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DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention generally relates to the field of processes for the chemical
conversion of synthesis gas to alcohols, such as ethanol, using sulfided metal catalysts.

BACKGROUND OF THE INVENTION

[0002] Synthesis gas (or syngas), a mixture of hydrogen (Ho) and carbon monoxide (CO), is a
platform intermediate in the chemical and biorefining industries. Syngas may be converted into
alkanes, olefins, oxygenates, or alcohols. These chemicals can be blended into, or used
directly as, diesel fuel, gasoline, and other liquid fuels. Syngas can also be directly combusted
to produce heat and power.

[0003] Syngas can be produced, in principle, from virtually any material containing carbon.
Carbonaceous materials commonly include fossil resources such as natural gas, petroleum,
coal, and lignite; and renewable resources such as lignocellulosic biomass and various carbon-
rich waste materials. It is preferable to utilize a renewable resource to produce syngas
because of the rising economic, environmental, and social costs associated with fossil
resources.

[0004] When ethanol is desired from syngas, sulfided metal catalysts are commonly
employed, usually with one or more base promoters to increase the selectivity to ethanol.
During commercial operation, a reduction in sulfur concentration can occur at the active
catalyst surface, thereby causing a loss in ethanol selectivity. In view of this problem, methods
are needed to mitigate loss of sulfur from sulfided metal catalysts during for mixed-alcohol
synthesis. If sulfur addition is necessary, it is preferable to reduce or eliminate feeding toxic
H>S gas to the process, and instead introduce sulfur compounds in a liquid phase, improving

safety and reducing energy costs.

[0005] Sulfided metal catalysts tend to produce significant quantities of methanol, This
methanol may be recovered and sold, or it may be subjected to additional reactions with
syngas to produce higher alcohols from the methanol.

[0006] One approach involves separating at least some of the methanol produced from a
reactor exit stream, and recycling the methanol back to the reactor inlet. Theoretically, all of the
methanol produced could be recycled so that there is no net production of methanol
(commonly known as recycling the methanol to "extinction"). As a fuel, methanol has lower
market value than ethanol; therefore, it is desirable to recycle some or all methanol produced,
to ultimately produce more ethanol. On the other hand, the fate of the recycled methanol
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needs to be considered. That is, the carbon atoms of the recycled methanol should preferably
end up in the desired products, such as ethanol.

[0007] U.S. Patent App. No. 12/769,850, which is commonly owned with the present
application, describes experimental catalyst deactivation associated with conversion of metal
sulfides to metal carbides. In an attempt to mimic this catalyst deactivation, in an accelerated
manner, a test protocol was developed in which large quantities of methanol were included in
syngas feeds to the catalyst. It was found that methanol can strip sulfur from the mixed-alcohol
catalyst. Addition of H,S resulted in durable catalyst performance under accelerated-aging

conditions. US 2010/280287 A1 discloses a method for producing ethanol from syngas in the
presence of a sulfided metal catalyst, wherein a sulfur compound is co-fed with the syngas to
the alcohol-synthesis reactor.

[0008] In addition to the above-mentioned need to mitigate loss of sulfur from sulfided metal
catalysts, it is further desired to maintain the reaction selectivity to ethanol over time, when
methanol is being recycled. Thus, there is a commercial need for stable sulfided metal
catalysts and/or methods to improve stability and lifetime of these catalysts.

SUMMARY OF THE INVENTION AND THE FURTHER DISCLOSURE

[0009] The present invention provides a method of producing ethanol from syngas, the
method comprising:

1. (a) feeding syngas to an alcohol-synthesis reactor that contains a sulfided metal catalyst,
under suitable conditions for converting the syngas into an intermediate stream
comprising methanol, ethanol, and one or more sulfur-containing compounds selected
from di-tert.-butyl polysulfide (DBPS) and dimethyl disulfide (DMDS);

2. (b) sending at least part of the intermediate stream to a separation unit, whereby at least
a portion of the methanol is separated from the ethanol to form a methanol recycle
stream and an ethanol product stream, and wherein at least a portion of the sulfur-
containing compounds are contained in the methanol recycle stream;

3. (c) recycling some or all of the methanol recycle stream back to the alcohol-synthesis
reactor to add sulfur to, or reduce sulfur loss from, the sulfided metal catalyst; wherein
the methanol recycle stream has a sulfur-atom concentration of at least 10 ppm S; and

4. (d) optionally introducing one or more additional sulfur compounds selected from di-tert.-
butyl polysulfide (DBPS) and dimethyl disulfide (DMDS) into the alcohol-synthesis reactor
and/or into the methanol recycle stream, to add sulfur to, or reduce sulfur loss from, the
sulfided metal catalyst.

