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CARBON ADSORBENT FOR HYDROGEN SULFIDE REMOVAL FROM
GASES CONTAINING SAME, AND REGENERATION OF ADSORBENT

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The benefit of priority under 35 USC 119(e) of U.S. Provisional Patent Application
No. 61/652,348 filed May 29, 2012 in the names of Shaun M. Wilson, et al. for “CARBON
ADSORBENT FOR HYDROGEN SULFIDE REMOVAL FROM GASES CONTAINING
SAME, AND REGENERATION OF ADSORBENT” is hereby claimed. The disclosure of
U.S. Provisional Patent Application No. 61/652,348 is hereby incorporated herein by reference,

in its entirety, for all purposes

FIELD

[0002] The present disclosure relates to adsorptive removal of hydrogen sulfide from gas
mixtures including same, e.g., natural gas, biogas from a digester, or syngas from a coal

gasification process containing hydrogen sulfide as an undesired contaminant thereof.

DESCRIPTION OF THE RELATED ART

[0003] Hydrogen sulfide (H,S) is a toxic and flammable gas that is present in varying
concentrations in both crude oil and natural gas.

[0004] While the odor threshold for H,S is quite low (500 ppt), the human olfactory
system actually loses sensitivity to it with extended exposure above approximately 100 ppm,
and H,S can be lethal at concentrations above 500 ppm. In addition to the environmental, health
and safety issues associated with H,S, its presence can poison certain reactions and processes,
and its release can also cause plant shut-downs based on levels detected by personnel
monitoring devices.

[0005] As such, petroleum refineries must take precautions to protect both personnel and

the environment from the potentially harmful effects of hydrogen sulfide.
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[0006] One operation in a refinery that is prone to cause releases of H,S is the cleaning or
vacuuming of “slop oil” storage tanks, which contain a myriad of different hydrocarbons,
water, and H,S. During this cleaning operation, the exhaust from vacuum pumper trucks is
typically released to the atmosphere.

[0007] In natural gas, the presence of hydrogen sulfide is detrimental from a number of
perspectives. In addition to its toxicity, hydrogen sulfide is corrosive in natural gas pipelines. It
typically is desirable to reduce concentrations of hydrogen sulfide in natural gas to below 25
ppm before the gas is introduced to pipelines. Since hydrogen sulfide occurs naturally in most
gas reservoirs, this presents a significant challenge.

[0008] In addition to the foregoing applications in which hydrogen sulfide is desirably
removed from gas mixtures containing same, hydrogen sulfide may be a significant component
of synthetic gases generated in the gasification of coals in IGCC plants. In such power
generation operations, hydrogen sulfide and other acid gases are desirably captured and
removed prior to the gas turbines, to protect the turbines and to meet regulatory constraints and

practical considerations of sulfur recovery.

SUMMARY

[0009] The present disclosure relates to adsorbent materials and adsorption processes,
including, without limitation, adsorptive removal of hydrogen sulfide from gas mixtures
containing same, e.g., natural gas, biogas from a digester, or syngas from a coal gasification
process containing hydrogen sulfide as an undesired contaminant thereof.

[0010] The disclosure relates in one aspect to a durable and robust carbon adsorbent
having reversible sorptive affinity for hydrogen sulfide, and comprising the following
characteristics:

(a) a bulk density, as measured by ASTM D2854, in a range of from 0.55 g/cc adsorbent to
1.25 g/cc adsorbent, preferably in a range of from 0.60 g/cc to 1.15 g/cc, and most preferably in
a range of from 0.65 g/cc to 1.00 g/cc;

(b) an H,S capacity in a range of from 140 cc H,S/g adsorbent to 250 cc H,S/g adsorbent, at
normal conditions (1atm, 293.15°K);

(c) an H,S capacity in a range of from 1.0cc H,S/g to 15 cc H,S/g adsorbent, preferably in a
range of from 1.0cc H,S/g to 10 cc H,S/g adsorbent, and most preferably in a range of from
1.0cc H,S/g to 5 cc H,S/g adsorbent, at partial pressure of 0.76 torr (101.3 Pa) (1000ppm) of
H,S at 293.15°K; and
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(d) a single pellet radial crush strength, as measured by ASTM D4179, for a nominal 3mm
pellet, in a range of from 7 kilopond (kP) to 40 kilopond (kP), preferably in a range of from 9
kP to 35 kP, and most preferably in a range of from 11 kP to 30 kP.

