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PROCESS AND APPARATUS FOR THE SELECTIVE PARTIAL OXIDATION
OF HYDROGEN SULFIDE IN A HYDROCARBON-CONTAINING STREAM

BACKGROUND OF THE INVENTION

Technical Field of the Invention

The present invention generally relates to the purification of light hydrocarbon gas
streams by removal of hydrogen sulfide (H,S) contaminant. More particularly the invention
relates to methods that employ the catalytic partial oxidation of H,S to form elemental sulfur and
water, and to catalyst compositions that are active for catalyzing such conversion. Still more
particularly, the invention pertains to such catalysts and methods which favor the partial
oxidation of the H,S component over partial oxidation of the hydrocarbon component of a H,S-
containing light hydrocarbon gas stream.
Description of the Related Art

Hydrocarbon gases that occur as natural formations in the ground ("natural gas") typically
contain a mixture of light alkanes, chiefly methane and some C,-C, alkanes, and often includes a
significant amount of hydrogen sulfide (H,S). Natural gas reserves containing more than 1% by
volume H,S are common, and many naturally océurring formations have a much greater H,S
content. Stranded natural gas reserves in the Middle East and in Canada, for example, typically
have H,S concentrations in the range of 10-40 vol.%. The presence of H,S in natural gas is
problematic. Not only does it have an intensely unpleasant odor, even when present at low
concentrations, it is also toxic and often forms undesirable sulfur compounds as end products
produced from the natural gas. Governmental regulations restrict the amount of H,S that can be
introduced into the environment to only a few parts per million. Because it is more economical
to transport some natural gas products in the form of a liquid rather than as a gas, most natural
gas production operations include converting the natural gas to liquefied petroleum gas (LPG) at
the well site. A drawback of working with the H,S-contaminated LPG is that, in concentrated
form, the H,S is extremely corrosive to the steel pipes and containers used to transport ,the H,S-
containing gases and liquids. As a result’of those drawbacks, combined with the difficulty and
expense of removing H,S from natural gas, the existing HyS-containing natural gas formations
have tended to be underutilized in the petroleum industry. |

Today there is great interest in utilizing the world's plentiful natural gas resources, and
much effort in the petroleum industry is now being directed toward selectively removing the HoS
component prior to using the natural gas. While various methods exist for removing hydrogen
sulfide from gases and liquids during natural gas processing, most of those processes require
large, expensive sulfur removal and sulfur recovery plants, also referred to as Claus plants or

modified Claus plants, for processing the sulfur.
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The Claus process alone is not suitable for cleaning up light hydrocarbon streams that
contain H,S. Not only is the hydrocarbon content lost in the initial thermal combustion step of
the Claus process, but carbon, carbonyl sulfide and carbon disulfide products cause catalyst
fouling and dark sulfur. To avoid these problems, the usual way that H,S is removed from
gaseous hydrocarbon streams generally involves an initial amine extraction process. In
conventional industrial practice, a light hydrocarbon-containing gas stream that contains HoS is
contacted with an alkanolamine solution. Alkanolamines commonly employed in the industry are
monoethanolamine (MEA), diethanolamine (DEA), methyldiethanol amine (MDEA),
diglycolamine (DGA), and diisopropanolamine (DIPA). These are basic nitrogen compounds.
The basic alkanolamine reacts with the HpS and other gases that form acids when dissolved in
water to form alkanolamine salts. The hydrocarbon gas, substantially freed of HyS, is recovered
and may be used as fuel or routed to another system for processing. After absorbing the HpS
from the gas, the alkanolamine solution is transported, heated, and placed in a stripping tower.
Steam, generated from boiling the alkanolamine solution at the bottom. of the stripping tower,
lowers the vapor pressure of the acid gas above the solution reversing the equilibrium of the acid
gas/alkanolamine reaction shown above. The acid gases leaving the stripper are cooled to
condense most of the remaining steam. The acid gas stream then goes to a conventional sulfur
recovery plant, also referred to as a Claus plant or modified Claus plant. In the Claus plant, the
H,S gas from the alkanolamine stripper is contacted with air or a mixture of oxygen and air in a
flame. One third (1/3) of the H,S is burned according to the reaction:

H,S +3/2 O —» SO, + H,0 @
The remaining 2/3 of the H,S is converted to sulfur via the Claus reaction:
2 HpS + SOz <> 3/x 8¢+ 2 H,O 1
(x=2, 6, or 8 depending on temperature and pressure)

The gases are cooled in a fire tube boiler after the burner. Nominally, this step converts
55 10 70% of the H,S to elemental sulfur. The equilibrium of the Claus reactjon of (Reaction II)
limits the conversion. To improve the yield, elemental sulfur is condensed from the gas stream.
After sulfur condensation and separation from the liquid sulfur, the unreacted gases are heated to
the desired temperature, passed over a catalyst that promotes the Claus reaction, and cooled
again to condense and separate the sulfur. Typically, 2 to 3 stages of Claus reheater, reactor, and
condenser stages are employed. Anywhere from 90 to 98% of the H,S fed to the unit is recovered
as elemental sulfur. A Claus process is efficient for processing large quantities of gases
containing a high concentration of H»S (i.e., > 20% by volume) in plants producing more than

7000 metric tons of sulfur per year.
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In the effluent from Claus plants, any remaining HyS, SO,, other sulfur compounds and
elemental sulfur are either incinerated to SO, and discharged to the atmosphere or absorbed by
chemical reaction, or converted by hydrogen to H,S and recycled or absorbed by an
alkanolamine solution.  This is accomplished by various "tail gas" treatment units, which
improve the efficiency of sulfur removal from the gas discharged to' the atmosphere. For
example, R.H. Hass et al. (Hydrocarbon Processing May 1981:104-107) describe the
BSR/Selectox™ process for conversion of residual sulfur in Claus tail gas or for pre-Claus
treatment of a gas stream. K-T Li at al. (Ind. Eng. Chem. Res. 36:1480-1484 (1997)) describe
the SuperClaus™ TGT system which uses vanadium antimonate catalysts to catalyze the
selective oxidation of hydrogen sulfide to elemental sulfur. |

Amine strippers and Claus plants in use today for purifying H,S-contaminated light
hydrocarbon streams are normally operated at less than 2 atmospheres pressure. Because of this
low pressure operation, the pipes and vessels have very large diameters for the flow compared to
most refinery or gas plant processes. The low pressure operation forces the equipment to be
designed for low pressure drop in order to have adequate capacity. Since Claus-type processes
cannot provide a high level of H,S conversion and selectivity for elemental sulfur product
without the use of multiple Claus reactor stages, when treating high HoS concentration streams, a
typical modified Claus plant, also includes one or more tail gas treatment units. Therefore, the
desulfurization plant can be quite large and may include a great deal of equipment.

In addition to the Claus tail gas treatments which employ the direct oxidation of H,S to
elemental sulfur, other techniques have been described in the literature for selectively oxidizing
H,S employing aqueous redox chemistry utilizing chelated iron salts or nitrite salts in an attempt
to purifying hydrogen sulfide contaminated hydrogen or gaseous light hydrocarbon
resources. According to such techniques, the HpS-contaminated hydrogen or hydrocarbon
stream is typically contacted directly with the redox reagent such as chelated iron (III) ions. The
iron (I1I) is reduced to iron (I) ion while the HyS is converted to elemental sulfur. The sulfur in
solid form is separated from the solution. Those types of redox units are generally considered to
be practical when the amount of sulfur to be removed from the stream is below 5 long tons per
day.

U.S. Patent No. 4,311,683 (Hass et al.) describes a process for the removal of HyS from a
feed - gas, and the production of sulfur therefrom, by oxidation with oxygen and/or SO, at
temperatures between 250° and 450°F, using a stable oxidation catalyst comprising an oxide and/or
sulfide of vanadium on a non-alkaline porous refractory oxide. The partial pressure of free sulfur
in the oxidation reactor is kept below that necessary for condensation. It is said that Hp, CO and

light hydrocarbons present in the feed gas are not oxidized.
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U.S. Pat. No. 5,603,913 describes several oxide catalysts that have been suggested for
catalyzing the direct partial oxidation of H,S to elemental sulfur and water. Because the direct
partial oxidation is not a thermodynamically reversible reaction, such methods offer potentially
higher levels of conversion than is practically obtainable with only thermal and Claus oxidation
of HL,S. Most direct oxidation methods are applicable to sour gas streams containing relatively
small amounts of H,S and large amounts of hydrocarbons, but are not particularly well suited for
handling the more concentrated acid gas streams from refineries and from many natural gas
formations. For this reason direct oxidation methods have been generally limited to use as tail
gas treatments only, and have not found general industrial applicability for first stage sulfur
removal systems from gases containing large quantities of HyS.

The restriction to low H,S concentration gases is due, in part, to the increase in adiabatic
heating of the catalyst bed that ocours at higher concentrations of HzS, i.e., above about 3 vol. %.
The limit of heat tolerance of the reaction vessel, which is typically made of steel, can be quickly
reached when a high concentration of H,S is reacted. Also, the higher temperatures (above about
350°C) cause an increase in the rate of reaction of SO, formation. Additionally, the HyS
concentration range is usually kept low because of the necessity for supplying excess O, to
overcome deactivation of most direct oxidation catalysts caused by water. As a practical matter,
the need for a stoichiometric excess of O, precludes using HS concentrations above about 2
vol.%. S.W. Chun et al. (Applied Catalysis B: Environmental 16:235-243 (1998)) describe a
Ti04/Si0, particulate catalyst that is not deactivated by the water formed in the partial oxidation
reaction at a reactant gas ratio of 0.5-4 O:HaS. In that report the H,S conversion is carried out
with a fixed bed catalyst at a temperature of 275°C and at a gas hourly space velocity (GHSV) of
3000 hr.

P.D. Clark et al. (Catalysis Communications (2004) 5:743-747) describes the use ofa
short-contact-time partial oxidation reactor (SCTR) for production of Hy from the catalytic

partial oxidation of HpS. That process utilizes a quartz tube reactor to produce hydrogen, sulfur

and water as the predominant products at a set temperature of 400°C and a contact time of 13 ms,
wherein the conversion of HyS is 64.6%, Hj selectivity is 20.8%, and the amount of SO, in the
product is less than 0.5% of the input HpS. Increased temperatures are reported to promote more
SO, formation with the same H,S/O, ratio in the feed. That process does not appear to
contemplate treatment of a hydrocarbon-containing H,S gas stream.

U.S. Patent Application Publication No. 2003/194366 describes certain catalysts and
process for oxidizing hydrogen sulfide to sulfur dioxide and sulfur. In general, a gas stream
containing H,S and other oxidizable components is contacted with a mixed metal oxide oxidation

catalyst at a temperature less than or equal to about 500°C in the presence of a selected amount of
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oxygen to generate SO,, sulfur or both wherein less than about 25 mol % by volume of the
oxidizable components other than H,S and other sulfur-containing compounds are oxidized by the
oxygen. It is said that, generally, the more active the metal oxide catalyst, the lower the reaction
temperature that should be used, with the caveat that the reaction temperature should be maintained
sufficiently above the sulfur dew point to avoid detrimental levels of sulfur condensation in the
reactor. The more preferred temperature range for operation is said to be between about 160°C to
about 250°C, dependent upon the sulfur dew point.

