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COMPACT SULFUR RECOVERY PLANT AND PROCESS

BACKGROUND OF THE INVENTION
Technical Field
The present invention generally relates to Claus sulfur recovery plants and to processes
for recovering sulfur from HyS-containing gas streams. More particularly, the invention relates to
Claus processes and apparatus in which the combustion stage is replaced by a catalytic partial
oxidation stage. The invention relates still more particularly to compact systems that require less
plot space than conventional modified Claus plants operating at the same sulfur production
capacity.
Description of the Related Art
Sulfur-recovery plants, also called Claus plants, are well known for removing hydrogen
sulfide gas (H,S) resulting from petroleum refining processes and other industrial processes by
converting the HS to elemental sulfur. A conventional modified Claus process includes two
primary stages: a thermal or combustion stage and a catalytic stage. In the thermal stage, which
is carried out in a furnace, the H,S gas is contacted with a stoichiometric amount of air or a
mixture of oxygen and air in a flame so that about one third (1/3) of the H,S is combusted
according to the chemica] cquation:
H,S +3/20; — SO + H,O (1).
Equation 1 is highly exothermic and not limited by equilibrium. Still in the reaction furnace, a
portion of the uncombusted H,S (i.e., about 2/3 of the initial amount in the feed) reacts with some
of the sulfur dioxide (SO,) product to form elemental sulfur (S°) and water vapor according to the
chemical equation:
2 H;S+ 80, ©3/x8% +2H,0 (2)
(x = 2, 6, or 8 depending on the temperature and pressure). Chemical Equation 2, which is
sometimes referred to as the "Claus reaction,” is endothermic, and the extent of conversion of the
H,S and SO; to elemental sulfur is limited by the chemical equilibrium of the reaction. In the
thermal stage a total of about 55 to 70% of the H,S in the original feed is converted to elemental
sulfur. To improve the yield, the reacted gases are cooled in a fire tube boiler after emerging
from the reaction furnace and elemental sulfur is condensed from the gas stream and removed in
molten form, whereupon the gases enter a catalytic stage, which is carried out in a series of
catalytic reactors.
In the catalytic stage, the gases are reheated and then passed over a high surface area
catalyst bed that promotes the Claus reaction and further converts the process stream to elemental
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sulfur according to the Claus reaction. Typical Claus catalysts are alumina and titania. Because
of the reversible chemical equilibrium of the Claus reaction (Equation 2), the formed products
can react according to the reverse Claus reaction (Equation 3)

3/x S% + 2 H,O0 & HyS + 1/2 SO, 3)
with the effect of reducing the efficiency of the Claus plant. The reverse Claus reaction becomes
more pronounced as reactor temperature increases. By removing formed elemental sulfur from
the process gas exiting the thermal stage, the forward Claus reaction is made more favorable, in
accordance with Le Chatlier's Principle. In the catalytic stage, the remaining H,S is reacted with
the SO; (at lower temperatures, Le., about 200-350°C) over a catalyst to make more sulfur.
Additional catalytic reactors are necessary to remove sequential increments of sulfur. Factors
like concentration, flow rate and reaction temperature influence the reaction. From one to four
sequential stages of reheating, catalytic reacting and condensing are usually employed
industrially. In a typical modified Claus plant in which two or three catalytic reactors are
employed, about 90 to 98% of the H,S originally fed to the plant is recovered as elemental sulfur.
When endeavoring to go beyond the 90-98% level of sulfur removal, Claus reactors become
ineffective; therefore, other measures to remove sulfur from the effluent must be taken.

A conventional modified Claus process is typically employed for processing large
quantities of gases containing a high concentration (i.e., > 40 vol. %) H,S in Claus plants,
producing more than 7,000 tons of sulfur per year. The modified Claus plants in use today are
normally operated at less than 2 atmospheres pressure. Because of this low pressure, 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
to have adequate capacity. Further complicating the matter, as ever stricter requirements of
regulatory agencies mandate greater efficiency from sulfur recovery plants, it is now common for
Claus plants to include tail gas treatment unit. A drawback of adding such equipment to improve
sulfur recovery is the further decrease in plant capacity due to increased resistance to flow from
additional friction. In order to reduce the frictional pressure loss, the flow of gas through the unit
is usually slowed further by modifying the plant design so that the cross-sectional area of the
equipment is even larger than before, and the Claus catalyst beds are made shorter, and plant
capacity is diminished. Another disadvantage is that the larger sized equipment is more
expensive to build and causes the sulfur plant to take up even more plot space. In order to be in
compliance with applicable environmental regulations today, a typical modified Claus plant and
the necessary tail gas treatment units, constitute a great deal of equipment and occupy a large
space. Consequently, there is a need in the art for high capacity sulfur recovery plants and

processes that can meet or exceed current sulfur emission standards, and yet are simple in design
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and more compact than conventional sulfur recovery plants and processes. A way to avoid some
of the high capital costs and operating costs of Claus operations in use today would be welcomed

by the industry.

SUMMARY OF THE INVENTION

The system and process of the present invention pofentially resolve many of the
drawbacks of existing modified Claus sulfur recovery plants by offering smaller, less
complicated, more efficient equipment that is less costly to build than conventional sulfur
recovery plants, and make possible the expansion of sulfur recovery process capacity.
Advantageously, the new system and process are intended to provide for better control or
regulation of catalyst and reactant gas temperatures so that more efficient and selective
performance of the Claus catalysts is made possible. Some of the drawbacks of conventional
sulfur recovery processes are also avoided by employing a new sulfur recovery process that has
the operational advantage of using a partial oxidation short contact time reactor instead of a free
flame combustion chamber. In the partial oxidation short contact time reactor oxygen is reacted
with H,S in the feed gases primarily via direct partial oxidation of the HS, according to the
chemical reaction

HoS + 1/2 0 — 1/x S, + H;O s
(x=2, 6 or 8, depending on the temperature and pressure).

A sulfur recovery plant or system in accordance with certain embodiments of the present
invention combines all the individual functions of existing Claus sulfur recovery plants in a
significantly more compact, staged arrangement. In some embodiments, the new sulfur recovery
plant comprises a single operational unit combining all of the functions of a short-contact time
partial oxidation reactor-modified Claus sulfur recovery plant.

In accordance with certain embodiments of the present invention a compact sulfur
Tecovery system is provided comprising a plurality of components in serial fluid flow
arrangement. This arrangement includes a catalytic partial oxidation reaction zone capable of
withstanding temperatures up to about 2,700°F (1,482°C), a first temperature-control zone, a first
Claus catalytic reaction zone comprising a catalyst temperature-regulation device, a second
temperature-control zone, a first vapor-liquid sulfur separation zone, a first liquid sulfur outlet,
and a first effluent gas outlet. In some embodiments a mixing zone precedes the catalytic partial
oxidation reaction zone, and in some embodiments the system includes one or more temperature
measuring devices. In some embodiments, the first temperature-control zone contains a heat
transfer enhancement medium. The system is preferably configured so as to deter the

accumulation of liquid sulfur in the first Claus catalytic reaction zone, when the system is in
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operation in 2 downward flow process for recovering elemental sulfur from a HS-containing gas
stream. For instance, in some embodiments the catalytic partial oxidation reaction zone, first
temperature-control zone, first Claus catalytic reaction zone, second temperature-control zone,
first vapor-liquid sulfur separation zone, and first liquid sulfur outlet are in a vertically oriented
stacked arrangement. The vertically stacked arrangement discourages, deters or prevents
accumulation of liquid sulfur on the catalyst, allowing condensed sulfur to drain down and away
from the Claus catalyst when the system is in use.

In some embodiments, a compact sulfur recovery system in accordance with the present
invention comprises a primary structure that contains the catalytic partial oxidation reaction zone,
first temperature-control zone, first Claus catalytic reaction zone, second temperature-control
zone, first vapor-liquid sulfur separation zone, first liquid sulfur outlet and first effluent gas
outlet. In certain embodiments, the primary structure also contains a second Claus catalyst
reaction zone and a third temperature control zone in serial flow arrangement between the first
vapor-liquid sulfur separation zone and the first effluent gas outlet.

In certain embodiments, the vapor-liquid separation zone is configured for operating in
co-current downward flow mode, to deter re-entrainment of liquid sulfur in a gas stream exiting
the separation zone. In certain embodiments, the vapor-liquid separation zone is configured for
promoting liquid drainage along a separate path than that of gas flowing to the gas outlet, and in
certain embodiments, the vapor-liquid separation zone is configured to deter liquid sulfur
accumulation in the separation zone.

In some embodiments, an above-described system further comprises a secondary
structure in fluid flow communication with the first effluent gas outlet of the primary structure.
In certain embodiments the secondary structure comprises the second Claus catalytic reaction
zone, which may include a catalyst temperature-regulation device, a third temperature-control
zone, a second vapor-liquid sulfur separation zone, a second liquid sulfur outlet, and a second
effluent gas outlet. In some embodiments there is a preheater disposed between the primary and
secondary structures and adapted for heating gases after leaving the first vapor-liquid separation
zone and prior to entering the second Claus catalytic reaction zone.

In certain embodiments, at least one of the foregoing components is oriented such that
accumulation of liquid sulfur in either or both the first and second Claus catalytic reaction zone(s)
is deterred when the system is operated to recover elemental sulfur from a H,S-containing gas
stream. For example, the above-mentioned primary and secondary structures, or portions thercof,
may be oriented such that the force of gravity on liquid suifur in the first and/or second Claus

catalytic reaction zone(s) causes any liquid sulfur that is present to move away from the Claus
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reaction zones, when the system is in operation for recovering elemental sulfur from a H,S-
containing gas stream.

In some embodiments of a compact system comprising primary and secondary structures,
as described above, there is a first channel interconnecting the primary and secondary structures,
the first channel being oriented at an upward angle greater than about 5 degrees and less than
about 90 degrees, with respect to a plane that is horizontal to the vertical plane of the primary
structure. In some embodiments this first channel comprises an auxiliary temperature-control
zone containing a heat transfer enhancement medium or material to cool and condense elemental
sulfur from the vapor phase and ailow the liquid sulfur to drain. In some embodiments the
primary and/or secondary structure comprises a bed of heat transfer enhancement medium
preceding the Claus catalytic reaction zone. The heat transfer enhancement medium is preferably
physically and chemically resistant or inert to corrosive carbon or sulfur-containing compounds
and other chemical components of the effluent from CPOX reaction zone, and does not take part
in the chemical reactions involving sulfur species when the system is in operation. The heat
transfer enhancement medium is preferably also resistant to the high temperatures that it will
experience during operation of the system. A preferred HTEM is quartz particulates, although
another suitable ceramic materials and other natural or engincered shapes or forms (e.g., spheres,
cylinders) could be used instead, provided that the medium has a contact surface that is capable of
improving the rapid transfer of heat from the rapidly flowing gases that exit the CPOX reaction
zone during operation of the sulfur recovery system. Preferably the geometry of the HTEM is
such that the packed vessel offers little resistance to flow, or causes only a slight increase in
pressure drop versus an empty tube during operation of the system. Suitable compositions and
geometries of the HTEM are described in the section subtitled "Heat Transfer Enhancement
Medium." The HTEM is preferably hydraulically smooth, as defined by the roughness parameter
being less than 0.1 (Reference: UNIT OPERATIONS OF CHEMICAL ENGINEERING, Fourth Edition,
1988, McGraw Hill, page 86-88). The same HTEM may be used in any of the heat exchange
vessels described herein to facilitate heat transfer.

In certain embodiments, the above-mentioned third temperature-control zone is oriented
at a downward angle greater than about 5 degrees and less than about 90 degrees with the
horizontal plane relative to the plane of the secondary structure. This orientation is again
advantageous for draining any condensed sulfur away from the Claus catalyst.

