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CONTAMINANT REMOVAL FROM A GAS STREAM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to contaminant removal from gas streams.

In another aspect, the present invention relates to a process for removing one or more

contaminants from a gas stream via contact with a regenerable sorbent.

2. Description of the Prior Art

In recent years, the demand for natural gas and other gas-phase fuels has

increased substantially. At the same time, stricter regulations concerning allowable

levels of certain components (e.g., sulfur species, acid gases, and other compounds of

environmental concern) have been imposed, prompting fuel gas producers to develop

economical methods of producing a compliant gas product.

One known method of treating a gas stream to remove undesirable components is

to contact the gas stream with a physical or chemical solvent. Examples of chemical

solvents include amines such as methyldiethanolamine (MDEA) and diethanolamine

(DEA). Often, the selectivity of the chemical solvents can be problematic. For example,

while amines are capable of efficiently removing hydrogen sulfide (H2S) from gas

streams, the amines are generally not capable of absorbing other undesirable sulfur-

containing compounds, such as, for example carbonyl sulfide (COS). As a result,

additional process steps (e.g., COS hydrolysis) must be carried out before the gas stream

can be used as fuel. In addition to removing H2S, most amines also remove carbon

dioxide, which can place unnecessary processing loads on subsequent waste gas

facilities. Further, most processes utilizing chemical solvents require extensive cooling

of the incoming gas stream and often use large volumes of steam to remove absorbed

contaminants from the solvent, which make these processes energy-intensive. Physical

solvent-based processes are also highly energy-intensive and often require high operating

pressures and/or low operating temperatures.

Accordingly, a need exists for an economic process for removing contaminants

from a gas stream.



SUMMARY OF THE INVENTION

In one embodiment of the present invention, there is provided a process

comprising: (a) contacting an sulfur-containing gas stream with an initial sorbent in a

sorption zone to thereby produce an sulfur-depleted product stream and a sulfur-laden

sorbent, wherein the initial sorbent comprises Zn and a promoter metal; and (b)

contacting at least a portion of the sulfur-laden sorbent with a regeneration gas stream in

a regeneration zone under regeneration conditions to thereby produce a regenerated

sorbent and an off-gas stream, wherein the contacting of step (b) includes introducing the

regeneration gas into the regeneration zone at an initial standard gas hourly space

velocity (SGHSV) in the range of from about 100 to about 100,000 h 1, wherein the

contacting of step (b) includes increasing the SGHSV of the regeneration gas to a final

SGHSV that is at least 1,000 h 1 higher than the initial SGHSV.

In another embodiment of the present invention, there is provided a process

comprising: (a) introducing a raw gas stream into a sorption zone, wherein the raw gas

stream comprises in the range of from about 10 to about 75 volume percent carbon

monoxide (CO), in the range of from about 8 to about 50 volume percent hydrogen (H2),

in the range of from about 4 to about 40 volume percent water (H2O), and in the range of

from about 0.001 to about 5 volume percent hydrogen sulfide (H2S); (b) contacting at

least a portion of the raw gas stream with an initial sorbent in the sorption zone to

thereby produce a product gas stream and a sulfur-laden sorbent, wherein the initial

sorbent comprises Zn and a promoter metal; (c) drying at least a portion of the sulfur-

laden sorbent to thereby produce a dried sulfur-laden sorbent; and (d) regenerating at

least a portion of the dried sulfur-laden sorbent in a regeneration zone under regeneration

conditions to thereby produce a regenerated sorbent and an off-gas stream, wherein the

regenerated sorbent comprises less than about 20 weight percent of sorbent-damaging

compounds formed during the regenerating of step (d).

In yet another embodiment of the present invention, there is provided a process

comprising: (a) gasifying a carbon-containing material in a gasification zone to thereby

produce a raw gas stream, wherein the raw gas stream comprises in the range of from

about 10 to about 75 volume percent carbon monoxide (CO), in the range of from about

8 to about 50 volume percent hydrogen (H2), in the range of from about 4 to about 40



volume percent water (H2O), in the range of from about 0.001 to about 5 volume percent

sulfur-containing compounds, and in the range of from about 50 to about 2,000 parts per

million by volume (ppmv) of hydrochloric acid (HCl); (b) introducing at least a portion

of the raw gas stream into a sorption zone, wherein the sorption zone contains an initial

sorbent, wherein the initial sorbent comprises Zn, expanded perlite, and a promoter

metal, wherein at least a portion of the initial sorbent comprises a substitutional solid

solution characterized by the formula MzZn -Z)Al2O4 and a substitutional solid metal

solution characterized by the formula M AZ , wherein M is a promoter metal component

and A, B, and Z are in the range of from about 0.01 to about 0.99; (c) sorbing at least a

portion of the sulfur-containing compounds from the raw gas stream in the sorption zone

with the initial sorbent to thereby produce a sulfur-laden sorbent and a product gas

stream, wherein the sorbing is carried out at a temperature in the range of from about 225

to about 550°C and a pressure in the range of from about 250 to about 575 psig, wherein

the sulfur-laden sorbent has a sulfur loading in the range of from about 1 to about 27

weight percent, wherein the product gas stream comprises less than 50 ppmv of sulfur-

containing materials and less than 20 ppmv of HCl; (d) drying at least a portion of the

sulfur-laden sorbent in a drying zone to thereby produce a dried sulfur-laden sorbent; (e)