The existing light hydrocarbon purification processes and systems typically require
pre-treatment of the hydrocarbon-containing stream or post-treatment catalytic stages and
absorbent treatments in order to preserve the useful hydrocarbon components of a gas stream. A
practical and commercially attractive process for cleaning up HjS-contaminated hydrocarbon
streams, and at the same time recovering useful elemental sulfur, will find widespread
application in a number of industrial situations. The petroleum industry would welcome a way
to better utilize the world's abundant natural gas resources that are contaminated by H,S.

SUMMARY OF THE INVENTION

The processes, apparatus and catalysts of the present invention overcome many of the
drawbacks of the current technologies for rendering H,S-contaminated light hydrocarbon gas
streams more useful. The hydrocarbon components of a HyS-contaminated light hydrocarbon
stream are cleaned up by selectively oxidizing the H,S to sulfur with lesser, preferably minimal,
oxidation of the hydrocarbons. The new processes and apparatus are suitable for use in upstream
gas treatment such as treatment of a HpS-containing natural gas feedstock for a synthesis gas
generator, as well as downstream for refinery gas treatment, such as fluid catalytic cracker and
coker fuel gases, hydrogen, and refinery fuel gas. Catalysts employed in such processes are
typically deactivated by H,S, and will therefore benefit from “clean” hydrocarbon feed devoid of
H,S. In addition, such “clean” hydrocarbon gases are generally sold at a premium for further
processing and this invention can result in better economics when used. The present methods
and apparatus offer a more practical way to utilize stranded gas reserves, and, advantageously,
reduce or eliminate the usual dependence on conventional amine treating Claus-type processes.
A new process as described herein is simpler, and less expensive compared to conventional
hydrocarbon purification processes.

In accordance with certain embodiments of the present invention, a system for carrying out
the selective catalytic partial oxidation of hydrogen sulfide in a hydrogen sulfide-containing light
hydrocarbon feed gas stream is provided. The system preferably comprises (a) an assembly
comprising, in sequential flow arrangement in the stated order, a short contact time reactor, a boiler

and a sulfur condenser, the reactor comprising a feed gas inlet, an oxygen gas inlet, a mixer, a
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preheater, and a catalyst that is selective for catalyzing the partial oxidation of hydrogen sulfide to

form elemental sulfur and water, and the condenser having a first process gas outlet and a liquid

sulfur outlet; (b) a primary hydrocarbon feed gas line in fluid communication with the reactor feed

gas inlet; (c) a water/sulfur vapor removal unit in fluid communication with the first process gas
outlet, and having a second process gas outlet and a liquid water outlet; (d) an amine absorption
unit having an inlet in fluid communication with the second process gas outlet and with the
primary hydrocarbon feed gas line, and having a regenerated hydrogen sulfide gas outlet and a
purified hydrocarbon gas outlet; and (¢) a secondary hydrocarbon feed gas line in fluid
communication with the primary hydrocarbon feed gas line and with the reactor feed gas inlet, and
adapted for receiving hydrogen sulfide gas from the regenerated hydrogen sulfide gas outlet. In
some embodiments, the primary hydrocarbon feed gas line may comprise a (first) valve. In some
embodiments the system comprises a line for carrying the second process gas from the second
process gas outlet to the amine absorption unit inlet. In some embodiments, the second process gas
line includes a (second) valve, that may be used to regulate the flow of the secoﬁd process gas out
of the system and/or into the amine unit for removing residual H,S.

In accordance with another embodiment of the present invention, a process of removing
HoS from a light hydrocarbon feed gas stream containing at least one C;-Cs hydrocarbon
component and an HyS component is provided. A

The process preferably comprises (a) at a temperature above about 500°C, at about 2:1 to
about 5:1 molar ratio of H,S to O, and in the presence of a H,S-selective catalyst, partially
oxidizing the H,S component in the hydrocarbon feed gas stream to form elemental sulfur and
water without converting more than about 10 mole % of the carbon content of the light
hydrocarbon component to CO or CO,; and (b) recovering liquid  sulfur and unreacted
hydrocarbons. An H,S-selective catalyst is more active for catalyzing the reaction H,S + 1/2 O, —
1/x 8x + HyO (x =2, 6, 8) than for catalyzing the reaction CpHan + m/2 O, — m CO +n H, (m=
1-5; n=2-6).

In certain embodiments, the above described process of removing HyS from a hydrocarbon
feed gas stream containing at least one C;-Cs hydrocarbon component and an H,S component
includes (a) combining the light hydrocarbon feed gas stream and an O, containing stream to form
a reactant gas mixture comprising the hydrocarbon, HpS and O,; (b) preheating the mixture
between 150°C and 350°C; c) at a reaction temperature in the range of about 700°C to about
1,500°C, flowing a stream of the reactant gas mixture over the catalyst in a reaction zone such that
the contact time of each portion of reactant gas mixture that contacts the catalyst is sufficiently
brief to allow the reaction

H,S+1/2 0, 1/x Sx+H,0 (I
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(x=2, 6 or 8) to occur, whereby a reacted gas stream is formed comprising gaseous elemental
sulfur, water, and unreacted H,S and light hydrocarbon; (d) passing the reacted gas stream into a
first cooling zone and cooling the reacted gas stream to a temperature above the condensation
point of elemental sulfur but below about 350°C, to yield a partially cooled reacted gas stream;
(e) passing the partially cooled reacted gas stream into a second cooling zone and cooling the
partially cooled gas to a temperature below the condensation point of elemental sulfur but above
the freezing point of elemental sulfur, to yield liquid sulfur and a process gas stream containing
unreacted H,S and light hydrocarbon, water vapor and residual sulfur vapor; (f) passing the
process gas stream into a sulfur vapor cleanup unit, to convert sulfur vapor and any non-H,S
sulfur compounds to HS; (g) passing the light hydrocarbon stream into a water condenser to
provide a light hydtocarbon stream and liquid water; (h) passing the partially purified light
hydrocarbon stream into an amine absorption/regeneration unit to yield a purified light
hydrocarbon stream and a regenerated H,S stream; and (i) combining the regenerated H,S stream
with the light hydrocarbon stream. In some embodiments, the light hydrocarbon feed gas stream
comprises at least about 25 vol.% H,S.

In certain other embodiments, the light hydrocarbon feed gas stream contains less than
about 25 vol.% HaS, and the process includes (i) splitting the light hydrocarbon feed gas stream
into primary and secondary feed gas streams; (j) passing the primary feed gas stream into the
amine absorption/regeneration unit to yield the purified light hydrocarbon stream and the
regenerated H,S stream; (k) enriching the secondary feed gas stream with the regenerated H,S such
that the resulting enriched feed gas stream comprises at least 25 vol.% H,S; and () combining the
enriched secondary feed gas stream and the O, containing stream to form the reactant gas mixture
comprising the light hydrocarbon, HpS and O,. In certain embodiments, step (h) includes
combining the regenerated H,S stream with the secondary feed gas stream to provide the enriched
feed gas stream.

In certain preferred embodiments of an above-described process, an approximately 3.3:1
molar ratio of HyS to O, is maintained in the reactant gas mixture. In some embodiments, the
reactant gas mixture is preheated to a temperature in the range of about 150 to 350°C prior to
contacting the catalyst.

In some embodiments, the O,-containing gas is chosen from the group consisting of
purified O,, air, and O, enriched air. In some embodiments, an above-described process includes
keeping the temperatﬁre of the catalyst at about 700°C-1,500°C. In some embodiments, the
process includes initially heating the catalyst to at least about 700°C while passing the reactant
gas mixture over the catalyst until the H,S partial oxidation reaction is initiated. In some
embodiments; the process includes maintaining reaction promoting conditions such that the H,S

7
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catalytic partial oxidation reaction continues autothermally, i.e., substantially no externally
supplied heat must be provided to the catalyst in order to sustain the H,S partial oxidation
reaction. - Ensuring HpS partial oxidation reaction promoting conditions may include adjusting
the relative amounts of H,S, O, and other oxidizable components (e.g., hydrogen, hydrocarbons)
in the reactant gas mixture. For example, preferably no more than a stoichiometric amount of
O,, relative to the H,S content of the feed mixture, sufficient to support the Reaction III is
provided, in order to deter oxidation of the hydrocarbon components in the feed. H,S partial
oxidation reaction promoting conditions may also include adjusting the amount of preheating of
the reactant gas mixture and/or external heat applied to the catalyst, adjusting the operating
pressure of the reactor, which is preferably maintained above atmospheric pressure, more
preferably in excess of two atmospheres pressure. Increasing or decreasing the space velocity of

the feed gas mixture, which varies according to the configuration of the catalyst bed, its porosity

and the associated pressure drop, also can be used to favor Reaction III.

Advantageously, in certain embodiments of the new processes the need for large vessels
operating at low pressures is eliminated because the process is carried out at superatmospheric
pressures, preferably greater than 2 atmospheres. In the above-described‘ processes, preferably
care is taken to avoid exposing the catalyst to a sulfur-containing compound while the catalyst is at
a temperature below about 300°C. In certain embodiments of any the above-described
processes, the contact time of the reactant gas mixture with the catalytic surfaces of the catalyst
is no more than about 200 milliseconds. In some embodiments, the contact time is less than 50
milliseconds, in other embodiments, less than 20 milliseconds, and in still other embodiments,
the contact time is 10 milliseconds or less.

. Preferably an above-described process is carried out in a system as described herein. In
certain embodiments, an apparatus is provided for removing HyS from a light hydrocarbon
stream containing less than 25 vol.% H,S and recovering elemental sulfur. The apparatus
comprises (a) means for carrying out the selective partial oxidization of the H,S component of a
first portion of HyS-containing light hydrocarbon stream, and having a liquid sulfur outlet and a
first process gas outlet; (b) means for removing water and converting a first portion of sulfur
vapor or other non-H,S sulfur components from a first process gas stream, and having a liquid
water outlet and a second process gas outlet; (c) extraction means for extracting and recovering
H,S from a second portion of the HyS-containing light hydrocarbon stream and for combining
recovered H,S with the first portion of light hydrocarbon stream, and having an outlet for
purified light hydrocarbons; and (d) means for combining at least a portion of the second process

gas with the second portion of light hydrocarbon stream.
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In accordance with certain embodiments, an apparatus is provided for removing HsS from
light hydrocarbon streams containing greater than 25 vol.% HaS, which comprises (a) means for
carrying out the selective partial oxidization of the H,S component of a HyS-containing light
hydrocarbon stream, and having a liquid sulfur outlet and a first process gas outlet; (b) means for
removing water and converting a first portion of sulfur vapor or other non-HpS sulfur
components from a first process gas stream to HyS, and having a liquid water outlet and a second
process gas outlet; (c) extraction means for extracting and recovering H,S from the second
process gas and for combining recovered HpS with the first portion of light hydrocarbon stream,
and having an outlet for purified light hydrocarbons; (d) means for combining at least a portion of
the recovered H,S with the H,S-containing light hydrocarbon stream. In some embodiments, this
apparatus may also include means for combining at least a portion of the purified hght
hydrocarbons with the H,S-containing light hydrocarbon stream.

