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FIG. 1

(57) Abstract: Sour syngas treatment apparatuses and processes for treating a sour syngas stream are provided herein. In an embodi-
ment, a process for treating a sour syngas stream that includes sulfur components and carbon dioxide includes absorbing the sultur
components and carbon dioxide from the sour syngas stream in a primary liquid/vapor phase absorption stage with a solvent to pro -
duce a liquid absorbent stream. The liquid absorbent stream includes the solvent, the sulfur components, and carbon dioxide. A por-
tion of the sulfur components from the liquid absorbent stream is directly oxidized in the presence of a direct oxidation catalyst to
produce elemental sulfur and a recycle stream. The recycle stream includes an unconverted portion of the sulfur components and car -
bon dioxide. The recycle stream is recycled for further absorption of the unconverted portion of the sulfur components and carbon
dioxide through liquid/vapor phase absorption.
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APPARATUS AND PROCESS FOR TREATING SOUR SYNGAS

STATEMENT OF PRIORITY

[0001] This application claims priority to U.S. Application No. 14/682636 which was
filed April 05, 2015, the contents of which are hereby incorporated by reference in its

entirety.

TECHNICAL FIELD

[0002] The technical field generally relates to sour syngas treatment apparatuses and
processes for treating a sour syngas stream that includes sulfur components and carbon
dioxide. More particularly, the technical field relates to apparatuses and processes for
treating sour syngas streams with various units used for conventional sulfur recovery

minimized or eliminated.
BACKGROUND

[0003] Gasification of biomass, coal emissions, and other sources of hydrocarbons is a
common technique for producing syngas, which may be employed in a variety of
downstream uses. Syngas may also be produced by steam reforming of coke. Syngas is
often employed for power generation or chemical production. However, syngas generally
includes a high content of acid gases (e.g., COS, H;S, and CO,) and other impurities that
render the syngas unsuitable for downstream uses. Such impurity-laden syngas is often

referred to as sour syngas.

[0004] Sour syngas is often subjected to various treatment stages to remove the acid
gases and other impurities. Physical solvents (e.g., methanol and dimethyl ether
polyethylene glycol) are commonly employed in liquid/vapor phase absorption stages to
absorb sulfur-containing species and some carbon dioxide from the syngas, thereby
producing an impurity-rich solvent stream and a separated syngas stream that still includes
significant amounts of carbon dioxide. The separated syngas stream is fed to a carbon
dioxide treatment stage for further removal of carbon dioxide from the separated syngas

stream to produce a carbon dioxide vent stream and a treated syngas stream.
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[0005] Claus units are often employed to recover elemental sulfur from the impurity-
rich solvent stream, with the elemental sulfur being usable in various industrial
applications and with solvent recovered for further use in the liquid/vapor phase
absorption stage (as well as in other separation units). Claus units are multi-stage
processing units that include a combustion stage followed by catalytic stages. A
concentrated derivative of the impurity-rich solvent is subject to combustion in the
combustion stage to produce a combustion gas stream, with elemental sulfur produced and
separated from the combustion gas stream. The combustion gas stream also contains other

sulfur-containing species that are then converted to elemental sulfur in the catalytic stages.

[0006] Claus units generally require an elevated content of sulfur-containing species
(e.g., at least 25 weight % of sulfur-containing species) in the feed thereto for purposes of
maintaining combustion in the combustion stage. However, the impurity-rich solvent
produced by the liquid/vapor phase absorption stages generally has a content of sulfur-
containing species that is significantly less than 25 weight %. Thus, the impurity-rich
solvent must be further processed through various additional separation stages to remove
CO,, thereby producing the concentrated derivative of the impurity-rich sulfur stream. For
example, nitrogen stripping and multiple flash columns are often required to increase the
proportion of sulfur-containing species in the impurity-rich solvent. Such additional unit

operations render sulfur recovery costly and complex.

[0007] Accordingly, it is desirable to minimize or reduce various units used for sulfur
recovery from an impurity-rich solvent stream produced during sour syngas treatment. It is
also desirable to minimize the complexity of sulfur recovery during sour syngas treatment.
Furthermore, other desirable features and characteristics will become apparent from the
subsequent detailed description and the appended claims, taken in conjunction with the

accompanying drawings and this background.
BRIEF SUMMARY

[0008] Sour syngas treatment apparatuses and processes for treating a sour syngas
stream that includes sulfur components and carbon dioxide are provided herein. In an
embodiment, a process for treating a sour syngas stream that includes sulfur components
and carbon dioxide includes absorbing the sulfur components and carbon dioxide from the

2
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sour syngas stream in a primary liquid/vapor phase absorption stage with a solvent to
produce a liquid absorbent stream. The liquid absorbent stream includes the solvent, the
sulfur components, and carbon dioxide. A portion of the sulfur components from the liquid
absorbent stream is directly oxidized in the presence of a direct oxidation catalyst to
produce elemental sulfur and a recycle stream. The recycle stream includes an
unconverted portion of the sulfur components and carbon dioxide. The recycle stream is
recycled for further absorption of the unconverted portion of the sulfur components and

carbon dioxide through liquid/vapor phase absorption.