regenerating at least a portion of the dried sulfur-laden sorbent in a regeneration zone via

contact with a regeneration gas under regeneration conditions to thereby produce a

regenerated sorbent and a SO2-containing off-gas, wherein the regeneration gas has an

initial standard gas hourly space velocity (SGHSV) in the range of from about 1,000 to

about 80,000 h , wherein the regenerating is carried out with an initial temperature in the

range of from about 300 to about 600°C; (f) returning at least a portion of the

regenerated sorbent to the sorption zone, wherein the regenerated sorbent returned to the

sorption zone comprises a substitutional solid metal oxide solution characterized by the

formula MχZnγO, wherein M is a promoter metal component and X and Y are in the

range of from about 0.01 to about 0.99, wherein the regenerated sorbent has a sulfur

loading of less than 6 weight percent, wherein the regenerated sorbent comprises less

than 20 weight percent of sorbent-damaging compounds created during the regenerating

of step (e); and (g) routing at least a portion of the SO2-containing off-gas stream to a

Claus unit.



BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a schematic diagram of a contaminant removal system in accordance

with one embodiment of the present invention.

DETAILED DESCRIPTION

Referring to FIG. 1, a contaminant removal system 10 is illustrated as generally

comprising a gas source 12, a sorption zone 14, a product gas user 16, a drying zone 18,

a regeneration zone 20, and an off-gas user 22. In general, a raw gas stream exiting gas

source 12 can be contacted with a sorbent in sorption zone 14 to thereby remove one or

more contaminants from the gas stream. The resulting, contaminant-depleted product

gas stream exiting sorption zone 14 can be routed to product gas user 16, while at least a

portion of the contaminant-laden sorbent can be dried in drying zone 18 prior to being

regenerated via contact with a regeneration gas in regeneration zone 20. The resulting

off-gas stream exiting regeneration zone 20 can be routed to off-gas user 22, while at

least a portion of the regenerated sorbent can then be returned to sorption zone 14 for

subsequent reuse. In one embodiment, at least one of the sorption, drying, and

regeneration zones 14, 18, 20 can be contained within the same process vessel. In

another embodiment, at least one of the sorption, drying, and regeneration zones 14, 18,

20 can be contained in two or more separate process vessels. Further, the contaminant

removal system 10 depicted in FIG. 1 can be operated in continuous, semi-continuous,

semi-batch, or batch mode. The operation of contaminant removal system 10 will now

be described in more detail below.

Gas source 12 can comprise any source or system capable of producing a gas

stream. In general, the raw gas stream produced from gas source 12 can have a vapor

fraction greater than about 0.8, greater than about 0.9, or greater than 0.95 at standard

conditions. In one embodiment, the raw gas stream from gas source 12 can comprise

less than about 1 volume percent, less than about 0.5 volume percent, less than 0.05

volume percent, or less than 500 parts per million by volume (ppmv) of C6+ hydrocarbon

material. For example, gas source 12 can comprise a natural gas well, a refinery or

chemical plant process stream, or any other suitable source.



In one embodiment, gas source 12 can comprise a gasification system operable to

produce a raw gas stream via the gasification of a solid-based carbon-containing

material, such as, for example, coal or petroleum coke. Typically, the solid carbon-

containing material can be gasified via contact with a gasification stream comprising

steam, oxygen, air, hydrogen, carbon dioxide, or any combination thereof. In one

embodiment, a slurry of solid carbon-containing material in conduit 100 can be gasified

via contact with an oxygen-containing stream entering gas source 12 via conduit 110 at a

temperature in the range of from about 530 to about 19500C, about 810 to about 1650°C,

or 950 to 151O0C and a pressure in the range of from about 150 to about 800 pounds-per-

square inch, gauge (psig), about 250 to about 700 psig, or 300 to 600 psig.

The raw gas stream exiting gas source 12 via conduit 112 can comprise one or

more of the following compounds: carbon monoxide (CO), carbon dioxide (CO2),

hydrogen (H2), water (H2O), propane and lighter hydrocarbons (C3+), nitrogen (N2), and

the like. Additionally, the raw gas stream can comprise one or more undesirable

components (i.e., contaminants) that should be removed prior to utilizing the raw gas

stream as fuel. Sulfur compounds, such as, for example, hydrogen sulfide (H2S),

carbonyl sulfide (COS), carbon disulfide (CS ), and even organosulfur compounds such

as mercaptans and various thiophenic compounds are a few examples of common

contaminants found in the raw gas stream. Other examples of contaminants typically

present in the raw gas stream can include, but are not limited to ammonia (NH3),

hydrochloric acid (HCl), and hydrogen cyanide (HCN).

Table 1, below, summarizes the composition of the raw gas stream in conduit 112

according to one embodiment of the present invention.



As depicted in FIG 1, at least a portion of the raw gas stream exiting gas source

12 in conduit 112 can be routed into sorption zone 14, wherein the stream can be

contacted with a sorbent to remove at least a portion of at least one contaminant from the

incoming gas stream. In one embodiment, the raw gas stream is not cooled prior to

entering sorption zone 14 and can have a temperature that is within about 200°C, about

100°C, or 500C of the temperature of the raw gas stream exiting gas source 12.