[0011] In another aspect, the disclosure relates to an apparatus for removing hydrogen
sulfide from a hydrogen sulfide-containing gas, such apparatus comprising a vessel containing
a carbon adsorbent of the present disclosure, wherein the vessel is adapted for contacting of the
gas with the carbon adsorbent to effect adsorption of hydrogen sulfide by the adsorbent, to
yield a hydrogen sulfide-reduced gas.

[0012] The disclosure relates in another aspect to a method of making a carbon adsorbent
of the present disclosure, such method comprising pyrolyzing a pyrolyzable starting material
for sufficient time under sufficient pyrolysis conditions to yield said carbon adsorbent, wherein
the pyrolyzable starting material comprises a resin selected from the group consisting of
polyethylene, polyolefins, phenolic resins, acrylic resins, polyurethane resins, fluoropolymer
resins, polyvinyl chloride, polyvinylidene chloride, polyvinylidene fluoride,
polytetrafluoroethylene, and copolymers of monomers of the foregoing resins.

[0013] A still further aspect the disclosure relates to a method of removing hydrogen
sulfide from a gas mixture including same, such method comprising contacting said gas
mixture with a carbon adsorbent of the present disclosure, to adsorb hydrogen sulfide from the
gas mixture on the adsorbent and yield a hydrogen sulfide-reduced gas.

[0014] In another aspect, the disclosure relates to a process for capture of hydrogen sulfide
present in a gas associated with a flowable hydrocarbonaceous material, such process
comprising:

separating the hydrogen sulfide-containing gas from the hydrocarbonaceous material; and
contacting the hydrogen sulfide-containing gas with a carbon adsorbent of the present
disclosure so that the carbon adsorbent adsorbs the hydrogen sulfide from the hydrogen sulfide-
containing gas to yield a hydrogen sulfide-reduced gas.

[0015] Other aspects, features and embodiments of the disclosure will be more fully

apparent from the ensuing description and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a schematic representation of a process system for removing hydrogen
sulfide from natural gas containing carbon dioxide, according to one embodiment of the present
disclosure.

[0017] FIG. 2 is a schematic representation of a process system for capturing hydrogen
sulfide from a vacuum pump effluent in the disposition of miscellaneous oily sludge coking

(MOSC) waste from a petroleum refining operation.
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[0018] FIG. 3 is an adsorption isotherm plot of capacity of a PVDC carbon adsorbent for
hydrogen sulfide, in cc H,S/gram adsorbent, as a function of pressure, in torr.

[0019] FIG. 4 is an adsorption isotherm plot of capacity of a PVDC carbon adsorbent for
hydrogen sulfide, in cc H,S/gram adsorbent, as a function of pressure, in torr, for low pressure

conditions (0-10 torr).

DETAILED DESCRIPTION

[0020] The present invention relates to adsorbents and adsorption apparatus and processes
for sorptively removing hydrogen sulfide from gas mixtures containing same.

[0021] The present disclosure reflects the discovery of adsorbents that are usefully
employed to separate hydrogen sulfide from gas mixtures containing hydrogen sulfide, e.g.,
hydrogen sulfide/methane gas mixtures, hydrogen sulfide-containing effluent gases from IGCC
power plants producing syngas via gasification of sulfur-containing coal, etc.

[0022] The present disclosure in one aspect relates to a carbon adsorbent having sorptive
affinity for hydrogen sulfide, and comprising the following characteristics:

(a) a bulk density, as measured by ASTM D2854, in a range of from 0.55 g/cc adsorbent to
1.25 g/cc adsorbent, preferably in a range of from 0.60 g/cc to 1.15 g/cc, and most preferably in
a range of from 0.65 g/cc to 1.00 g/cc;

(b) an H,S capacity in a range of from 140 cc H,S/g adsorbent to 250 cc H,S/g adsorbent, at
normal conditions (1atm, 293.15°K);

(c) an H,S capacity in a range of from 1.0cc H,S/g to 15 cc H,S/g adsorbent, preferably in a
range of from 1.0cc H,S/g to 10 cc H,S/g adsorbent, and most preferably in a range of from
1.0cc H,S/g to 5 cc H,S/g adsorbent, at partial pressure of 0.76 torr (101.3 Pa) (1000ppm) of
H,S at 293.15°K; and

(d) a single pellet radial crush strength, as measured by ASTM D4179, for a nominal 3mm
pellet, in a range of from 7 kilopond (kP) to 40 kilopond (kP), preferably in a range of from 9
kP to 35 kP, and most preferably in a range of from 11 kP to 30 kP.

[0023] In some embodiments, the carbon adsorbent is additionally characterized by (e)
total ash content, as measured by ASTM D2866, of less than 1%, preferably <0.7%, and most
preferably <0.5%.

