cost, poesibly at the expense of efficiency. The

ASVTERYWIROAL LAWA 1641363\

AMENDED SHERT
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following is a comparison of existing FT technologies compated to the present
embodiment as applied to small F'T plants:

Existing FT Technologies Present Embodiments

Large plants, > 25MMscfd Small plants, < 100MMscfd

High pressure, > 200 psia Low pressure, < 200 psia

Oxygen to reformer Air to reformer

Extensive recycling to FT reactor or reformer No recycling (“once-through™
Prooess)

Low single-pass FT CO conversion (< 50%) High single-pass conversion (>
65%)

Deliberate and extensive wax formation Less than 10% wax formation

Hydrocracking waxes No hydrocracking operations

Multiple-pass FT reactors Single- pass-FT reactor

Low FT diesel yield (<50 %) High diesel yield (55-90 % of
hydrocarbon liquid)

In order to operate the F1 process at high conversions with oxygen- blown
reformer synthesis gas, the approach has been to recycle tail gas in a high proportion-
at a ratio of 3.0 or greater based on fresh gas feed. A secondary benefit is that the
fresh gas is diluted in carbon monoxide, which reduces the required rate of heat
removal from the FT reactor, reduces hot-spotting and improves the product slate.
However, tailgas recycling is a very energy and capital intensive activity. The
separation of oxygen from air is also an energy and capital intensive activity.

The approach taken in the present process is to use air in the reformer, which
gives a synthesis gas containing approximately 50 % nitrogen as inert diluent,
eliminating the need for tail gas recycling to moderate FT reactor heat removal
requirements. Others employing air- blown synthesis gas in FT processes have
achieved the desired high CO conversions by using multiple FT reactors in series,
which entails high capital costs and complex operation. The present process achieves
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high CO conversion in a simple single pass and a high diesel cut by using a special
catalyst as more particularly described below.

The catalyst in one embodiment employs an alumina support with high cobalt
concentration, along with a low level of rhenium to facilitate catalyst reduction. The
high cobalt concentrations increase catalyst activity, enabling high single-pass
synthesis gas conversion, The catalyst is made to have a relatively large average
cobalt crystallite size and this gives selectivity to a substantially diesel product.

The Anderson-Shultz-Florey theory predicts the FT hydrocarbons to cover a
very wide range of carbon numbers, from 1-60, whereas the most desirable product is
diesel fuel (Co=Cas, Chevron definition), In order to reduce the ‘losses’ of CO to
making C;-Cs hydrocarbons, a common approach is to strive to make mostly wax in
the FT reactor and then, in a separate operation, to hydrocrack the wax to mostly
diesel and naphtha, Surprisingly, the process and catalyst of the present embodiments

make diesel in high yield (to 90 wt%) directly in the FT reactor, obviating the need
for expensive and complex hydrooracking facilities.

Because of the elimination of oxygen purification, high-pressure compression,
tail gas recycling and hydrocracking, the present process can be applied economically
in much smaller plants than hitherto considered possible for FT technology.

Figure 1 shows the process flow diagram for the FT process of the present
embodiment, wherein the letters A-K signify the following:

Raw hydrocarbon-containing gas
Hydrocarbon gas conditioning equipment
Reformer

Water

Oxidizing gas

Cooler

>R B - T - B o T - - -

Separator

10
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Letter A represents the raw hydrocarbon-~-containing process feed gas. This
could be from a wide variety of sources: for example, from a natural gas field, a land-
fill facility (biogenic gas), a petroleum oil processing facility (solution gas), among
others, The pressure of the gas for the present process can vary widely, from
atmospheric pressure to 200 psia or higher, Single-stage or two-stage compression
may be required, depending on the source pressure and the desired process operating
pressure, For example, for landfill gas, the pressure is typically close to atmospheric
pressure and blowers are used to transmit the gas into combustion equipment.
Solution gas, which is normally flared, must also be compressed to the process
operating pressure, There are also many old exploited and late-life natural gas fields
with pressure too low for acceptance into pipelines that could make possible feedstock
for the present process. Other natural gas sources, which may or may not be stranded
(no access to a pipeline) may already be at or above the desired process operation
pressure and these are also candidates. Another candidate is natural gas that is too
high in inerts such as nitrogen to meet pipeline specifications.