[0010] Suitable apparatus for carrying out these methods are described herein. In some
embodiments, the sulfided metal catalyst is a base-promoted cobalt-molybdenum-sulfur
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catalyst. The separation unit may include one or more distillation columns. When distillation is
utilized, it is preferred to use a distillation column that is adapted (engineered) for separation of
both methanol and sulfur-containing compounds.

[0011] Preferably, the methanol recycle stream has a sulfur-atom concentration optimized for
the extent of methanol recycle back to the alcohol-synthesis reactor. The methanol recycle
stream has a sulfur-atom concentration of at least 10 ppm S, such as about 50-500 ppm S, or
about 100-300 ppm S. In certain embodiments, the methanol recycle stream has a sulfur-atom
concentration of less than 200 ppm S.

[0012] In some embodiments, recycling methanol with sulfur, and optionally introducing
additional sulfur, retards or eliminates a mechanism by which ethanol selectivity is otherwise
lost as a result of recycling the methanol. This mechanism may be, or include, partial
conversion of the sulfided metal catalyst to metal carbides.

[0013] The present disclosure also relates to optimum, non-obvious hydrogen sulfide
concentrations when H»S is employed as a sulfiding agent; such embodiments do not form part
of the presently claimed invention. In some variations, a method of producing ethanol from
syngas comprises:

1. (a) feeding syngas to an alcohol-synthesis reactor that contains a sulfided metal catalyst,
under suitable conditions for converting the syngas into an intermediate stream
comprising methanol and ethanol,

2. (b) co-feeding hydrogen sulfide with the syngas to the alcohol-synthesis reactor, to add
sulfur to, or reduce sulfur loss from, the sulfided metal catalyst;

3. (c) sending at least part of the intermediate stream to a separation unit, whereby at least
a portion of the methanol is separated from the ethanol to form a methanol recycle
stream and an ethanol product stream; and

4. (d) recycling some or all of the methanol recycle stream back to the alcohol-synthesis
reactor,

wherein the hydrogen sulfide is fed in step (b) at a concentration between about 50 ppm HsS
and about 400 ppm HS.

[0014] In some embodiments, the hydrogen sulfide is fed in step (b) at a concentration
between about 50-250 ppm HyS, such as about 75-150 ppm H3S, or about 90-130 ppm H5S.
Preferably, the hydrogen sulfide is fed in step (b) at a concentration optimized for the extent of
the recycling of the methanol recycle stream back to the alcohol-synthesis reactor. In some
embodiments, hydrogen sulfide is fed in step (b) at a concentration optimized for retarding or
eliminating a mechanism (such as carbide formation) by which ethanol selectivity is otherwise
lost as a result of recycling the methanol.

[0015] The present disclosure includes a method of producing ethanol from syngas which
does not form part of the presently claimed invention, the method comprising:
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1. (a) feeding syngas to an alcohol-synthesis reactor that contains a sulfided metal catalyst,
under suitable conditions for converting the syngas into an intermediate stream
comprising methanol and ethanol,

2. (b) co-feeding hydrogen sulfide with the syngas to the alcohol-synthesis reactor, to add
sulfur to, or reduce sulfur loss from, the sulfided metal catalyst;

3. (c) sending at least part of the intermediate stream to a separation unit, whereby at least
a portion of the methanol is separated from the ethanol to form a methanol recycle
stream and an ethanol product stream; and

4. (d) recycling some or all of the methanol recycle stream back to the alcohol-synthesis
reactor,

wherein the hydrogen sulfide is fed in step (b) at a concentration optimized for the specific
extent of the recycling some or all of the methanol recycle stream back to the alcohol-synthesis
reactor.

BRIEF DESCRIPTION OF THE FIGURES

[0016]
FIG. 1 is an exemplary block-flow diagram according to some variations of the invention.

FIG. 2 is a plot of ethanol productivity versus time according to Example 1 herein, relating to
accelerated catalyst aging with high methanol recycle rates.

FIG. 3 is a plot of ethanol selectivity versus time according to Example 1 herein, relating to
accelerated catalyst aging with high methanol recycle rates.