In certain embodiments, a system according to the present invention comprises: (a) means
for carrying out the partial oxidation of H,S to produce a first process gas stream comprising
primarily gascous elemental sulfur, unconverted H,S and SO,; (b) means for adjusting the

temperature of the first process gas stream to a temperature or temperature range that favors the
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conversion of H,S and SO; according to the Claus reaction; (c) means for carrying out the Claus
reaction of H,S and SO, in the first process gas stream to produce a second process gas stream,
the means comprising a first Claus catalyst at a temperature or temperature range favoring the
Claus reaction; (d) means for deterring accumulation of liquid elemental sulfur on the first Claus
catalyst bed; (e) means for adjusting the temperature of the second process gas stream to a
temperature or temperature range that favors the condensation of elemental sulfur from the
second process gas stream but deters or prevents condensation in a second Claus catalyst bed;
(f) means for separating elemental sulfur from the second process gas stream to make a third
process gas stream; (g) means for carrying out the Claus reaction of H,S and SO; in the third
process gas stream to produce a fourth process gas stream, the means comprising the second
Claus catalyst bed; (h) means for deterring accumulation of condensed elemental sulfur on the
second Claus catalyst bed; and (i} means for separating liquid elemental sulfur from the fourth
process gas stream.

In certain embodiments, the aforesaid system further comprising, after step (f) and before
step (g): (fi) means for reheating the third process gas stream to provide a reheated third process
gas stream; (f>) means for adjusting the temperature of the reheated third process gas stream to a
temperature or temperature range that favors the conversion of H,S and SO, according to the
Claus reaction, to provide a temperature-adjusted third process gas stream; wherein, in step (g),
the third process gas stream is the temperature-adjusted third process gas stream from step (f3).

Also provided in accordance with certain embodiments of the present invention is a
process for recovering elemental sulfur from a H,S-containing gas stream, the process including;
(a) obtaining an above-described compact sulfur recovery system wherein at least one component
of the system is configured to deter accumulation of liquid sulfur in the first Claus catalytic
reaction zone; (b) introducing a feed gas stream comprising H»S and O; into the catalytic partial
oxidation reaction zone such that a first process gas stream comprising elemental sulfur,
unreacted H,S, SO; and water is produced; (c) in the first temperature-control zone, adjusting
the temperature of the first process gas stream to a first predetermined temperature or temperature
range that is no more than 650°F (343°C) and above the dewpoint of elemental sulfur prior to
entry of the first process gas stream into the first Claus catalytic reaction zone; (d) deterring
accumulation of liquid elemental sulfur on the first Claus catalyst; (e} adjusting the temperature
of the second process gas stream to a temperature or temperature range between 300 and 450°F
(149-232°C) that favors the condensation of elemental sulfur; (f) carrying out the separation of
elemental sulfur from the vapor mixture in a vapor-liquid separation zone to produce a third
process gas stream; (g) adjusting the temperature of the third process gas stream to a temperature

or temperature range between 400 and 600°F (204-315°C) that favors the conversion of H,S and
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SO; according to the Claus reaction; (h) carrying out the Claus reaction of SO, and residual H,S
in the third process gas stream over a second Claus catalyst to produce a fourth process gas
stream comprising gaseous elemental sulfur and residual gas, wherein the Claus reaction is
carried out at a catalyst temperature or temperature range between 400 and 600°F (204-315°C)
that favors the conversion of H,S and SO, according to the Claus reaction; (i) deterring
accumulation of liquid elemental sulfur on the second Claus catalyst; (j) adjusting the temperature
of the fourth process gas to a temperature or temperature range between 250 and 350°F (121
177°C) that favors condensation of elemental sulfur from the fourth process gas stream; (k)
recovering condensed elemental sulfur; and (1) optionally, subjecting the residual gas to tail gas
treatment.

For the purposes of this disclosure, the term "favors the Claus Reaction," means
establishing the reaction conditions that causes the thermodynamic equilibrium Claus reaction to
move toward the formation of elemental sulfur and water vapor from H;S and SO,. This includes
adjusting the H,S:SO, molar ratio to 2:1 and allowing sufficient residence time for these gases in
the Claus catalyst bed to reach reaction equilibrium. When the term is used with respect to a
catalyst, it also means that the catalyst promotes Equation 2, and/or deters or does not promote
the reverse Claus reaction (Equation 3} or other competing reactions.

In certain embodiments of the process, the predetermined temperatures or temperature
ranges (T; and T;) (Fig. 1) also favor the condensation of gaseous elemental sulfur. In certain
embodiments the temperature (T;) of the first process gas stream is maintained at a level above
the dew point of elemental sulfur, typically between 450°F and 600°F (about 232-315°C), to
prevent the condensation of liquid sulfur on the Claus catalyst surface. In certain embodiments
the temperature of the third process gas stream (T,) is maintained in the range of 385°F to 480°F
(about 196-249°C) to prevent the condensation of liquid sulfur on the catalyst surface as the
Claus reaction forms elemental sulfur. In certain embodiments, the temperature of the fourth
process gas stream (T5) (Fig. 1) is maintained between 255°F and 310°F (about 124-154°C) to
produce a liquid sulfur product with a low sulfur vapor pressure, prevent the solidification of any
elemental sulfur, and keep the viscosity low. In some embodiments the above-described process
includes maintaining a gas hourly space velocity of the feed gas stream in the catalytic partial
oxidation reaction zone of at least 20,000 h'. In some embodiments the process includes
maintaining a gas hourly space velocity of the first process gas stream in the first Claus reaction
zone of at least 10,000 h™'. In some embodiments the process includes maintaining a gas hourly
space velocity of the second process gas stream in the second Claus reaction zone of at least

5,000 b,
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Certain embodiments of the present invention provide a process for recovering elemental
sulfur from a H,S-containing gas stream, wherein the process comprises (a) employing an above-
described system wherein at least one of the components is configured to deter accumulation of
liquid sulfur in the first Claus catalytic reaction zone; (b) introducing a feed gas stream
compnsing H,S and O, into the catalytic partial oxidation reaction zone, for form a first process
gas stream comprising elemental sulfur, unreacted H,S, SO, and water. In some embodiments, a
gas hourly space velocity of the feed gas stream is maintained in the catalytic partial oxidation
reaction zone of at least 20,000 h'. The process also includes: (c) in the first temperature-control
zone, adjusting the temperature of the first process gas stream to a first predetermined
temperature or temperature range that is no more than 650°F (343°C) and above the dewpoint of
elemental sulfur prior to entry of the first process gas stream into the first Claus catalytic reaction
zone; (d) in the first Claus catalytic reaction zone, producing a second process gas stream, at a
second predetermined temperature or temperature range, comprising an increased amount of
elemental sulfur and a decreased amount of unreacted H,S relative to the amounts of elemental
sulfur and H,S in the first process gas stream. In some embodiments, the process includes
maintaining a gas hourly space velocity of the first process gas stream in the first Claus reaction
zone of at least 5,000 h”. The process further includes: (e) in the second temperature-control
zone, adjusting the temperature of the second process gas stream so that elemental sulfur
condenses from the second process gas stream at a third predetermined temperature or
temperature range; and (f) recovering liquid sulfur from the first liquid sulfur outlet.

In certain embodiments, in step (c), the first predetermined temperature or temperature
range is in the range of about 400-650°F (204-343°C). In certain embodiments, step (d)
comprises adjusting the temperature of the first Claus catalytic reaction zone to a temperature or
temperature range in the range of about 500-600°F (260-315°C).

In certain embodiments, the system employed in the process further comprises a second
Claus catalytic reaction zone in serial flow arrangement between the first vapor-liquid sulfur
separation zone and the first effluent gas outlet. The process further includes (g) in the second
Claus catalytic reaction zone, producing a third process gas stream comprising an increased
amount of elemental sulfur and a decreased amount of unreacted H,S relative to the amounts of
elemental sulfur and H,S in the second process gas stream. In some embodiments, a gas hourly
space velocity of the second process gas stream is maintained in the second Claus reaction zone
of at least 3,000 h™.

In some embodiments, the temperature of the second process gas stream is adjusted to
the third predetermined temperature or temperature range 400-500°F (204-260°C) before the

second process gas stream enters the second Claus reaction zone. The process further comprises
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(h) in the third temperature-control zone, adjusting the temperature of the fourth process gas
stream to a predetermined temperature or temperature range 255-300°F (124-149°C), more
preferably 270-290°F (132-143°C) such that elemental sulfur condenses from the fourth process
gas stream to yield an effluent gas stream and liquid sulfur; (i) recovering liquid sulfur from the
second liquid sulfur outlet; and (j) optionally, subjecting the effluent gas stream to tail gas
treatment.

In some embodiments, the temperature of the second process gas stream is adjusted to
the third predetermined temperature or temperature range in the range of 400-500°F (204-260°C)
betore the second process gas stream enters the second Claus reaction zone. The process further
comprises (h) in the third temperature-control zone, adjusting the temperature of the fourth
process gas stream to a predetermined temperature or temperature range in the range of 255-
300°F (124-149°C), more preferably 270-290°F (132-143°C) such that elemental sulfiir
condenses from the fourth process gas stream to yield an effluent gas stream and liquid sulfur; (i)
recovering liquid sulfur from the second liquid sulfur outlet; and (j) optionally, subjecting the
effluent gas stream to tail gas treatment.

In certain embodiments, the system employed in the process also includes an inclined
channel comprising an auxiliary temperature-control zone. The channel interconnects the first
and second structure.

In some embodiments an above-described process includes maintaining a temperature or
temperature range in the range of about 1,200-2,700°F (649-1,482°C) in the catalytic partial
oxidation reaction zone, preferably about 1,500-2,400°F (816—1,315°C). These and other
embodiments, features and advantages will be apparent with reference to the following detailed

description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
For a more detatled description of the present invention, reference will now be made to
the accompanying Figures, wherein:

Fig. 1 1s a block diagram of a sulfur recovery system in accordance with certain
embodiments of the present invention.

Fig. 2 is a schematic illustration of a sulfur recovery system according to an embodiment
of the present invention comprising an oxidation zone, first temperature-control zone, a Claus
catalytic reaction zone, and a second temperature-control zone.

Fig. 3 is a schematic illustration of a sulfur recovery system according to another
embodiment of the present invention comprising an oxidation zone, first and second temperature-

control zones and first and second Claus catalytic reaction zones.
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Fig. 4 is a schematic illustration of a sulfur recovery system according to still another
embodiment of the present invention comprising an oxidation zone, first and second temperature-
control zones, first and second Claus catalytic reaction zones, and inclined gas flow pathways to
facilitate gravity-assisted separation of liquid sulfur.

Fig. § is a schematic illustration of another compact sulfur recovery plant in accordance
with another embodiment of the present invention, for operation of a sulfur recovery process in

accordance with certain embodiments of the present invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Definitions

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
solid-phase catalysf 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 200°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 H,S 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
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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.

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.

Description

Compact Sulfur Recovery Plant

Referring to the block diagram in Fig. 1, an exemplary sulfur recovery plant or system 1
includes the following basic units: a catalytic partial oxidation (CPOX) reaction zone 10, first
temperature-control zone 20, first Claus catalytic reaction zone 30, second temperature-control
zone 40 and vapor-liquid sulfur separation (VLS) zone 50. Although the individual zomnes or
units can be oriented or stacked horizontally, vertically, or in any suitable configuration
consistent with scrial flow, it is preferred that the units are arranged vertically in the sequence
given. Among other features and advantages of this arrangement, it provides for smaller footprint
and uses the force of gravity to assist in recovering condensed liquid sulfur when the system is
operated to recover sulfur from H»S. An exemplary process for recovering elemental sulfur from
an H,S-containing gas stream is described in a following section titled "Process for Recovering
Sulfur from an H;S-containing Stream.” Preferably, at least the basic units of sulfur recovery
system 1, comprising reaction zones 10 and 30 and temperature-control zones 20 and 40, are
contained in a single vessel 3 configured for vertical downward flow, as illustrated in Fig. 2 for a
laboratory-scale reaction system. Fig. 5 illustrates a compact sulfur recovery plant le, having
correspondingly-numbered units and an additional Claus catalytic reaction zone 260 and a first
sulfur condenser 240, configured as a single vertically stacked configuration. This configuration

supports a process having a First Stage (CPOX) (in zone 110), a Second Stage (Claus Catalyst) in
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zone 230, and a Third Stage (Claus Catalyst) in zone 260. Alternatively, the basic units are
contained in a primary vertical structure 110c or 110d and one or more additional Claus reaction
zone and/or temperature-control zone is located in a secondary vertical structure 112¢ or 112d, as
illustrated in Figs. 3 and 4, respectively, for a laboratory-scale reaction system. In any case, the
multiple catalyst beds and temperature control zones together comprise a compact arrangement
for a sulfur recovery plant.