[0009] In another embodiment, a process for treating a sour syngas stream that
includes sulfur components and carbon dioxide includes absorbing the sulfur components
and carbon dioxide from the sour syngas stream in a primary liquid/vapor phase
absorption stage with a solvent to produce a liquid absorbent stream. The liquid absorbent
stream includes the solvent, the sulfur components, and carbon dioxide. Carbon dioxide is
separated from the liquid absorbent stream to produce a carbon dioxide stream and a
sulfur-rich solvent stream. The sulfur-rich solvent stream includes the solvent, the sulfur
components, and carbon dioxide. The sulfur components and carbon dioxide are separated
from the sulfur-rich solvent stream in a thermal regeneration stage to produce an acid gas
stream. The acid gas stream includes the sulfur components, carbon dioxide, and water.
The sulfur components are present in an amount of from 0.5 to 15 weight % based upon
the total weight of the acid gas stream. A portion of the sulfur components from the acid
gas stream is directly oxidized in the presence of a direct oxidation catalyst to produce
elemental sulfur and a recycle stream that includes an unconverted portion of the sulfur
components and carbon dioxide. The recycle stream is recycled for further liquid/vapor

phase absorption.

[0010] In another embodiment, a sour syngas treatment apparatus includes a primary
liquid/vapor phase absorption stage that has the capacity to receive a sour syngas stream
and a solvent stream. The primary liquid/vapor phase absorption stage also has the
capacity to facilitate absorption of sulfur components and carbon dioxide from the sour
syngas stream in vapor phase by solvent from the solvent stream in liquid phase. The
primary liquid/vapor phase absorption stage also has the capacity to produce a liquid

absorbent stream that includes the sulfur components and carbon dioxide. A direct
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oxidation stage is in fluid communication with the primary liquid/vapor phase absorption
stage and has the capacity to facilitate direct oxidation of a portion of the sulfur
components from the liquid absorbent stream in the presence of a direct oxidation catalyst
to produce elemental sulfur and a recycle stream that includes an unconverted portion of
the sulfur components and carbon dioxide. The direct oxidation stage is in fluid
communication with the primary liquid/vapor phase absorption stage for recycling the

recycle stream to the primary liquid/vapor phase absorption stage.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The various embodiments will hereinafter be described in conjunction with the

following drawing figure, wherein like numerals denote like elements, and wherein:

[0012] FIGURE is a schematic diagram of a sour syngas treatment apparatus and
process for treating a sour syngas stream that includes sulfur components and carbon

dioxide in accordance with an exemplary embodiment.
DETAILED DESCRIPTION

[0013] The following detailed description is merely exemplary in nature and is not
intended to limit the sour syngas treatment apparatuses and processes for treating a sour
syngas stream. Furthermore, there is no intention to be bound by any theory presented in

the preceding background or the following detailed description.

[0014] Sour syngas treatment apparatuses and processes for treating a sour syngas
stream that includes sulfur components and carbon dioxide are provided herein. In
accordance with the apparatuses and processes described herein, the sulfur
componentsareultimately separated through liquid/vapor phase absorption with a solvent
and treated to form elemental sulfur. Whereas conventional apparatuses and processes
employ Claus units that include a combustion stage followed by catalytic stages, a portion
of the sulfur componentsaredirectly oxidized to produce the elemental sulfur. Direct
oxidation of the sulfur components involves catalytic oxidation of the sulfur components
in the presence of a direct oxidation catalyst. While direct oxidation of the sulfur
components is not as efficient as combustion followed by catalytic conversion as

conducted in the Claus units, a lower concentration of the sulfur-containing component in
4
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the stream subject to direct oxidation is possible while still converting a portion of the
sulfur components to elemental sulfur. A recycle stream that includes an unconverted
portion of the sulfur components is produced after direct oxidation, and the recycle stream
is recycled for further absorption of the unconverted portion of the sulfur components
through liquid/vapor phase absorption. Because conversion of a portion of the sulfur
componentsto elemental sulfur is possible with a lower concentration of the sulfur
components in the stream subject to direct oxidation as compared to use of Claus units,
conventional units used for sulfur recovery that function to increase the concentration of
the sulfur components in the stream subject to sulfur conversion to elemental sulfur may
be minimized in size or eliminated. Further, complexity of sulfur recovery may be
minimized during sour syngas treatmentbecause of the ability to conduct conversion to
elemental sulfur at lower concentrations of the sulfur components in the stream subject to

direct oxidation.