FIG. 4 is a plot of CO conversion versus time according to Example 1 herein, relating to
accelerated catalyst aging with high methanol recycle rates.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0017] This description will enable one skilled in the art to make and use the invention, and it
describes several embodiments, adaptations, variations, alternatives, and uses of the
invention, including what is presently believed to be the best mode of carrying out the
invention. As used in this specification and the appended claims, the singular forms "a," "an,"
and "the" include plural referents unless the context clearly indicates otherwise. Unless defined
otherwise, all technical and scientific terms used herein have the same meaning as is
commonly understood by one of ordinary skill in the art to which this invention belongs.

[0018] Unless indicated to the contrary, the numerical parameters set forth in the following
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specification and attached claims are approximations that may vary depending at least upon
the specific analytical technique. Any numerical value inherently contains certain errors
necessarily resulting from the standard deviation found in its respective testing measurements.

[0019] As used herein, reference to "mixed alcohols" means methanol plus one or more
alcohols selected from ethanol, propanol, and butanol, including all known isomers. While
preferred embodiments are described in relation to high selectivities to ethanol, the invention
can also be practiced in a manner that gives high selectivities to propanol and/or butanol, or
even higher alcohols if desired.

[0020] The present invention will now be described by reference to the following detailed
description, which characterizes some preferred embodiments but is by no means limiting.

[0021] In order to operate a stable alcohol-synthesis process for a commercially reasonable
amount of time, such as in excess of 1000 hours, the presence of a sulfiding agent in the feed,
or in another stream into the reactor, is beneficial. A sulfiding agent is desired to operate for an
extended period of time without formation of less active and less selective transition-metal
carbides. Also, a sulfiding agent is beneficial to operate for an extended period of time without
deterioration of ethanol selectivity or productivity.

[0022] Some variations of the invention are premised on the discovery that reduction of
alcohol selectivity is related to the stripping of sulfur from sulfided metal catalysts. The metal
sulfides, when sulfur loss occurs, can form metal carbides. Sulfur stripping may be caused by
recycling methanol. It has been shown through experimentation that the addition of sulfur
compounds surprisingly retards or eliminates the mechanism by which selectivity is lost as a
result of recycling methanol.

[0023] It is possible to utilize gas-phase hydrogen sulfide (H>S) as a sulfiding agent. HoS may

be introduced into a syngas feed stream and then fed to a mixed-alcohol reactor. Although it is
generally known that HoS may be included in feed streams for mixed-alcohol synthesis, the

prior art does not teach preferred concentration ranges of HyS from the standpoint of ethanol
selectivity.

[0024] The co-inventors of the present application have found, by experimentation, that
preferred HoS concentrations are at least about 50 ppm (by volume) and less than about 400

ppm. Preferred HyS concentrations, in various embodiments, include about 50, 60, 70, 80, 90,
100, 110, 120, 130, 140, and 150 ppm H»2S. In other embodiments, preferred HoS
concentrations include about 175, 200, 225, 250, 275, 300, 325, 350, 375, or 400 ppm H5S.

[0025] There is not a single optimum H»S concentration applicable to all conditions, as will be
appreciated by a skilled artisan. Rather, the optimum HsS concentration (to maximize ethanol

selectivity or yield) will generally depend on (i) catalyst requirements, (ii) reactor conditions
and, as has been unexpectedly discovered herein, (iii) the extent of methanol recycle.



DK/EP 2748136 T3

[0026] As is well-known, HoS is a dangerous gas, associated with transport, storage, and
regulatory concerns. It would therefore be preferable to employ liquid-phase sulfur-containing
compounds for sulfiding, instead of HoS. Exemplary sulfur-containing compounds include, but
are by no means limited to, methyl sulfide, dimethyl sulfide, dimethyl disulfide, di-tert-butyl
disulfide, and analogues, derivatives, oligomers, polymers, reaction products, and
combinations thereof.

[0027] It is known that sulfides and disulfides can form polymers with several sulfur atoms and
sulfur-sulfur bonds. For example, di-tert-butyl disulfide may be present as, or characterized as,
di-tert-butyl polysulfide, wherein additional sulfur atoms (such as 1, 2, 3, 4, or more additional
S atoms) are contained between the di-tert-butyl groups. Di-tert-butyl polysulfide is a preferred
sulfur compound in certain embodiments. One commercial source of di-tert-butyl polysulfide is
SulfrZol® 54 (Lubrizol).