[0024] In various embodiments, the carbon adsorbent of the disclosure includes adsorbents
that have sorptive affinity for hydrogen sulfide and exhibit the characterizable qualities,
parameters and criteria variously disclosed herein. It will be appreciated that the adsorbents of
the present disclosure include adsorbents having various combinations of such qualities,

parameters and criteria, and that any of such individual characteristics, or specific one(s)
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thereof, may be aggregated in any suitable manner to particularize carbon pyrolyzate
adsorbents useful for adsorption of hydrogen sulfide thereon. The carbon adsorbent of the
present disclosure may suitably comprise a carbon pyrolyzate material, as a carbon pyrolyzate
adsorbent.

[0025] The durable carbon adsorbent of the present disclosure, having reversible sorptive
affinity for hydrogen sulfide, may in specific embodiments have a bulk density in a range of
from 0.55 to 1.25 g/cc adsorbent. The bulk density of the adsorbent in various other
embodiments can be in a range of: from 0.6 to 1.15 g/cc adsorbent; from 0.65 to 1.0 glcc
adsorbent; from 0.6 to 0.9 g/cc adsorbent; from 0.6 to 0.75 g/cc adsorbent; from 0.65 to 0.73
g/cc adsorbent; from 0.6 to 1.3g/cc of adsorbent; from 0.65 to 1.25 g/cc of adsorbent; or from
0.7 to 1.15 g/cc of adsorbent. It will be recognized that the bulk density of suitable materials of
the disclosure can be widely varied in practice, to provide carbon adsorbents of suitable
character for hydrogen sulfide adsorption applications.

[0026] The carbon adsorbent of the present disclosure is robust and durable in character,
meaning that it is capable of undergoing repeated reversible sorption (adsorption/desorption)
cycles over long periods of time, without loss of sorptive capacity, or deterioration of
performance.

[0027] Preferred adsorbents of the present disclosure have an H,S capacity that is in a
range of from 150cc/g adsorbent to 250cc/g adsorbent at normal conditions (1atm, 293.15°K),
and it a range of from 1.4cc/g adsorbent to 15 cc/g adsorbent, at a partial pressure of 0.76 torr
(101.3 Pa) (1000ppm) of H,S at 293.15°K.

[0028] Adsorbents of the present disclosure in various embodiments have a single pellet
radial crush strength that is in a range of from 7 kilopond (kP) to 40 kilopond (kP) as measured
by the procedure of American Society of Testing Materials (ASTM) method D4179. In other
embodiments, the adsorbent may have a single pellet radial crush strength in a range of from 9
kilopond (kP) to 35 kilopond (kP) as measured by the procedure of American Society of
Testing Materials (ASTM) method D4179. In still other embodiments, the adsorbent may have
a single pellet radial crush strength in a range of from 11 kilopond (kP) to 30 kilopond (kP) as
measured by the procedure of American Society of Testing Materials (ASTM) method D4179.
[0029] In and illustrative specific embodiment, the carbon adsorbent of the disclosure is of
tablet form wherein individual tablet articles have a diameter of 3.20 mm and a thickness of
2.18 mm, with a bulk density of from 0.65 to 0.73 g/cc adsorbent. Such adsorbent has an H,S
capacity that is greater than 150cc/g adsorbent at normal conditions (latm, 293.15°K) and
greater than 1.4cc/g adsorbent at a partial pressure of 0.76 torr (101.3 Pa) (1000ppm) of H,S at

293.15°K. This carbon pyrolyzate adsorbent is stable at temperature up to 180°C and has a
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single pellet radial crush strength of greater than 11 kilopond (kP) as measured by the
procedure of American Society of Testing Materials (ASTM) method D4179.

[0030] The carbon adsorbent of the disclosure in various embodiments can be of any
suitable form, e.g., a monolith, tablet, pellet, extrudate, or powder form. The adsorbent is
usefully employed in various embodiments in particulate form. In one embodiment, the
adsorbent is in a tablet form, e.g., with an average piece diameter (major length dimension) that
is in a range of from 1.0 to Smm. In another embodiment, the carbon adsorbent is in a
particulate form comprising particles of particle size in a range of from 0.8 to 3.0 mm. In other
embodiments, the carbon adsorbent can be in a monolithic form, such as of brick, block, bar,
disc, columnar, or other conformation appropriate to the end use of the adsorbent.

[0031] The carbon adsorbent in various embodiments advantageously comprises fines at
concentration of less than 1% by weight, based on weight of the adsorbent.