[0015] An exemplary embodiment of a process for treating a sour syngas stream that
includes sulfur components and carbon dioxide will now be described with reference to an
exemplary sour syngas treatment apparatus 10 as shown in the FIGURE. In accordance
with the exemplary process, a sour syngas stream 12 is provided. As referred to herein,
“sour syngas streams” are syngas streams that include sulfur components. The sulfur
components include any compound in the sour syngas stream 12 that includes sulfur (e.g.,
hydrogen sulfide, carbonyl sulfide, and the like). Syngas is short for “synthesis gas”
andcan be produced by conventional techniques such as gasification of a hydrocarbon-
containing feedstock. Prior to separation of components from the sour syngas stream 12,
the sour syngas stream 12 includes a mixture of hydrocarbons, hydrogen, carbon
monoxide, carbon dioxide, and the sulfur components as a result of the feeds employed to

form the syngas.

[0016] The sulfur components and carbon dioxide are absorbed from the sour syngas
stream 12 in vapor phase in a primary liquid/vapor phase absorption stage 14 with a
solvent in liquid phase to produce a liquid absorbent stream 18 that includes the solvent,
the sulfur components, and carbon dioxide. Also produced from the primary liquid/vapor
phase absorption stage 14 is a separated syngas stream 22 in vapor phase that is depleted

of sulfur-containing species and that is also depleted of a portion of carbon dioxide present
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in the sour syngas stream 12. In an embodiment and as shown in the FIGURE, the primary
liquid/vapor phase absorption stage 14 includes a primary liquid/vapor phase absorption
unit 20 (also referred to as a primary absorber) that has the capacity to receive the sour
syngas stream 12 and the solvent stream 16, to facilitate absorption of the sulfur
components and carbon dioxide from the sour syngas stream 12 in vapor phase by solvent
from the solvent stream 16 in liquid phase, and to produce the liquid absorbent stream 18
that includes the sulfur components and carbon dioxide. The primary liquid/vapor phase
absorption unit 20 may be configured to contact the sour syngas stream 12 and the solvent
stream 16 therein through conventional liquid-vapor phase absorption techniques under
conventional operating conditions. It is to be appreciated that, while the sulfur
componentsareseparated into the liquid absorbent stream 18, trace amounts of sulfur-
containing species may still be present in the separated syngas stream 22 in accordance
with known separation limits in liquid/vapor phase absorption stages using various
solvents. It is also to be appreciated that a significant amount of carbon dioxide from the
sour syngas stream 12 is separated into the separated syngas stream 22, although an
appreciable amount of carbon dioxide is also separated into the liquid absorbent stream 18
in accordance with known separation dynamics in liquid/vapor phase absorption stages
using various solvents. Suitable solvents that may be employed during liquid/vapor phase
absorption include, but are not limited to, methanol, dimethyl ether of propylene glycol

(DEPQ), propylene carbonate, or n-methyl-2-pyrrolidone (NMP).

[0017] In embodiments, carbon dioxide is absorbed from the separated syngas stream 22
in a carbon dioxide absorption stage 24 to produce a treated syngas stream 26.
Conventional carbon dioxide absorption units may be employed in the carbon dioxide
absorption stage 24, with the solvent stream 16, the treated syngas stream 26, and a carbon
dioxide stream 28 ultimately produced by the carbon dioxide absorption stage 24. The
treated syngas stream 26 is substantially free of the sulfur components and carbon dioxide,
with amounts of sulfur-containing species and carbon dioxide possibly present in amounts
that are below measurement capabilities using conventional monitoring devices. The
treated syngas stream 26 may be employed in various applications, including for power

generation or chemical production.
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[0018] The liquid absorbent stream 18 is further treated for separation of the sulfur
components therefrom. Referring to the FIGURE, various separation stages 30, 32, 34, 36
may be employed to remove carbon dioxide and/or solvent from the liquid absorbent
stream 18 prior to direct oxidation of the sulfur components. Because direct oxidation of
the sulfur components is possible at relatively low concentrations of the sulfur
components, carbon dioxide from the liquid absorbent stream 18 need not be removed
therefrom. However, it is to be appreciated that some carbon dioxide may optionally be
removed from the liquid absorbent stream 18 albeit to a much lesser extent than is
necessary when Claus units are employed for treatment of the sulfur components. Solvent
removal is generally conducted after the optional carbon dioxide removal stages 30, 32,
34, with carbon dioxide separated from the liquid absorbent stream 18 to produce a sulfur-
rich solvent stream 50 that includes the solvent, the sulfur components, and carbon dioxide
and with the sulfur-rich solvent stream 50 subject to separation in a thermal regeneration
stage 36. In embodiments and referring to the FIGURE, the optional carbon dioxide
removal stages 30, 32, 34 are included within zone 40, and any stages contained within
zone 40 are optional and may be omitted from the sour syngas treatment apparatus 10. In
embodiments, carbon dioxide is stripped from the liquid absorbent stream 18 in a nitrogen
stripping stage 30 that is in fluid communication with the primary liquid/vapor phase
absorption stage 14 to produce a carbon dioxide-rich stream 42 and a sulfur-rich stream
44. The carbon dioxide-rich stream 42 may be provided to a secondary liquid/vapor phase
absorption stage 32, where carbon dioxide from the liquid absorbent stream 18 is
releasedto further separate solvent from carbon dioxide and to produce a secondary
absorber carbon dioxide stream 46 and a solvent return stream 48. The secondary absorber
carbon dioxide stream 46 may be combined with carbon dioxide stream 28 and vented,