[0028] In various embodiments, sulfur may be introduced by injecting, in dissolved form or
another effective form, one or more compounds selected from elemental sulfur, hydrogen
sulfide, dimethyl sulfide, diethyl sulfide, dimethyl disulfide, any isomers of dibutyl polysulfide
(such as di-tert-butyl polysulfide), any isomers of dioctyl polysulfide, diphenyl polysulfide,
dicyclohexyl polysulfide, methylthiol, ethylthiol, cysteine, cystine, methionine, potassium
disulfide, cesium disulfide, and/or sodium disulfide. Various isomers of these compounds may
be used. For example, cysteine may be present as L-cysteine, D-cysteine, or D,L-cysteine
mixtures.

[0029] According to the presently claimed invention, the intermediate stream as defined in
step (a) of claim 1 comprises one or more sulfur-containing compounds selected from di-tert.-
butyl polysulfide (DBPS) and dimethyl disulfide (DMDS).

[0030] For the purpose of adding fresh sulfur to the reactor, one or more of these sulfur-
containing compounds may be dissolved in, for example, toluene or other organic solvents. For
the disulfides of potassium, sodium, or cesium, effective solvents may be selected from
alcohols, short-chain polyethylene glycols, acetonitrile, DMF, DMSO, or THF, for example.

[0031] Effective sulfiding compounds need to be able to deposit sulfur atoms, or sulfur-
containing species, onto a surface of a mixed-alcohol catalyst. When a liquid sulfur compound
is employed, preferably the performance of the catalyst is substantially similar to the catalyst
performance when HsS is the sulfiding agent. "Substantially similar" performance means a

similar product distribution at similar carbon conversion.

[0032] Without being limited to any particular theory, it is believed that some sulfiding
compounds are capable of converting (to some extent) to HoS under reactor conditions. The in

situ generation of HoS then allows for deposition of sulfur on the catalyst surface, in the same

or similar manner as if HoS was fed directly to the reactor. The detailed mechanism may or



DK/EP 2748136 T3

may not involve molecular H,S in the vapor phase. That is, adsorbed hydrogen sulfide or other

surface species (such as HS™ or HS-) may be involved in the process to deposit sulfur onto the
mixed-alcohol catalyst.

[0033] The reaction products of sulfur compounds may include not only HyS, but also other
light sulfur compounds, such as carbonyl sulfide (COS) and methanethiol (CH3SH). The
reaction products may form in the mixed-alcohol reactor or at any point downstream, including
during distillation and recycle. In some embodiments, it is believed that the sulfur-containing
reaction products are more effective for sulfiding than are the initial sulfur compounds. Without
being limited by any hypotheses, reaction products that are lighter sulfur compounds may be
more effective for chemical reasons (e.g., faster sulfiding kinetics) or for physical reasons (e.g.,
higher rates of mass transfer to the surface).

[0034] According to the present invention, one or more sulfur compounds (and/or their
reaction products) are recycled from a mixed-alcohol product stream to the catalytic reactor.
Distillation may be employed to remove a portion or all of the methanol and a portion or all of
the sulfur-containing compounds from the mixed-alcohol stream for recycle. Other separation
means may be employed, as will be appreciated. When the separation is based on volatility
differences, it is preferred that the selected sulfur compound has a volatility similar to the
volatility of methanol. An advantage of distillation is that the same distillation column(s) used for
methanol removal and recycle may be used for removal and recycle of sulfur compounds.

[0035] In addition to the recycle of sulfur, light sulfur-containing compounds (such as dimethyl
disulfide) may be added to the methanol recycle stream. This addition of sulfur can maintain
the sulfur inventory needed to preserve catalyst selectivity, in some embodiments. The amount
of fresh sulfur relative to recycled sulfur can vary, depending on catalyst sulfur requirements,
process conditions, process upsets, control methodologies, and so on. In preferred
embodiments, the amount of fresh sulfur needed is reduced by recycling sulfur compounds
from the product stream.

[0036] When sulfur compounds other than HoS are employed, the optimum concentration will
generally depend on (i) catalyst requirements, (ii) reactor conditions and, as has been
discovered herein, (iii) the extent of methanol recycle. Preferred concentrations of sulfur
compounds, on a S-atom basis, include about 50 ppm S, 75 ppm S, 100 ppm S, 125 ppm S,
150 ppm S, 175 ppm S, 200 ppm S, or more.