Letter B represents hydrocarbon gas conditioning equipment. The gas may
require clean-up to remove components that would damage reformer or FT catalyst.
Examples of these are mercury, hydrogen sulfide, silicones and organic chlorides.
Organic chlorides, such as found in land-fill gas, produce hydrochloric acid in the
reformer, which can cause severe corrosion. Silicones form a continuous silicon
dioxide coating on the catalyst, blocking pores. Hydrogen sulphide is a powerful FT
catalyst poison and is usually removed to 1.0 ppm or lower, Some gas, from sweet-
gas fields, may not require any conditioning (clean-up),

The hydrocarbon concentration in the raw gas affects the economics of the
process because less hydrocarbon product is formed from the same volume of feed

11
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gas. Nevertheless, the process can operate with 50% or lower methane concentration,
for example, using land-fill gas. There may even be reasons to operate the process
even at a financial Joss; for example to meet greenhouse gas government or corporate
emission standards, The process can opetrate with feed gases containing only methane
hydrocarbon or containing natural gas liquids by the application of known reformer
technologies, The presence of carbon dioxide in the feed gas is beneficial.

Letter C represents the reformer, which may be of several types depending on
the composition of the feed gas. A significant benefit of low pressure reformer
operation ig the lower rate of the Brouard reaction and diminution of metal dusting.

Partial oxidation reformers normally operate at very high pressure i.e. 450 psia
or greater, and so are not optimum for a low-pressure FT process. It is energetically
inefficient, and can easily make soot, however, it does not require water, and makes a
syngas with a Hy/CO ratio near 2.0, optimum for FT catalysts. Partial oxidation
reformers may be employed in the present process. |

Steam reformers are capital expensive and require flue gas heat recovery to
maximize efficiency in large plants. Because the synthesis gas contains relatively low
levels of inerts such as nitrogen, temperature control in the FT reactor can be difficult
without tail gas recycling to the FT reactor. However, the low level of inerts enables
recycling of some tail gas to the reformer tube-side, supplementing natural gas feed,
or to the shell side to provide heat. Keeping in mind that FT tail gas must be
combusted before venting in any event, this energy can be used for electrical
generation or, better yet, to provide the reformer heat which would be otherwise be

provided from burning natural gas. For small FT plants, steam reformers are a viable
choice. Steam reformers may be employed in the present process.

Autothermal reforming is an efficient process of relatively low capital cost
that uses moderate temperatures and modest steam concentrations to produce a soots

free synthesis gas with Hy/CO around 2.5 using low-CO; natural gas feed, which is
closer to the desired ratio than for steam reforming. However some hydrogen removal

12
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is still required for most natural gas feeds. If the feed gas contains greater than about

33 % CO,, as is the case with land-fill gas feed, then an H,/CO ratio of 2.0 can be
achieved without any recycle streams, and the water use can also be diminished. This
18 the most desired type of reformer for the present low-pressure FT processes.

Letter D represents the optional water that is injected as steam into the
reformer. All reformer technologies except partial oxidation require the injection of
steam.

Letter E represents an oxidizing gas, which could be air, oxygen or oxygen-
enriched air,

Letter F represents a cooler for reducing the reformer outlet temperature from
greater than 700 °C. to close to ambient. The cooling may be done in several stages,
but preferably in a single stage. The cooling may be achieved with shell- and- tube or
plate- and- frame heat exchangers and the recovered energy may be utilized to pre-
heat the reformer feed gases, as is well known in the industry. Another way of
cooling the reformer tail gas is by direct injection of water into the stream or by
passing the stream through water in a vessel.

Letter G represents a separator for separating the reformer synthesis gas from
condensed water, so as to minimize the amount of water entering downstream
equipment,

Letter H represents optional hydrogen removal equipment such as Prism™

hydrogen-selective membranes which are sold by Air Products, or Cynara membranes
from Natco.

Certain reformer processes produce a synthesis gas too rich in hydrogen, some
of which must be removed to achieve optimum FT reactor performance. An ideal

Ho/CO ratio is 2.0-2.1, whereas the raw synthesis gas may have a ratio of 3.0 or
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higher, High hydrogen concentrations give rise to larger CO loss to producing
methane instead of the desired motor fuels or motor fuel precursor such as naphtha.

Letter I represents typical FT reactors, which are of the fixed- bed or slurry
bubble type and either tay be used. However, the fixed-bed is preferred in small
plants because of its simplicity of operation and ease of scale-up.

Letter J represents a back-pressure controller which sets the process pressure,
It may be placed in other locations depending on the product recovery and possible
partial separation process employed.

Letter K represents product cooling and recovery. Product cooling is typically
accomplished by heat exchange with cold water and serves to pre-heat the water for
use clsewhere in the FT plant. Separation is accomplished in a separator' vessel
designed for oil/water separation. However a second alternative is to flash- cool the
FT reactor product before the aforementioned cooler-separator as shown in Figure 2.
This serves two purposes- firstly to reduce the product temperature and secondly to
enable partial separation of the naphtha component in the produced hydrocarbon
product, enriching the remaining liquid in the diesel component.

Figure 2 shows a process diagram, for flash separation of naphtha and diesel
hydrocarbons, in which: |

1 1s a fixed-bed Fischer Tropsch reactor.