In still other embodiments of the present invention, a catalyst for an above-described
apparatus and process that favors the partial oxidation of H,S over conversion of the
hydrocarbon component of a mixed H,S-light hydrocarbon stream is provided. The catalyst
comprises Pt, Rh, Ir, Sn, and Mg supported on a refractory support. A preferred refractory
support is chosen from the group consisting of alumina, zirconia and magnesium oxide,
preferably magnesium oxide granules. In certain embodiments, the catalyst comprises a mixture
of about 0.25-5% Pt, 0.25-5% Rh, 0.25-5% Ir, 0.25-5% Sn and 1-5% Mg (by weight of the
supported catalyst). In some embodiments, the catalyst comprises at least one metal chosen from
the group consisting of Pt, Rh, Ir, Ru, Pd, Mn, Sn, Sm, Ce and Mg, supported on a refractory
support. The new processes are especially advantageous over existing direct oxidation methods
in that they efficiently and selectively convert higher concentrations of H,S than is possible with
the existing methods.

An advantage provided by certain embodiments of the present invention is that
existing processes for removing H,S from an H,S-containing gaseous stream that customarily
employs a Claus sulfur recovery plant with a first stage furnace in which H,S is combusted and
which also has at least one second stage partial oxidation unit in which HyS is directly oxidized to
elemental sulfur and water, is that such plants can be improved by substituting millisecond contact
time catalytic reactor for the combustion furnace or for one or more second stage partial oxidation
units and by employing the H,S catalytic partial oxidation process as described herein. These and
other aspects, embodiments, features and advantages of the present invention will become apparent

with reference to the following drawings and description.
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BRIEF DESCRIPTION OF THE DRAWIN GS

For a more detailed description of the present invention, reference will now be made to
the accompanying Figures, wherein: ‘

Fig. 1 is a bar graph comparing catalyst performance of four representative catalysts.

Fig. 2 is a schematic flow diagram showing one embodiment of a process and apparatus
in accordance with the present invention.

Fig. 3 is a schematic diagram of an assembly including a SPOX unit and water/sulfur
vapor removal unit,-as employed in the process and apparatus of Fig. 2.

Fig. 4 is a schematic cross-sectional view of a short contact time reactor as employed in
the apparatus and method of Fig. 2.

Fig. 5 is a schematic flow diagram showing another embodiment of a process and
apparatus in accordance with the present invention. 4

Fig. 6 is a schematic flow diagram showing a prior art process and apparatus
configuration. |

DETAILED DESCRIPTION OF PREFERRED EMBODIMEN TS

Definitions

As used herein, the following terms have their usual meanings in the art and are intended
to specifically include the following definitions:

A relatively "low" quantity or concentration of H,S refers to a concentration in the range
of about 0.5 to 25 vol.% H,S.

A relatively "high" quantity or concentration of HyS refers to a concentration in the range
of about 25 to 50 vol.% H,S.

The terms "selective" and "selectivity," when referring to the catalytic partial oxidation of
HoS to form elemental sulfur and water, means that the catalyst is more active for converting the
H,S component of a H,S-containing light hydrocarbon stream to elemental sulfur and water
under a given set of process conditions than it is active for converting the hydrocarbon
component of the same gas stream to form carbon monoxide and hydrogen, given the same
process conditions and the same H,S-containing light hydrocarbon stream. S'electivity of a
catalyst for a H,S reactant (over a light hydrocarbon reactant) does not preclude the catalyst's
also having selectivity for forming one product over another. For example, under a given set of
conditions, the formation of the elemental sulfur product may be favored by a given catalyst over
formation of SO, product.

Similarly, a "selective catalytic partial oxidation process" refers to a catalyzed process
that favors the partial oxidation of the H,S component of a H,S-containing gaseous hydrocarbon

feed to produce elemental sulfur and water, over the partial oxidation of the hydrocarbon
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component of the same feed to produce carbon monoxide and hydrogen, under the same process
conditions.

As used herein, the term "about" or "approximately,” when preceding a numerical value,
has its usual meaning and also includes the range of normal measurement variations that is
customary with laboratory instruments that are commonly used in this field of endeavor (e.g.,
weight, temperature or pressure measuring devices), preferably within £10% of the stated
numerical value.

The terms "discrete" or "divided" structures or units refer to catalyst devices or supports
in the form of divided materials such as granules, beads, pills, pellets, cylinders, trilobes,
extrudates, spheres or other rounded shapes, or another manufactured configuration.
Alternatively, the divided material may be in the form of irregularly shaped particles.
Preferably at least a majority (i.e., >50%) of the particles or distinct structures have a maximum
characteristic length (i.e., longest dimension) of less than ten millimeters, preferably less than
five millimeters. The term “monolith” refers to any singular piece of material of continuous
manufacture such as solid pieces of metal or metal oxide or foam materials or honeycomb
structures.

"CuH,," refers to one or more alkane in which m = 1 to 5 and n = 2-6. Methane is
representative of the other Cp,Hy, alkanes, and use of the term "methane" in this disclosure is not

intended to limit the disclosed methods to only the C; alkane.

nn nn

The use of the terms "connecting,” "connects to," "connected with," "coupled,” "in fluid
communication with," and like terms have their customary meaning in the art, and are intended
to refer to either a direct or indirect fluid flow interconnection between a first device or apparatus
and a second device or apparatus. Thus, for example, if a first apparatus is "connected to" a
second apparatus, that interconnection may be through a direct joining of the two devices, or
through an indirect interconnection via one or more intermediate or intervening device, fluid
conductor or connector through which a gas or liquid can pass when flowing from the first
device to the second. Such connections may be fixed or separable. The term "fluid" is intended
to refer to flowable substances, especially gases or liquids, and "fluid flow" refers to the
movement of such substances.

Weight percent (wt%) refers to the amount of metal component relative to the total
weight of the catalyst, including the support, if any.

As used herein in the context of conversion of H,S primarily to elemental sulfur, the
catalytic partial oxidation (CPOX) process is carried out in a short contact time reactor (SCTR).
The terms "short contact time reactor" and "short contact time process" refer to the conversion of

the reactant to products through the addition of oxygen gas in a reactor consisting of a selective
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solid-phase catalyst bed by limiting the contact time of the gases with the catalyst particles to
control the reaction selectivity. Generally, the reactor must be capable of withstanding the high
temperatures resulting from the exothermic oxidation reactions, ranging from the typical feed
temperature of less than 300°C up to 1,000°C or even up to 1,500°C, marked by a sharp
temperature rise at the catalyst-gas interface. Furthermore, to allow for a thermal barrier
between the high temperature catalyst bed and the low temperature metal walls, the reactor is
lined with inert refractory, capable of withstanding the high temperatures and the large cross-
sectional thermal gradients. It is desirable to provide enough refractory thickness to bring the
gas temperature to less than 300°C at the refractory-metal wall interface. When HoS and/or
hydrocarbons are present in the feed gases, the metallurgy of the reactor wall must be capable of
withstanding the corrosion from possible formation of sulfur and/or carbon compounds.
Common problems include corrosion from acidic sulfur compounds and metal dusting from
carbon compounds. To selectively carry out the desired partial oxidation reaction, the catalyst
bed and the reactor arrangement is designed to minimize the contact time between the feed gases
and catalyst particles. This requires the capability of the reactor to operate at very high flow
rates or gas hourly space velocities without causing physical damage to the catalyst bed and/or
without snuffing the reaction. This also requires mechanically strong catalyst supports to hold
the catalyst bed in place. The catalyst bed and reactor arrangement must be capable of operating
with minimal pressure drop to allow for high throughput operation. This is generally achieved
by designing the catalyst bed with high porosity, smooth, non-powder and attrition-resistant
catalyst particles. The SCTR is designed such that the reaction components are able to flow
freely with minimal resistance both upstream and downstream of the catalyst bed. The design of
a short contact time reactor also minimizes dead spaces where pooling or stagnation of the
reactant gases could occur and where undesirable gas-phase side reactions could occur. The
design of a short contact time reactor also provides for rapid mixing of the reactant gases
immediately before or at the time of contacting the catalyst.

Contact time is calculated as the inverse of gas hourly space velocity (GHSV), and GHSV
is calculated as the ratio of combined feed gas volumetric flow rate to the catalyst bed volume.
Description

In co-owned U.S. Patent No. 6,579,510, and U.S. Patent Application No. 10/317,936,
processes and catalysts were disclosed for directly converting H,S in a HpS and light
hydrocarbon mixture to elemental sulfur, and converting the light hydrocarbon to synthesis gas,
by way of concurrent catalytic partial oxidation reactions carried out in a single reaction zone
over a catalyst that is active for promoting both partial oxidation reactions. The disclosures of

those patent applications are hereby incorporated herein by reference. In the present disclosure,
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catalyst compositions having a higher selectivity for H,S oxidation over CH; oxidation were
initially identified in a test system similar to that described below under "Test Procedure for
Evaluating Catalyst Performance," employing a H,S feed gas stream containing 5-10%
CH,. Four catalyst compositions were studied in these tests and are shown in Table 1.

TABLE 1

Catalyst Details

Catalyst LD. Catalyst Composition

1 1% Ir - 2% Ru/2% Mg on MgO granules

2 1% Rh - 2% Pt/2% Mg on MgO granules

3 1% Rh - 1% Pt/0.5% Ir/2% Mg on MgO granules

4 1% Rh - 1% Pt/1% Sn/0.5% Ir/2% Mg on MgO granules

The catalysts were prepared by wet impregnation method. The following notation is used in the
table to indicate the catalyst synthesis sequence: “1% A — 2% B/3% C — 4% D on MgO
granules” refers to the mentioned wt% of metals loaded on the MgO granules support by
depositing C and D with intermediate drying (hence C-D), followed by calcination (/) and
followed by depositing A and B with intermediate drying (A-B). Finally all catalysts were
calcined and reduced to activate them for the reactions. The catalyst synthesis procedure is
described in more detail in Example 1, and similar procedures are employed to prepare the other
catalysts described herein.
Example 1: Synthesis of an HS Selective Catalyst.