The vessel 3 (Fig. 2) is preferably a continuous, tube-like structure made of materials
capable of withstanding the temperatures generated by the exothermic catalytic partial oxidation
reaction (Equation 4). For operation at pressure, the reaction vessel is preferably constructed to
withstand not only the elevated temperatures of the partial oxidation process but also to withstand
feed gas pressures up to at least 3 atmospheres and to resist corrosive effects of sulfur-containing
compounds (e.g., sulfides). Preferably the vessel is fabricated of carbon steel, or another suitable
metallurgy, with a refractory lining to protect the metal from direct contact with the gas at the
elevated temperatures. For example, the entire vessel may be most economically constructed
from carbon steel, with only the components that will be exposed to temperatures above 650°F
(343°C) protected using 94% alumina content refractory. Other suitable refractory materials are
also commercially available. Substitution of stainless steel for carbon steel is optional but less
preferred due to the increased cost. The CPOX reaction zone 10 may be similar to the reaction
zones of the short contact time partial oxidation reactors that are described in U.S. Patent No.
6,800,269 and U.S. Patent No. 6,946,111 (ConocoPhillips Company). The disclosures of those
patent documents are hereby incorporated herein by reference. Alternatively, any suitable short
contact time reactor configuration may be employed for mixer 8 and zone 10. In Figs. 2, 3 and
4, configurations are shown in which CPOX reaction zone 10 is preceded by mixing zone 8,
which comprises inlets for H;S and Oy/air. Mixing zone 8, or a portion thereof, is preferably
capable of being temperature controlled via heater 6 (Figs. 2, 3 and 4) based on the temperature
measurement device 7. Alternatively, the feed gases and air can be preheated separately using
steam, electric or other options, prior to entering the mixing zone.

CPOX zone 10 includes a catalyst bed comprising a thin, porous ceramic thermal shield
or barrier (not shown), and a catalyst that favors the direct partial oxidation of HyS according to
Equation 4 at elevated temperatures (i.e., above about 932°F (500°C), preferably in the range of
about 1,200-2,700°F (649-1,482°C, more preferably between about 1,500-2,400°F (816
1,315°C). The catalyst bed also comprises a thin, porous ceramic floor (not shown) to contain the
catalyst. The catalyst bed may be arrayed in a horizontal (disk) or a vertical (tube) orientation;

however the vertical orientation is preferred to avoid bypassing of the catalyst bed in the event of
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catalyst settling during operation. Suitable catalyst compositions and geometries are discussed in

more detail in the section titled "Catalysts for H,S Partial Oxidation."

First Temperature-control Zone. Referring to Fig. 1, the first temperature-control zone
20 comprises a region between CPOX reaction zone 10 and Claus reaction zone 30 for obtaining a
desired temperature at the inlet of the First Claus catalyst by controlling the amount of heat
transferred from the process gas to a surrounding heat transfer fluid (e.g., air, water, steam, or heat
transfer oil). The temperature control zone can be as simple as a quartz tube exposed to ambient
air, as in a laboratory setting, with heat transfer taking place by convection and radiation from the
inside of the tube to the ambient air, and adjusting the length of tube exposed. Alternatively, the
temperature control zone can be a more conventional shell and tube heat exchanger, especially for
large scale applications. A suitable shell and tube heat exchanger for the first temperature control
consists of a refractory lined inlet tube sheet, tubes, and outlet tube sheet inside the main vessel
surrounded by a heat transfer medium such as boiling water or heat transfer oil. A temperature
measuring device located at the exit of outlet tube sheet is used to drive a controller to regulate the
pressure of the boiling water or flow of heat transfer oil to maintain the desired inlet temperature to
the first Claus catalyst reactor bed.

As illustrated in Fig. 2, in one example of the new sulfur recovery system, denoted 1a, the
tube or tubes of first temperature-control zone 20a preferably includes a filler of inert, solid
refractory heat transfer enhancement material or medium (HTEM) 24 that is capable of accelerating
the rate of heat transfer from the effluent gases when the system is in operation, further reducing the

size of the overall sulfur recovery unit.

First Claus Catalytic Reaction Zone. Referring again to the block diagram of Fig. 1,
after first temperature-control zone 20 is a first Claus catalytic reaction zone 30 that contains a
catalyst capable of catalyzing the Claus reaction (Equation 2), preferably a conventional Claus
catalyst. Notably, there is no provision for removal of elemental sulfur from the effluent gases
ahead of the first Claus catalytic reaction zone 30 in the present system. This constitutes a major
departure from conventionally designed sulfur recovery plants. As is known from the
computations of Gamson and Elkins (Chemical Engineering Progress (1953) 49:203-215) and
others, the conversion of H,S and SO, to sulfur via the Claus reaction (Equation 2) is improved at
lower temperatures. For this reason, the first Claus catalyst bed(s) of conventional Claus sulfur
recovery processes have customarily been designed to operate at the lowest possible temperature
that is above the dew point of the gas leaving the preceding reactor, in order to prevent liquid
sulfur from coating the Claus catalyst. It is widely perceived that Claus catalyst performance is

inhibited by the presence of liquid sulfur. Accordingly, the customary practice is to design the
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Claus catalytic reactors to receive gas feeds that are substantially free from elemental sulfur
because elemental sulfur in the reactor feed prevents the equilibrium of Equation 2 from shifting
to the right. As can been seen in Figs. 1-5, the present sulfur recovery system designs differ
from conventionally designed sulfur recovery plants, not only in the location of a CPOX reaction
zone at the front of the system in place of the usual free flame combustion chamber. Another
unique feature of the present system is that there is no need for removal of sulfur produced in the
initial thermal stage, i.e., the CPOX reaction zone 10, prior to reacting the effluent in a Claus
catalytic reaction zone 30, 30a, 30c or 30d. Still another feature of the new sulfur recovery
system, as shown in Figs. 2-4, is the optional heating/cooling jacket 32a, 32¢ or 32d for
regulating the temperature of the Claus catalyst in reaction zone 30a, 30c or 30d during operation
of the system. Preferably the Claus catalyst temperature is controlied by any suitable means,
preferably at about 400-650°F (232-315°C), more preferably 500-600°F (260-315°C). The
Claus catalyst may be arranged in a horizontal (disk) orientation or a vertical (tube) orientation;
however the vertical orientation (Fig. 2B) is generally preferred. _

Second Temperature-control Zone. Referring to Fig. 1, a second temperature-control
zone 40 preferably follows Claus catalytic reaction zone 30, for receiving, cooling and controlling
the temperature of the effluent from zone 30.

First Sulfur Separator. Following second temperature-control zone 40 is sulfur
separation zone (vapor-liquid sulfur separator) 50 with a liquid sulfur outlet 51 (Fig. 1). Fig. 2
shows a simple arrangement in which, following Claus reaction zone 30a, the vessel or tube 3
branches to form a sulfur separation zone 50a comprising a liquid sulfur outlet 51a and a gas
outlet 52a. A second temperature-control zone 40a which includes coolant jacket 42a, encloses
the sulfur separation zone 50a and at least a portion of the adjacent vessel between zone 30a and
outlet 52a. Preferably the vapor-liquid separation zone is configured to operate in co-current
downward flow mode, to deter re-entrainment of liquid sulfur in a gas stream exiting the
separation zone. Preferably, configuration of the vapor-liquid separation zone promotes liquid
drainage along a separate path than that of gas flowing to the gas outlet, in practice. The vapor-
liquid separation zone preferably also configured to deter liquid sulfur accumulation in the sulfur
separation zone.

Alteratively, the second temperature-control zone may comprise a heat exchanger using
boiling water, liquid water, or a heat transfer cil on the outside of the process gas tube to remove
heat from the process gas and effect the condensation of the sulfur formed in the catalytic
reaction zones 10 and 30, or the corresponding zones in Figs. 2-4.

A representative system 1e¢ 1s illustrated in Fig. 3, in which second cooling zone 40c,

commencing immediately after Claus reaction zone 30c¢, is enclosed in coolant jacket 42¢. Sulfur
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separation zone 350c is also enclosed by jacket 42c. In Fig. 4 still another alternative
configuration is shown in which, similar to Fig. 3, the second cooling zone 40d commences
immediately after Claus reaction zone 30¢, and sulfur separation zone 5lc is outside of cooling
zone 40c.

Gas Pre-heater. Optionally, a gas preheater 55 (Fig. 1, 3 and 4) is located between the
primary and secondary structures 110¢ and 112c in Fig. 3 and between 110d and 112d in Fig. 4,
for preheating the gases after leaving the vapor-liquid separation zone 50¢ in Fig. 3 and 50d in
Fig. 4 and prior to entering the second Claus reaction zone 60c in Fig. 3 and 60d in Fig. 4.

Second Claus Catalytic Reaction Zone. In configurations illustrated in Figs. 1, 3 and 4,
in addition to the basic components of the new sulfur recovery system, 7.e., partial oxidation
reaction zone, first and second temperature-control zones, and first Claus catalytic-reaction zone,
the new sulfur recovery system further includes, a second Claus catalytic reaction zone 60, 60¢ or
60d following the second temperature-control zone 40, 40c or 40d, respectively, for further
reacting HS and SO; in the effluent from zone 40, 40c or 40d. In the system of Fig. 3 the above-
mentioned basic components comprise a vertically oriented primary structure 110c. A vertically
oriented secondary structure 112¢ is in fluid flow communication with primary structure 110¢ by
way of the gas outlet 52¢, which preferably takes the form of a channel or elbow that connects to
the upper portion of secondary structure 112¢. The length of the channel is preferably sufficient
to disengage any sulfur from the vapor phase, to achieve separation. To facilitate that result,
preferably at least a portion of channel 52c¢ is enclosed by jacket 42c.

Secondary structure 112¢ is oriented vertically and configured for downward flow of the
process gases from primary structure 110c. Inside secondary structure 112¢ is second Claus
catalytic reaction zone 60c, which is preferably like the first Claus catalytic reaction zone 30c.
Optionally, it can be surrounded by a heating/cooling device 62c.

The system schematically shown in Fig. 4 comprises a vertically oriented primary
structure 110d and an adjacent vertically oriented secondary structure 112d that is in fluid flow
communication with primary structure 110d by way of outlet or channel 52d. The primary
structure contains CPOX reaction zone 10, first temperature-control zone 20d, and first Claus
catalytic reaction zone 30d with optional heating/cooling jacket 32d, and second temperature-
control zone 40d. Below second temperature-control zone 40d the primary structure or vessel
110d is joined to an outlet or channel 52d, for carrying effluent gases to the secondary structure
112d. Primary structure 110d then terminates with liquid sulfur outlet 51d. Channel 52d is
preferably inclined at an upward angle extending from near the terminus of primary structure
110d at sulfur outlet 51d to the upper end of secondary structure 112d. The angle of channel 52d
is preferably greater than 5 degrees and less than 90 degrees, in order to satisfactorily drain
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condensed sulfur away from the gas stream. Secondary structure 112d is oriented vertically and
configured for downward flow of the process gases from primary structure 110d. Optionally, an
auxiliary temperature-control zone 54d containing a bed of HTEM 56 fills at least a portion of
channel 52d. Surrounding zone 54d is heating/cooling jacket 58. The angle of incline of
connector 52d must be sufficient, preferably optimal, for obtaining gravity-aided flow of
condensed sulfur from zone 54 to sulfur outlet 51d when the system is operated for its intended
purpose.

In secondary structure 112d is second Claus catalytic reaction zone 60d, which may be
similar to the first Claus zone 30d, and may be surrounded by a heating/cooling device 62d.