[0032] Carbon pyrolyzate adsorbents of the disclosure in various embodiments are
regenerable using vacuum and/or heat to desorb previously adsorbed H,S. These adsorbents
exhibit rapid kinetics for adsorption and desorption of H,S.

[0033] The carbon adsorbent in various embodiments is stable at temperature of 150°C
and higher, e.g., at temperature in a range of from 150°C to 180°C. The adsorbent in various
embodiments exhibits a physical robustness, e.g., a single pellet radial crush strength of greater
than 9 kilopond (kP) as measured by the procedure of American Society of Testing Materials
(ASTM) method D4179.

[0034] The adsorbent of the disclosure may include porosity of any suitable pore size and
pore size distribution characteristics that impart requisite hydrogen sulfide adsorptive capacity
to the adsorbent. In various embodiments, the carbon adsorbent comprises porosity including
pores the majority of which are less than 2 nm in diameter. For example, the carbon adsorbent
can include porosity in which at least 40% of the pores of the porosity have pore size in a range
of from 0.2 nm to 1.5 nm.

[0035] The carbon adsorbent of the present disclosure is advantageously formed as a
pyrolysis product of a pyrolyzable starting material. The pyrolyzable starting material can be
of any suitable type that by undergoing pyrolysis for sufficient time and at sufficient
temperature conditions yields a pyrolysis product with porosity that is effective for adsorption
of hydrogen sulfide. The starting material can be any of various pyrolyzable resins, e.g., resins
such as polyethylene or other polyolefins, phenolic resins, acrylic resins, polyurethane resins,
chloro- or fluoropolymer resins such as polyvinyl chloride, polyvinylidene chloride,
polyvinylidene fluoride, polytetrafluoroethylene, etc., as well as copolymers of monomers of
the foregoing polymers. In various embodiments, the starting material comprises

polyvinylidene chloride (PVDC) or polyvinylidene fluoride (PVDF). In other embodiments,
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the starting material comprises copolymer blends of PVDC or PVDF with other polymers for
mmproved processing and handling benefits that are well known in the industry.

[0036] The pyrolyzable starting material is subjected to pyrolysis to carbonize the starting
material and form the carbon pyrolyzate adsorbent, at suitable process conditions and for
sufficient time to achieve the desired properties herein disclosed, including selectivity for
carbon dioxide over methane when both are present in the gas mixture contacted with the
adsorbent. The process conditions, including temperature, pressure, duration, etc. are readily
determined within the skill in the art based on the disclosure herein, to achieve the specific
carbon pyrolyzate adsorbent of the present disclosure. Such determination may involve
preparation of pyrolyzates of the starting material as processed at successively varying
conditions to establish a set of process conditions that yields the desired adsorbent material.
[0037] Another aspect of the disclosure relates to an apparatus for removing hydrogen
sulfide from a hydrogen sulfide-containing gas, in which the apparatus comprises a vessel
containing the carbon adsorbent of the present disclosure, wherein the vessel is adapted for
contacting of the gas with the carbon adsorbent to effect adsorption of hydrogen sulfide by the
adsorbent, to yield a hydrogen sulfide-reduced gas. The vessel may be arranged for flow of the
hydrogen sulfide-containing gas therethrough. The vessel may for example comprise a canister
through which the hydrogen sulfide-containing gas can be flowed.

[0038] In a further aspect, the disclosure relates to an apparatus for removing hydrogen
sulfide from a gas mixture including same, in which such apparatus comprises at least one
adsorbent bed of carbon pyrolyzate adsorbent of the disclosure that is selective for hydrogen
sulfide in contact with the gas mixture, and the at least one adsorbent bed is arranged (i) for
contacting with the gas mixture during a first period of time to adsorb hydrogen sulfide on the
carbon adsorbent in the bed, and discharge from the bed a hydrogen sulfide-reduced methane
gas, and (i1) for desorbing previously adsorbed hydrogen sulfide from the carbon adsorbent in
the bed during a second period of time.

[0039] In such apparatus, each of the at least one adsorbent bed(s) may be disposed in an
adsorber vessel through which the gas mixture is arranged flow during the first period of time,
and which is arranged for desorption of hydrogen sulfide from the carbon adsorbent in the bed
during the second period of time. The vessels may be manifold together with inlet and outlet
manifolds each of which is valved and arranged for corresponding operation in which one of
the vessels is on-stream while the other is off-stream, being regenerated or in standby condition
awaiting renewal of the on-stream operation, so that each of the multiple vessels progresses
through a cycle in an alternating, repeating manner.