and the solvent return stream 48 may be fed back to the nitrogen stripping stage 30.

[0019] Referring again to the FIGURE, the sulfur-rich stream 44 may be passed through
a heat exchanger 52 and then subjected to further carbon dioxide removal in a flash drum
stage 34 to produce a flash carbon dioxide stream 54 and the sulfur-rich solvent stream 50
that is ultimately subject to separation in the thermal regeneration stage 36. The flash
carbon dioxide stream 54 may be fed to the secondary liquid/vapor phase absorption stage
32 for further separation along with the carbon dioxide-rich stream 42 from the nitrogen

stripping stage 30.
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[0020] As alluded to above, even when the various separation stages 30, 32, 34 are
employed to removed carbon dioxide, the extent of carbon dioxide removal may be less
than previously conducted when Claus units are used for treatment of the sulfur
components such that smaller stages 30, 32, 34 may be employed. For example, the sulfur-
rich solvent stream 50 may have a content of from 85 to 95 weight % carbon dioxide, from
S5to 15 weight % of the sulfur component, and from 0.01 to 0.1 weight % of the solvent, all

based on the total weight of the sulfur-rich solvent stream 50 on a dry basis.

[0021] As alluded to above and referring to the FIGURE, the sour syngas treatment
apparatus 10 further includes thethermal regeneration stage 36 in fluid communication
with the primary liquid/vapor phase absorption stage 14. The sulfur components and
carbon dioxide are separated from the liquid absorbent stream 18 in the thermal
regeneration stage 36 to produce an acid gas stream 38 that includes the sulfur
components, carbon dioxide, and water. In the thermal regeneration stage 36, the sulfur
components, carbon dioxide, and water are separated from the solvent by employing a
reboiler (not shown) to vaporize liquid within the thermal regeneration stage 36 and a
condenser (not shown) to return a condensate into the thermal regeneration stage 36, with
a lean solvent stream 58 also produced as a separated stream. In embodiments and
although not shown in the FIGURE, it is to be appreciated that the liquid absorbent stream
18 may be directly separated in the thermal regeneration stage 36 in the absence of any
intervening separation stages, including the aforementioned carbon dioxide separation
stages 30, 32, 34, between the primary liquid/vapor phase absorption stage 14 and the
thermal regeneration stage 36. In this regard, the sour syngas treatment apparatus 10 may
be free of any intervening separation units between the primary liquid/vapor phase
absorption stage 14 and the thermal regeneration stage 36. It is to be appreciated that any
combination of the aforementioned carbon dioxide separation stages 30, 32, 34 may be
included or omitted. For example, in embodiments, the sour syngas treatment apparatus 10
is provided in the absence of the nitrogen stripping stage 30 between the primary
liquid/vapor phase absorption stage 14 and the thermal regeneration stage 36, but with the
secondary liquid/vapor phase absorption stage 32 and, optionally, the flash drum stage 34
being provided. As another example, in other embodiments, the sour syngas treatment

apparatus 10 is provided in the absence of the secondary liquid/vapor phase absorption
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stage 32 and the flash drum stage 34 between the primary liquid/vapor phase absorption

stage 14 and the thermal regeneration stage 36.

[0022] Separation may be conducted in the thermal regeneration stage 36 under
conventional conditions by which the sulfur-rich solvent stream 50 and water 56 are fed
into the thermal regeneration stage 36, with carbon dioxide and the sulfur components
along with steam separated in vapor phase from solvent in the liquid phase and the solvent
separated in liquid phase as the lean solvent stream 58. Referring to the FIGURE, carbon
dioxide, the sulfur components, and steam in vapor phase may be fed to a reflux drum 60
to further separate some of the water therefrom, thereby producing the acid gas stream 38
that is subject to direct oxidation. A makeup water stream 64 may also be provided to the
reflux drum 60. A reflux stream 62 including the separated water and water from the
makeup water stream 64 may be returned to the thermal regeneration stage 36 to provide
the desired amount of water 56 for conducting separation in the thermal regeneration stage
36, and a water purge stream 66 may be separated from the reflux stream 62 to optimize
the supply of water 56 to the thermal regeneration stage 36. In embodiments, the acid gas
stream 38 has a content of the sulfur components of from 0.5 to 15 weight %, such as from
5 to 14 weight %, based upon the total weight of the acid gas stream 38 with the balance

of the acid gas stream 38 being carbon dioxide, water, carbon monoxide, etc.