Third Temperature-control Zone. Referring again to Fig. 1, preferably the sulfur
recovery system continues with a third temperature-control zone 70 for receiving, cooling and
controlling the temperature of the effluent from second Claus catalytic reaction zone 60. A
second sulfur separator 90 is included for receiving effluent from the third temperature-control
zone 70. An outlet 100 for tail gas and an outlet 102 for liquid elemental sulfur follow. The
ligquid suifur outlet 51 preferably connects with sulfur outlet 102 via a conduit 80. In the
configuration shown in Fig. 4, after zone 60d, the secondary structure or vessel 112d continues
with a channel 71 that is oriented at a downward angle (8} and connects to a sulfur separator 90d,
having outlet gas channel 100 and a sulfur outlet 102. The downward angle (0) is preferably
greater than about 5 degrees and less than about 90 degrees with the horizontal plane relative to
the plane of the primary structure. Surrounding temperature-control zone 70 is coolant jacket 72.
The downward angle of channel 71 is such that, when the apparatus is in use, the flow of
condensed liquid sulfur from zone 60d and a third temperature-control zone 70d is aided by the
force of gravity on the condensed sulfur.

Second Sulfur Separator. A second sulfur separator 90 is employed between third
temperature-control zone 70 and outlets 100 and 102 (Fig. 1). As shown in Fig. 3, in secondary
structure 112c, following zone 30¢ is preferably a third temperature control zone (not shown) that
is similar to 42¢, and a sulfur separator 90c¢ with a liquid sulfur outlet 64 and a gas outlet 66.
Sulfur separator 90 may be like sulfur separator 50 or any conventional vapor-liquid separation
device. In Fig. 4, following zone 70d, is sulfur separator 90d having a gas outlet 100 and a liquid
sulfur outlet 102.

Heating/Cooling Devices. Referring to Figs. 2, 3 and 4, heating/cooling jackets 42a, 42¢
and 42d, are for receiving and circulating a heat transfer liquid, or provide heat by other means
such as an electric heating element. Suitable heating and/or cooling devices such as electric
heaters, temperature controlled heat transfer fluid systems, or conventional shell and tube heat

exchangers using water or steam are known to those of skill in the art. Temperature sensors 7, 34,
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35 and 36 are operationally coupled to the heating and/or cooling device, which is capable of
being preset to maintain the process fluid at a predetermined temperature.

Although the present sulfur recovery system preferably contains the various reaction
zones and temperature-conirol zones in a single multi-stage vessel configured for vertical
downward flow, it should be appreciated that for ease of servicing, one or more reaction zone
and/or temperature-control zone may instead be configured as a removable, replaceable unit. In
that case, the separate units are releasably connected to (an) adjacent unit(s) to make up one or
more structure. For example, a primary structure can be connected to a secondary structure,
analogous to the configurations shown in Figs. 3 and 4.

Replaceable Units. Referring to Fig. 5, a compact, stacked sulfur recovery plant is
shown which comprises components schematically illustrated in Fig. 1, in a single, vertically
stacked configuration. The components, or groups of components, may be configured as
replaceable units, as may sometimes be preferred, especially for use in larger scale operations of
this sulfur recovery process. The sulfur recovery plant le, includes a mixing zone 208, having
H;S and Oyair inlets 201, 202, releasably joined to CPOX catalyst zone 210 (Stage
1). Downstream, CPOX reaction zone 210 is releasably joined to first temperature-control zone
220 (waste heat exchanger, WHE). First Claus reaction zone 230 (Stage 2) is releasably
connecled to WHE 220. Continuing in vertical downward fluid flow arrangement, the first Claus
reaction zone 230 is releasably commected to second temperature-control zone 240 (first sulfur
condenser), which in turn is releasably connected to the vapor-liquid sulfur separation (VLS)
device 250. An optional gas reheater (not shown) is releasably connected to the VLS device and
the second Claus reaction zone 260. Liquid sulfur is drained out of the VLS device through
conventional arrangements such as SulTrap™ and steam-traced drain lines. Second Claus
reaction zone 260 is releasably connected to the second sulfur condenser 270, which is releasably
connected to the sulfur separator 298 and tail gas outlet line 300. Liquid sulfur drain line 302
from the second sulfur condenser 270, via sulfur separator 290, is connected to the first sulfur
outlet line 251, and the flow of liquid sulfur continues to a sulfur storage vessel (not shown).

It can be readily appreciated that any of the components of the exemplary systems
described herein can be made in replaceable modular form for ease of startup and shut down of a
operation, and to reduce the time needed for system maintenance. Conversely, for some
situations of use it may be advantageous to combine two or more components in a single fixed or
replaceable module or vessel. For instance, for short-term operations where modifications are

expected, modular design offers advantages.

17



WO 2007/103736 PCT/US2007/063085

Catalysts for H,S Partial Oxidation

The oxidation catalyst employed in the first catalyst bed preferably comprises one or
more active component selected from the Group VIII metals (Periodic Table of the Elements,
CRC Handbook of Chemistry and Physics, 82nd ed., CRC Press, New York), and oxides thereof;
a refractory support, having a surface area greater than 0.1 m%g; and a support modifier selected
from the alkaline metals, and oxides thereof. Preferred Group VIII metals are Pt, Rh, Ir, Ru, Pd,
Ni, Co, Mn, Zn and Cu, more preferably Pt, Rh, Ir and Ru. Pt and Rh are most preferred.
Preferred refractory supports comprise MgO, Al;O; or ZrOy. A support modifier, when present,
1s preferably one or more of Mg, Ca, Y and the lanthanide series of metals, more preferably Mg
and/or Ce.

The catalyst must be capable of withstanding operating temperatures up to 1,500°C and
up to 10,000,000 h™* feed GHSV without significant mechanical or thermal degradation. The
catalyst is preferably a suitable preformed shape, such as extrudates, spheres, granules, trilobes
and the like, that can form a bed capabie of allowing the gases to flow through at a GHSV in the
range of about 20,000 h™' to about 10,000,000 h™! without causing a pressure drop of more than 2
pst across the bed. Alternatively, the catalyst employed in zone 10 or 210 of the above-described
system and process can have any suitable geometry that permits a high enough gas flow rate and
short enough residence time on the catalyst to favor the partial oxidation reaction (Equation 4)
rather than combustion (Equation 1}. For example, the catalyst could be in the form of one or
more layers of wire gauze, a monolith, or a bed of discrete or divided structures that is held
between two porous refractory disks. Monoliths and structured packing of the catalyst bed(s)
having open, porous structures (e.g., with high surface area particles) are preferred because the
pressure drop through those geometries is generally lower than with beds of individual particles.
This difference 1s appreciable when the sulfur recovery plant is operated at pressures in ¢xcess of
2 atmospheres and at gas hourly space velocities of about 500,000 h” or more. The size and
number of heat exchanger tubes and the total depth and form of the partial oxidation and Claus
catalysts (e.g., horizontal disks or multiple vertical tubes) are preferably configured to match the
spectfic capacity requirements and the available pressure drop for the sulfur recovery system, as
applicable in a particular situation of use. Determining appropriate orientations, sizes and
numbers of catalyst beds is within the skill of engineers working in the field of sulfur recovery
operations. The catalyst is preferably configured so that only a first fraction of the feed gas
mixture contacts the catalytically active surfaces while the balance of the reactant gas mixture
serves to quickly cool the first fraction and prevent the oxidation reaction from proceeding too far

in the first reaction zone. Some suitable partial oxidation catalysts that may also be used in the
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present CPOX reaction zone 10 or 210, and their manner of making, are described in U.S. Patent
No. 6,946,111, U.S. Patent No. 6,800,269 and 10/317,936 filed December 12, 2002
(ConocoPhillips Company), the disclosures of which are hereby incorporated herein by reference.
Claus Catalysts

As mentioned above, the Claus catalytic reaction zones 30, 60, 230 and 260 contain a
catalyst that is active for catalyzing the Claus reaction (Equation 2), and which may be a
conventional Claus catalyst as is known in the art. Aluminum oxide and Titanium oxide are
representative examples of suitable Claus catalyst components. The catalyst bed can be comprised
of conventional packing of the catalyst or it can contain multiple vertically oriented packed tubes
preferably comprising individual particles of high surface ceramic material such as gamma alumina,
gamma alumina particles deposited on ceramic foam monoliths, or structured ceramic materials
coated with particles of gamma alumina. The surface area of the catalyst or catalyst support is
preferably higher than 300 m%g. A typical aged Claus catalyst may have a surface area of 140 m%/ g
or more. "Aged" catalyst refers to a catalyst that has been in service and has lost a portion of its
original activity due to loss of surface area or due to chemical degradation of the surface, or due to
buildup of soot or other deposits. The Claus catalyst must be capable of withstanding operating
temperatures up to about 400°C and GHSVs up to 30,000 h' without suffering significant
mechanical or thermal degradation. The catalyst is preferably a suitable preformed shape, such as
extrudates, spheres, granules, trilobes and the like, that can form a bed capable of allowing the gases
to flow through at a GHSV of at least 1,000 h™', preferably up to about 20,000 h™', without causing a
pressure drop exceeding 2 psi across the bed. For example, catalyst spheres 1/4 inch to about 1/2
mmch in diameter have been employed successfully, and are considered representative of other
catalyst geometries.
Heat Transfer Enhancement Material

The heat transfer enhancement medium (HTEM) 24, 56 and 61 employed in the above-
described temperature-control zones is preferably a refractory ceramic material that is
mechanically and thermally resistant to the temperatures, pressures and GHSV’s encountered
when the sulfur recovery system is in operation. Preferably the material is also chemically
resistant or inert to corrosive sulfur-containing compounds and other chemical components of the
process gases. A smooth surfaced material that is capable of improving the rapid exchange of
heat with the rapidly flowing gases during operation of the sulfur recovery system is preferred.
The geometry of the HTEM can be a porous monolith having less than 40 pores per square inch,
or can be in the form of a plurality of particuiate or divided structures, provided that the monolith
or packed bed offers little resistance to flow, or causes only a small pressure drop during

operation of the system, preferably no more than a drop of 2 psi across the HTEM bed. The

19



WO 2007/103736 PCT/US2007/063085

preferred HTEM comprises particles that are 1/8 inch to 1/2 inch in their longest dimension (e.g.,
quartz beads 1/8 to 1/2 inch in diameter). Other suitable HTEMs are mixed oxide ceramics, glass
or preformed particles, and other suitable geometries include, but are not limited to, beads,
extrudates, rings and coils.

EXAMPLES

Example 1. Sulfur Recovery Process with Partial Oxidation Catalyst Only.

Three (3) grams of a representative test catalyst comprising 1% iridium, 2% ruthenium
deposited on 2% magnesium-coated magnesium oxide granules (20-30 mesh) (MagChem-10,
Martin Marietta Magnesia Specialties, Baltimore, MD) was employed in a laboratory scale sulfur
recovery assembly similar to that depicted in Fig. 2, except that the HTEM bed 24, Claus catalyst
reaction zone 30 and heating/cooling jacket 32 were absent. The catalyst composition is
mentioned in weight percent (wt%), which refers to the amount of metal component relative to
the total weight of the catalyst, including the support, if any.