Generally, the raw gas stream entering sorption zone 14 can have a temperature in the

range of from about 150 to about 7000C, about 250 to about 6000C, or 350 to 45O0C and

a pressure in the range of from about 100 to about 750 psig, about 250 to about 600 psig,

or 350 to 450 psig.

In general, the sorbent employed in sorption zone 14 can be any sufficiently

regenerable zinc-oxide-based sorbent composition having sufficient contaminant

removal ability. While described below in terms of its ability to remove sulfur

contaminants from an incoming gas stream, it should be understood that the sorbent of



the present invention can also have significant capacity to remove one or more other

contaminants, such as, for example, one or more of the contaminants listed above.

In one embodiment of the present invention, the sorbent employed in sorption

zone 14 can comprise zinc and a promoter metal component. The promoter metal

component can comprise one or more promoter metal selected from the group consisting

of nickel, cobalt, iron, manganese, tungsten, silver, gold, copper, platinum, zinc, tine,

ruthenium, molybdenum, antimony, vanadium, iridium, chromium, palladium, and

mixtures thereof. In one embodiment, at least a portion of the promoter metal

component is present in a reduced-valence state. The valence reduction of the promoter

metal component can be achieved by contacting the sorbent with a hydrogen-containing

stream within sorption zone 14 and/or prior to introduction into sorption zone 14.

In one embodiment of the present invention, the reduced-valence promoter metal

component can comprise, consist of, or consist essentially of, a substitutional solid metal

solution characterized by the formula: M AZ B , wherein M is the promoter metal and A

and B are each numerical values in the range of from about 0.01 to about 0.99. In the

above formula for the substitutional solid metal solution, A can be in the range of from

about 0.70 to about 0.98 or 0.85 to 0.95 and B can be in the range of from about 0.03 to

about 0.30 or 0.05 to 0.15. In one embodiment, A + B = 1.

Substitutional solid solutions are a subset of alloys that are formed by the direct

substitution of the solute metal for the solvent metal atoms in the crystal structure. For

example, it is believed that the substitutional solid metal solution M AZ is formed by

the solute zinc metal atoms substituting for the solvent promoter metal atoms. Three

basic criteria exist that favor the formation of substitutional solid metal solutions: (1) the

atomic radii of the two elements are within 15 percent of each other; (2) the crystal

structures of the two pure phases are the same; and (3) the electronegativities of the two

components are similar. The promoter metal (as the elemental metal or metal oxide) and

zinc (as the elemental metal or metal oxide) employed in the sorbent described herein

typically meet at least two of the three criteria set forth above. For example, when the

promoter metal is nickel, the first and third criteria, are met, but the second is not. The

nickel and zinc metal atomic radii are within 10 percent of each other and the

electronegativities are similar. However, nickel oxide (NiO) preferentially forms a cubic



crystal structure, while zinc oxide (ZnO) prefers a hexagonal crystal structure. A nickel

zinc solid solution retains the cubic structure of the nickel oxide. Forcing the zinc oxide

to reside in the cubic structure increases the energy of the phase, which limits the amount

of zinc that can be dissolved in the nickel oxide structure. This stoichiometry control

manifests itself microscopically in a 92:8 nickel zinc solid solution (Ni0 2 Zn008) that is

formed during reduction and microscopically in the repeated regenerability of sorbent.

In addition to zinc and the promoter metal, the sorbent employed in sorption zone

14 can further comprise a porosity enhancer (PE) and an aluminate. The aluminate can

comprise a promoter metal-zinc aluminate substitutional solid solution characterized by

the formula: MzZn( I-Z)Al O wherein M is the promoter metal and Z is in the range of

from 0.01 to 0.99. The porosity enhancer, when employed, can be any compound which

ultimately increases the macroporosity of the sorbent. In one embodiment, the porosity

enhancer can comprise perlite. Examples of sorbents suitable for use in sorption zone 14

and methods of making these sorbents are described in detail in U.S. Patent Nos.,

6,429,170 and 7,241,929, the entire disclosures of which are incorporated herein by

reference.

Table 2, below, provides the composition of a sorbent employed in sorption zone

14 according to an embodiment of the present invention where reduction of the sorbent is

carried out prior to introduction of the sorbent into sorption zone 14.

In an alternative embodiment where the sorbent is not reduced prior to

introduction into sorption zone 14, the promoter metal component can comprise a

substitutional solid metal oxide solution characterized by the formula MχZnγO, wherein

M is the promoter metal and X and Y are in the range of from about 0.01 to about 0.99.

In one embodiment, X can be in the range of from about 0.5 to about 0.9, about 0.6 to

about 0.8, or 0.65 to 0.75 and Y can be in the range of from about 0.10 to about 0.5,

about 0.2 to about 0.4, or 0.25 to 0.35. In general, X + Y = 1.



Table 3, below, provides the composition of an unreduced sorbent employed in

sorption zone 14 according to an embodiment where the sorbent is not reduced prior to

introduction into sorption zone 14.

As mentioned above, when an unreduced sorbent composition is contacted with a

hydrogen containing compound in sorption zone 14, reduction of the sorbent can take

place in sorption zone 14. Therefore, when sorbent reduction takes place in sorption

zone 14, the initial sorbent contacted with the raw gas stream in sorption zone 14 can be

a mixture of reduced sorbent (Table 2) and unreduced sorbent (Table 3).