A preferred representative catalyst comprising Pt/Rh/It/Sn/Mg supported on MgO
granules (Catalyst-4) was prepared as follows:

a. 20-30 mesh MagChem 10 MgO granules obtained from Martin Marietta Magnesia
Specialties, MD were calcined at 1000 C in air prior to loading catalyst metals on them.

b. On 10 gram batch of calcined MgO granules, 2 wt% Mg was impregnated using
magnesium nitrate precursor dissolved in distilled, de-ionized water. After drying with
continuous stirring on hot plate at 70°C to remove excess water, the material was calcined under
air flow at 125°C for 1 hour, 350°C for 1 hour and 700°C for 3 hours. This procedure resulted in
coating MgO granules with a layer of MgO to form the base for subsequent metal loading and to
increase the surface area.

¢. Next, using the above procedure 0.5 wt% Ir was loaded on the final material from step
(b), using iridium chloride precursor. The final calcinations temperature was 500°C in this step.

d. Using similar procedure as in step (c), 1 wt% of Sn from stannous chloride, 1 wt% Rh
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from rhodium chloride and 1 wt% Pt from tetrammine platinum nitrate precursors were loaded
in a stepwise manner.

e. This sequential impregnation procedure with intermediate drying and calcinations were
found to result in more consistent catalyst formulations. But it was found through modified
procedures that Rh and Pt can, alternatively, be loaded sequentially with drying and without
calcinations in between to provide similar final product.

. After the calcination following the addition of Pt precursor at similar conditions in (b),
the catalyst was reduced in flowing gas mixture of nitrogen and hydrogen (in 1:1 volume ratio)
at 125°C for 1 hour, 350°C for 1 hour and 500°C for 3 hours, to reduce the catalyst metal oxides
to a combination of metal and metal oxide forms, which are active for the desired oxidation
reaction. The final composition of this catalyst was 1 wt% Pt, 1 wt% Rh, 1 wt% Sn, 0.5 wt% I,
2 wt% Mg (by weight of the supported catalyst) supported on 20-30 mesh MgO granules.

Although the above-described sequential impregnation steps, with intermediate drying
and calcination, of each precursor, are preferred, the same precursor compounds may instead be
mixed together and impregnated in fewer steps to yield a catalyst that has at least some H,S-
selectivity. In the latter case, however, the resulting catalyst composition is less consistent in
terms of reproducibility of performance data, and its stability in terms of catalyst life on stream,
and other physical properties and functional characteristics have poor reproducibility from one
batch of catalyst to another. Thus, catalysts prepared by methods other than stepwise
impregnation are less desirable. Further tests on the above-described representative catalyst
compositions were conducted using feeds having various concentrations of CH4:H,S, and
employing different air/H,S ratios. The tests were carried according to the following procedure.

Example 2: Test Procedure for Evaluating Catalyst Performance.

The catalyst was evaluated for its ability to catalyze the catalytic partial oxidation of
methane and the catalytic partial oxidation of hydrogen sulfide in a modified conventional flow
apparatus using a quartz reactor with a length of 12 inches, an outside diameter of 19 mm and an
inside diameter of 13 mm. Ceramic foam pieces of 99% Al,O; (12 mm outside diameter x 5
mm thick, with 45 pores per linear inch) were placed before and after the catalyst as radiation
shields. The catalyst bed including the radiation shields was approximately 12 mm in diameter x
8 cm in height, and contained about 3 grams of catalyst granules. The inlet radiation shield also
aided in uniform distribution of the feed gases. An Inconel-sheathed, single point K-type
(Chromel/Alumel) thermocouple was placed axially inside the reactor, tquching the top (inlet)
face of the radiation shield. A high temperature S-Type (Pt/Pt 10% Rh) bare-wire thermocouple
was positioned axially touching the bottom face of the catalyst, and was used to indicate the

reaction temperature. The catalyst and the two radiation shields were tightly sealed against the
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inside walls of the quartz reactor by wrapping the shields radially with a high purity (99.5%)
alumina paper. A 600-watt band heater was placed around the quartz tube, providing heat to
light off the reaction and preheat the feed gases. The bottom of the band heater corresponded to
the top of the upper radiation shield.

To evaluate the ability of the representative catalysts to catalyze HZS-containing
hydrocarbon streams, the above-described testing procedure was carried out using various
proportions of CHy:H,S and at various air/H,S ratios. Control of the air/H,S ratio was found to
be important to avoid a loss in S yield while treating such streams. Unless stated otherwise, the
runs were conducted at a volumetric Air/(H,S + hydrocarbons) ratio of 0.6 —24, a preheat
temperature of 200 - 250°C, and a combined flow rate of 1,500 — 3,000 cc/min (1.5 - 3 standard
liters per minute (SLPM)), corresponding to a gas hourly space velocity (GHSV) of about 50,000
— 100,000 hr, and at a pressure of 5 psig (136 kPa).

‘The data reported in Tables 2-7 were obtained after approximately 1 hour on stream at the

specified conditions.

TABLE 2
Selective Catalyst Performance with Methane-containing H,S feed (Catalyst-4)
Air/fuel %H,S %CH; CH, S? Yield s? SO, SO,
Ratio in in Conv. (%) Selectivity  Yield  Selectivity
feed feed (%) (%) (%) (%)
2.4 91% 9% 71.95 65.96 92.6 5.30 7.4
2.4 67% 33% 41.78 37.17 98.8 0.45 1.2
2.4 50% 50% 19.10 38.98 99.3 0.29 0.7
2.2 50% 50% 14.09 44.58 98.8 0.54 1.2
1.8 50% 50% 5.83 54.09 96.6 1.93 3.4
1.6 50% 50% 3.07 57.23 97.0 1.75 3.0
1.55 40% 60% 0.07 57.56 95.7 2.57 4.3

As shown in Table 2, by controlling the amount of oxygen added, essentially complete
methane slip could be achieved with greater than 50% elemental sulfur yield from H,S. Hence
no data is shown for CO and CO, yields and hydrocarbon conversion. More specifically,
catalysts comprising Pt/Rb/Ir/Sn/Mg supported on alumina or magnesium oxide, when tested
with a mixture of CH, and H,S at H,S concentrations from 99 vol.% to 40 vol.%, and at air/H,S
ratios from 2.4 to 1.2, showed more than 57% sulfur yield from H,S at more than 95% sulfur
selectivity and less than 0.1% CHy conversion at 40% H,S composition and 1.55 Air/HoS ratio.
In addition to using an H,S selective catalyst composition, careful control of the air/H,S ratio
control is also highly preferred in order to avoid loss in sulfur yield while treating hydrocarbon-
and H,S-containing streams. Additionally, the preheat temperature of the feed gases to the

reactor are preferably adjusted such that, by increasing this temperature in small increments, the
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reaction stability and selectivity is maintained. For example, by increasing the preheat
temperature from about 200°C to 300°C we have been able to sustain the reaction at Air/H,S
ratios as low as 1.20 and still obtain sulfur yield greater than 50% at sulfur selectivity greater
than 99%.

Tables 3-6 present data obtained with the hydrocarbon part of the feed composed of 95%
CHyand 5% C,Hs instead of 100% CH, to evaluate the effect of higher hydrocarbons.

TABLE 3
Selective Catalyst Performance with Methane + Ethane-containing H,S feed (Catalyst-1)

Air/fuel | %H,S | %HCin | % CO, %S %S0, %H,S %CO %CO, %HC

ratio in feed feed in feed vield yield yield yield yield conv
1.84 76.99 15.27 1.74 60.9 2.2 63.1 0.0 70.2 70.2
1.58 66.70 26.61 6.70 61.6 3.6 65.2 0.0 42.8 142.8
1.47 62.51 31.21 6.28 62.5 3.5 66.0 0.0 35.5 35.5
1.38 58.85 35.25 5.90 62.4 3.9 66.3 0.0 30.1 30.1
1.30 55.54 38.88 5.58 61.9 44 66.3 0.0 26.7 26.7
1.23 52.57 42.15 5.28 60.9 6.5 67.4 0.0 23.3 233
1.16 49.93 45.05 5.01 57.9 84 66.3 0.0 21.5 21.5
1.14 43.98 50.92 5.10 52.9 15.7 68.6 0.0 12.6 12.6
126 39.91 55.46 4.63 48.1 20.5 68.6 0.0 16.3 16.3

TABLE 4

Selective Catalyst Perfarmance with Methane + Ethane-containing H,S feed (Catalyst-2)
Air/fuel | %H,S | %HCin | % CO;, | %S %S0, %H,S %CO %CO, %HC
ratio infeed | feed in feed | yield yield yield yield yield conv
1.84 77.09 15.17 1.74 67.4 1.5 75.0 9.2 90.6 99.8
1.70 71.55 21.26 7.18 65.2 7.3 724 6.9 92.6 99.6
1.70 71.55 21.26 7.18 65.3 6.5 71.8 7.3 44.5 51.8
1.58 66.73 26.58 6.69 63.8 7.6 71.3 4.9 37.0 42.0
1.47 62.48 31.24 6.28 53.9 16.2 70.1 2.5 28.2 307
1.44 58.82 35.28 5.91 522 14,7 66.9 1.6 213 22.9
1.42 55.54 38.88 5.58 48.9 164 65.3 13 17.6 18.8
1.33 51.93 42.04 6.03 48.0 15.8 63.8 0.0 15.6 15.6

TABLE 5

Selective Catalyst Performance with Methane + Ethane-containing H,S feed (Catalyst-3)

Air/fuel | % H,S | % HCin | % CO, %S %S0, %H,S %CO %CO, %HC
ratio in feed feed in feed yield yield yield yield yield conyv
1.84 77.09 15.17 1.74 62.6 6.2 68.7 13.7 56.6 70.3
1.70 71.55 21.26 7.18 54.7 11.6 66.3 8.3 433 51.5
1.58 66.70 26.61 6.70 52.9 12.3 65.2 5.5 35.1 40.6
1.47 62.51 31.21 6.28 539 10.6 64.5 3.9 29.4 33.3
1.38 58.82 35.28 5.91 55.1 8.9 64.0 29 245 274
1.30 35.54 38.88 5.58 54.8 8.7 63.5 22 21.0 23.2
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TABLE 6

Selective Catalyst Performance with Methane + Ethane-containing H,S feed (Catalyst-4)
Air/fuel | % H,S | % HCin | % COy %S %S0, _%H,S %CO %CO, %HC

ratio in feed feed in feed yield yield yield yield yield conv
2.01 71.01 15.26 1.73 58.1 24 60.5 213 62.5 83.7
1.86 71.55 21.26 7.18 50.3 2.0 52.4 19.0 151.1 70.1
1.72 66.70 26.61 6.70 50.9 2.5 53.4 15.8 43.0 58.8
1.61 62.51 31.21 6.28 474 5.1 52.6 13.4 38.9 52.3
1.51 58.79 35.30 5.91 49.0 4.5 53.5 9.7 34.0 43.8
1.34 52.57 42.15 5.28 51.3 7.0 58.3 5.8 30.5 36.3
1.27 50.00 45.05 4.95 54.8 5.0 59.8 4.6 27.7 322
1.09 43.40 52.24 4,36 55.5 8.9 64.4 1.5 16.8 18.2
1.00 43.35 52.30 436 +53.0 8.3 61.3 0.6 10.2 10.9
0.92 39.95 55.43 4.62 54.0 8.3 62.3 0.0 8.9 8.9
0.82 35.53 60.35 4.12 554 5.1 60.5 14 9.3 10.7
0.77 3366 62.43 3.90 56.2 5.9 62.0 1.1 8.1 9.1
0.78 33.75 62.02 4.23 55.5 7.7 63.2 1.1 9.1 10.2
0.78 33.71 62.06 4.23 58.5 6.3 64.8 1.1 7.8 9.0
0.73 31.93 64.07 4.00 57.9 6.7 64.7 0.8 6.7 1.5