The catalyst was prepared as described in the section subtitled "Partial Oxidation
Catalysts." The laboratory scale sulfur recovery test was carried out using a meodified
conventional flow apparatus comprising a quartz reactor with a length of about 20 inches, an
outside diameter of 0.74 inch and an inside diameter of 0.52 inch. Ceramic foam pieces of 99%
AbLO; (0.5 inch in diameter x 0.4 inch thick, with 80 pores per linear inch) were placed before
and after the catalyst as radiation shield and support foams. The catalyst bed contained 3 grams
by weight of catalyst, and was approximately 0.5 inch in diameter x 1.5 inch in length including
the radiation shield and support foams. 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, touching 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 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. In the second part of the assembly, beginning about 3 in. downstream
from the catalyst and extending for the remainder of the length of the quartz tube, the tube was
surrounded by a cooling jacket containing Dowtherm™ Silicone oil coolant, which cooled the hot
effluent to a temperature in the range of about 275 to 400°F (135-204°C), preferably about 300°F
(149°C), and condensed elemental sulfur. The reacted gases exited the tube, and were routed to a

vent scrubber and sampled for gas chromatography. The condensed liquid sulfur, aided by the
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vertical orientation of the apparatus and the force of gravity, flowed into a sulfur receiver. The
test runs were conducted at a volumetric air to LS ratio of 2.25, and at the H,S flow rates
indicated in Table 1. A partial oxidation catalyst preheat temperature of 450°F (about 232°C)
and 5 psig operating pressure was employed. The effluent from the assembly after approximately
1 hour on stream at the specified conditions was analyzed using a gas chromatograph equipped
with a thermal conductivity detector. The baseline data for the partial oxidation reaction stage
only, followed by rapidly cooling to about 300°F (149°C), is reported in Table 1. The product
was similar to that produced in a free flame combustion zone of a conventional Claus sulfur
recovery plant, however there was a 5-10% improvement in sulfur recovery efficiency with the
new system. In representative tests, the sulfur yield was greater than 70% and the H,S
conversion was greater than 80% at a space velocity greater than 80,000 h™' in the first catalyst
bed.
Example 2. Sulfur Recovery Process with Partial Oxidation Catalyst and Downstream
Claus Catalyst

To the test assembly of Example 1 was added a Claus catalyst comprising a 9 gram bed
(about 0.5 inch diameter x 3 inches long) of 1 mm (average) diameter gamma alumina spheres
(Sasol) in the quartz tube downstream from partial oxidation catalyst, similar to the configuration
shown in Fig. 2, except that the HTEM bed 24 and heating/cooling jacket 32 were absent. The top
of the Claus catalyst was located about 3 in. from the outlet of the partial oxidation catalyst bed.
The portion of the quartz vessel containing the Claus catalyst was also enclosed in an oil-cooled
Jacket similar to jacket 42a, to maintain it at a lower temperature. Ceramic foam pieces were placed
at the top and bottom of the Claus catalyst. The test data for the catalytic partial oxidation reaction,
followed by cooling to about 450°F (232°C), Claus reaction and sulfur condensation and removal,
is reported in Table 2. In this study, the Claus catalytic partial oxidation stage was operated at a
temperature that encouraged sulfur to condense in the catalyst bed, and the Claus reaction was
carried out without removing the sulfur produced from the previous (partial oxidation) stage. As
shown in Table 2, under conditions that run counter to conventional Claus processes, better I,S
conversion, better sulfur yield, and lower SO, production were obtained, compared to the results
shown in Table 1 with catalytic partial oxidation and sulfiur condensation alone. This configuration
gave an improvement of about 8% in sulfur yield, going from about 72-75% with the single partial
oxidation bed of Example 1, to about 83% with the instant two-catalyst system. Surprisingly, the
increased sulfur yield was observed even though condensed liquid sulfur was present in the second
catalyst bed. Despite the presence of liquid sulfur, the Claus catalyst retained its activity over

several hours of operation during the test.
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Example 3. Selective Staging of the Two Catalyst Bed System.

In the study described in Example 2, even though the portion of the vessel containing the
Claus catalyst bed was surrounded by circulating cooling oil, the two-bed system suffered from
non-uniform temperature profile along the Claus bed, i.e., the top of the bed was hotter than the
desired temperature and the bottom of the bed was cooler than the desired temperature. It was also
observed that some liquid sulfur was soaking the back end of the Claus catalyst bed surface, and it
was hypothesized that this might have inhibited further conversion in that study by a gradually
decreasing sulfur yield as the catalyst zone became incrementally inactivated. To explore this
hypothesis, in a repeat test the second (Claus) catalyst bed was carefully situated or staged so as to
provide for the liquid sulfur to drain off the catalyst surface effectively to prevent soaking the
catalyst surface with the liquid sulfir. The system was oriented vertically, as shown in Fig. 2, and
the temperature control of the gas entering the second (Claus) catalyst bed and the temperature
control of the Claus catalyst bed itself were improved. By assessing the heat load and heat transfer
characteristics of the equipment, the optimum spacing between the first (partial oxidation) and
second (Claus) catalyst beds was determined, and the heat transfer capability was improved by
filling the space between the first and second catalyst beds with an inert heat transfer enhancement
medium (HTEM) 24, quartz beads. The desired temperature of the Claus catalyst was maintained
by enclosing the portion of the vessel containing the Claus catalytic reaction zone 30 in a
heating/cooling jacket 32. These improvements led to a further increase in sulfur yield that did not
decrease with time. With this optimized two catalyst bed reactor system, the sulfur yield increased
to a steady state 88%. The results of this study are shown in Table 3.

In representative tests a cumulative sulfur yield of more than 89% and more than 95% H,S
conversion was obtained after the first Claus bed, with a GHSV in the first catalyst bed (i.e., the
partial oxidation reaction zone) more than 80,000 k', and with a GHSV of more than 15,000 h' in
the second catalyst bed (i.e., the first Claus catalytic reaction zone). By contrast, similar or lesser
yield and conversion values obtained in conventional Claus sulfur recovery units can only operate
at a much lower GHSV, on the order of about 1,000-2,000 h™'. Advantageously, high sulfur yield
and high H,S conversion levels are now, for the first time, obtainable in vessels of smaller volume
and at lower capital cost for sulfur recovery plant construction.

Example 4. Sulfur Recovery Process with Three Staged Catalyst Beds.

The two-catalyst bed design employed in Example 3 was next modified to include an
"elbow" or secondary vessel containing a second Claus catalyst bed downstream from the first
Claus catalyst bed. This modification provides intermediate sulfur removal between the two Claus
catalyst beds, using gravity, fluid dynamics and temperature control, and is schematically depicted

mn Fig. 3. The third Claus catalyst bed also comprised 1-mm gamma-alumina (Sasol) spheres. The
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3 mch space between the first and second catalyst beds was not filled with HTEM, and the 10 inch
space between the second and third catalyst beds was also not filled with HTEM. The test process
was similar to that of Example 1. The test results are reported in Table 4, which shows the
performance of the staged three-catalyst system as a function of time. It can be seen that the total §
yield had increased to 90% early in the run when the third catalyst was not inactivated by
temperature gradients and sulfur saturation. Preferably the spaces between the first and second
Claus catalyst beds are filled with HTEM, to facilitate temperature control of the gases prior to
contacting the Claus catalysts.

Example 5. Optimized Sulfur Recovery Process with Three Catalyst Beds.

While the three-catalyst bed design of Example 4 provided for substantially sulfur-depleted
gases (i.e., less than about 5% elemental sulfur) to flow to the third catalyst bed for reaction, that
design was not entirely satisfactory. In the initial tests reported in Table 4, that system provided a
small increase in sulfur yield compared to the system of Example 4; however, it was observed that
the second Claus catalyst subsequently lost activity because of the gradual accumulation of liquid
sulfur saturating the second Claus catalyst bed. Although the gas leaving the jacketed portion of the
vessel (illustrated schematically in Fig. 3) was at its dewpoint or lower, it nevertheless contained
some entrained liquid sulfur that was carried over into the second Claus catalyst bed.

Accordingly, further improvement of the "elbow" design was sought next. The initial three-
catalyst bed design was modified as shown in Fig. 4, except that HTEM was not initially employed
in zone 20d and 54. The sulfur recovery test process was carried out as described in the previous
examples under the conditions noted in Table 5. The spacing between the first and second catalyst
beds was 5 inches, and the spacing between the second and third catalyst beds was 10 inches.
Gamma-alumina Claus catalyst beds are well known in the art. The length and size of the present
Claus bed lengths are determined with standard engineering calculations applying the desired
GHSYV range and the known properties of gamma alumina. The bed size is preferably as small as
possible, to minimize cost, yet long enough to handle feed flow rate fluctuations in practice. In the
process carried out in this system, elemental sulfur was condensed from the process gases exiting
the first Claus catalyst bed 30d, by flowing the gases through cooling zone 40d and further through
the upwardly inclined section of metal tubing (channel 52d) maintained at a temperature below the
dewpoint of sulfur. This caused further cooling of the gases, and allowed the condensed sulfur to
drain back into the sulfur receiver and away from the second Claus catalyst bed. The rate of
condensation is controlied by the flow rate of gases in this inclined section, the local temperature
and the slope of the section, which controls the flow rate of elemental sulfur liquid in this section.
The temperature of gases entering the third catalyst bed (i.e., second Claus catalyst bed) and that of

the third bed itself are controlled by local heaters or other means. The new compact sulfur recover
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plant comprising three catalyst bed reactors (i.e., a partial oxidation catalyst bed followed by two
Claus catalyst beds), provided tighter temperature control and improved sulfur condensation zones,
which increased the steady state sulfur yield to 94% without any significant decrease in catalyst
activity over time. With this optimized system the Claus catalyst beds are much smaller in volume
than the conventional catalyst beds used in typical sulfur recovery units. In terms of gas hourly
space velocity, the gases flowing through the catalyst beds of this optimized sulfur plant design
operated 10-20 times faster than a conventional Claus unit. Even better performance will be
obtained when HTEM is employed in the apparatus, as shown in Fig. 4. The use of HTEM is of the
most benefit when large temperature gradients are needed, such as between the partial oxidation
catalyst bed and first Claus catalyst bed or between the first and second Claus catalyst
beds. Representative sulfur recovery tests employing this vertical reactor system design were
operated successfully in fast reaction mode, i.e., GHSV in the first Claus catalyst bed in the range of
5,000-30,000 b, and GHSYV in the second Claus catalyst bed in the range of 3,000-20,000 h™. By
contrast, a conventional modified Claus sulfur recovery unit is only capable of operating at GHSV
up to about 1000 h™!,
Process for Recovering Sulfur from an H;S-containing Stream

The steps of a representative sulfur recovery process are summarized in the block flow
diagram shown in Fig. 1, as may be carried out in the compact sulfur recovery plant (SRP)
illustrated in Fig. 5, for instance. In operation, one process for recovering sulfur from an H,S-
containing gas stream generally includes the sequential steps of (a} carrying out the partial
oxidation of H;S in the presence of O, to produce a first process gas stream comprising gaseous
elemental sulfur, SO, and unconverted H,S; (b) adjusting the temperature of the first process gas
stream to a temperature or temperature range (T;) that favors the conversion of SO, and H,S
according to the Claus reaction, e.g., about 500°F (260°C); (c) carrying out the Claus reaction of
SO; and unreacted H,S in the first process gas stream over a first Claus catalyst to produce a
second process gas stream comprising gascous elemental sulfur, SO, and residual H,S, wherein
the Claus reaction is carried out at a catalyst temperature or temperature range (T;) that favors the
Claus reaction and keeps; and (d) deterring accumulation of liquid elemental sulfur on the first
Claus catalyst, e.g., by vertically orienting the first Claus reactor. Preferably the process
continues with the following sequential steps: (¢) adjusting the temperature of the second process
gas stream to a temperafure or temperature range (T;) that favors the condensation of sulfur from
the second process gas stream; (f) separating the liquid elemental sulfur from the second process
gas stream to form a third process gas stream; (g) adjusting the temperature of the third process
gas stream to a temperature or temperature range (13) that favors the conversion of H,S and SO,

according to the Claus reaction. e.g., about 400°F (204°C); (h) carrying out the Claus reaction of
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SO, and residual HS in the third process gas stream over a second Claus catalyst to produce a
fourth process gas stream comprising gaseous elemental sulfur and residual gas, wherein the
second Claus reaction is carried out at a catalyst temperature or temperature range that favors the
conversion of H,S and SO, according to the Claus reaction, e.g., 400°F (204°C); and (i) deterring
accumulation of liquid elemental sulfur on the second Claus catalyst. For example, the apparatus,
or one or more component thereof, is oriented so that the force of gravity on liquid sulfur in the
first and/or second Claus catalytic reaction zone(s) causes any liquid sulfur that is present to
move away from the Claus reaction zones. The process further includes: () adjusting the
temperature of the third process gas to a temperature or temperature range (T3) that favors
condensation of elemental sulfur from the fourth process gas stream, e.g., about 280°F (138°C);
and (k) recovering condensed elemental sulfur. The process may, optionally, also include (1)
subjecting the residual gas to tail gas treatment. Preferably the temperature or temperature ranges
for the Claus catalyst beds T and T, are sufficiently high to prevent elemental sulfur contained or
formed by the Claus reaction from condensing, but are kept low enough to promote the maximum
level of conversion.