In general, the incoming raw gas stream can contact the initial sorbent in sorption

zone 14 at a temperature in the range of from about 150 to about 650°C, about 225 to

about 550°C, or 325 to 475°C and a pressure in the range of from about 100 to about 750

psig, about 250 to 575 psig, or 350 to 450 psig. At least a portion of sulfur-containing

compounds (and/or other contaminants) in the raw gas stream can be sorbed by the

sorbent, thereby creating a sulfur-depleted product gas stream and a sulfur-laden sorbent.

In one embodiment, sulfur-removal efficiency of sorption zone 14 can be greater than

about 85 percent, greater than about 90 percent, greater than about 95 percent, greater

than about 98 percent, or greater than 99 percent.

As depicted in FIG. 1, at least a portion of the contaminant-depleted product gas

stream can exit sorption zone 14 via conduit 114. In one embodiment, the product gas

stream can comprise less than about 50, less than about 20, less than about 10, less than

about 5, or less than 1 ppmv H2S. In addition, the product gas stream can comprise less

than about 20, less than about 10, less than about 5, or less than 2 ppmv of HCl and/or

COS. This is in contrast to conventional sulfur removal sorbents, which are often

incapable of effectively removing sulfur-containing compounds such as H2S and COS

simultaneously with other contaminants such as HCl.



As shown in FIG. 1, the contaminant-depleted product gas stream can then be

routed to a product gas user 16. Product gas user 16 can comprise any industrial,

commercial, or residential use or application of a contaminant-depleted product gas

stream. In one embodiment, product gas user 16 can comprise an industrial gas turbine

located in a facility used to co-produce steam and electricity.

As depicted in FIG. 1, at least a portion of the sulfur-laden sorbent discharged

from sorption zone 14 can be routed to drying zone 18 via conduit 116. In one

embodiment, the sulfur-laden sorbent can have a sulfur loading in the range of from

about 1 to about 27, about 3 to about 26, about 5 to about 25, or 10 to 20 weight percent.

In drying zone 18, at least a portion of the sulfur-laden sorbent can be dried by flowing

an inert gas purge stream in conduit 118 having a temperature in the range of from about

100 to about 550°C, about 150 to about 500°C, or 200 to 475°C through the sorbent for a

time period of at least about 15 minutes, or a time period in the range of from about 30

minutes to about 100 hours, about 45 minutes to about 36 hours, or 1 hour to 12 hours.

The resulting dried, sulfur-laden sorbent can then be routed to regeneration zone 20 via

conduit 120, as illustrated in FIG. 1.

Regeneration zone 20 can employ a regeneration process capable of removing

least a portion of the sulfur (or other sorbed contaminants) from the sulfur-laden sorbent

via contact with a regeneration gas stream under sorbent regeneration conditions. In one

embodiment, the regeneration gas stream entering regeneration zone 20 via conduit 122

can comprise an oxygen-containing gas stream, such as, for example, air (e.g., about 2 1

volume percent oxygen). In another embodiment, the regeneration gas stream in conduit

120 can be an oxygen-enriched gas stream comprising at least about 50, at least about 75,

at least about 85, or at least 90 volume percent oxygen. In yet another embodiment, the

regeneration gas stream can comprise a substantially pure oxygen stream.

According to one embodiment of the present invention, the regeneration process

employed in regeneration zone 20 can be a step-wise regeneration process. In general, a

step-wise regeneration process includes adjusting at least one regeneration variable from

an initial value to a final value in two or more incremental adjustments (i.e., steps).

Examples of adjustable regeneration variables can include, but are not limited to,

temperature, pressure, and regeneration gas flow rate. In one embodiment, the



temperature in regeneration zone 20 can be increased by a total amount that is at least

about 75°C, at least about 100°C, or at least 150°C above an initial temperature, which

can be in the range of from about 250 to about 650°C, about 300 to about 6000C, or 350

to 55O0C. In another embodiment, the regeneration gas flow rate can be adjusted so that

the standard gas hourly space velocity (SGHSV) of the regeneration gas in contact with

the sorbent can increase by a total amount that is at least about 1,000, at least about

2,500, at least about 5,000, or at least 10,000 volumes of gas per volume of sorbent per

hour (v/v/h or h 1) above an initial SGHSV value, which can be in the range of from

about 100 to about 100,000 h 1, about 1,000 to about 80,000 h 1, or 10,000 to 50,000 h 1.

In one embodiment, the size of the incremental adjustments (i.e., the incremental

step size) can be in the range of from about 2 to about 50, about 5 to about 40, or 10 to

30 percent of magnitude of the desired overall change (i.e., the difference between the

final and initial values). For example, if an overall temperature change of about 15O0C is

desired, the incremental step size can be in the range of from about 3 to about 750C,

about 7.5 to about 600C, or 15 to 45°C. In another embodiment, the magnitude of the

incremental step size can be in the range of from about 2 to about 50, about 5 to about

40, or 10 to 30 percent of magnitude of the initial variable value. For example, if the

initial regeneration temperature is 2500C, the incremental step size can be in the range of

from about 5 to about 1250C, about 12.5 to about 1000C, or 25 to 750C. In general,

successive incremental steps can have the same incremental step sizes, or, alternatively,

one or more incremental step sizes can be greater than or less than the incremental step

size of the preceding or subsequent steps.