[0023] The lean solvent stream 58 may be passed through various heat exchangers,
including heat exchanger 52, to heat the upstream sulfur-containing streams 44, 50 prior to
separation in the thermal regeneration stage 36, and the lean solvent stream 58 may be
provided to the carbon dioxide absorption stage 24 to assist with carbon dioxide separation
from the separated syngas stream 22. Solvent from the lean solvent stream 58 is ultimately

recycled to the primary liquid/vapor phase absorption stage 14.

[0024] The acid gas stream 38is subject to direct oxidation to produce elemental sulfur
68 therefrom. More specifically, a portion of the sulfur components from the liquid
absorbent stream 18 is directly oxidized in the presence of a direct oxidation catalyst to
produce elemental sulfur 68 and a recycle stream 70 that includes an unconverted portion
of the sulfur components and carbon dioxide. In embodiments and referring to the

FIGURE, a direct oxidation stage 71 is in fluid communication with the primary
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liquid/vapor phase absorption stage 14 and has the capacity to facilitate direct oxidation of
the portion of the sulfur components from the liquid absorbent stream 18 in the presence
of the direct oxidation catalyst. Direct oxidation of the sulfur components involves
catalytic oxidation of the sulfur components in the presence of the direct oxidation catalyst
and oxygen. By “direct oxidation”, it is meant that oxidation is the first treatment
technique employed to convert the sulfur components and the portion of the sulfur
components is directly oxidized in the absence of a combustion stage prior to direct
oxidation. In embodiments, direct oxidation is the only unit operation conducted to treat
the sulfur components from the liquid absorbent stream 18, with any untreated sulfur

components recycled in the recycle stream 70.

[0025] Because the sulfur components primarily includes hydrogen sulfide, direct
oxidation of the hydrogen sulfide is the primary reaction of concern during direct
oxidation, although elemental sulfur 68 may also be separated from other sulfur-
containing species during direct oxidation. The hydrogen sulfide may be directly oxidized
in the presence of the direct oxidation catalyst and oxygen to produce elemental sulfur 68.
In embodiments, the oxygen may be provided as an oxygen stream 72 having an oxygen
content greater than that of air (e.g., greater than 21 % by volume, such as from 99.0 to
99.9 % by volume, based on the total volume of the oxygen stream 72). In other
embodiments, the oxygen stream 72 may contain air or may have an oxygen content less
than that of air. The content of oxygen in the oxygen stream 72 may impact recycling of
the recycle stream 70, as set forth in further detail below, as excess oxygen will be
included in the recycle stream 70. Suitable direct oxidation catalysts for converting the
hydrogen sulfide to elemental sulfur include, but are not limited to, catalysts that include
bismuth and vanadium. Operating conditions for conducting direct oxidation may include
reaction temperatures of from 400 to 700 °C, pressures of from 145to 160 kPa, and a flow

rate of the acid gas stream 38 of 20 to 300 Metric tons per day.

[0026] Conversion of hydrogen sulfide to elemental sulfur through direct oxidation is
generally a low-yield process, and the recycle stream 70 is recycled for further absorption
of the unconverted portion of the sulfur components and carbon dioxide through
liquid/vapor phase absorption. For example, in embodiments, reduction of the

concentration of the sulfur components between the acid gas stream 38 and the recycle
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stream 70 may be from 80 to 98 weight %, such as from 80 to 96 weight %, based on the
total weight of the acid gas stream 38 on a dry weight basis.

[0027] As alluded to above, conditions during direct oxidation may impact further
absorption of components from the recycle stream 70. In embodiments, the recycle stream
70a is recycled to the primary liquid/vapor phase absorption stage 14 for separation along
with the sour syngas stream 12. In this embodiment, the direct oxidation stage 71 is in
fluid communication with the primary liquid/vapor phase absorption stage 14 for recycling
the recycle stream 70a to the primary liquid/vapor phase absorption stage 14. However, in
other embodiments, the presence of excessive oxygen in the recycle stream 70 may
oxidize hydrocarbons from the sour syngas stream 12 such that recycling of the recycle
stream 70 to the primary liquid/vapor phase absorption stage 14 is undesirable. For
example, when the oxygen stream 72 has an oxygen content greater than that of air, excess
oxygen in the recycle stream 70 may be a concern. In this embodiment, the recycle stream
70b is recycled to the secondary liquid/vapor phase absorption stage 30, where
hydrocarbons are generally not present. Further absorption, separation in the thermal
regeneration stage 36, direct oxidation, and recycling of the sulfur components may then

proceed in a loop in the manner described above.