[0037] In some embodiments, a selected sulfur compound may be relatively inert, but high
recycle ratios can be employed so that the sulfur compound (and/or its reaction products)
reaches a sufficient steady-state concentration for effective sulfiding. In some of these
particular embodiments, the selected sulfur compound is dimethyl sulfide.

[0038] FIG. 1 is an exemplary block-flow diagram illustrating some variations of the invention.
In FIG. 1, syngas passes over a sulfided catalyst in a reactor to produce mixed alcohols, which
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are then fed to a distillation unit. A stream that includes methanol and sulfur compounds is
recovered, such as in the distillation overhead or in a sidedraw. This stream is recycled back to
the reactor, optionally with additional sulfur introduced to the recycle stream or directly to the
reactor.

[0039] When distillation is employed, as in FIG. 1, it may include one or more columns,
depending on the desired overall separation and cost factors. Columns may be designed with
any known distillation column configuration, including packed columns, bubble-cap trays, sieve
trays, and so on. A skilled artisan can carry out process simulations to predict separations and
estimate the number of equilibrium and actual stages necessary.

[0040] Process simulations can also predict the splits of sulfur-containing compounds. It has
been found, based on simulations, that several light sulfur compounds preferentially split with
methanol in a mixed-alcohol separation.

[0041] The process of FIG. 1 allows for a great deal of flexibility in how much sulfur is returned
to the reactor. Additional sulfur may be introduced with the recycle stream, if sulfur recovery in
distillation is insufficient or there are other sulfur losses. On the other hand, if it is not desired to
recycle all of the sulfur, then a portion of the methanol stream is not returned to the reactor.
This embodiment may be useful, for example, at start-up or during other transient operations
in which the sulfur demand may be less. In certain embodiments, all of the sulfur contained in
the methanol stream is recycled but no additional sulfur is introduced. In some embodiments,
the quantity of sulfur being recycled with methanol is sufficient to overcome any accelerated
sulfur stripping of the catalyst due to methanol.

[0042] There are several direct ways to analyze the level of catalyst sulfiding and then adjust
the quantity of sulfur returning to the reactor. In some embodiments, the sulfur content may be
measured in the reactor effluent, or in one or more distillation outlet streams. The sulfur
content may be measured in the product of interest, e.g. ethanol.

[0043] There are also several indirect means for analyzing the catalyst sulfiding, based on
process performance. In some embodiments, selectivity or productivity to ethanol (or another
product) is dynamically measured and, based on those measurements, more or less sulfur is
introduced. Preferably, recycling the methanol with sulfur can preserve catalyst selectivity to
ethanol. In some embodiments, measurements are based on the premise that if the catalyst is
insufficiently sulfided, carbides may form and adjust carbon selectivity towards methane.
Reduction of CO conversion would also be expected as a result of sulfide to carbide
conversion.

[0044] In some embodiments with Co/Mo/S catalysts, sulfur is recycled (optionally with
additional sulfur injected) to control the molar ratio S:Co to between about 1.2 to about 2 or
higher, up to about 4. In addition to the techniques described above, catalyst samples may be
occasionally analyzed to measure S:Co and, if needed, additional sulfur may be introduced.
Alternately, experiments may be separately conducted to establish that additional sulfur is
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necessary at certain times, or as a continuous injection in prescribed amounts, or some other
program, in order to control (maintain) the S:Co ratio.

[0045] During the conversion of syngas to alcohols over mixed-alcohol catalysts, the
mechanism for chain growth may involve organic acids as intermediates. A possible
mechanism for chain growth is the insertion of CO into the C-O bond of an alcohol. Without
being limited by any particular hypothesis, it is believed that under certain conditions an
adsorbed acid is reduced to the corresponding normal alcohol, which may progress via the
base-catalyzed reduction of C=0 bonds by sulfides. A reducing sulfided catalyst may be
involved either directly or indirectly, The metals may react directly in their reduced state or they
may release sulfur to accomplish the reduction. Upon reduction, a C=0 group is replaced by a
CH, group.

[0046] Any sulfided mixed-alcohol catalyst may be employed in this invention. In some
embodiments, a mixed-alcohol sulfided catalyst comprises cobalt, molybdenum, and sulfur.
Some embodiments use one or more catalyst compositions described in U.S. Patent. No.
7,923,405, issued April 12, 2011 or U.S. Patent App. No. 12/769,850, filed April 29, 2010.