In one embodiment, subsequent adjustments to the regeneration variable(s) can

be carried out at predetermined time intervals. For example, adjustments can be made

after time intervals in the range of from about 1 minute to about 45 minutes, about 2

minutes to about 30 minutes, or 5 to 20 minutes. In another embodiment, the

adjustments can be made based on the value(s) of one or more "indicator" variable(s).

An indicator variable is a variable in the system monitored to determine the progress of

the sorbent regeneration. Examples of indicator variables can include, but are not limited

to, sorbent carbon or sulfur loading, regeneration sorbent bed temperature, regeneration

zone temperature profile (i.e., exotherm), and off-gas stream composition. In one



embodiment, the sulfur dioxide (SO2) concentration in the off-gas stream is monitored to

determine when the flow rate of the regeneration gas and/or the regeneration temperature

are incrementally adjusted.

The regeneration process can be carried out in regeneration zone 20 until at least

one regeneration end point is achieved. In one embodiment, the regeneration end point

can be the achievement of a desired value for one or more of the adjusted regeneration

variables. For example, the regeneration process can be carried out until the temperature

achieves a final value in the range of from about 300 to about 800°C, about 350 to about

75O0C, or 400 to 7000C or the SGHSV reaches a final value in the range of from about

1,100 to about 110,000 h 1, about 5,000 to about 85,000 h 1, or 25,000 to 60,000 h 1. In

another embodiment, the regeneration process can be finished after a predetermined

number of variable adjustments. For example, the regeneration process can be carried

out long enough for at least 1 or in the range of from about 2 to about 8 or 3 to 5

incremental adjustments to be made. In yet another embodiment, the regeneration

process can be carried out until a final value of the selected indicator variable is

achieved. For example, the regeneration process can be carried out until the

concentration of SO2 in the off-gas exiting regeneration zone 20 declines to a value less

than about 1 volume percent, less than about 0.5 volume percent, less than about 0.1

volume percent, or less than 500 ppmv. Regardless of the specific endpoint selected, the

entire length of the regeneration process can be less than about 100 hours, or in the range

of from about 30 minutes to about 48 hours, about 45 minutes to about 24 hours, or 1.5

to 12.5 hours.

In one embodiment, the above-described regeneration process can have a

regeneration efficiency of at least about 75 percent, at least about 85 percent, at least

about 90 percent, at least about 95 percent, at least about 98 percent, or at least 99

percent. The regenerated sorbent can have a sulfur loading that is less than about 10

weight percent, or in the range of from about 0.05 to about 6 weight percent, or 0.1 to 4

weight percent.

In general, regenerating at least a portion of the above-described sorbent can

result in the formation of one or more sorbent-damaging compounds. A sorbent-

damaging compound can be any compound sorbed into or onto the sorbent that adversely



impacts the sorbent's ability to sorb sulfur from the incoming gas stream in sorption zone

14. Examples of sorbent-damaging compounds can include, but are not limited to, zinc

oxysulfate and zinc silicate. In one embodiment of the present invention, the regenerated

sorbent exposed to the above-described regeneration process in regeneration zone 20 can

comprise less than expected amounts of sorbent-damaging compounds as compared to

traditional sorbents exposed to conventional regeneration processes. For example, the

regenerated sorbent exiting regeneration zone via conduit 124 can comprise less than

about 20 weight percent sorbent-damaging compounds or in the range of from 0 to about

15 weight percent, or 0 to about 10 weight percent, or 0 to 5 weight percent of sorbent-

damaging compounds.

As illustrated in FIG. 1, at least a portion of the regenerated sorbent in conduit

124 can then be returned to sorption zone 14. As discussed above, in one embodiment,

at least a portion of the regenerated sorbent does not undergo a reduction step prior to

introduction into sorption zone. In such an embodiment, the regenerated but unreduced

sorbent introduced into sorption zone 14 can comprise an unreduced promoter metal

component that includes a substitutional solid metal oxide solution characterized by the

formula MχZnγO (See e.g., Table 3, above).

Referring back to FIG. 1, the off-gas stream exiting regeneration zone 20 via

conduit 126 can subsequently be routed to off-gas user 22. Off-gas user 22 can comprise

any unit capable of processing the off-gas stream, such as, for example, a Claus sulfur

processing unit. In one embodiment, the off-gas stream exiting regeneration zone 20 via

conduit 126 can comprise at least about 5, at least about 10, at least about 20, or at least

25 volume percent SO2. In one embodiment, the off-gas stream comprises less H2S than

in the raw gas stream entering sorption zone 14 via conduit 112. In another embodiment,

off-gas stream can comprise substantially no H2S.

The following example is intended to be illustrative of one embodiment of the

present invention in order to teach one of ordinary skill in the art to make and use the

invention and is not intended to limit the scope of the invention in any way.

EXAMPLE

An unreduced Zn-promoter metal sorbent (SZorb™ Generation IV sorbent

commercially available from Sud-Chemie Inc. of Louisville, Kentucky) was crushed and



sieved to obtain 100+/200-mesh size particles. Fifteen grams of the crushed sorbent was

combined with 45 grams of alundum and the resulting mixture was charged to a fixed

bed, downflow reaction vessel. A raw gas stream, the composition of which is

summarized in Table 4 below, was passed through the reaction vessel and contacted with

the sorbent mixture at a temperature of 420°C and a pressure of 408 psig.