Comparison of the catalysts' performance at low hydrocarbon concentration of 15%
shows that Catalyst-2 has the highest S yield activity (67%). On the other hand, comparison at a
medium hydrocarbon concentration of 39% shows that other catalyst compositions fared better in
terms of S yield. Catalyst performance is compared at the highest possible hydrocarbon
concentration for each catalyst in Table 7 and in the bar graph shown in Fig. 1.
TABLE 7

Catalyst Comparison At Highest Hydrocarbon Concentration
Catalyst | Air/fuel | %H,S | %HCin | %CO,in %S %S0, | %H,S | %CO %C0O, | %HC
1.D. ratio in feed feed feed yield yield conv. yield yield cony
1 1.26 39.91 55.46 4.63 48.09 20.54 | 68.63 0.00 16.29 16.29
2 1.33 51.93 42.04 6.03 48.00 15.84 | 63.84 0.00 15.55 15.55
3 1.30 55.54 38.88 5.58 54.82 8.66 63.48 2.15 21.01 23.16
4 0.73 31.93 64.07 4.00 57.92 6.74 64.66 0.81 6.71 7.52

Tt was concluded from these tests that Catalyst-4, containing 1% Rh - 1% Pt/1% Sn/0.5%
/2% Mg on MgO granules, showed the most selectivity for sulfur formation over hydrocarbon
oxidation for light alkane streams containing H,S. While other catalysts suffered from loss of S
yield performance and higher hydrocarbon conversion, all of them showed selective conversion
of H,S over hydrocarbons to different levels. With Catalyst-4 an elemental sulfur (S) yield of
almost 58% was observed, with less than 8% total hydrocarbon conversion. When the
hydrocarbon conversion was calculated with respect to individual hydrocarbons, methane
conversion was only 0.13% and ethane conversion was only 38%. In the catalyst screening tests
using methane feed as shown in Table 2 and Fig. 1, this catalyst also showed the highest S yield

(58%), lowest SO, yield (3%) and lowest hydrocarbon conversion (none).
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A common problem associated with conventional Claus operations on such mixed feeds
is the formation of high amounts of COS and CS,. As shown here, this problem is overcome in
the present catalytic partial oxidation process, which takes advantage of the selective nature of
certain catalysts for producing elemental sulfur instead of SO, or other sulfur-containing
compounds, and their selectivity for converting the H,S component rather than the methane or
other light hydrocarbon component of the feed.

A test for the effect of higher hydrocarbons in the HyS feed was performed by using a
hydrocarbon composition of 94% methane - 4.5% ethane - 1% n-propane - 0.5% n-butane
(referred to as “Methane-Butane™ feed) instead of 100% CH4 with Catalyst-4. In addition, to
examine the effect of short contact time partial oxidation reaction on HyS versus hydrocarbons, a
short bed (1.7 grams compared to standard 3 grams) of Catalyst-4 was tested. The results are
compared in Table 8. In these tables, the comparison data is indicated by underlining. The
shorter catalyst bed allowed for higher GHSV than the longer bed at similar gas flow rates.

TABLE 8

Effect of Short Catalyst Bed With Methane-Butane Feed (Catalyst-4)

Catalyst
Bed Size

Air/fuel
ratio

%HQS in
feed

%HC in
feed

%CO, in
feed

%S
yield

%S0,
yield

%H,S
conv.

%CO
yield

%CO,
yield

%HC
conv

Shott, 1.7
grams

1.65

63.43

29.22

7.35

44.2

10.1

54.2

4.3

311

354

130

50.94

43.15

3.91

434

6.3

49.7

1.4

16.8

18.2

“—

Standard,
3 grams

1.61

62,51

31.21

6.28

474

5.1

52.6

134

38.9

52.3

127

50.00

45.05

495

34.8

S.0

59.8

4.6

217

32.2

0.73 31.93 64.07 4.00 579 6.7 64.7 0.8 6.7 7.5
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Comparison of S yield and hydrocarbon conversion at similar conditions shows that longer
catalyst bed resulted in higher S yield, lower SO, yield and higher hydrocarbon conversion but
shorter catalyst bed still showed the selective performance of the catalysts.

A representative catalyst that is active for selectively catalyzing the partial oxidation of
H,S to elemental sulfur according to Reaction III, while allowing light hydrocarbon components
of the stream to slip by unreacted preferably comprises Pt, Rh, Ir, Sn, and Mg and is supported
on a refractory support, which is preferably a magnesium oxide support. Another preferred
catalyst comprises one or more metal chosen from the group consisting of Pt, Rh, Ir, Ru, Pd, Mn,
Sn, Sm, Ce and Mg. A preferred refractory support is chosen from the group consisting of
alumina, zirconia and magnesium oxide. The sulfur-selective catalyst is preferably in the form
of a bed of discrete or divided structures, such as particles or granules, or it may be in the form of
a porous monolith. The catalyst may be formed entirely of catalytic material, i.e., without an
additional support, or it may comprise one or more catalytic components supported on a non-
catalytic refractory support. The catalyst is preferably configured such that there is sufficient

porosity, or sufficiently low resistance to gas flow, to permit a stream of the reactant gas mixture
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to pass over the catalyst at a gas hourly space velocity (GHSV) of at least about 20,000 hr,
preferably at least 100,000 hr'!, when the reactor is operated to recover elemental sulfur from an
H,S containing gas. GHSVs in the range of 500,000 - 10,000,000 hr! are highly preferred for
optimizing space-time yields. By exercising care in selecting the catalyst composition, catalyst
materials that have significant activity for catalyzing hydrocarbon reactions under the H,S partial
oxidizing conditions are avoided. For example, platinum tends to be a good choice because most
hydrocarbon reactions catalyzed by platinum are poisoned by the presencé of sulfur. By
contrast, most of the conventional H,S direct oxidation processes employ metal oxide catalysts
or supports that may have some acidic character which tends to promote catalysis of hydrocarbon
cracking and dehydrogenation reactions, leading to coke or tar formation. Also, it is preferred to
feed insufficient O, (based on oxidation stoichiometry) to the reaction zone to permit partial
oxidation of any H, or hydrocarbon in the H,S-containing feed. Thus, only enough O is
provided to partially oxidize HyS to elemental sulfur and H>O.

A catalyst bed for a the H,S catalytic partial oxidation process may comprise a
quantity of such impregnated or coated granules, or other forms of support such as beads, pills,
pellets, cylinders, trilobes, extrudates, spheres, other rounded shapes or other manufactured
configurations, or irregularly shaped particles. While MgO or alumina is preferred, other
satisfactory supports comprise a refractory material such as zirconia, cordierite, titania, mullite,
zirconia-stabilized alumina, MgO stabilized zirconia, MgO stabilized alumina, niobia or a
mixture of any of those materials, or another suitable refractory material. Alumina is preferably
in the form of alpha-alumina, however the other forms of alumina may also be used.

System A, and Process for Sweetening a Light Hydrocarbon Stream Containing a Low
Concen tration of H2S. ‘

Referring to Fig. 2 a schematic diagram of a preferred hydrocarbon purification system
100 and process for the selective partial oxidation of the H,S component of a low concentration
H,S-containing light hydrocarbon stream are shown. The light hydrocarbon contains one or
more C;-Cs alkane, such as methane or natural gas. As explained in more detail below, this
configuration is preferred for treating a hydrocarbon stream containing a "low" concentration of
H,S, as defined earlier. The system 100 generally includes a feed gas inlet line 1, valve 2, amine
unit 4, SCTR unit 10 and water/sulfur vapor removal unit 60. "SPOX" refers to the selective
partial oxidation of H,S, and "Cy,Hz," refers to one or more alkane inwhichm=1to5and m=
2-6. Feed gas inlet line 1 connects to valve 2 and to feed line 8, which connects to one or more
inlet 12 of SPOX unit 10. SPOX unit 10 also includes an O, inlet 16. In Fig. 3 an assembly
comprising a basic SPOX unit 10 and water/sulfur vapor removal unit 60, as employed in the

system of Fig. 2, are shown. SPOX unit 10 generally includes short contact time reactor 20,
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boiler 40 and sulfur condenser 50, which has a liquid sulfur outlet 51 and a desulfurized gas
outlet 52.

A preferred short confact time reactor 20 is schematically shown in Fig. 4, in longitudinal
cross-sectional view. Reactor 20 is preferably a very fast contact (i.e., millisecond range)/fast
quench (ie., less than one second) reactor which is constructed so as to be capable of
withstanding the temperatures generated in a net catalytic partial oxidation reaction, which may

sometimes go as high as 1,500°C. The short contact time reactor is preferably similar to those

. that are known for carrying out catalytic partial oxidation (CPOX) of light hydrocarbons and

which have been described in the literature, such as U.S. Patent Nos. 6,635,191 and 6,733,692
(issued to ConocoPhillips Company), and as discussed above in the "Definitions."