2 I8 8 mixture of gases, water, naphtha, diesel and light waxes at
ca.190-240 °C and pressure greater than atmospheric.

3 is a pressure let-down valve,

4 18 stream 2 at reduced temperature duye to gas expansion and at
14,7 psia.

S5 is a flash drum veszel.
6 15 & vapour phase congisting of stream 2 minus diesel and light
waxes.

14
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7 1 a cooler,
18 stream 6 with naphtha and water in the liquid phase.
9 is a vessel to retain naphtha and water.
10 18 a waste tailgas stream consisting mainly of inert gases and
5 light hydrocarbons.

The FT products 2 flow through a pressure let-down valve 3 and into a flash
drum 3. The inert gases and Jower-boiling hydrocarbons, water and naphtha go
overhead as vapour out of the flash drum and through cooler 7. The diesel and light

10 waxes collect in vessel 5. The water and naphtha condense in cooler 7 and are
collected in vessel 9, The remaining gases exit overhead in stream 10 and are
typically combusted, sometimes with enetgy recovery, or are used to generate

clectricity,
15 EXAMPLE
Catalyst Supports Employed
- Table 1. Physical characteristics of catalyst supports
* Alumina catalyst Alcoa Alcoa | Alcoa F-220 Sasol Degussa
support (supplier’s LD-5 C58-350 Trilobes Aerolyst 3038

data)
Surface Area, m*/g 300 min 48 270

Average Particle size, vatious '1670%4100 2500
microns
Pore Volume, ¢</ 0.63 0.57 “ 0.82 0.9-1.0
g 057 | o

Bulk Density, g/loc | 0.645 0.42 0.40-0.46

99.6 93,1 Diff, <500 ppm

0,02 0.02 0.013 ~99.8

I O I L M
Naz 0, %wt, max 0.2 0,35 0.3 0.05 -

LOI (250-1100°C), %wt | 23-30 3.5 6.3 _ -

Example 1

Catalyst synthesis was conducted by ordinary means as practiced by those
25 knowledgeable in the art. The catalyst support was alumina trilobe extrudate obtained
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from Sasol Germany GmbH (hereafter referred to as ‘trilobe’). The extrudate
dimensions were 1,67 mm diameter and 4.1 mm length., The support was calcined in
air at 500 °C. for 24 hours. A solution mixture of cobalt nitrate and perrhenic acid was
added to the support by the method of incipient wetness to achieve 5 wt% cdbalt
metal and 0.5 wt.% rhenium metal in the finished catalyst (Catalyst 1). The catalyst
was oxidized in three steps:

Step 1: the catalyst was heated to 85 °C and held for 6 hours.

Step 2: the temperature was raised to 100 °C at 0.5 °C per minute and held for
4-hours;

Step 3: the temperature was raised to 350 °C at 0.3 °C per minute and held for
12 hours,

The drying rate of the wet catalyst was somewhat dependent upon the size of
catalyst patticles. Smaller particles will dry more quickly than larger particles and the
size of the crystals formed inside the pores can vary with crystallization rate. A
volume of 29 cc of oxidized catalyst was placed in a ¥4 inch OD tube that had an outer
annular space through which temperature-control water was flowed under pressure in
order to remove the heat of reaction. In effect, the FT reactor was a shell-and-tube

heat exchanger with catalyst placed in the tube side. The inlet gas and water were both
at the targeted reaction temperature, Catalyst reduction was accomplished by the
following procedure:

Reduction- gas flow rate (cc/min)/H, in nitrogen (%)/temperature (°C.)/time
(hours):
1. 386/70/200/4, pre-heat stage
2. 386/80/10 325/4, slow heating stage
3. 386/80/325/30, fixed- temperature stage

During Fischer-Tropsch catalysis, total gas flow to the FT reactor was at a GHSV
of 1000 hr™', Gas composition was representative of an air-autothermal reformer gas:
50% nitrogen, 33.3% Hj and 16.7 % CO. A seasoning of the catalyst was used t0
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requce methane production. This was accomplished by holding the reactor
temperature at 170 °C, for the first 24 hours. Presumably, this process causes
carbonylation of the cobalt surface and increased FT activity, CO conversion and

liguid production were measured at a variety of temperatures between 190 °C. and
s 220°C. '

Example 2
The catalyst used in this example (Catalyst 2) was the same as the catalyst used in

Example 1, except that the cobalt metal loading was 10 wt%.
10
' Example 3
The catalyst used in this example (Catalyst 3) was the same as the catalyst
used in Example 1, except that the cobalt metal loading was 15 wt%.

15 Example 4
The catalyst used in this example (Catalyst 4) was the same as the catalyst

used in Example 1, except that the cobalt metal loading was 20 wt%,.