The concentration of sulfur compounds (i.e., H2S and COS) in the product gas

stream exiting the reaction vessel was continuously monitored using an online sulfur

analyzer (Model 902D2, available from Galvanic Applied Sciences USA, Inc. of Lowell,

Massachusetts), while the concentrations of the remaining compounds were measured

with an online mass spectrometer (EcoSys™, commercially available from European

Spectrometry Systems, Ltd. of Northwich, Cheshire, United Kingdom). Sulfur

"breakthrough" occurred after 1.5 hours when the concentration of sulfur compounds in

the gas stream exiting the reaction vessel exceeded 0.1 volume percent (i.e., 1000 ppmv).

Once breakthrough was observed, the flow of feed gas to the reaction vessel was stopped

and several sulfur-laden sorbent samples from various locations throughout the sorbent

bed were removed for subsequent analysis. The sulfur-laden sorbent had an average

sulfur loading of 25.9 weight percent, as determined by X-ray fluorescence (XRF)

analysis.

The sulfur-laden sorbent remaining in the reaction vessel was purged with a

stream of nitrogen having a temperature of 4000C and a flow rate of 100 niL/min to dry

the sorbent prior to regeneration. After one hour, regeneration was initiated by



introducing a stream of air having a flow rate of 100 mL/min to the sorbent bed, which

had an initial temperature of 400°C. Both the regeneration temperature (in 30-50°C

increments) and the air flow rate (in 100 to 250 mL/min increments) were adjusted to

maintain reasonably consistent concentrations of sulfur dioxide in the off-gas stream

exiting the reaction vessel. When SO2 levels declined substantially, the regeneration

process was stopped and several regenerated sorbent samples were taken at various

locations throughout the bed. Subsequent XRF analysis showed the regenerated sorbent

had an average sulfur loading of 3.52 weight percent and the XRD analysis revealed the

average combined amount of zinc oxysulfate and zinc silicate (i.e., sorbent-damaging

compounds) to be 10.1 percent.

NUMERICAL RANGES

The present description uses numerical ranges to quantify certain parameters

relating to the invention. It should be understood that when numerical ranges are

provided, such ranges are to be construed as providing literal support for claim

limitations that only recite the lower value of the range as well as claims limitation that

only recite the upper value of the range. For example, a disclosed numerical range of 10

to 100 provides literal support for a claim reciting "greater than 10" (with no upper

bounds) and a claim reciting "less than 100" (with no lower bounds).

DEFINITIONS

As used herein, the terms "a," "an," "the," and "the" mean one or more.

As used herein, the term "and/or," when used in a list of two or more items,

means that any one of the listed items can be employed by itself or any combination of

two or more of the listed items can be employed. For example, if a composition is

described as containing components A, B, and/or C, the composition can contain A

alone; B alone; C alone; A and B in combination; A and C in combination; B and C in

combination; or A, B, and C in combination.

As used herein, the terms "comprising," "comprises," and "comprise" are open-

ended transition terms used to transition from a subject recited before the term to one or



more elements recited after the term, where the element or elements listed after the

transition term are not necessarily the only elements that make up the subject.

As used herein, the terms "containing," "contains," and "contain" have the same

open-ended meaning as "comprising," "comprises," and "comprise" provided above.

As used herein, the terms "including," "includes," and "include" have the same

open-ended meaning as "comprising," "comprises," and "comprise" provided above.

As used herein, the terms "having," "has," and "have" have the same open-ended

meaning as "comprising," "comprises," and "comprise" provided above.

As used herein, the terms, "including," "include," and "included" have the same

open-ended meaning as "comprising," "comprises," and "comprise" provided above.

As used herein, the term "indicator variable" refers to a variable monitored to

determine the progress of the sorbent regeneration.

As used herein, the term "reduced-valence promoter metal component" refers to a

promoter metal component having a valence with is less than the valence of the promoter

metal component in its common oxidized state.

As used herein, the term "regeneration conditions" refer to conditions necessary

to remove at least a portion of sorbed sulfur from the sulfur-laden sorbent.

As used herein, the term "regeneration efficiency" refers to the ability of a

regeneration zone to remove one or more sorbed compounds from an incoming sorbent.

Regeneration efficiency can be expressed according to the following formula: [(sulfur

loading of sulfur-laden sorbent x mass of sulfur-laden sorbent entering regeneration

zone) - (sulfur loading of regenerated sorbent x mass of regenerated sorbent exiting

regeneration zone) / (sulfur loading of sulfur-laden sorbent x mass of sulfur-laden

sorbent entering regeneration zone), expressed as a percentage.

As used herein, the term "sorb" refers to any type or combination of physical

and/or chemical adsorption and/or absorption.

As used herein, the term "sorbent-damaging compound" refers to a compound

sorbed into or onto the sorbent that adversely impacts the sorbent' s ability to remove

sulfur or other contaminants from a fluid stream.

As used herein, the term "standard conditions" refers to a pressure of 1

atmosphere and a temperature of 600F.



As used herein, the term "standard gas hourly space velocity" or "SGHSV" refers

to the gas hourly space velocity of a gas stream measured at standard conditions.

As used herein, the term "sulfur loading" refers to the average weight percent of

sulfur sorbed onto a sorbent.

As used herein, the term "sulfur removal efficiency" refers to the ability of a

sorbent to remove sulfur compounds or other contaminants from an incoming fluid

stream. Sulfur removal efficiency can be calculated by the following formula: (mass

flow rate of sulfur compounds entering a sorption zone in a fluid stream - mass flow rate

of sulfur compounds exiting a sorption zone in a fluid stream) / (mass flow rate of sulfur

compounds entering a sorption zone in the feed stream), expressed as a percentage.