[0028] In embodiments, the recycle stream 70 includes carbonyl sulfide (COS) and/or
sulfur dioxide (SO,), and may further comprise hydrogen sulfide that remains unconverted
after direct oxidation. To minimize the content of COS and SO, the recycle stream 70 may
be hydrogenated, e.g., in a hydrogenation bed 74, before returning the recycle stream 70
for further absorption of the unconverted sulfur components. Hydrogenation converts the
COS and SO; into hydrogen sulfide, which then may be recovered and eventually subject

to direct oxidation as described above.

SPECIFIC EMBODIMENTS
While the following is described in conjunction with specific embodiments, it
will be understood that this description is intended to illustrate and not limit the scope of

the preceding description and the appended claims.

A first embodiment of the invention is a process for treating a sour syngas stream
comprising sulfur components and carbon dioxide, wherein the process comprises the
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steps of absorbing the sulfur components and carbon dioxide from the sour syngas stream
in a primary liquid/vapor phase absorption stage with a solvent to produce a liquid
absorbent stream comprising the solvent, the sulfur components, and carbon dioxide;
directly oxidizing a portion of the sulfur components from the liquid absorbent stream in
the presence of a direct oxidation catalyst to produce elemental sulfur and a recycle stream
comprising an unconverted portion of the sulfur components and carbon dioxide; and
recycling the recycle stream for further absorption of the unconverted portion of the sulfur
components and carbon dioxide through liquid/vapor phase absorption. An embodiment of
the invention is one, any or all of prior embodiments in this paragraph up through the first
embodiment in this paragraph, wherein directly oxidizing the portion of the sulfur
components from the liquid absorbent stream comprises directly oxidizing the portion of
the sulfur components from the liquid absorbent stream in the absence of a combustion
stage prior to directly oxidizing the portion of the sulfur components from the liquid
absorbent stream. An embodiment of the invention is one, any or all of prior embodiments
in this paragraph up through the first embodiment in this paragraph, further comprising
separating the sulfur components and carbon dioxide from the liquid absorbent stream in a
thermal regeneration stage to produce an acid gas stream comprising the sulfur
components, carbon dioxide, and water, and wherein directly oxidizing the portion of the
sulfur components from the liquid absorbent stream comprises directly oxidizing the
portion of the sulfur components from the acid gas stream. An embodiment of the
invention is one, any or all of prior embodiments in this paragraph up through the first
embodiment in this paragraph, wherein separating the sulfur components and carbon
dioxide from the liquid absorbent stream in the thermal regeneration stage provides the
acid gas stream with the sulfur components present in an amount of from 0.5 to 15 weight
% based upon the total weight of the acid gas stream. An embodiment of the invention is
one, any or all of prior embodiments in this paragraph up through the first embodiment in
this paragraph, wherein separating the sulfur components and carbon dioxide from the
liquid absorbent stream in the thermal regeneration stage comprises separating the liquid
absorbent stream in the absence of a nitrogen stripping stage between the primary
liquid/vapor phase absorption stage and the thermal regeneration stage. An embodiment of
the invention is one, any or all of prior embodiments in this paragraph up through the first

embodiment in this paragraph, wherein separating the sulfur components and carbon
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dioxide from the liquid absorbent stream in the thermal regeneration stage comprises
separating the liquid absorbent stream in the absence of a secondary liquid/vapor phase
absorption stage between the primary liquid/vapor phase absorption stage and the thermal
regeneration stage. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, wherein
separating the sulfur components and carbon dioxide from the liquid absorbent stream in
the thermal regeneration stage comprises separating the liquid absorbent stream in the
absence of an intervening separation stage between the primary liquid/vapor phase
absorption stage and the thermal regeneration stage. An embodiment of the invention is
one, any or all of prior embodiments in this paragraph up through the first embodiment in
this paragraph, further comprising releasing carbon dioxide from the liquid absorbent
stream in a secondary liquid/vapor phase absorption stage between the primary
liquid/vapor phase absorption stage and the thermal regeneration stage. An embodiment of
the invention is one, any or all of prior embodiments in this paragraph up through the first
embodiment in this paragraph, wherein recycling the recycle stream comprises recycling
the recycle stream to the secondary liquid/vapor phase absorption stage. An embodiment
of the invention is one, any or all of prior embodiments in this paragraph up through the
first embodiment in this paragraph, wherein directly oxidizing the portion of the sulfur
components from the liquid absorbent stream in the presence of the direct oxidation
catalyst further comprises directly oxidizing the portion of the sulfur components
exclusively with oxygen. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the first embodiment in this paragraph, further
comprising stripping carbon dioxide from the liquid absorbent stream in a nitrogen
stripping stage between the primary liquid/vapor phase absorption stage and the secondary
liquid/vapor phase absorption stage to produce a carbon dioxide-rich stream and a sulfur-
rich stream, wherein the carbon dioxide-rich stream is provided to the secondary
liquid/vapor phase absorption stage. An embodiment of the invention is one, any or all of
prior embodiments in this paragraph up through the first embodiment in this paragraph,
wherein recycling the recycle stream comprises recycling the recycle stream to the
primary liquid/vapor phase absorption stage for separation along with the sour syngas
stream. An embodiment of the invention is one, any or all of prior embodiments in this