EKxampl
20 The catalyst used in this example (Catalyst 5) was the same the catalyst used
in Example 1, except that the cobalt metal loading was 26 wt%. '

Example 6
The catalyst used in this example (Catalyst 6) was the same the catalyst used
25  in Example 1, except that the cobalt metal loading was 35 wt%.

Example 7
The catalyst used in this example (Catalyst 7) was the same as the catalyst

used in Example 1, except that the alumina support was CSS-350, obtained from

30 Alcoa, and the cobalt loading was 20 weight percent. This support is spherical with a
diameter of 1/16 inch.
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Ex les 8a. 8 8d

The catalysts used in these examples (Catalysts 8a, 8b, 8c, and 8d) were the
same as used in Example 1, except as follows: Catalyst 8a was identical to Catalyst 1,
except that the alumina support was LD-5, obtained from Alcoa, and the cobalt
loading was 20 weight percent. This support is spherical with an average particle

distribytion of 1963 microns. Example 8a used the particle size mixture as received.
Some of the original particles were ground to smaller sieve sizes: Catalysts 8b, 8¢ and
8d were made with particles of diameter 214, 359 and 718 microns respectively. The
cobalt loading in Examples 8b, 8¢ and 8d was identical to Catalyst 8a.

Example 9.
The catalyst used in this example (Catalyst 9) was the same as the catalyst

used in Example 1, except that the alumina support was F-220, obtained from Alcoa,
and the cobalt loading was 20 weight percent. F-220 is a spherical support with a
mesh size distribution of 7/14.

Example 10
The catalyst used in this example (Catalyst 10) was the same as Catalyst 4,

except that the promoter was ruthenium rather than rhenium.

Example 11
The catalyst used in this example (Catalyst 11) was the same as Catalyst 3,

except that Aerolyst 3038 silica catalyst support from Degussa was used instead of
alumina.

Example 12

The catalyst used in this example (Catalyst 12) was identical with Catalyst 8d
having the same catalyst support, particle size and catalyst loading, except that the
oxidizing process hold times were doubled during catalyst synthesis, That is, the
temperature hold times were regpectively to 12, 8 and 24 hours for the 3-oxidizing
steps described for Catalyst 1, The intention of slower catalyst oxidation rates of the
small Catalyst 12 particles was to achieve a larger cobalt crystallite size (21.07 nm)

18
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within the pores of the small support particle in comparison with the crystallite size
under faster crystallization conditions of Catalyst 8d (15.72). The method used herein
to control drying rate and catalyst cobalt crystallite size is not meant to exclude any
other method to achieve larger crystallite sizes. For example, the relative humidity or

5  pressure of the drying chamber could be varied to control the catalyst drying rate and
therefore cobalt crystallite size.

Catalyst Characterization
The above Catalysts were analyzed for average crystallite size (d(Co0),
10 Dispersion (D%) and Degree of Reduction (DOR) using a Chembet 3000
(Quantachrome Instruments) TPR/TPD analyzer, The catalyst was reduced at 325°C
in H; flow and cobalt dispersion was calculated assuming that one hydrogen molecule
covers two cobalt surface atoms. Oxygen chemisorption was measured with a series
of (O2/He) pulses passed through the catalyst at 380°C temperature after reducing the
15 catalyst at 325°C, The up-take oxygen moles were determined and degree of
reduction was calculated assuming that all cobalt metal was re~oxidized to Co304,
Cobalt erystallite size was calculated from:
d(Co0)y= (96/D%) DOR
D% ; Dispersion

20
FT Catalyst Evaluation
(i) Influence of cobalt loading

23

The effect of Co loading on catalyst performance was tested with Examples 1-

6 with the results shown in Table 2.
Table 2. Effect of catalyst loading on performance on Examples 1-8 (trilobes) at 70 psia.

30
Weight % Cobalt
(Example number) 5(1) 10(2) 15(3) 20(4) 26(5) 35 (6)
Optimum Temperature, °C 220 210 205 200 200 200
Hydrocarbon Liquid Rate, mi/h 0.08 0.54 0.74 1.03 0.77 0.86
Naphtha, wi% 6.4 8.8 13.9 17.9 16.4 15.8
Diesel, wt% 892.5 82.8 78,3 75.3 76.8 76.8
Light wax, wt% 1.1 8.4 7.8 6.8 8.8 7.4
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Diesel proguction, mih 0,08 0.45 0.58 0.78 0.59 0.66
CO Conversion, mol % 19.4 42.0 61,2 85.1 82.8 83.1
C5+ Selectivity, % 28.6 80.6 71.3 68.0 €5.1 £4.3
Cetane number 81 79 77 78 74 75

Tests for each of Examples 1-6 were conducted at various temperatures, and
the temperature that gave the largest amount of hydrocarbon product is listed. It is
clear that 5% cobalt was not enough to provide a useful amount of liquid

5  hydrocarbons: the best concentration was 20 wi% Co, which gave 1.03 ml/h. The
concentration of diesel range hydrocarbons in the hydrocarbon product was 75.3-92.5
“ at cobalt loadings of 10 wi% cobalt or higher, The highest diesel production rate
(0.78 ml/h) was achieved with the trilobe support with 20% cobalt at 70 psia.