CLAIMS NOT LIMITED TO THE DISCLOSED EMBODIMENTS

The preferred forms of the invention described above are to be used as illustration

only, and should not be used in a limiting sense to interpret the scope of the present

invention. Modifications to the exemplary embodiments, set forth above, could be

readily made by those skilled in the art without departing from the spirit of the present

invention.

The inventors hereby state their intent to rely on the Doctrine of Equivalents to

determine and assess the reasonably fair scope of the present invention as pertains to any

apparatus not materially departing from but outside the literal scope of the invention as

set forth in the following claims.



CLAIMS

What is claimed is:

1. A process comprising:

(a) contacting an sulfur-containing gas stream with an initial sorbent in a sorption

zone to thereby produce an sulfur-depleted product stream and a sulfur-laden

sorbent, wherein said initial sorbent comprises Zn and a promoter metal; and

(b) contacting at least a portion of said sulfur-laden sorbent with a regeneration gas

stream in a regeneration zone under regeneration conditions to thereby produce a

regenerated sorbent and an off-gas stream,

wherein said contacting of step (b) includes introducing said regeneration gas into

said regeneration zone at an initial standard gas hourly space velocity (SGHSV) in the

range of from about 100 to about 100,000 h 1, wherein said contacting of step (b)

includes increasing the SGHSV of said regeneration gas to a final SGHSV that is at least

1,000 h 1 higher than said initial SGHSV.

2. The process of claim 1, wherein said contacting of step (b) further

comprises increasing the temperature of said regeneration zone by at least 75°C.

3. The process of claim 2, wherein said contacting of step (b) further

comprises alternating said increasing the temperature of said regeneration zone and said

increasing the SGHSV of said regeneration gas, wherein said alternating is carried out

until said off-gas stream comprises less than about 0.05 volume percent sulfur dioxide

(SO2) .

4. The process of claim 1, wherein said contacting of step (b) is carried out

at a temperature less than 650°C for a period of time less than 24 hours .

5. The process of claim 1, wherein said sulfur-laden sorbent has a sulfur

loading in the range of from about 1 to about 27 weight percent, wherein said

regenerated sorbent has a sulfur loading of less than 10 weight percent.



6. The process of claim 1, wherein said promoter metal is nickel.

7. The process of claim 1, wherein said initial sorbent comprises a

substitutional solid metal solution characterized by the formula M AZ , wherein M is

said promoter metal, wherein A and B are in the range of from about 0.01 to about 0.99.

8. The process of claim 1, further comprising, prior to step (b), drying at

least a portion of said sulfur-laden sorbent to thereby provide a dried sulfur-laden sorbent

and subjecting at least a portion of said dried sulfur-laden sorbent to said contacting of

step (b).

9. The process of claim 8, wherein said sulfur-containing gas stream

comprises in the range of from about 4 to about 40 volume percent water, wherein said

regenerated sorbent comprises in the range of from 0 to about 10 weight percent of

sorbent-damaging compounds created during said contacting of step (b).

10. The process of claim 9, wherein said sulfur-containing gas stream further

comprises in the range of from about 10 to about 75 volume percent carbon monoxide

(CO) and in the range of from about 8 to about 50 volume percent hydrogen (H2) .

11. The process of claim 1, wherein said sulfur-containing gas stream

comprises in the range of from about 0.001 to about 5 volume percent H2S, wherein said

sulfur-depleted product stream comprises less than 50 ppmv H2S.

12. The process of claim 1, further comprising introducing at least a portion

of said regenerated sorbent into said sorption zone, wherein said regenerated sorbent

introduced into said sorption zone comprises a substitutional solid metal oxide solution

characterized by the formula MχZnγO, wherein M is said promoter metal, wherein X and

Y are in the range of from about 0.01 to about 0.99.



13. A process comprising:

(a) introducing a raw gas stream into a sorption zone, wherein said raw gas stream

comprises in the range of from about 10 to about 75 volume percent carbon

monoxide (CO), in the range of from about 8 to about 50 volume percent

hydrogen (H2), in the range of from about 4 to about 40 volume percent water

(H2O), and in the range of from about 0.001 to about 5 volume percent hydrogen

sulfide (H2S);

(b) contacting at least a portion of said raw gas stream with an initial sorbent in said

sorption zone to thereby produce a product gas stream and a sulfur-laden sorbent,

wherein said initial sorbent comprises Zn and a promoter metal;

(c) drying at least a portion of said sulfur-laden sorbent to thereby produce a dried

sulfur-laden sorbent; and

(d) regenerating at least a portion of said dried sulfur-laden sorbent in a regeneration

zone under regeneration conditions to thereby produce a regenerated sorbent and

an off-gas stream,

wherein said regenerated sorbent comprises less than about 20 weight percent of

sorbent-damaging compounds formed during said regenerating of step (d).

14. The process of claim 13, wherein said sulfur-laden sorbent comprises in

the range of from about 10 to about 20 weight percent sorbed sulfur, wherein said

regenerating of step (d) removes at least 90 weight percent of said sorbed sulfur.

15. The process of claim 13, wherein said sorbent-damaging compounds

include zinc oxysulfate and/or zinc silicate.