[0047] The sulfided mixed-alcohol catalyst may be base-promoted. Base promoters can
enhance the production of alcohols from syngas. By "base promoter" it is meant one or more
metals that promote the production of alcohols. Base promoters may be present in free or
combined form. The base promoter may be present as a metal, oxide, carbonate, hydroxide,
sulfide, as a salt, in a compound with another component, or some combination of the above.

[0048] The catalyst may take the form of a powder, pellets, granules, beads, extrudates, and
so on. Some embodiments benefit from small particle sizes (higher surface area) in the bulk
catalyst. Some embodiments benefit from the presence of relatively large pores or channels in
the bulk catalyst. In some embodiments, the catalyst particles are present in a slurry or other
homogeneous phase.

[0049] When a catalyst support is optionally employed, the support may assume any physical
form such as pellets, spheres, monolithic channels, films, etc. The supports may be
coprecipitated with active metal species; or the support may be treated with the catalytic metal
species and then used as is or formed into the aforementioned shapes; or the support may be
formed into the aforementioned shapes and then treated with the catalytic species. In
embodiments of the invention that employ a catalyst support, the support is preferably (but not
necessarily) a carbon-rich material with large mesopore volume, and further is preferably
highly attrition-resistant.

[0050] In some embodiments, conditions effective for producing alcohols from syngas include
a feed hydrogen/carbon monoxide molar ratio (Ho/CO) from about 0.2-4.0, preferably about

0.5-2.0, and more preferably about 0.5-1.5. These ratios are indicative of certain embodiments
and are not limiting. It is possible to operate at feed Hy/CO ratios less than 0.2 as well as

greater than 4, including 5, 10, or even higher. It is well-known that high Hy/CO ratios can be
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obtained with extensive steam reforming and/or water-gas shift in operations prior to the
syngas-to-alcohol reactor.

[0051] In embodiments wherein Ho/CO ratios close to 1:1 are desired for alcohol synthesis,
partial oxidation of the carbonaceous feedstock may be utilized. In the absence of other
reactions, partial oxidation tends to produce Hy/CO ratios close to unity, depending on the

composition of the feedstock.

[0052] When, as in certain embodiments, relatively low Ho/CO ratios are desired, the reverse
water-gas shift reaction (Hy + COo — HyO + CO) may be utilized to consume hydrogen and
thus lower Ho/CO. In some embodiments, COs produced during alcohol synthesis or
elsewhere, can be recycled to the reformer to decrease the Ho/CO ratio entering the alcohol-

synthesis reactor. Other chemistry and separation approaches may be taken to adjust the
H,/CO ratios prior to converting syngas to alcohols, as will be appreciated. For example,

certain commercial membrane systems are known to be capable of selectively separating Ho
from syngas, thereby lowering the Ho/CO ratio.

[0053] In some embodiments, conditions effective for producing alcohols from syngas include
reactor temperatures from about 200-400°C, preferably about 250-350°C; and reactor
pressures from about 20-507 bar (20-500 atm), preferably about 51-203 bar (50-200 atm) or
higher. Generally, productivity increases with increasing reactor pressure. Temperatures and
pressures outside of these ranges may be employed. In some embodiments, conditions
effective for producing alcohols from syngas include average reactor residence times from
about 0.1-10 seconds, preferably about 0.5-2 seconds.

[0054] In general, the specific selection of catalyst configuration (geometry), Hy/CO ratio,

temperature, pressure, residence time (or feed rate), and other reactor-engineering
parameters will be selected to provide an economical process. These parameters are not
regarded as critical to the present invention. It is within the skill of a person skilled in the art,
having read the present disclosure, to experiment with different reactor configurations and
conditions to optimize selectivity to ethanol or another product.

[0055] In some preferred embodiments, the ethanol selectivity is higher, preferably
substantially higher, than the methanol selectivity. The product stream from the reactor may
include Cs+ alcohols, as well as non-alcohol oxygenates such as aldehydes, esters, carboxylic

acids, and ketones. These other oxygenates may include, for example, acetone, 2-butanone,
methyl acetate, ethyl acetate, methyl formate, ethyl formate, acetic acid, propanoic acid, and
butyric acid.