10 The performance data for Catalyst 1 at 202.5 is shown in Table 8. The level of
wax (C>23) on the C5+ liquid was only 6.8 % and the diesel fraction was 73.5% (C9-
C23). It was found that for all Catalysts tested where the crystallite average diameter
was greater than 16 nm, the C5+ wax was less than 10 weight %, enabling the product
to be used directly as diesel blend.

i3

Figure 3 shows the carbon number distribution for Catalyst 3 (trilobe) in
Example 3 at 190 °C, A very narrow distribution was obtained having no heavy wax.
Diesel was 90.8%, naphtha 6.1% and light waxes 3.1%, Cetane number was very
high at 88, In all graphs of carbon numbers, naphtha is indicated by large squares,

20 diesel by diamonds and light waxes by small squares,

Influence of pressure

25 Catalyst 4 in Example 4 was run in the standard testing rig ag described above
at a temperature of 202.5 °C., at a variety of pressures. Results in Table 3 and Figure 4
indicate that productivity of the catalyst for production of liquid hydrocarbons was
significant at low pressures down to 70 psia, with the optimum results obtained at
pressures between 70 psia and 175 psia. Prefetred pressures are 70-450 psia and most

30  preferably from 70 to 175 psia. The diesel fraction over that pressure range was fairly

constant at 70.8-73.5 weight percent. As shown in Table 8, Catalyst 4, with 20 %
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cobalt had an average crystallite size of 22.26 nm and a C5+ wax fraction of 6.8 wt %
enabling the product to be used as a diesel blend.

5  Table3, Effect of pressure on catalyst performance (Catalyst 4, 202.5 °C.).

Pressure, psia 40 70 100 128 140 175 200
Hydrocarbon Liquid Rate, mi/h 0405 1.047 1.082 1034 1.048 1.079 0,805
Naphtha, wt% 85 197 247 235 239 2868 2389
Diesel, wi% 778 7358 719 731 734 708 74.1
Light wax, wtdh 13.7 5.8 3.4 3.4 2.7 2.6 2.0
[Diesel production, mi/k 032 077 078 076 077 076 0.60
CO Conversion, mo| % 664 902 841 838 748 734 658
C5+ Selectivity, % 7186 581 544 5285 8613 877 520

C t7
As seen in Table 4, the maximum diesel production rate was achieved at 215
10 °C. and 70 psia, Compared with Catalyst 4, Catalyst 7 gave a lower diesel production
rato at its optimum temperature (215 °C.), but a higher diesel fraction. Figure 5 shows
the narrow carbon number range in the liquid product at 190 © C., with 89.6% in the
diesel range. Cetane number was 81, However, as shown in Table 8, the crystallite
size was 18.26 nm, and the wax fraction was 7.2% enabling the product to be used as
15 adiesel blend.

Table 4, Performance of Catalyst 7 at various temperatures (CSS-350).

Temperature, °C 180 200 210 215 220
Hydrocarbon Liquid Rate, mi/h 0.55 0.58 0.64 0.70 0.868
Naphtha, wit% 5.4 15.2 13.4 15.4 14.3
Diesel, wt% 89.6 76.8 82.0 77.4 81.3
Light wax, wi%e 50 8.0 4.8 7.2 4.4
Diesel production, mi/h 20.1 47.2 45,2 53.8 40.5
Average Molecular Weight 164.9 170.2 171.2 164.8 168.3
CO Conversion, mol % 47.8 53.4 81.6 63.8 100.0

20

Catalvsts 8a, 8b, 8c. and 8d

The testing results are shown in Table 5, Catalysts 8b, 8¢ and 8d showed Co
metal dispersion higher than for Catalyst 8a. Catalysts that contain Co® average

crystallite sizes below 16 nanometers gave a high wax cut in the FT product of 17.6-
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19.3% wt, whereas Catalyst 8a and Catalyst 12, which contained Co® crystallites
larger than 16 nm gave lower wax cuts of 6,6 and 7.8 wt.% respectively in the C5+
liquid, enabling the product to be used as a diesel blend. Of note, Catalysts 8a and 12
had very different particle sizes, but gave similar low wax cuts. This shows that the

controlling variable for low wax concentrations was crystallite size, and not particle
size.

Table 5. Performance of Catalyst 8a-8d and 12 at 70 psia.