paragraph up through the first embodiment in this paragraph, wherein absorbing the sulfur
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components and carbon dioxide from the sour syngas stream in the primary liquid/vapor
phase absorption stage further produces a separated syngas stream depleted of sulfur-
containing species and a portion of carbon dioxide present in the sour syngas stream. An
embodiment of the invention is one, any or all of prior embodiments in this paragraph up
through the first embodiment in this paragraph, wherein directly oxidizing the portion of
the sulfur components from the liquid absorbent stream comprises directly oxidizing
hydrogen sulfide in the presence of the direct oxidation catalyst and oxygen to produce the
elemental sulfur. An embodiment of the invention is one, any or all of prior embodiments
in this paragraph up through the first embodiment in this paragraph, wherein the
unconverted portion of the sulfur components comprises one or more of carbonyl sulfide
or sulfur dioxide, and wherein the process further comprises hydrogenating the recycle

stream prior to further absorption of the unconverted portion of the sulfur components.

A second embodiment of the invention is a process for treating a sour syngas
stream comprising sulfur components and carbon dioxide, wherein the process comprises
the steps of absorbing the sulfur components and carbon dioxide from the sour syngas
stream in a primary liquid/vapor phase absorption stage with a solvent to produce a liquid
absorbent stream comprising the solvent, the sulfur components, and carbon dioxide;
separating carbon dioxide from the liquid absorbent stream to produce a carbon dioxide
stream and a sulfur-rich solvent stream comprising the solvent, the sulfur components, and
carbon dioxide; separating the sulfur components and carbon dioxide from the sulfur-rich
solvent stream in a thermal regeneration stage to produce an acid gas stream comprising
the sulfur components, carbon dioxide, and water, wherein the sulfur components are
present in an amount of from 0.5 to 15 weight % based upon the total weight of the acid
gas stream; directly oxidizing a portion of the sulfur components from the acid gas stream
in the presence of a direct oxidation catalyst to produce elemental sulfur and a recycle
stream comprising an unconverted portion of the sulfur components and carbon dioxide;

recycling the recycle stream for further liquid/vapor phase absorption.

A third embodiment of the invention is a process for sour syngas treatment
apparatus comprising a primary liquid/vapor phase absorption stage having the capacity to
receive a sour syngas stream and a solvent stream, to facilitate absorption of sulfur

components and carbon dioxide from the sour syngas stream in vapor phase by solvent
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from the solvent stream in liquid phase, and to produce a liquid absorbent stream
comprising the sulfur components and carbon dioxide; a direct oxidation stage in fluid
communication with the primary liquid/vapor phase absorption stage and having the
capacity to facilitate direct oxidation of a portion of the sulfur components from the liquid
absorbent stream in the presence of a direct oxidation catalyst to produce elemental sulfur
and a recycle stream comprising an unconverted portion of the sulfur components and
carbon dioxide; wherein the direct oxidation stage is in fluid communication with the
primary liquid/vapor phase absorption stage for recycling the recycle stream to the
primary liquid/vapor phase absorption stage. An embodiment of the invention is one, any
or all of prior embodiments in this paragraph up through the third embodiment in this
paragraph, further comprising a thermal regeneration stage in fluid communication with
the primary liquid/vapor phase absorption stage, wherein the thermal regeneration stage
has the capacity to separate the sulfur components and carbon dioxide from the liquid
absorbent stream to produce an acid gas stream comprising the sulfur components, carbon
dioxide, and water, and wherein the thermal regeneration stage is further in fluid
communication with the direct oxidation stage for providing the acid gas stream to the
direct oxidation stage. An embodiment of the invention is one, any or all of prior
embodiments in this paragraph up through the third embodiment in this paragraph,
wherein the sour syngas treatment apparatus is free of an intervening separation stage
between the primary liquid/vapor phase absorption stage and the thermal regeneration
stage. An embodiment of the invention is one, any or all of prior embodiments in this
paragraph up through the third embodiment in this paragraph, wherein the sour syngas
treatment apparatus is free of a combustion stage between the thermal regeneration stage
and the direct oxidation stage.