[0056] In this example, a Co/Mo/S/K mixed-alcohol catalyst is evaluated for over 100 hr,
including about 50 hr accelerated aging at the end of the run. Sulfiding agents tested include
HoS at 400 ppm and 110 ppm, DBPS at 175 ppm S equivalent, and DMDS at 108 ppm S
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equivalent.

[0057] Experimental data are shown in FIGS. 2-4. One observation is that 400 ppm HyS is
inferior to 110 ppm HyS, for ethanol productivity (FIG. 2), ethanol selectivity (FIG. 3), and CO
conversion (FIG. 4). The performance is comparable with either DBPS or DMDS initially. There
appears to be a reduction in ethanol productivity and selectivity with DMDS as a function of

accelerated aging time. The reason may be due to DMDS being introduced at 108 ppm S,
compared to 175 ppm S for DBPS.

[0058] In this detailed description, reference has been made to multiple embodiments of the
invention and non-limiting examples relating to how the invention can be understood and
practiced. Other embodiments that do not provide all of the features and advantages set forth
herein may be utilized, without departing from the scope of the invention. This invention
incorporates routine experimentation and optimization of the methods described herein. Such
modifications and variations are considered to be within the scope of the invention defined by
the appended claims.

[0059] Where methods and steps described above indicate certain events occurring in certain
order, those of ordinary skill in the art will recognize that the ordering of certain steps may be
modified and that such modifications are in accordance with the variations of the invention.
Additionally, the steps may be performed concurrently in a parallel process when possible, as
well as performed sequentially.

[0060] The invention shall only be limited by what is claimed.
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PATENTIKRAYV

1. Fremgangsmade til fremstilling af ethanol af syngas, hvilken fremgangsmade om-
fatter:

(a) at indbringe syngas til en alkoholsyntesereaktor, som indeholder en sulfideret
metalkatalysator, under passende betingelser til omdannelse af syngassen til en mellem-
strgm omfattende methanol, ethanol og en eller flere svovlholdige forbindelser udvalgt
blandt di-tertbutylpolysulfid (DBPS) og dimethyldisulfid (DMDS);

(b) at lede i det mindste en del af mellemstrgmmen til en separationsenhed, hvor
mindst en del af methanolen separeres fra ethanolen til dannelse af en methanolgenvin-
dingsstrgm og en ethanolproduktstrgm, og hvor i det mindste en del af de svovlholdige
forbindelser er indeholdt i methanolgenvindingsstrgmmen;

(¢) at tilbagefgre noget af eller hele methanolgenvindingsstrgmmen til alkoholsynte-
sereaktoren for at tilseette svovl til eller mindske svovltabet fra den sulfiderede metalkata-
lysator; hvor methanolgenvindingsstremmen har en svovlatomkoncentration pd mindst 10
ppm S; og

(d) eventuelt at indfgre en eller flere yderligere svovlforbindelser udvalgt fra di-
tertbutylpolysulfid (DBPS) og dimethyldisulfid (DMDS) i alkoholsyntesereaktoren og/eller
methanolgenvindingsstrgmmen for at tilsaette svovl til eller mindske svovltabet fra den
sulfiderede metalkatalysator.

2. Fremgangsmade ifglge krav 1, hvor den sulfiderede metalkatalysator er en base-
befordret kobolt-molybdaen-svovl-katalysator.

3. Fremgangsmade ifglge krav 1, hvor separationsenheden indbefatter en eller flere
destillationssgiler.

4. Fremgangsmade ifglge krav 3, hvor en af destillationssgjlerne er tilpasset separa-
tion af bdde methanol og svovlholdige forbindelser.

5. Fremgangsmade ifglge krav 1, hvilken fremgangsmade omfatter at indfgre en eller
flere af de vyderligere svoviforbindelser i alkoholsyntesereaktoren for at tilsaette svovl til
eller mindske svovltabet fra den sulfiderede metalkatalysator.

6. Fremgangsmade ifglge krav 1, hvilken fremgangsmade omfatter at indfgre en eller
flere af de yderligere svovliforbindelser i methanolgenvindingsstrsmmen for at tilseette
svovl til eller mindske svovlitabet fra den sulfiderede metalkatalysator.

7. Fremgangsmade ifglge et hvilket som helst af de foregaende krav, hvor methanol-
genvindingsstremmen har en svovlatomkoncentration mellem 50 ppm S og 500 ppm S,
mere foretrukket mellem 100 ppm S og 300 ppm S, og endnu mere foretrukket pd under
200 ppm S.
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