Referring still to Fig. 4, reactor 20 preferably includes at least one feed injection opening
12, air/O, inlet 16, an optional preheater 15, a mixing zone 17, a reaction zone 19 and a cooling
zone 23. Reaction zone 19 preferably includes a pair of thermal radiation barriers or shields 22
positioned immediately upstream and downstream of a H,S-selective catalyst 25 in a fixed-bed
configuration. Radiation barriers 22 are preferably made of porous ceramic or refractory
material that can withstand the contemplated operating temperatures and provide some amount
of thermal insulation. At least the reaction zone and cooling zones of 1’eacfor 20 are preferably
lined a refractory material 26. Adjacent the second (downstream) thermal shield 22 is cooling
chamber 23 which includes ceramic ferrules 32 embedded in refractory material 26, and a tube
sheet 34 containing a plurality of thermally conductive tubes 36. Tubes 36 extend from the
process (reacted) gas outlets 21 of reactor 20 through boiler 40 for cooling the reacted gases.
Boiler 40 may be similar to a conventional waste heat boiler or fire tube boiler, as illustrated in
Fig. 3, however, it must be capable of withstanding the requisite pressures and temperatures of
the process which is described in more detail below. Tube sheet 34 forms a divider between the
process gas and the boiling water where the hot process gas exits the reactor and enters boiler 40,
Tubes 36 are preferably made of carbon steel. The initial portion of each tube 36 (i.e., the
portion which will first encounter the hot gases, when the system is used in the process described
in more detail below) is preferably protected by ceramic ferrules 32 embedded in refractory
material 26, to provide thermal insulation to the underlying metal. Following boiler 40 is sulfur
condenser 50 for receiving and further cooling the reacted gases to below the condensation point
of sulfur and providing for the removal of liquid sulfur product, as shown in Fig. 3. Following
sulfur condenser 50 is heater 55 and water/sulfur vapor removal unit 60. Unit 60 contains a
hydrogenation/hydrolysis catalyst which is preferably similar to those employed in conventional
Claus tail gas treatment processes (such as Beavon Sulfur Removal™ (BSR™) or Shell Claus

Offgas Treating™ (SCOT™), for example), where sulfur vapor and SO, are hydrogenated to
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H,S and COS and CS,; are hydrolyzed to HoS and CO,. A condenser 58 follows reactor 56 for
condensing watet vapor from the treated hydrocarbon gas stream and having an outlet 62 and
line 63 for removal of the product gas. |

Referring again to Fig. 2, hydrocarbon gas containing the remaining H,S goes in line 66
from valve 64 to line 3, which leads to the inlet of amine unit 4. Amine unit 4 has a purified gas
outlet 5 and regenerated H,S outlet 6 that connects to line 7. Line 7 joins with line 8, which joins
to at least one inlet 12 of SPOX unit 10.

Process A - Low HS Concentration in a Light Hydrocarbon Feed. In operation, a feed
gas stream comprising one or more light hydrocarbon and a relatively low concentration of H,S
enters the above described system 100 (Fig. 2), via line 1. At valve 2 the feed gas flow is
regulated such that the stream is split into two portions which enter line 3 and line 8,
respectively. The first portion of the feed gas enters amine unit 4 via line 3, where it squected to
amine extraction and H,S regeneration using conventional techniques, and the resulting purified
hydrocarbon gas exits at outlet 5. The regenerated H,S leaves amine unit 4 at H,S outlet 6 and
combines with the second portion of the original feed gas in line 8. As a result, the total H,S
concentration of the feed that enters reactor 20 of SPOX unit 10 is increased relative to the
original feed gas stream, which facilitates maintenance of the above-described high reaction
temperature and autothermal reaction conditions. The feed is split between line 3 and line 8 to
maintain an approximate methane to HyS ratio of 1:1 - 2:1 in stream 12. The feed gas and/or the
oxygen-containing stream are preferably preheated before being introduced into reactor 20 (Fig.
3). |

Referring now to Fig. 4, the feed gas and the O,-containing stream are injected into
reactor 20 via one or more inlets, such as inlets 12, 14 and 16. It should be understood that the
number, arrangement and configuration of the inlets may be varied from those shown, without
altering the basic process described herein. Conventional equipment as is customarily used for
injecting gas into short contact time reactors at high flow rates may be used to feed the reactant
gases at atmospheric, or preferably superatmospheric pressure. Oxygen entering reactor 20 via
inlet 16 is mixed with the H,S and hydrocarbon gases in mixing zone 17, to form a reactant gas
mixture. Air, or an oxygen enriched air stream may be used instead of pure oxygen; however,
substantially pure oxygen is preferred as it prevents the inclusion of inert gases such as nitrogen
and argon in the system. A mixer, such as static mixer 18, is preferably employed to ensure
thorough mixing of the gases. Thorough mixing deters the occurrence of unwanted side
reactions and temperature excursions in reaction zone 19. The individual gas feeds may be
preheated, e.g., by passing them through the tube side of steam heat exchangers where 600-psig

steam is circulated on the shell side. Alternatively, or additionally to preheating the feed gases in
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zone 17, the gases entering the reactor may be electrically heated or steam heated using a pre-
heater 15 surrounding a section of the gas entry tube. The inclusion of a pre-heater 15, such as
an electrical or steam heating jacket, may be desirable in situations where there is a possibility of
the mixed gas feed temperature dropping below a desired inlet temperature to reactor 20, (e.g.,
about 200°C).

Referring still to Fig. 4, from mixing zone 17 of reactor 20, the reaction mixture passes
through a porous first thermal radiation shield 22. First radiation shield 22 deters pre-ignition of
the reaction mixture before entering reaction zone 19 and contacting catalyst 25. Since
pre-ignition causes unwanted side reactions and potentially an overpressure of the reactor vessel,
rapid mixing of the gases and avoidance of dead spaces or gas stagnation areas are important
considerations in reactor design and operation, to prevent having a stagnant explosive mixture
form in the reactor. Minimum contact time between the O, and H,S can also be facilitated by
placing inert filler in any void spaces in the piping upstream of the catalytic section or reaction
zone. Although it is not mandatory, it is preferable to preheat the reactant gas mixture to at least
about 200°C to facilitate initiation of the catalytic reaction in reaction zone 19. To minimize pre-
ignition and the occutrence of undesirable gas phase reactions, the reactant gases are preferably
not heated above about 350°C. It is highly preferred to keep the preheat temperature below
500°C. However, in order to deter possible inactivation or sulfur poisoning of the catalyst, it is
preferable to keep the temperature of the catalyst above about 500°C while it is-exposed to the
HpS-containing stream. It is highly preferred to keep the reactor temperature above 700°C,
preferably between 850°C and 1,450°C. Preferably the HyS to O, molar ratio in the reactant gas
mixture is in the range 4:1 — 3:1.

The chosen catalyst composition is selective to the conversion of HéS. Care is preferably
taken to provide to the reactor no more than the amount of oxygen necessary to support Reaction
LI To further reduce or minimize combusting or partially oxidizing the light hydrocarbon
components of the natural gas stream and to promote the selective oxidation of H,S to sulfur,
short catalyst contact time and favorable catalyst composition are employed. The configuration
of the catalyst 25 is preferably such that the contact time between the reactant gas mixture and
the catalyst is in the range of about 0.1 to 200 milliseconds. This very brief gas residence time
on the catalyst is important to minimize or eliminate the formation of SO,, which Wouid restrict
the recovery of sulfur by establishing the Claus equilibrium of Reaction II. When employing a
catalyst monolith or packed bed of divided catalyst, the surface area, depth of the catalyst bed,
and gas flow rate (space velocity) are preferably managed to ensure the desired short contact
time, i.e., less that 200 milliseconds, preferably under 50 milliseconds, more preferably less than
20 milliseconds, and still more preferably 10 milliseconds or less. Preferably the flow of the
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reactant and product gases is maintained at such a rate that the H,S partial oxidation process is
carried out at superatmospheric pressure (i.e., greater than 1 atmosphere, preferably more than 10
atmospheres, more preferably greater than 50 atmospheres), and the gas hourly space velocity is
at least 20,000 hr'!, preferably at least 100,000 hr!.  Maximum GHSVs are preferred for
optimizing space-time yields. GHSVs in the range of 500,000 - 10,000,000 hr! are practical in
many instances. .

As described above, in reaction zone 19 the catalytic surfaces catalyze the partial
oxidation of the H,S directly to sulfur while the hydrocarbon component of the feed slips
through substantially unaffected. Maintaining an optimum dwell time range of reactant gases on
the catalyst produces a favorable balance between temperature elevation due to the exothermic
partial oxidation reaction and the convective removal of heat from the reactor by the rapidly
moving product gas stréam. Thus, sufficient heat is generated to maintain the catalyst
temperature in the range of approximately 700°C - 1,500°C, preferably 850°C - 1,450°C, as
measured at the reacted gas outlet 21 (Fig. 4). The temperature of the reaction is maintained in
the desired range by regulating the preheat temperature of the reactants, by regulating the oxygen
feed rate, by heat exchange, as necessary, or by any combination of those means. It is desirable
to quickly cool the reacted gases and condense the sulfur vapor out of the stream to prevent any
re-formation of H,S by the reaction:

Hy+ 1/x Sy — H,S Iv)

Rapid cooling is facilitated by the presence of the porous second thermal radiation shield
22, located on the downstream side of catalyst 25, which partially insulates the rapidly moving
product gases in cooling chamber 23 from the hot catalyst.

Still referring to Fig. 4 the reaction is rapidly quenched as the reacted gases exiting the
reaction zone 19 quickly pass through the second thermal shield 22 and begin to cool in cooling
chamber 23 of reactor 20. Still rapidly flowing, the reacted gases exit the reactor through outlets
21, where the tube sheet 34 forces the gases to go through the inside of cooling tubes 36 of boiler
40. The rapidly cooling gases flow through tubes 36 inside boiler 40 where they are cooled by
circulating boiling water in shell 37 which surrounds tubes 36. Since the carbon steel of the tube
sheet may not otherwise withstand the high temperatures of the reacted gases, thermal protection
for the metal tubes is highly preferred. For tubes 36, this protection is afforded by the boiling
water. Since the boiling water remains at a constant temperature, and since the metal conducts
heat so readily, the tubes and most of the tube sheet attain temperatures only slightly above the
temperature of the boiling water. This is not the case for the portions of the tube sheet 34 where
tubes 36 connect at joints 38, however. Preferably joints 38 and the vulnerable portion of tubes

36 are not exposed to temperatures that exceed the safe operating limits for the metal. Ceramic
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ferrules 32 embedded in refractory material 26 provide insulation for the initial portion of tubes
36 (i.e., the portion that meets the hot gases first). Thus, only the metal surfaces that are
adequately exposed to the boiling water encounters the hot gases. Although a conventional
waste heat boiler may be used satisfactorily as boiler 40, any other suitable apparatus could be
substituted for rapidly quenching and cooling the gases. The temperature of the cooled gases
leaving boiler 40 is still above the dewpoint of the sulfur vapor in the gas, but preferably not less
than about 125°C, so that the elemental sulfur component of the reacted gases remains in the
vapor phase at the conclusion of the first cooling stage.

Referring again to Fig. 3, in a second cooling stage the partially cooled gaseous product
stream flows into a contact condensing device 50 such as a conventional sulfur condenser, where
the gases are further cooled to the dew point of elemental sulfur, or below, such that sulfur vapor
condenses to formtliquid sulfur. Preferably the gas temperature at outlet 52 of condenser 50 is
close to the freezing temperature of elemental sulfur, i.e., about 250°F (121°C), to minimize the
amount of residual elemental sulfur vapor in the gas leaving condenser 50.