More specifically, a system of apparatus as schematically shown in any of Figs. 1-5 is set
up to receive a HyS-containing gas stream that contains a level of H2S which is too great to be
safely released into the atmosphere and/or from which it is desirable to recover useful elemental
sulfur. The initial HyS-containing stream preferably contains at least 20% H,S. In some
situations, the feed gas contains 10—40% H,S as found in many natural gas plant amine acid
gases, or it may even be an acid gas stream containing 70-100% H,S (by volume). A
concentrated acid gas stream containing about 80-85% H,S, as is commonplace in refineries
today, is another example of an appropriate feed for this process. Optionally, a small amount of
light hydrocarbon (i.e., C;—Cs) may also be present in the feed, preferably no more than 5 vol.%,
more preferably less than 1-2 vol.%. If the amount of hydrocarbon in the feed is greater than
about 10%, an amine absorption/regeneration unit is preferably employed prior to introduction of
the feed to the SCTR partial oxidation reactor. The balance of these H,S-containing streams
generally comprises CO, and water vapor.

Preheating and Mixing the Reactant Gases. The H,S-containing gas stream and an O,-

containing stream, together referred to as the feed gases, are preferably preheated, prior to
- entering CPOX reaction zone 10 or 210. It is preferred to preheat the feed gases separately,
preferably to about 450°F (232°C) to facilitate initiation of the direct partial oxidation reaction.
Molecular oxygen is provided in the form of air, pure oxygen, or an air/foxygen mixture. The feed
gases are introduced into reaction zone 10 or 210 as a mixture or fed separately and mixed in the

reactor before contacting the catalyst. Mixing may be accomplished using a static mixer, such as
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a group of vanes projecting from the walls of a concentric perforated pipe (not shown), however,
any suitable manner of mixing the gases may be employed without altering the principles or
operation of the system. As shown in Figs. 2, 3 and 4, mixing zone 8 is preferably cquipped with
a heater 6. A temperature measurement device, such as a thermocouple 7, is preferably employed
to facilitate precise temperature control of the feed gas mixture. If the H,S-containing gas and the
O;-containing gas are introduced separately, the feed injection openings can be configured in any
of a number of different ways without affecting the principles or operation of the present system.
Preferably the molar ratio of O, to H,S is about 0.25 : 1 to about 0.75 : 1, more preferably at or
near the stoichiometric ratio of 0.5 : 1. The gases are thoroughly mixed to keep deep oxidation
reactions from taking place excessively or predominating in reaction zone 30 or 230 to form an

excessive amount of SO,. Advantageously, in the present process it is not necessary to eliminate

or minimize the production of SO,. However, it is preferred that the reacted gas mixture from
reaction zone 30 or 230 comprise an amount of SO; not exceeding about 25 vol%, more
preferably the ratio of H,S to SO; in the effluent is in the range of 1.8:1 to 2.2:1, in order to
facilitate the efficient operation of the subsequent Claus reaction, as further described in

paragraphs that follow. The contact time between the oxygen and H,S is preferably minimized

prior to contact with the catalyst in order to prevent formation of a stagnant explosive mixture in
reaction zone 10 or 210. Contact time between the O, and H,S is minimized by placing inert
filler material in any void spaces in the piping upstream of reaction zone 10 or 210.

Prior to contacting the partial oxidation catalyst in reaction zone 10 or 210, the reactant gas
mixture is preferably shielded by a radiation barrier, such as a ceramic foam disk, from the heat that
is generated by the chemical reactions occurring in CPOX reaction zone 10 or 210. The contact
time of the feed gas stream with the first catalyst is preferably less than about 200 milliseconds. For
example, it may be only 20-50 milliseconds, or even 10 milliseconds or less when operating the
system at very high flow rates. 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., 200 milliseconds or less). It is well known
that contact time is inversely proportional to the "space velocity," as that term is customarily used in
chemical process descriptions, and is typically expressed as volumetric gas hourly space velocity
(GHSV) in units of h”. Preferably the partial oxidation of H,S in the first reaction zone is carried
out at a GHSV of at least 20,000 h'. The maximum GHSV will generally be determined by the
specific equipment used; however, the theoretical limit is that velocity at which the reaction would
be extinguished. If external means of heating the catalyst is used, this theoretical limit is quite
large. For example, a preferred working range is 20,000-400,000 h™', more preferably a GHSV in

the range of about 80,000-200,000 h™ is employed.
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Partial Oxidation Stage. When the rapidly moving reactant gas mixture contacts the
catalyst in zone 10 or 210, it becomes instantaneously heated sufficiently to initiate an oxidation
reaction, the temperature quickly reaching the range of 1,200-2,700°F (649-1,482°C), preferably
staying in the range of about 1,500-2,400°F (816-1,315°C, as the partial oxidation reaction
proceeds and predominates in zone 10 or 210. In a typical process the upper temperature limit of
the catalyst preferably stabilizes at about 2,200-2,400°F (1,204-1,315°C). It is preferred to begin
by heating the catalyst by partially oxidizing a light hydrocarbon gas so that the preferred catalyst
will be carbided before the introduction of HoS. After the catalyst achieves the desired starting
temperature, the oxygen containing stream and H,S containing stream are introduced to the
preheated catalyst beginning the self sustaining partial oxidation reaction.

The catalyst operating temperature is a function of preheat temperature, fitel composition
and flow rate, oxygen in the air or oxygen supplied, and the heat losses to the surroundings. These
variables are preferably controlled to complete the partial oxidation reaction within the preferred
dwell time of less than 200 milliseconds, not to exceed the limits of the refractory materials lining
the reactor, for example, about 2,700-2,800 °F (1,482-1,538°C) for 94% alumina, and to prevent
extinguishing the reaction.

At this point in the process, about 80% of the H,S will have been converted, and the
elemental sulfur yield is about 70 vol.%. As much as about 10% of the original HsS is in the form
of SO; at the end of this stage, but preferably no more than about 15 vol.% SO,.

First Temperature-Control Stage. Referring to Fig. 1, the reacted gases, comprising
primarily elemental sulfur, un-reacted H,S, SO, and H,O, exit reaction zone 10 and enter first
temperature-control zone 20. The radiation shield and support hold the catalyst bed in place and
shield the reacted gases from the hot catalyst, so that the temperature of the reacted gases emerging
from reaction zone 10 begins to decline rapidly as they enter the first temperature-control zone 20.
In temperature-control zone 20 the reacted gases from the CPOX reaction zone 10 are cooled to a
predetermined temperature or temperature range that is suitable, preferably optimal, for the first
Claus catalyst to catalyze the Claus reaction in zone 30. The first temperaturc-control stage
provides the benefit of better sulfur yield at lower Claus catalyst temperature without having to cool
the reacted gases so much that sulfur is condensed prior to the first Claus catalytic stage.

As illustrated in Fig. 2, 3 and 4, the first temperature conirol zone provides sufficient area
with the available temperature difference between the process gases in the tube and the media
outside the tube to cool the mixture to a temperature at the inlet of the first Claus catalyst bed to
promote the maximum amount of Claus reaction without reaching the sulfur dew point in the
catalyst bed. A temperature range of about 400-650°F (204-343°C) is preferred. Preferably a

suitable heat transfer enhancement medium (HTEM), such as refractory ceramic beads, fills zone

27



WO 2007/103736 PCT/US2007/063085

20a/20¢/20d, to facilitate rapid cooling and to facilitate a uniform predetermined temperature when
the gases enter the first Claus reaction zone 30a/30¢/30d.

When the process is carried out in the configuration shown in Fig. 5, for instance, in which
the first temperature-control zone 220 employs a waste heat exchanger, such as a fire-tube waste
heat boiler, with vertically oriented thermal tubes, the continuous circulation of a suitable liquid
medium is begun in the shell side prior to start up of the process. The suitable liquid medium is a
fhud that is capable of cooling the rapidly flowing gases, e.g., heat transfer oil, pressurized water, or
boiling water by cooling tubes. When the hot gases contact tubes, heat is conducted away by the
tubes, which are preferably metal, such as carbon steel, and is transferred to the liquid medium.
Heat transfer enhancement medium (HTEM) is preferably packed in the tubes of the waste heat
exchanger/first temperature-control zone 220. HTEM may also be packed in the tubes of the first
sulfur condenser/second temperature-control zone 240, to further enhance the heat transfer rate.
Boiling water is a preferred liquid medium in order to reduce the amount of fluid temperature
variation. Advantageously, the evolved steam may be captured for secondary use. Since the
boiling water remains at a relatively constant temperature, and since the tubes conduct heat readily,
tubes normally attain temperatures only slightly above the temperature of boiling water. Preferably
the initial portions of tubes nearest to partial oxidation zone, which may be exposed to temperatures
of 1,300°C or more, are protected by a heat resistant covering such as a ceramic ferrule. The rapid
cooling that occurs in the waste heat exchanger drops the temperature of the reacted gases
preferably to about 400--650°F (about 204-343°C), and more preferably about 550°F (287°C). The
temperature (1) of the cooled gases (first process gas stream) is not so low, however, that sulfur
vapor in the process gas stream is able to condense before or in the first Claus catalyst bed.

First Claus Catalytic Reaction Stage. Referring again to Figs. 1 and 5, the reacted gas
stream (first process gas stream), which comprises primarily elemental sulfur, SO,, unreacted H,S
and water vapor, exits first temperature-control zone 20 or 220 and flows into first Claus catalytic
zone 30 or 230. At this point in the process, the elemental sulfur yield is preferably about 70%, no
condensation and removal of elemental sulfur has been performed, and there is no reheating of the
feed entering the first Claus reaction zone. In Claus zone 30 or 230 a portion of the H,S and SO, in
the feed is converted to additional elemental sulfur and water, according to the Claus reaction
(Equation 2). The GHSV of the gases flowing over the catalyst in zone 30 or 230 is preferably
slowed to about 5,000 h™ to 30,000 h™', more preferably about 5,000 h™ to about 20,000 h™*, in order
to compensate for the slower reaction rate of the Claus reaction and to obtain a better yield of S°
product.

Referring now to Figs. 2, 3 and 4, the first Claus reaction zone 30a, 30¢ or 30d may be
optionally enclosed by a heating/cooling jacket 32a or 32b for regulating the temperature of the
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Claus catalyst in reaction zone 30a, 30c or 30d at a desired temperature. Thus, the temperature of
the first Claus catalyst may be monitored and heated or cooled, as needed, in order to keep the
catalyst temperature more uniform over the length of the catalyst bed, to optimize the yield of sulfur
produced in zone 30. Suitable thermostatically controlled heating, cooling and combination heating
and cooling jackets are known in the field and are commercially available from well-known
suppliers. Pressurized boiling water/steam is a preferred heat transfer medium for circulating in the
Jackets surrounding the Claus reaction zone. During operation of the system, the temperature of the
circulating heat transfer medium and its flow rate are managed to obtain the desired catalyst
temperature or temperature range. Preferably the Claus catalytic reaction is carried out at a
temperature that promotes the maximum amount of Claus reaction but prevents sulfur from
condensing in the catalyst bed. The vertical downward flow configuration, shown in Figs. 2, 3 and
4, provide for any condensed sulfur to drain down from the catalyst and into sulfur separation zone
30a, 50c, or 50d. By operating the Claus reaction at a relatively low temperature (Ty), and at the
same time removing condensed sulfur product, the process avoids the drawbacks of other Claus
sulfur recovery processes in which the presence of a significant amount of gaseous sulfur product
drives the Claus reaction (Equation 2) in the reverse direction, which in turn reduces the net yield of
sulfur. Also, since condensed sulfur is at the same time prevented from pooling or accumulating on
the catalyst, catalys.t deactivation is deterred. From Claus reactor 30a, 30¢ or 30d, the reacted gas
stream (second process gas stream), containing primarily unreacted H,S, SO,, elemental sulfur, and
H;0, then enters the second temperature-control zone 40a, 40¢ or 40d.

Second Temperature-Control Stage. With reference to Figs. 1-5, in the second
temperature-control zone 40, 40a, 40c, 40d or 240, respectively, the gases are cooled to the
dewpoint of elemental sulfur (T3), or below, sufficient to condense most of the sulfur vapor out of
the reacted gas stream (second process gas stream). The condensed sulfur is removed from the
vapor stream in a sulfur separation zone 50, 50a, 50c, 50d or 250 to suifur outlet 51, 51a, 51¢, 51d
or 251, preferably assisted by the vertical orientation of the reaction vessel 3 (denoted in Fig. 2) and
the force of gravity. Vapor-liquid separator 50, 50a, S0¢, 50d or 250 is a vertical vessel into which
liquid sulfur and vapor/gas mixture is fed, and wherein the liquid sulfur is separated by gravity, falls
to the bottom of the vessel, and is withdrawn. The gas travels upward at a design velocity which
reduces, or preferably minimizes, the entrainment of any liquid sulfur droplets in the vapor as it
exits the top of the vessel. In the sulfur separation zone of reaction vessel 3, the walls of the vessel
are cooled by coolant jacket 42a, 42¢ or 42d so that the temperature of the gases heated by the
Claus reaction is reduced to a suitable temperature for condensing out as much of the elemental

sulfur as possible or practical. In some versions of the process, especially if the level of
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desulfurization of the process gas is acceptable at this stage, the elemental sulfur is harvested and
the residual gas is disposed of.