Catalyst 8a 12 8b* 8c* 8d*
Average Particle size, microns 1963 718 274 359 718
Average crystallite size, nm 23.06 21.07 9.19 14.78 18,72
Dispersion, % 4.16 4,56 10.45 8.5 611

Fischer-Tropech test Temperature, °C 200 205 200 200 200
C5+ composition wt. %:

Naphtha (¢carbon number C6-C8) 8.3 18,7 10.% 10.4 11.4
Diesel (carbon number C9-C23) 84.1 76.5 70.9 72 88.3
Wax (oarbon number > C23) 6.8 7.8 19.0 17.8 18.3
Average molecular weight, AMU 182 160 195 180 103
CO conversion, % 62.7 51.2 88.8 72.7 60.3

“Not part of the present Application

Catalyst 9

Catalyst 9 was tested at 70 psia. As shown in Table 6 and Figure 7, the 190 °C
hydrocarbon product contained 99.1% “naphtha plus diesel”. Diesel itself was at
93.6%, There was very little light wax. Cetane number was 81, As shown in Table 8,
the crystallite size was 22,22 nm and the wax fraction was 2.3 %, enabling the product
to be directly as a diesel fuel.

Ta_b;e 6. Performance of Catalyst 9 (F-220) at various temperatures (pressure 70
psia).

Temperature, °C 190 200 210 215
Hydrocarbon Liquid Rate, mih 0.465 0.757 0.8 0.733
Naphtha, wi% 5.5 0.2 20.1 21.5
Diesel, wt% 03,8 88.5 77.0 74.7
Light wax, wit% 0.9 2.3 2.9 3.8
Diesel production, mi/h 0.41 0.62 0.53 0.47
Average Molecular Weight 188,2 181.4 187.7 154.1
CO Conversion, mol % 50,0 72.2 04.7 g2.2
Cetane number 81.0 76.0 §7.0 65.0
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Data in Table 7 and Figure 8 show that the use of ruthenium catalyst promoter
instead of rhenium also provides a narrow distribution of hydrocarbons with 74.42%
in the diesel range having an overall cetane number of 78. As shown in Table 8, the

crystallite size was 20.89 nm and the wax fraction was 3.73 %, enabling the product

to be used as a diesel blend.

Table 7. Performance of Catalyst 10 (Ruthenium promoter, LD-5 alumina

support).

Temperature, °C/Pressure, psia 216
Conversion, % 84,64
C5+ liquid rate, mi/h 0,73
Diese| production rate, mi/h 0.54
CH+ weight fractions, %:

Naphtha (C6-C8) 21.85
Diesal (C9-C23) 74.42
Wax (>C23) 3.73
Cetane number 78
Average molecular weight 164

Catalyst 11

For Catalyst 11, the hydrocarbon liquid production rate was 0.55 ml/h at 210
°C. The carbon distribution curve shown in Figure 9 demonstrates a narrow
distribution with a high diesel cut. As shown in Table 8. the crystallite size was 33.1
nm and the wax fraction was 5.2 %, enabling the product to be used as a diesel blend,

perhaps after flashing off the naphtha fraction.

Table 8, Summary of the effect of cobalt crystallite size on C5+ wax concentration.

Catalyst Number 4 7 g 10
Name Trilobeg C88- F-220 LD-

350 S/Ru
Average crystallite size, nm 2226 1826 2222 20.89
Digpersion, % 431 528 432 AB0Q
-T test temperature, °C 202.5 215 200 215

23
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C5+ composition wt, %:

Naphtha (carbon number C8-C8) 19.7 18.4 0.2 21.9 20.7 187
Diesel (carbon number C9-C23) 73,5 774 885 74.4 74.1 78.5
Wax (carbon number > C23) 8.8 7.2 2.3 3.7 5.2 7.8
Average molecular weight, AMU 165 165 181 164 147 160
CO conversion, % 50.2 03.8 722 02.6 &7 51.2

Catalysts 1 to 12 (except catalysts 8 b, ¢ and d) in this disclosure gshow that a
narrow distribution of hydroocarbons, mainly in the diesel range, having low wax
content (<10 wt.%) is obtained when the FT catalyst has cobalt crystallites larger than
16 nm, as shown in Figure 10 (the large squares are not part of this embodiment).
With small catalyst particles (e.g. Catalyst 12) it is necessary to control the
crystallization rate in order to obtain the desired crystallite size,

Figure 11 compares this result with expectations from the Anderson-Shultz-
Flory (A-8-F) carbon number distribution based on chain growth, The A-S-F
distribution provides only 50 wt. % diesel fraction, whereas the present embodiments
provide > 65 wt. %.