16. The process of claim 13, wherein said regenerating of step (d) is carried

out with an initial temperature in the range of from about 250 to about 65O0C, wherein

said regenerating of step (d) further comprises increasing the temperature of said

regeneration zone by at least 75°C above said initial temperature during a time period of

less than about 24 hours.



17. The process of claim 13, wherein said regenerating of step (d) includes

introducing a regeneration gas having an initial standard hourly space velocity (SGHSV)

greater than 1,000 h 1 into said regeneration zone, wherein said regenerating of step (d)

includes increasing the SGHSV of said regeneration gas by at least about 1,000 h 1.

18. The process of claim 13, wherein said raw gas stream further comprises in

the range of from about 100 to about 5,000 parts per million by volume (ppmv) of

carbonyl sulfide (COS) and in the range of from about 50 to about 2,000 ppmv of

hydrochloric acid (HCl), wherein said product gas stream comprises less than 20 ppmv

of said HCl and/or said COS.

19. The process of claim 13, wherein said product gas comprises less than 50

ppmv ofH 2S.

20. The process of claim 13, wherein said initial sorbent comprises a

substitutional solid metal solution characterized by the formula M AZ , wherein M is

said promoter metal, wherein A and B are in the range of from about 0.01 to about 0.99,

wherein said promoter metal is nickel.

21. The process of claim 13, further comprising introducing at least a portion

of said regenerated sorbent into said sorption zone, wherein said regenerated sorbent

introduced into said sorption zone comprises a substitutional solid metal oxide solution

characterized by the formula MχZnγO, wherein M is said promoter metal, wherein X and

Y are in the range of from about 0.01 to about 0.99.



22. A process comprising:

(a) gasifying a carbon-containing material in a gasification zone to thereby produce a

raw gas stream, wherein said raw gas stream comprises in the range of from

about 10 to about 75 volume percent carbon monoxide (CO), in the range of from

about 8 to about 50 volume percent hydrogen (H ), in the range of from about 4

to about 40 volume percent water (H2O), in the range of from about 0.001 to

about 5 volume percent sulfur-containing compounds, and in the range of from

about 50 to about 2,000 parts per million by volume (ppmv) of hydrochloric acid

(HCl);

(b) introducing at least a portion of said raw gas stream into a sorption zone, wherein

said sorption zone contains an initial sorbent, wherein said initial sorbent

comprises Zn, expanded perlite, and a promoter metal, wherein at least a portion

of said initial sorbent comprises a substitutional solid solution characterized by

the formula MzZn ( z)Al2O4 and a substitutional solid metal solution

characterized by the formula MUZnB, wherein M is a promoter metal component

and A, B, and Z are in the range of from about 0.01 to about 0.99;

(c) sorbing at least a portion of said sulfur-containing compounds from said raw gas

stream in said sorption zone with said initial sorbent to thereby produce a sulfur-

laden sorbent and a product gas stream, wherein said sorbing is carried out at a

temperature in the range of from about 225 to about 550°C and a pressure in the

range of from about 250 to about 575 psig, wherein said sulfur-laden sorbent has

a sulfur loading in the range of from about 1 to about 27 weight percent, wherein

said product gas stream comprises less than 50 ppmv of sulfur-containing

materials and less than 20 ppmv of HCl;

(d) drying at least a portion of said sulfur-laden sorbent in a drying zone to thereby

produce a dried sulfur-laden sorbent;

(e) regenerating at least a portion of said dried sulfur-laden sorbent in a regeneration

zone via contact with a regeneration gas under regeneration conditions to thereby

produce a regenerated sorbent and a SO2-containing off-gas, wherein said

regeneration gas has an initial standard gas hourly space velocity (SGHSV) in the

range of from about 1,000 to about 80,000 h 1, wherein said regenerating is



carried out with an initial temperature in the range of from about 300 to about

600°C;

(f) returning at least a portion of said regenerated sorbent to said sorption zone,

wherein said regenerated sorbent returned to said sorption zone comprises a

substitutional solid metal oxide solution characterized by the formula MχZnγO,

wherein M is a promoter metal component and X and Y are in the range of from

about 0.01 to about 0.99, wherein said regenerated sorbent has a sulfur loading of

less than 6 weight percent, wherein said regenerated sorbent comprises less than

20 weight percent of sorbent-damaging compounds created during said

regenerating of step (e); and

(g) routing at least a portion of said SO2-containing off-gas stream to a Claus unit.

23. The process of claim 22, wherein said regenerating of step (e) further

comprises alternating between the sub-steps of:

(el) increasing the temperature of said regeneration zone by a first incremental

amount, wherein the magnitude of said first incremental amount is in the range of

from 10 to 30 percent of said initial temperature; and

(e2) increasing the SGHSV of said regeneration gas by a second incremental amount,

wherein the magnitude of said second incremental amount is in the range of from

10 to 30 percent of said initial SGHSV,

wherein steps (el) and (e2) are carried out over a time period of less than 12.5

hours,

wherein said alternating between steps (el) and (e2) is carried out until said off-

gas stream comprises less than about 500 ppmv of sulfur dioxide.

24. The process of claim 22, wherein said promoter metal is nickel.

25. The process of claim 22, wherein the temperature of said sorption zone is

within at least 200°C of the temperature of said raw gas stream exiting said gasification

zone.
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