Referring to Fig. 2, the gaseous effluent is separated from the sulfir liquid in the outlet
channel head 50a, or it can be separated in a vessel (not shown) below the heat exchanger 40a. The
latter arrangement has the advantage of storing the liquid sulfur produced without the need for a
barometric seal leg, SulTrap™, or steam jacketed piping normally needed to transport liquid sulfur
from a typical sulfur condenser to a typical storage pit. If desired, an additional condensation step
can be applied to the gases exiting temperature-control zone 40a (such as a sulfur condenser), after
gas outlet S2a, to lower the amount of elemental sulfur vapor carried to an incinerator or tail gas
treating unit (not shown).

Referring now to Fig. 5, HTEM may be packed in the tubes of first sulfur condenser/second
temperature-control zone 240 to enhance the heat transfer rate.

Auxiliary Temperature-Control Stage. By using the arrangement of Fig. 3, if the
second temperature control zone is operated such that the inlet temperature to the second Claus
bed will cause the formation of liquid sulfur in the Claus bed, then an optional preheater 55 may
be placed on channel 52¢ to allow controlling the inlet temperature to the Claus bed. If the
apparatus is small enough, the heater 62¢ can provide the additional heat required to prevent the
condensation of sulfur on the catalyst. By using the arrangement of Fig. 4, the performance can
be further improved by adding the HTEM in channel 52d, but this arrangement will need the
preheater 55 on structure 112d to prevent the condensation of sulfur in the second catalyst bed.
For a smaller apparatus, the heater 62d can be placed before the catalyst bed, before and around
the catalyst bed or only around the catalyst bed.

When a configuration like that illustrated schematically in Fig. 4 is employed, the sulfur
content of the process gas stream exiting Claus zone 30d is further reduced. The reacted gases are
cooled in a second temperature-control zone 40d and the gas temperature is further adjusted or
regulated as it flows through the upwardly inclined channel 52d. By further cooling the gases,
gaseous elemental sulfur carried over from the first Claus catalyst reaction condenses and drains
down into a sulfur separation zone 50d, away from the second Claus catalyst bed in secondary
structure 112d.  Similarly, any entrained liquid sulfur carried over from the previous temperature-
control (cooling) stage will tend to coalesce on the HTEM and drain into the sulfur collector. The
rate of condensation in auxiliary temperature-control zone 54 is controlled by the length of the
inclined channel 52d, the local temperature. The temperature of the second process gas stream (T3)
is preferably monitored at the top of Claus reaction zone 60d using a thermocouple 35 connected to

a thermostatically-controlled heating/cooling device.
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Second Claus Catalytic Reaction Stage. In some embodiments of the process, a compact
apparatus like that of Fig. 1, 3, 4 or 5 is employed for treating the second process gas stream in a
second Claus catalytic reaction. In the apparatus of Fig. 3 or 4, from channel 52c¢ or 52d, the gas
stream continues flowing downward through secondary structure 112¢ or 112d and contacts the
second Claus catalyst in zone 60c¢ or 60d. Referring to Fig. 5, the second Claus catalytic reaction
zone 260 received the process gas from sulfur separation zone 250. The gas hourly space velocity
(GHSV) in zone 60d is preferably about 3,000 h™' to about 20,000 b, more preferably about 5,000
h' to about 10,000 h™. In zone 60d or 260 residual H,S and the SO; in the gas stream are
converted to elemental sulfur and water.

Preferably the second Claus catalyst is like the catalyst employed in the first Claus catalytic
reaction stage. Preferably the entire reaction zone 60d or 260 is maintained at a temperature or
narrow temperature range that maximizes the sulfur yield from the Claus reaction, the temperature
being controlled by any suitable means known in the field, e.g., clectrical, thermal or steam. For
instance, a liquid heat exchange medium maintained at a suitable predetermined temperature is
circulated in jacket 62 for transferring heat through the vessel wall next to the catalyst, as discussed
above with respect to the first Claus catalyst.

Preferably the temperature of the catalyst in zone 60d or 260 is maintained in the range of
about 400-600°F (204-315°C).  As in the first Claus catalytic reaction zone 30d, preferably the
second Claus catalytic reaction is also carried out at a temperature, or over a desirable temperature
range, in which the Claus catalyst is active and which prevents sulfur from condensing in the
catalyst bed, e.g., 450°F (232°C). The vertical downward flow configuration, shown in Figs. 3-5,
provides for any condensed sulfur to drain down from the catalyst to outlet 64, 102 or 302, or into a
sulfur separator 90 or 290 (Figs. 1 and 5).

Third Temperature-contrel Stage. Referring to Figs. 1 and 4, in certain embodiments,
the recovery of sulfur from the reacted gas (third process gas stream) exiting second Claus catalytic
reaction zone 60 or 60d is enhanced by flowing the gas through channel 71 containing a third
temperature-control zone 70, to additionally cool and control the temperature of the effluent from
zone 60. By further cooling the gases to a temperature or temperature range of 255-300°F (123-
149°C), elemental sulfur condenses, and, together with any entrained liquid sulfur carried over from
zone 60 or 60d, drains into channel 71. The rate of sulfur condensation in the third temperature-
control zone 70 is controlled mainly by the temperature of the entering gas, the lengths of zone 70
and channel 71, and the temperature (T3) maintained by jacket 72. After leaving the third
temperature-control zone 70, the condensed sulfur and effluent gases enter vapor-liquid sulfur

separator 90, from which liquid elemental sulfur exits at sulfur outlet 102 and the tail gas exits via
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outlet 100. Preferably, the condensed sulfur from sulfur outlet 51 combines with the liquid sulfur
from outlet 102 via sulfur conduit 80.

Tail Gas Treatment. The residual or tail gas may be incinerated and discharged to the
atmosphere via a vent stack, if applicable standards permit, or may be fed to a downstream tail gas
treater. Any available tail gas treating technique may be employed to further purify the tail gas.
For example, a hydrogenation/hydrolysis catalyst may be employed, or a conventional Claus tail
gas treatment process such as Beavon Sulfur Removal™ (BSR™) or Shell Claus Offgas Treating™
(SCOT™), in which sulfur vapor and SO, are hydrogenated to H;S and COS and CS, are
hydrolyzed to H»S and CO,, and the H,S is removed by an amine absorption/regeneration system
and recycled to the H2S containing feed gas.

The demand for new sulfur plants is expected to continue for many years as crude oil and
natural gas deposits that contain higher levels of sulfur and H,S are exploited. A typical 100 long
ton per day (LTPD) Claus plant costs millions of dollars. Reducing the number of pieces of
equipment, as described herein, removing the customary pit and steam jacketed piping, eliminating
the burner management system of a typical free flame combustion system is expected to reduce the
cost of a sulfur recovery unit significantly. Moreover, orienting the stages of the process in a
vertical position saves a considerable amount of plot space compared to a conventional Claus
assembly. Both the cost and plot space savings, combined with the simplicity of operation and
lower maintenance costs, make the disclosed system and process very atiractive to plant operators
considering new sulfur plant technology.

By implementing the disclosed sulfur recovery process and thereby reducing the amount of
equipment necessary to obtain a high level of sulfur recovery from an H,S containing feed gas, the
total pressure drop through the sulfur plant can be greatly reduced. Control of H,S, oxygen and
reductant gas feeds is maintained using standard sulfur plant equipment, such as air demand
analyzers, feed back control and the like. Since Claus plants are normally limited by the amount of
pressure drop due to the low pressure operation, the present system advantageously allows for
capacity expansion by retrofit of existing Claus plants. Other improvements over existing
technologies for sulfur removal will also be apparent from the present disclosure.

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 fiom 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. Each and every claim is incorporated
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into the specification as an embodiment of the present invention. Thus the claims are a further
description and are an addition to the preferred embodiments of the present invention. Use of the
term "optionally" with respect to any element of a claim is intended to mean that the subject
element is required, or alternatively, is not required. Both alternatives are intended to be within the
scope of the claim. The disclosures of all patents, patent applications and publications cited herein
are hereby incorporated herein by reference, to the extent that they provide exemplary, procedural

or other details supplementary to those set forth herein.

TABLE 1
Partial Oxidation (CPOX) Catalyst Only
H,S Aur/H,S | Total CPOX CPOX H,S S S0,
Flowrate | ratio | flowrate | Catalyst Bed | Catalyst Bed | Conv. | Yield | Yield
{sccm) (sccm) GHSV Residence (%) (%} | (%)
) Time
{msec)
750 2.25 24375 121,208 29.7 80.49 | 72.06 | 8.43
850 2.25 2762.5 137,369 26.2 81.24 | 72.86 | 8.38
950 2.25 30875 153,530 235 81.76 | 7332 | 8.44
1050 225 3412.5 169,691 21.2 82.58 | 74.14 | 8.44
1150 2.25 3737.5 185,852 19.4 82,74 | 74.00 | 8.74
1250 2.25 4062.5 202,013 17.8 83.52 | 74.89 | 8.62
TABLE 2

CPOX Catalyst and One Claus Catalyst without HFTEM

H,S Air/H,S | Total CPOX CPOX Claus Claus H,S S S0,
Flowrate | ratio | flowrate | Catalyst { Catalyst | Catalyst | Catalyst | Conv. | Yield | Yield

(scem) (sccm) Bed Bed Bed Bed %) | (%) | (%)
GHSV | Residence | GHSV | Residence
(h") Time (h™") Time
(msec) {msec)
750 225 24375 | 121,208 30 15,151 237 8835 | 8391 | 544
850 225 2762.5 | 137,369 26 17,171 210 88.30 | 82.52 | 578
950 2.25 3087.5 | 153,530 24 19,191 188 88.50 | 82.73 | 576

1050 2.25 3412.5 | 169,691 21 21,211 170 88.95 | 83.14 | 5381
1150 2.25 3737.5 | 185,852 19 23,231 156 88.20 | 83.43 | 5.77
1250 2.25 4062.5 | 202,013 18 25,251 142 89.72 | 83.42 | 6.31
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TABLE 3

CPOX Catalyst and One Claus Catalyst with HTEM

PCT/US2007/063085

H,S Air/H,S First Second H,S S Yield | 8O, Yield

flowrate | ratio (CPOX) (Claus) Conversion | (%) (%)
{(sccm) Catalyst Bed | Catalyst Bed (%)
Length (in) | Length (in)

1050 2.1 0.75 3 87.28 84.27 3.01

950 21 0.75 3 88.13 85.70 2.43

850 2.1 0.75 3 88.64 86.56 2.08

750 2.1 0.75 3 89.01 87.10 1.91

650 2.1 0.75 3 89.28 87.42 1.86

550 2.1 0.75 3 89.55 87.51 2.04

450 2.1 0.75 3 89.51 87.12 239

TABLE 4

CPOX Catalyst and Two Claus Catalysts with no intermediate sulfur removal

H,S | AirH,S First Second Third H,S S Yield | SO, Yield

flowrate | ratio (CPOX) {Claus) (Claus) Conversion | (%) (%)
(scem) Catalyst Bed | Catalyst Bed | Catalyst Bed (%)
Length (in} | Length(in) | Length (in)
750 225 0.75 2 2 97.09 90.01 7.08
750 2.25 (.75 2 2 91.23 81.57 9.66
TABLES
Optimized Process with CPOX Catalyst and Two Claus Catalysts
(with intermediate sulfur removal)

H,S | Ait/H,S First Second Third H,S S Yield | SO, Yield

flowrate | ratio {CPOX) (Claus) (Claus) Conversion | (%) (%)
(sccm) Catalyst Bed | Catalyst Bed | Catalyst Bed (%)
Length (in) | Length(in} | Length (in)