Since the purified light hydrocarbon gas emerging from SPOX unit 10 (Fig. 2) may

contain a level of residual H S that is unacceptable for a particular downstream application of the

sweetened hydrocarbon stream, the gas emerging from SPOX unit 10 is preferably sent to
watet/sulfur vapor removal unit 60. Preferably the gases are first heated in heater 55 to between
200 and 350°C, as shown in Fig. 3. Reactor 56 of water/sulfur vapor removal unit 60 receives
the heated gas stream and reacts any sulfur vapor and SO, present with hydrogen formed in the
SPOX reactor to form H,S, and reacts COS and CS, with water formed in the SPOX reactor to
H,S and CO, over a suitable catalyst such as a conventional cobalt-molybdenum Claus tail gas

hydrogenation catalyst. Condenser 58 receives the treated hydrocarbon stream and condenses

~ water vapor from the treated hydrocarbon gas stream. SO, and elemental sulfur must be

converted to H,S to avoid the depositing elemental sulfur in water condenser 58. COS and CS;
must be converted to H,S so the sulfur contained in these molecules can be absorbed in the
amine system downstream of condenser 58. A conventional air cooled finned tube heat
exchanger or water cooled shell and tube exchanger can be used for condenser 58.  The
hydrocarbon gas then exits unit 60 at outlet 62 and line 63, as shown in Fig. 2. Preferably valve
64 directs all of the hydrocarbon gas stream into line 66, and the gas flow continues into line 3,
and finally feeds into amine unit 4, where it is subjected to conventional amine
treatment. Backflow of the gas in line 3 is preferably prevented by operation of valve 2. The
purified light hydrocarbon gas emerges from amine unit 4 at outlet 5. Preferably the amount of
residual H,S in the purified hydrocarbon stream exiting outlet 5 of amine unit 4 is controlled to
meet the particular specifications of a selected downstream process. The feed gas criteria may
24
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vary according to the intended use of the product, For example, the resulting light hydrocarbon
gas may be suitable for use as pipeline gas (4 ppmv H,S), or refinery fuel gas (typically 160
ppmv H,S). Referring now to Figs. 2 an& 4, regenerated H,S travels from amine unit 4 via outlet
6, into line 7 and then into line 8, where it combines with the original feed, or a portion thereof,
as it is fed into one or more inlet 12, 14 of SPOX unit 10.

Comparing the above-described Process A to the hydrocarbon treatment and sulfur
recovery schemes in current practice in the field, the present process greatly simplifies the flow
scheme by reducing the number of process steps and the amount of equipment needed to
accomplish those steps. By operating the sulfur recovery at higher pressure, the necessary sulfur
recovery equipment can be much smaller than conventional units that are designed for and
operated at less than 2 atmospheres.

In marked contrast to the compact systems described above, a conventional prior art gas
treating/sulfur recovery system as used today for sweetening natural gas is typically configured
as illustrated schematically in Fig. 6. In a typical process, first the sour gas is treated to remove
HyS in a “primary” amine system 310 to the desired specification. ‘st rejected by the amine
system goes to a Claus sulfuf recovery unit 320 where the H,S is converted to -elemental sulfur.
Following the Claus unit 320 is a hydrogenation and water removal unit (330), which generally
includes a heater, hydrogenation reactor, quench tower water removal unit, and then a tail gas
amine system (340). An incinerator and vent stack 350 typically follow. The primary amine
system 310 contains seven major pieces of equipment, including a contactor, regenerator, flash
drum, amine cooler, feed/bottoms exchanger, overhead condenser and reboiler (not shown). The
Claus unit 320 typically includes ten to thirteen component units, including knockout drum, air
blower, reaction furnace/WHB, first condenser, reheaters, catalyst beds and condensers (not
shown). The tail gas hydrogenation unit of unit 330 typically comprises three component parts,
including a preheater, reactor and aftercooler (not shown). The tail gas amine unit 340
commonly has eight components, including a quench tower and quench tower cooler, contactor,
regenerator, amine cooler, feed/bottoms exchanger, overhead condenser and reboiler (not
shown). All together, the component parts of a conventional gas sweetening/sulfur recovery
system customarily totals 27 to 29 major pieces of equipment. Thus, the advantages of the
compact systems and processes disclosed herein, which require far less apparatus and have a
much smaller plant size, are readily apparent.

The process and apparatus configuration depicted in Fig. 2, for example, utilize an
amine unit 4 (seven major pieces), the SPOX unit 10 (oxygen and feed gas preheaters,
reactor/WHB, and sulfur condenser, for a total of three components), a water/sulfur vapor

removal unit 60, (tail gas hydrogenation/water condensation section, including three
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components), a conventional H,S compressor (not shown) and a conventional oxygen pump or
compressor (not shown), for a total of fifteen primary components. If desired, oxygen could be
supplied by providing an oxygen plant, which would add to the equipment cost. However, it is
known to those skilled in the art that oxygen supplies can be provided more cheaply through
oxygen plants or pipeline oxygen provided by oxygen vendors. Tn many of the situations where
natural gas is to be converted to syngas, an oxygen plant will be included in the syngas plant.
Additional capacity can be provided in a neighboring oxygen plant to accommodate the SPOX
reactor requirements. The lower equipment count saves significant costs for engineering,
interconnecting piping, utility piping, plot space, instruments and contingency costs. Lower
equipment counts also help to improve reliability by reducing the potential number of equipment
failures.

Using the data from Table 2, and the process configuration of Fig. 2, a process is
demonstrated for a feed containing 28% H,S by volume by the material balance in Table 9. In
this instance, which is considered representative of other embodiments, a lower cost, lower
purity oxygen stream from a vacuum swing absorption oxygen plant is used to provide the
oxygen to the plant as the gas product should be able to accommodate the small amount of

nitrogen in the stream.

TABLE 9
Estimated Gas Compositions Resulting from a Lower H,S/High CH, Feed
Methane HzS C]inS % st Nz % N, 02 % Oz
Moles Moles (vol.%) Moles | (vol.%) (vol.%)
Inlet Gas 720 280 -- 28 - - - -
Amine Feed 720 200 - --- 24.7 - - -
Amine-treated Gas 720 0.002979 - - 24,7 33 - -
Amine Regeneration - 200 - -— - -—- -— -—-
Outlet
SPOX Feed 720 480 1.5 - 24.7 - 140 85
SPOX Effluent 720 200 -— - 24.7 - - -
Quench Outlet 720 200 - -—- 24.7 - - -

System B, and Process for Sweetening a Light Hydrocarbon Stream Containing a High
Concentration of H,S

Referring now to Fig. 5, a schematic diagram of another preferred hydrocarbon
purification system 200 and process for the selective partial oxidation of the H,S component of a
higher concentration H,S-containing light hydrocarbon stream are shown. As explained in more
detail below, this configuration is preferred for treating a hydrocarbon stream containing H,S in

the concentration range of about 25 to 50 vol.% H,S. The system 200 generally includes feed
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gas inlet line 201, SPOX unit 210, a water/sulfur vapor removal unit 260 and an amine unit 204,
similar to those employed in the system and process of Fig. 2. Feed gas line 201 connects to at
least one inlet 212 of SPOX unit 10. SPOX unit 210 also includes an O, inlet 216. SPOX unit
210 and water/sulfur vapor removal unit 260 are preferably like their counterparts in System A,
described above and shown in Figs. 2 and 3. Similar to its counterpart in System A, amine unit
204 includes an outlet 211 for the sweetened hydrocarbon gas, and a regenerated H,S outlet 213
that connects to line 214. Line 214 joins with feed gas line 201.

Process B - High H)S Concentration in Light Hydrocarbon Feed. In instances in which
the hydrocarbon feed stock contains an H,S concentration of 25 to 50 vol%, it is preferable to
use the configuration shown in Fig. 5 instead of using System A, described above and illustrated
in Fig. 2. In one scenario, a system like that shown in Fig. 5 is set up at the site of a stranded
sour gas well, where a large natural gas formation contains in excess of 25 vol.% H,S. In
operation, the selective partial oxidation of the H,S ;:omponent of a natural gas stream, the
recovery of the sulfur component as elemental sulfur, and the recovery of the purified or
sweetened hydrocarbon component is carried out as follows. The natural gas feed enters system
200 via line 201. The feed gas in line 201 is supplemented by a regenerated H,S stream from
line 214, as discussed in more detail below. Similar to Process A, described above, the feed gas
and the O,-containing stream are injected into reactor 20, the reactant gas mixture is formed, and
the selective catalytic partial oxidation reaction is commenced.

As stated above with respect to Process A, the mixing of the gases must be very thorough
to prevent combustion reactions from taking place or from predominating in the reaction zone,

e.g., formation of SO,. The amount of oxygen required to convert the H,S according to Reaction

IIT is provided to the reactor to deter or prevent temperature excursions and unwanted side
reactions. The SPOX unit 210 and the water/sulfur vapor removal unit 260 are operated
substantially as described above with respect to System A and Process A, for treating low-H,S
streams. Unlike the situation in Process A, however, the H,S content of the initial feed gas
entering the SPOX reactor is sufficient to generate enough heat to maintain the catalyst
temperature in the range of approximately 700°C-1,450°C, preferably 850°C-1,200°C, as
measured at the reactor outlet, without supplying additional H,S. The flow of the reactant and
product gases is maintained at such a rate that the H,S partial oxidation process is carried out at a
gas hourly space velocity of at least 20,000 hr', preferably at least 100,000 hr’!, and the SPOX
unit is operated at superatmospheric pressure (i.e., greater than 1 atmosphere, preferably more
than 10 atmospheres, and more preferably is operated at greater than 50 atmospheres). The
partial oxidation reaction, quenching, cooling, sulfur condensation, and water/sulfur vapor
removal are carried out substantially as described above for Process A.
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The unreacted HyS in the process gas emerging from unit 260 is picked up by amine unit
204 and returned to the feed gas inlet of the SPOX unit 210 as regenerated H,S, via outlet 213
and lines 214 and 212. The sweetened natural gas exits the amine unit 204 at outlet 21 1, where it
can be routed to another process or used as a clean fuel gas. Preferably the process variables are
controlled such that the amount of residual H,S in the purified hydrocarbon stream exiting amine
unit 204 is low enough to meet the requirements of the intended downstream process. Limits for
HpS concentration will vary, depending on the type of downstream process in which the
hydrocarbon stream is to be used. For example, in many regulatory jurisdictions there is
currently a 4 ppmv H,S limit for pipeline gas, and for refinery fuel gas there is typically a 160
ppmv HyS limit. The pure elemental sulfur is collected from unit 210 and may be transported for
bulk commercial or industrial use.