The liquid hydrocarbon product of the present catalysts is more valuable than
the broad A-S-F type of product because it can be used directly as a diesel-blending
stock without hydrocracking to increase cetanie number and decrease sulphur content
of petroleum diesels, Because the present process can be a simple once-through
process, it can entail low capital cost.

Although the disclosure describes and illustrates preferred embodiments of
the invention, it is to be understood that the invention is not limited to these particular
embodiments, Many variations and modifications will now occur to those skilled in
the art, For a complete definition of the invention and its intended scope, reference is
to be made to the summary of the invention and the appended claims read together

with and considered with the disclosure and drawings herein.
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. A FischernTropsch moocees for producing s Lquid hydrocarbon

substantlally comprising diesel foel or diesel blending stock, tha prooesa
producing & liquid hydrocarbon prodnct containing Jess than 10 weight
percont wax (>Cy;) and greater than 65% dissel (Co-Cy), such Fiecher-
Tropach process comprising the steps of:

operating 8t presures below 200 pais; and |
wiilizing a cobalt catalyst eomprisiag & Fischer-Tropsch catalyst
support  having cobalt metsl crystallites thereon, sald cobalt metal
crystallitos having an average diemeter grester than 16 nanometers.

The proveas of claim 1, whercin anid Fischer-Tropsch catelyst support is o,
catalyst support seleceed from the group of oatalyst supports consisting of
aknuion, grmma alumina, zirconis, titanis , silice, and mixteres theveof,

The process of any one of claims 1 or 2 wherein the cobalt catalyst has a
metallic cobalt catalys loading, and whersin asid metallic cobalt catalyst
loading is af least 15 weight %. |

The process of any ane of clsims | 10 3 wherein conversion of CO in feed
a4 18 At lsapt 0%,

The process of any one of olaims 1 to 4 whernin promotors are utilized in
such process, and said pramoters are selocted from the group of promoters
consisting of : ruthestiuen, rthaium, rhodiwn, ndokel, Zirconiom, titardum,
end yixtures thoreof.

 The process of any cue of claims | % 5 wherein o fissh distllston is

conducied  reduce Hght hydrocarbon cuts which have lowar boilmg
pointy than diesel.
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7. The prooess of any ane of claims 1-6 whersin the prncess mses a Fischer-
Tropach reaciar that doss not use tailges rocycls,

8.  Theprocess of any one of claimse 1-7 wherein the nroocss vees a reformer
that uges air 43 m oxygen source.

9. The process of any ane of claims 1-8 wherein 4 Fischer-Tropach resctor
used in asid Fischer-Tropsch process i & fixed-bed Fischer=Tropach
reactor or a sharry baibble bed Fischer-Tropach reactor,

10.

Amwm oparating «t 12es fhan 200 psls, uting an air
autothermal refimmer, and having a CO conversion of at least 50 % and
- providing & dicsel yiald greater than 65% by weight in 2  single-peas
Fischar-Tropsch reacsor, cotaprising the steps of :

using & oobalt cainlymt, said catalyst having & metallic cobalt
loading of ot lesst 15% by weight end thenitam loading of 1ous thay 2% by
wesght, sid cobalt catalyst beving & catalyst support matedal selevtsd
from the group of catslyst mpport materisls comsisting of alumine,
girconda, dilics, and mixtuves theveof and having ocobalt metal crystallites
tharcon, mid cobalt metal arystallites having an average Giamessr groeter
than 16 nanometers, |

11, The procems of clsim 10 Wherein the Fischer-Tropsch eatalyst support

matcris! is comprised of gamma-sluming.

12. . The prooess of olsim 10 having e Fischer-Tropsch foed gas, wherein
selective membranes or molacular sioves an amploved to remove
hydrogen from the Fischer-Tropach fead gna.

‘The proceas of claim 10 whorain the opersting prossure is at least 40 psia,
and tansperatnre iy the Fischer-Tropach reactor in at least 190°C,

13,
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14, The prooess of claim 10 wharein the opersting pressore is lexs than 100
paia. |

15. A Vischor-Tropsch process o8 claboed in claim 10, sadd cobalt catslyst
further having & prornoter, whesein axid promoter comprises a promoter
salected ftam the gromp of promoten consisting of tutheninm, thenium,
and mixtures thereof.

16. A Fisther-Tropach process having a CO couversion of at loast 50 % and
providing a diseel yield greter than 65% by weight in 2 Fiacher-Tropach
reector, compuismg the steps of!