1250 24 0.75 3 4 95.37 91.26 4.11

1150 24 0.75 3 4 95.29 91.52 3.77

1050 2.4 0.75 3 4 9523 91.66 3.56

950 2.4 0.75 3 4 95.16 91/87 3.29

850 24 (.75 3 4 95.08 92.05 3.02

750 2.4 0.75 3 4 94.79 92.17 2.62

650 24 0.75 3 4 95.20 92.68 253

550 24 0.75 3 4 95.70 93.04 2.66

450 24 0.75 3 4 96.12 93.34 2.79
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CLAIMS

What is claimed is:
1. A compact sulfur recovery system comprising a plurality of components in serial fluid
flow arrangement, said plurality of components comprising:

a catalytic partial oxidation reaction zone capable of withstanding temperatures up to
about 2,700°F (1,482°C);

a first temperature-control zone;

a first Claus catalytic reaction zone;

a second temperature-control zone;

a first vapor-liquid sulfur separation zone;

a first liquid sulfur outlet;

and a first effluent gas outlet, said system configured to deter the accumulation of liquid
sulfur in said first Claus catalytic reaction zone when said system is operated in a downward flow
process for recovering elemental sulfur from a H,S-containing gas stream,

wherein said catalytic partial oxidation reaction zone, said first temperature-control ZOne,
said first Claus catalytic reaction zone, said second temperature-control zone, and said first vapor-
liquid sulfur separation zone are contained in a primary structure and arranged vertically in the
sequence given,
2. The system of claim 1, wherein said first temperature-control zone contains a heat
transfer enhancement medinm.
3. The system of claim 1, wherein said catalytic partial oxidation reaction zone, first
temperature-control zone, first Claus catalytic reaction zone, second temperature-control zone,
first vapor-liquid sulfur separation zone, and first liquid sulfur outlet are in a vertically oriented
stacked arrangement.
4. The system of claim 3, further comprising a second Claus catalyst reaction zone and third
temperature control zone in serial flow arrangement between the first vapor-liquid sulfur
separation zone and the first effluent gas outlet.
5. The system of claim 1, wherein said vapor-liquid separation zone is configured for
operating in co-current downward flow mode, to deter re-entrainment of liquid sulfur in a gas .
stream exiting said separation zone.
6. The system of claim 1, wherein said vapor-liquid separation zone is configured for
promoting liquid drainage along 2 separate path than that of gas flowing to said gas outlet.
7. The system of claim 1, wherein the vapor-liquid separation zone is configured to deter

liquid sulfur accumulation in said separation zone.
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8. ‘The system of claim 1, wherein said system comprises a primary structure containing said
catalytic partial oxidation reaction zone, first temperature-control zone, first Claus catalytic
reaction zone, second temperature-control zone, first vapor-liquid sulfur separation zone, first
liquid sulfur outlet and first effluent gas outlet, in the absence of a sulfur condenser between said
catalytic partial oxidation reaction zone and said first Claus catalytic reaction zone.
9. The system of claim 8, wherein said system further comprises a secondary structure in
fluid flow communication with said first effluent gas outlet, said secondary structure comprising;:

a second Claus catalytic reaction zone adapted for receiving gas from said first vapor-
liquid sulfur separation zone gas outlet,

a third temperature-control zone,

a second vapor-liquid sulfur separation zone,

a second liquid sulfur outlet, and

a second effluent gas outlet.
10. The system of claim 9 further comprising a preheater disposed between said primary and
secondary structures and adapted for heating gases after leaving the first vapor-liquid separation
zone and prior to entering the second Claus catalytic reaction zone.
11. The system of claim 9 wherein at least one of said components is oriented such that
accumulation of liquid sulfur in said first and/or second Claus catalytic reaction zone(s) is
deterred when said system is operated to recover elemental sulfur from a H,S-containing gas
stream.
12. The system of claim 11 wherein said primary and secondary structures are oriented such
that the force of gravity on liquid sulfur in said first and/or second Claus catalytic reaction
zone(s) causes said liquid sulfur to move away from said Claus reaction zones, when said system
is operated to recover elemental sulfur from a H,S-containing gas stream.
13. The system of claim 11 comprising a first channel interconnecting said primary and
secondary structures, said first channel beiﬁg oriented at an upward angle greater than about 5
degrees and less than about 90 degrees with the horizontal plane relative to the plane of the
primary structure.
4. The system of claim 13 wherein said first channel comprises an auxiliary temperature-
control zone containing a heat transfer enhancement material to cool and condense elemental
sulfur from the vapor phase, and allow the liquid sulfur to drain.
15. The system of claim 1 further comprising a mixing zone preceding said catalytic partial
oxidation reaction zone.

16. The system of claim 1 further comprising at least one temperature measuring device.
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17. A compact sulfur recovery system comprising a phurality of components in serial fluid
flow arrangement, said plurality of components comprising;

a catalytic partial oxidation reaction zone capable of withstanding temperatures up to
about 2,700°F (1,482°C);

a first temperature-control zone;

a first Claus catalytic reaction zone;

a second temperature-control zone;

a first vapor-liquid sulfur separation zone;

a first liquid sulfur outlet;

and a first effluent gas outlet, said system configured to deter the accumulation of liquid
sulfur in said first Claus catalytic reaction zone when said system is operated in a downward flow
process for recovering clemental sulfur from a HyS-containing gas stream, wherein said system
excludes a sulfur condenser between said catalytic partial oxidation reaction zone and said first
Claus catalytic reaction zone.

18. The system of claim 17, further comprising, after said first effluent gas outlet;
optionally, a gas reheater;

a second Claus catalytic reaction zone; and

a third temperature control zone.

19. A process for recovering elemental sulfur from an H,S-containing stream comprising:

(a) carrying out the partial oxidation of HS in the presence of O, to produce a first
process gas stream comprising gaseous elemental suifur, SO, and unconverted H,S;

(b) adjusting the temperature of said first process gas stream to a temperature or
temperature range between 400 and 650°F (204-343°C) that favors the conversion of $O, and
H:S to elemental sulfur according to the Claus reaction;

(¢) passing said temperature-adjusted first process gas stream over a first Claus catalyst
without prior removal of elemental sulfur in a sulfur condenser to carry out the Claus reaction of
S0; and unreacted H,S to elemental sulfur, thereby producing a second process gas stream
comprising gaseous elemental sulfur, SO, and residual H,S, wherein said Claus reaction is carried
out at a catalyst temperature or temperature range between 400 and 650°F (204-343°C) that
favors the Claus reaction;

{d) deterring accumulation of liquid elemental sulfur on said first Claus catalyst;

(e) adjusting the temperature of said second process gas stream to a temperature or
temperature range between 300 and 450°F (149-232°C) that favors the condensation of elemental
sulfur;
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(f) carrying out the separation of elemental sulfur from the vapor mixture in a vapor-
liquid separation zone to produce a third process gas stream;

(g) adjusting the temperature of said third process gas stream to a temperature or
temperature range between 400 and 600°F (204-315°C) that favors the conversion of H,S and
SO, according to the Claus reaction;

(h) carrying out the Claus reaction of SO, and residual H,S in said third process gas
stream over a second Claus catalyst to produce a fourth process gas stream comprising gaseous
elemental sulfur and residual gas, wherein said Claus reaction is carried out at a catalyst
temperature or temperature range between 400 and 600°F (204--315°C) that favors the conversion
of H,S and SO, according to the Claus reaction;

(i) deterring accumulation of liquid elemental sulfur on said second Claus catalyst;

(j) adjusting the temperature of said fourth process gas stream to a temperature or
temperature range between 250 and 350°F (121-177°C) that favors condensation of elemental
sulfur from said fourth process gas stream, to provide a temperature-adjusted fourth process gas
stream,

(k) recovering condensed elemental sulfur from said temperature-adjusted fourth process
gas stream; and

(1) optionally, subjecting said residual gas to tail gas treatment.

20. A process for recovering elemental sulfur from a H,S-containing gas stream comprising:

(a) 1n the system of claim 17, wherein at least one said component is configured to deter
accumulation of liquid sulfur in said first Claus catalytic reaction zone without removal of
elemental sulfur in a sulfur condenser prior to carrying out a first Claus catalytic reaction in said
first Claus catalytic reaction zone;

(b) introducing a feed gas stream comprising H,S and O, into said catalytic partial
oxidation reaction zone such that a first process gas stream comprising elemental sulfur,
unreacted H>S, SO; and water is produced;

(¢} in said first temperature-control zone, adjusting the temperature of said first process
gas stream to a first predetermined temperature or tempefature range that is no more than 650°F
(343°C) and above the dewpoint of elemental sulfur prior to entry of said first process gas stream
into said first Claus catalytic reaction zone;

(d) in said first Claus catalytic reaction zone, producing a second process gas stream, at a
second predetermined temperature or temperature range, comprising an increased amount of
clemental sulfur and a decreased amount of unreacted H,S relative to the amounts of elemental

sulfur and H,S in said first process gas stream;

38



WO 2007/103736 PCT/US2007/063085

(¢) in said second temperature-control zone, adjusting the temperature of said second
process gas stream such that elemental sulfur condenses from said second process gas stream at a
third predetermined temperature or temperature range; and

(f) recovering liquid sulfur from said first liquid sulfur outlet.

21. The process of claim 20 wherein, in step (¢), the first predetermined temperature or
temperature range is in the range of about 400-650°F (204-343°C).

22, The process of claim 20 wherein step (d) comprises adjusting the temperature of said first
Claus catalytic reaction zone to a temperature or temperature range in the range of about 500-
600°F (260-315°C).

23. The process of claim 20 wherein said system further comprises a second Claus catalytic
reaction zone in serial flow arrangement between the first vapor-liquid sulfur separation zone and
the first effluent gas outlet, said process further comprising:

(g) in said second Claus catalytic reaction zone, producing a third process gas stream
comprising an increased amount of elemental sulfur and a decreased amount of unreacted H,S
relative to the amounts of elemental sulfur and H,S in said second process gas stream;

(h) in said third temperature-control zone, adjusting the temperature of said fourth
process gas stream to a predetermined temperature or temperature range in the range of 255-
300°F (124-149°C)-such that elemental sulfur condenses from said fourth process gas stream to
yield an effluent gas stream and liquid suifur;

(i) recovering liquid sulfur from said second liquid sulfur outlet; and

() optionally, subjecting said effluent gas stream to tail gas treatment.

24. The process of claim 23, wherein the system comprises:

a primary structure containing said catalytic partial oxidation reaction zone, first
temperature-control zone, first Claus catalytic reaction zone, second temperature-control zone,
first vapor-liquid sulfur separation zone, first liquid sulfur outlet and first effluent gas outlet, and

a secondary structure in fluid flow communication with said first effluent gas outlet, said
secondary structure comprising a second Claus catalytic reaction zone comprising a gas
temperature-regulation device upstream of the catalytic reaction zone, a third temperature-control
zone, a second vapor-liquid sulfur separation zone, a second liquid sulfur outlet, and a second
effluent gas outlet.

25. The process of claim 24, wherein the system includes an inclined channel comprising an
auxiliary temperature-control zone, said channel interconnecting said first and second structures,
and wherein step (g) comprises further adjusting the temperature of said second process gas
stream to said third predetermined temperature or temperature range in the range of 400-300°F

(204-260°C) before said second process gas stream enters said second Claus reaction zone.
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26. The process of claim 20, wherein step (b) comprises maintaining a gas hourly space
velocity of said feed gas stream in said catalytic partial oxidation reaction zone of at least 20,000
h'!; and step (d) comprises maintaining a gas hourly space velocity of said first process gas
stream in said first Claus reaction zone of at least 5,000 h™.

27. The process of claim 23, wherein step (g) comprises maintaining a gas hourly space
velocity of said second process gas stream in said second Claus reaction zone of at least 3,000 b,
28. The process of claim 20 comprising maintaining a temperature or temperature range in
the range of about 1,200-2,700°F (649—1,482°C) in said catalytic partial oxidation zone.

29, The process of claim 23, wherein in step (h), said predetermined temperature or

temperature range 1s in the range of 270-290°F (132-143°C).
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