TABLE 10
Calculated Gas Compositions for a High H,S Concentration Feed

Methane
(Moles)

H,S
(Moles)

Cy:H,S

% H,S
(vol.%)

N,
(Moles)

% N,
(vol.%)

SO

% O,
(vol.%)

Inlet Gas

600

400

1.5

40

1.00

(Moles)

99.5

Recycle H,S

286

Recycle
Methane

429

0.7

Amine Unit
Outlet

600

.002

1.00

Liquid Sulfur

399.998

15

20

25

Using the yield structure from Table 1 and the flow scheme depicted in Fig. 4, the
operation to selectively convert HyS to sulfur in light hydrocarbon stream is illustrated in Table
10. The main differences between processing a high H,S feed and a lower concentration feed are
the elimination of the bypass line to the amine contactor and the addition of a clean methane
recycle to maintain the 1.5:1 methane to H,S in the feed. In this scheme, the inlet gas combines
with both recycle streams and oxygen before entering the reactor. o

While the preferred embodiments of the invention have been shown and described,
modifications thereof can be made by one skilled in the art without departing from the spirit and
teachings of the invention. The embodiments described herein are exemplary only, and are not
intended to be limiting. Many variations and modifications of the invention disclosed herein are
possible and are within the scope of the invention. Accordingly, the scope of protection is not
limited by the description set out above, but is only limited by the claims which follow, that
scope including all equivalents of the subject matter of the claims. The discussion of a reference
in the Description of Related Art is not an admission that it is prior art to the present invention.
The disclosures of all patents, patent applications and publications cited herein are hereby

28




10

15

20

25

30

35

WO 2007/032850

incorporated herein by reference, to the extent that they provide exemplary, procedural or other

details supplementary to those set forth herein.
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CLAIMS

What is claimed is:
1. A system for carrying out the selective catalytic partial oxidation of hydrogen sulfide in a
hydrogen sulfide-containing light hydrocarbon feed gas stream and recovering elemental sulfur,
comprising:

an assembly comprising, in sequential flow arrangement, a short contact time reactor, a
boiler and a sulfur condenser, said reactor comprising a feed gas inlet, an oxygen gas inlet, and a
catalyst that is selective for catalyzing the partial oxidation of hydrogen sulfide to form elemental
sulfur and water, and said condenser having a first process gas outlet and a liquid sulfur outlet;

a primary hydrocarbon feed gas line in fluid communication with said reactor feed gas inlet;

a water/sulfur vapor removal unit in fluid communication with said first process gas outlet,
and having a second process gas outlet and a liquid water outlet;

an amine absorption unit having an inlet in fluid communication with said second process
gas outlet and with said primary hydrocarbon feed gas line, and having a regenerated hydrogen
sulfide gas outlet and a purified hydrocarbon gas outlet; and

a secondary hydrocarbon feed gas line in fluid communication with said primary
hydrocarbon feed gas line and with said reactor feed gas inlet, and adapted for receiving hydrogen
sulfide gas from said regenerated hydrogen sulfide gas outlet.
2. The system of claim 1 wherein said reactor comprises a gas preheater and a gas mixer

preceding said catalyst.

3.~ The system of claim 1 wherein said primary hydrocarbon feed gas line comprises a first
valve.
4. The system of claim 1 comprising a second process gas line connecting said second process

gas outlet and said amine absorption unit inlet.
5. The system of claim 4 wherein said second process gas line comprises a second valve.
6. A system for carrying out the selective catalytic partial oxidation of hydrogen suifide in a
hydrogen sulfide-containing light hydrocarbon feed gas stream and recovering elemental sulfur,
comprising:
an assembly comprising, in sequential flow arrangement, a short contact time reactor, a
boiler and a sulfur condenser, said reactor comprising a feed gas inlet, an oxygen gas inlet, and a
catalyst that is selective for catalyzing the partial oxidation of hydrogen sulfide to form elemental
sulfur and water, and said condenser having a first process gas outlet and a liquid sulfur outlet;
a primary hydrocarbon feed gas line in fluid communication with said reactor feed gas inlet;
a water/sulfur vapor removal unit in fluid communication with said first process gas outlet,

and having a second process gas outlet and a liquid water outlet;
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an amine absorption unit having an inlet in fluid communication with said second process
gas outlet and having a regenerated hydrogen sulfide gas outlet and a purified hydrocarbon gas
outlet;

a return hydrogen sulfide line in fluid communication with said regenerated hydrogen
sulfide gas outlet and said primary hydrocarbon feed gas line; and

a return hydrocarbon product line in fluid communication with said réturn hydrogen sulfide
line and said purified hydrocarbon gas outlet.
7. A process of sweetening a light hydrocarbon feed gas stream containing at least one Ci-Cs
hydrocarbon component and an H,S component, the process comprising:

at a temperature above about 500°C, at a molar ratio of H,S to O, in the range of about 2:1
to about 5:1, and in the presence of a HyS-selective catalyst, partially oxidizing the HpS component
in said light hydrocarbon feed gas stream to form elemental sulfur and water without converting
more than about 10 mole% of the carbon content of said light hydrocarbon component to CO or
COy;

recovering unreacted light hydrocarbon; and

recovering liquid sulfur.
8. The process of claim 7 wherein said catalyst is more active for catalyzing the reaction H,S
+ 120, — 8¢ +Hy0 (x=2, 6, 8) than for catalyzing the reaction CpHa, + m/2 O — m CO +n
H,, whereinm=1-5andn=2-6. |
9. The process of claim 7 wherein said partial oxidizing is carried out at superatmospheric
pressure.
10. The process of claim 7 wherein said partial oxidizing is carried out at a space velocity of at
least 20,000 h™.
11. The process of claim 7 comprising:

combining said light hydrocarbon feed gas stream and an O, containing stream to form a
reactant gas mixture comprising said light hydrocarbon, H,S and Oy;

at a temperature in the range of about 700°C to about 1,450°C, flowing.a stream of said
reactant gas mixture over said catalyst in a reaction zone such that the contact time of each portion
of reactant gas mixture that contacts said catalyst is sufficiently briefto allow the reaction

H,S+1/20, - 1/x Sy +H,0

(x=2, 6 or 8) to occur, whereby a reacted gas stream is formed comprising gaseous elemental
sulfur, water, and unreacted light hydrocarbon;

passing said reacted gas stream into a first cooling zone and cooling said reacted gas
stream to a temperature above the condensation point of elemental sulfur but below about 350°C,
to yield a partially cooled reacted gas stream;
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passing said partially cooled reacted gas stream into a second cooling zone and cooling
said partially cooled gas to a temperature to a temperature below the condensation point of
elemental sulfur but above the freezing point of elemental sulfur, to yield liquid sulfur and a
process gas stream containing unreacted light hydrocarbon, water vapor and residual sulfur vapor;

passing said process gas stream into a sulfur vapor cleanup unit, to convert sulfur vapor
and any non-H,S sulfur compounds to H;S;

passing said gas stream from said cleanup unit into a water condenser to provide a light
hydrocarbon stream and liquid water;

passing said partially purified light hydrocarbon stream into an amine
absorption/regeneration unit to yield a purified light hydrocarbon stream and a regenerated HyS
stream; and

combining said regenerated H,S stream with said light hydrocarbon stream

12. The process of claim 11 wherein said light hydrocarbon feed gas stream comprises at least
about 25 vol.% H,S. '
13. The process of claim 11 wherein said light hydrocarbon feed gas stream contains less than

about 25 vol.% HyS, the process further comprising:

splitting said light hydrocarbon feed gas stream into primary and secondary feed gas
streams;

passing said primary feed gas stream into said amine absorption unit to yield said purified
light hydrocarbon stream and said regenerated H,S stream;

enriching said secondary feed gas stream with said regenerated HyS such that the resulting
enriched feed gas stream comprises at least 25 vol.% H,S;

combining said enriched secondary feed gas stream and said O, containing stream to form
said reactant gas mixture comprising said light hydrocarbon, H,S and O.
14, The process of claim 13 wherein said step of combining said regenerated H,S stream with
said light hydrocarbon stream comprises combining said regenerated H,S stream with said
secondary feed gas stream to provide said enriched feed gas stream.
15. The process of claim 7 comprising maintaining an approximately 3:1 molar ratio of H,S to
O, in said reactant gas mixture.
16. The process of claim 7 comprising preheating said reactant gas mixture to a temperature
in the range of about 150°C to about 350°C prior to contacting said catalyst,
17. The process of claim 7 wherein said O,-containing gas is chosen from the group

consisting of purified O,, air, and O, enriched air.
18. The process of claim 7 comprising keeping the temperature of said catalyst at about
700°C-1,450°C.
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19.  The process of claim 7 comprising initially heating said catalyst to at least about 700°C
while passing said reactant gas mixture over said catalyst until said H,S partial oxidation reaction
is initiated.

20.  The process of claim 7 comprising maintaining reaction promoting conditions such that

. said H,S catalytic partial oxidation reaction continues autothermally.

21.  The process of claim 7 wherein said reactor comprises a porous thermal shield disposed
between said mixing zone and said reaction zone.

22. The process of claim 7 wherein said catalyst comprises Pt, Rh, Ir, Sn, and Mg on a
refractory support.

23.  The process of claim 22 wherein said catalyst comprises a mixture of 0.25 - 5 wt% Pt, 0.25
- 5 wt% Rh, 0.25 - 5 wt% Ir, 0.25 - 5 wt% Sn and 1 - 5 wt% Mg (by weight of the supported
catalyst) supported on magnesium oxide granules.

24. The process of claim 22 wherein said catalyst further comprises Ru, Pd, Mn, Sm and Ce.
25. The process of claim 7 comprising avoiding exposure of said catalyst to a sulfur-containing

compound at a temperature below about 500°C.

26. The process of claim 7 wherein said contact time is no more than about 200 milliseconds.
27.  The process of claim 7 carried out in the system of claim 1.

28.  The process of claim 7 carried out in the system of claim 6.

29. A method of cleaning up the hydrocarbon components of a H,S-containing hydrocarbon

stream comprising:

selectively partially oxidizing said H,S to elemental sulfur and water in a short contact time
catalytic partial oxidation reactor;

and recovering a gaseous product gas stream comprising unoxidized hydrocarbon
components of said H,S-containing hydrocarbon stream.
30. An apparatus for removing H,S from a light hydrocarbon stream containing less than 25
vol.% H,S and recovering elemental sulfur, comprising: _

means for carrying out the selective partial oxidization of the H,S component of a first
portion of H,S-containing light hydrocarbon stream, and having a liquid sulfur outlet and a first
process gas outlet;

means for removing water and a first portion of sulfur vapor from a first process gas
stream, and having a liquid water outlet and a second process gas outlet;

extraction means for extracting and recovering H,S from a second portion of said HaS-
containing light hydrocarbon stream and for combining recovered HpS with said first portion of

light hydrocarbon stream, and having an outlet for purified light hydrocarbons;
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means for combining at least a portion of said second process gas with said second portion
of light hydrocarbon stream.
31. An apparatus for removing H,S from light hydrocarbon streams containing greater than 25
vol.% H,S, comprising:

means for carrying out the selective partial oxidization of the H,S component of a HpS-
containing light hydrocarbon stream, and having a liquid sulfur outlet and a first process gas
outlet;

means for removing water and a first portion of sulfur vapor from a first process gas
stream, and having a liquid water outlet and a second process gas outlet;

extraction means for extracting and recovering HyS from said second process gas and for
combining recovered HyS with said first portion of light hydrocarbon stream, and having an outlet
for purified light hydrocarbons;

means for combining at least a portion of said recovered HoS with said H,S-containing
light hydrocarbon stream; and

optionally, means for combining at least a portion of said purified light hydrocarbons with

said H,S-containing light hydrocarbon stream.
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