Operating af prassures less than 200 paia;

Uging an oxygen sutothersnnl reformear; and
veing s cobali catalyst, asid catalyst having & metallic cobelt

loading of ot Jeast 15% by weight and & theaium loading of loss than 2%
by weight, on 8 Fischer-Tropach catalyst support matarial selectad from
the group of catalyst sappart materials copsisting of alumine, zirconia,
silics, and mixtures theroof, whemin stid cobalt catalyst is in the form of
cobali metal cxystallites, sid crystellites having an sversge dismaeter
groater fhan 16 nanomsters,

17.  'The prooess of daim 16 wharein the Flacher-Tropsch catalyst suppoxt is
compeised of ahntina,

18. The prooess of claim 16 having a tallges from the Fischer-Tropsch
reformer, whersin tha tallgae is partially recycled to the refortoar,

The proceas of olaim 16 farther having a Fischer-Trapach reactor feed
sas wherain selective membmnes or molecninr sieves are emplaysd o
ramove hydogen from the feed gas.

w 27 N
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20. ‘The prooess of clatm 10 whepein tha opecating preseure is at lenst 40 paia,
and tamperatore in the Fischer-Tropech reactor is &t least 190°C.

21.  The procest of claim 16 wherein the opetating pressure is no greater than
100 peia. |

baving a CO cotivemion of &t least 50 % and providing a diceel yield
grenter than 65% by weight, and

using & cobalt metal catalyst with a mataflic cobalt loading of at least
15% by weight end rhendum loading of lass than 29 by weight on & Fischex-
Tropsch cutalyst support material seleciad from the group of catalyst support
materialn consisting of sfumina, ziroonds, silics, mnd mixtures thareof,
wherein szid catalyst support material possesses cobalt metsl crystallites, said
crystallites having an aveyage diwrneter greater than 16 nanomsters, .

24, The procass of clstm 23 wherein the Fiacher+Tropach catalyst support 18
comprised of penme alpming.
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ﬁEL The proosss of my ona of cleims 23 W 24 firther having a Fiocher- -
Tropech reactor foed gas, wherein sclective mambranes or molesular

mmwmeﬂlﬁWme.

26. The process of my one of claim 23 to 25 having a tilgas from the
rdam:;whuﬂnmuaﬂﬂhﬁlm{shmﬁmm%hutnﬂn
pafosmer.

27.  Tho mocess of any one of claims 23 tn 26 wherein the operating pressure
is ot lenst 40 peia and the temperatiure is at least 190°C.

'Ib;:mofmymofddmﬁbﬂwhuinth"puﬂlncm'
‘o logs than 100 psia.

29. Jklﬂkitnrﬂhuamnﬁlilnauu:af]uurouniotlﬂwhnuiﬁlInLZS. sald reactor
forther having 2 promoter, whesein said promoler comprises a promuoter

seleoiad from the group of promotern consisting of rofheninm, rheninm ,
and mixiures thareof

30.

A Fischer-Tropsch process having a CO conversion of greater than 50%
- snd providing & dicsel yield greater than 65% by weight , cormprising the
steps of.
¢ulllﬂnannﬂnllﬂunLEOO;uu;.

mnmummmmm

using & Pischer-Tropsch resctor having & cobalt catalyst with a
metallic cobslt loading greater than 15% by welght and rhenivm loading of
less than 2% by welght on a Fischer-Tropach catulyst suppoet material, smid
Flacher-Tropech catalyst support material pelocted from the group of catalyst
thereof, wherein ssid cobalt catalyst is in the frm of metallic meal

crysallites, exid crystallites haviog . sversge dlametsc greater that 16
nApOmMetars |

M1 LIPRAWONC AL, LAWA | &41383\)
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3l.

36.

37.

The process of alaim 30 wherein thé Filschar-Tropach caialyst support is
compeisad of shaming,

The process of claim 30 or 31 having & Flacher-Tropsch reacior focd gas,
wheren salective membexuy or moleculer sieves are employed 10 remove
hydrogen fhon: the foed gas.

The prooess of daim 30 whawein fhe oparating pressuve ix at lexst 40 peia,
ﬂﬂWhlhﬂlm.

The procass of clatm 30 wherein the opexating presmme i3 less than 100
PEIA.

A Fisher-Tropzoh prooess of claim 30, sijd resotor further having a
protnoter, wherein suid promoter candists 0f s promoter selected from the

soup of promotets conpisting of ruthemivm, rhendum, and mixtures
thornof,

The process of any one of claims 1-13, 15-20, 22:27, 2939 or 35, wherein
the tenpecninre in the Fischer-Tropach reactor is st l=ast 190°C,

The maod o8 claimed in sny one of claims 1.36, whersin the CO
annverson iy growber than §5%.

AR GSEIWCRCAL, LAW\ 1641365\
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FIGURE 1
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FIGURE 2
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FIGURE 3
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FIGURE 4
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FIGURE 5
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FIGURE 6

I.D-5 Example 8a at 200°C |
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FIGURE 7
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FIGURK 8

LD-5 alumina, ruthenium promoter
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FIGURE 9
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FIGURE 10
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FIGURE 11
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