Without further elaboration, it is believed that using the preceding description that
one skilled in the art can utilize the present invention to its fullest extent and easily
ascertain the essential characteristics of this invention, without departing from the spirit
and scope thereof, to make various changes and modifications of the invention and to
adapt it to various usages and conditions. The preceding preferred specific embodiments
are, therefore, to be construed as merely illustrative, and not limiting the remainder of the
disclosure in any way whatsoever, and that it is intended to cover various modifications

and equivalent arrangements included within the scope of the appended claims.
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In the foregoing, all temperatures are set forth in degrees Celsius and, all parts and

percentages are by weight, unless otherwise indicated.
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CLAIMS

What is claimed is:

1. A process for treating a sour syngas stream comprising sulfur components
and carbon dioxide, wherein the process comprises the steps of

absorbing the sulfur components and carbon dioxide from the sour syngas stream
in a primary liquid/vapor phase absorption stage with a solvent to produce a liquid
absorbent stream comprising the solvent, the sulfur components, and carbon dioxide;

directly oxidizing a portion of the sulfur components from the liquid absorbent
stream in the presence of a direct oxidation catalyst to produce elemental sulfur and a
recycle stream comprising an unconverted portion of the sulfur components and carbon
dioxide; and

recycling the recycle stream for further absorption of the unconverted portion of

the sulfur components and carbon dioxide through liquid/vapor phase absorption.

2. The process of claim 1, wherein directly oxidizing the portion of the sulfur
components from the liquid absorbent stream comprises directly oxidizing the portion of
the sulfur components from the liquid absorbent stream in the absence of a combustion
stage prior to directly oxidizing the portion of the sulfur components from the liquid

absorbent stream.

3. The process of claim 1, further comprising separating the sulfur
components and carbon dioxide from the liquid absorbent stream in a thermal regeneration
stage to produce an acid gas stream comprising the sulfur components, carbon dioxide,
and water, and wherein directly oxidizing the portion of the sulfur components from the
liquid absorbent stream comprises directly oxidizing the portion of the sulfur components

from the acid gas stream.
4. The process of claim 3, wherein separating the sulfur components and

carbon dioxide from the liquid absorbent stream in the thermal regeneration stage

comprises separating the liquid absorbent stream in the absence of a nitrogen stripping
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stage between the primary liquid/vapor phase absorption stage and the thermal

regeneration stage.

5. The process of claim 3, wherein separating the sulfur components and
carbon dioxide from the liquid absorbent stream in the thermal regeneration stage
comprises separating the liquid absorbent stream in the absence of a secondary
liquid/vapor phase absorption stage between the primary liquid/vapor phase absorption

stage and the thermal regeneration stage.

6. The process of claim 3, wherein separating the sulfur components and
carbon dioxide from the liquid absorbent stream in the thermal regeneration stage
comprises separating the liquid absorbent stream in the absence of an intervening
separation stage between the primary liquid/vapor phase absorption stage and the thermal

regeneration stage.

7. The process of claim 3, further comprising releasing carbon dioxide from
the liquid absorbent stream in a secondary liquid/vapor phase absorption stage between the
primary liquid/vapor phase absorption stage and the thermal regeneration stage, and
wherein recycling the recycle stream comprises recycling the recycle stream to the

secondary liquid/vapor phase absorption stage.

8. The process of claim 7, wherein directly oxidizing the portion of the sulfur
components from the liquid absorbent stream in the presence of the direct oxidation
catalyst further comprises directly oxidizing the portion of the sulfur components

exclusively with oxygen.
9. The process of claim 1, wherein recycling the recycle stream comprises
recycling the recycle stream to the primary liquid/vapor phase absorption stage for

separation along with the sour syngas stream.

10. A sour syngas treatment apparatus comprising:
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a primary liquid/vapor phase absorption stage having the capacity to receive a sour
syngas stream and a solvent stream, to facilitate absorption of sulfur components and
carbon dioxide from the sour syngas stream in vapor phase by solvent from the solvent
stream in liquid phase, and to produce a liquid absorbent stream comprising the sulfur
components and carbon dioxide;

a direct oxidation stage in fluid communication with the primary liquid/vapor
phase absorption stage and having the capacity to facilitate direct oxidation of a portion of
the sulfur components from the liquid absorbent stream in the presence of a direct
oxidation catalyst to produce elemental sulfur and a recycle stream comprising an
unconverted portion of the sulfur components and carbon dioxide;

wherein the direct oxidation stage is in fluid communication with the primary
liquid/vapor phase absorption stage for recycling the recycle stream to the primary

liquid/vapor phase absorption stage.
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