[0040] For example, the adsorption system apparatus may comprise at least two adsorber

vessels, arranged for cyclic alternating and repetitive operation in which at least one of the
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adsorber vessels is/are adsorbing hydrogen sulfide from the gas mixture on the carbon
adsorbent bed therein, while at least one other of said adsorber vessels is/are desorbing
previously adsorbed hydrogen sulfide from the carbon adsorbent bed therein, or is in standby
operation awaiting resumption of adsorbing operation.

[0041] The multiple vessels may be configured and arranged for any suitable cyclic
operation. For example, they may be configured and arranged for pressure or vacuum swing
operation, temperature swing operation, or combined temperature/pressure swing operation.
The carbon adsorbent in the respective beds in the adsorption system apparatus can be of any
suitable character as described above for the adsorbent of the present disclosure.

[0042] In one embodiment, wherein the adsorbent vessels are adapted for cyclic repeating
operation in which each of at least two adsorbent vessels is conducted through a cycle of on-
stream operation and off-stream operation in the cyclic repeating operation, and each of the
adsorbent vessels is constructed and arranged for regeneration in the off-stream operation, the
regeneration operation can include at least one of the operations of:

vacuum desorption of the carbon adsorbent;

pressure swing desorption of the carbon adsorbent;

direct or indirect heating of the carbon adsorbent;

thermal swing desorption of the carbon adsorbent; and

contacting of the carbon adsorbent with a non-sorbable gas, producing a concentration gradient
effecting desorption of previously adsorbed hydrogen sulfide from the carbon adsorbent.

[0043] The apparatus for hydrogen sulfide adsorption in a specific embodiment applicable
to petroleum refining operations generating flowable hydrocarbonaceous material and
associated hydrogen sulfide-containing gas, comprises: a material collection tank for receiving
the flowable hydrocarbonaceous material having hydrogen sulfide-containing gas associated
therewith; first flow circuitry for interconnecting a source of the flowable hydrocarbonaceous
material having hydrogen sulfide-containing gas associated therewith with the material
collection tank; second flow circuitry arranged to flow hydrogen sulfide-containing gas from
the material collection tank to the vessel containing the carbon adsorbent; and a motive fluid
driver arranged to effect flow through the first flow circuitry of the flowable
hydrocarbonaceous material having hydrogen sulfide-containing gas associated therewith from
the source to the material collection tank, and to effect flow of the hydrogen sulfide-containing
gas through the second flow circuitry from the material collection tank to the vessel containing
the carbon adsorbent to adsorb hydrogen sulfide from the hydrogen sulfide-containing gas on
the carbon adsorbent to produce hydrogen sulfide-reduced gas for discharge from the vessel.
[0044] The motive fluid driver in the apparatus may be of any suitable type, and can for

example comprise a device selected from among pumps, compressors, fans, blowers, ejectors,
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eductors, and venturis. In various embodiments, the motive fluid driver can be a vacuum
pump.

[0045] In the above-described apparatus, the material collection tank may be mounted on a
motive vehicle, e.g., a truck. The apparatus may be constructed and arranged, with the first
flow circuitry, second flow circuitry, and vessel being carried on the motive vehicle. The
vessel may be arranged in such apparatus to discharge the hydrogen sulfide-reduced gas to an
ambient environment of the vessel, e.g., the atmosphere, in instances in which substantially
complete removal of hydrogen sulfide has been effected, to produce a substantially hydrogen
sulfide-free effluent.

[0046] A further aspect the disclosure relates to a method of making a carbon adsorbent of
the present disclosure, such method comprising pyrolyzing a pyrolyzable starting material for
sufficient time under sufficient pyrolysis conditions to yield the carbon adsorbent. The
pyrolyzable starting material can be of any suitable type, and for example can comprise a resin
selected from the group consisting of polyethylene, polyolefins, phenolic resins, acrylic resins,
polyurethane resins, chloropolymer resins, fluoropolymer resins, polyvinyl chloride,
polyvinylidene chloride, polyvinylidene fluoride, polytetrafluoroethylene, and copolymers of
monomers of the foregoing resins.

[0047] In one embodiment, the starting material comprises PVDF, in another PVDC, and
in yet another a copolymer blend of PVDF or PVDC with another polymer which is added to
aid in processing and handling.

[0048] Another aspect of the disclosure relates to a method of removing hydrogen sulfide
from a gas mixture including same, in which such method comprises contacting the gas mixture
with a carbon pyrolyzate adsorbent of the present disclosure, to adsorb hydrogen sulfide from
the gas mixture on the adsorbent and yield a hydrogen sulfide-reduced gas.

[0049] In such method, the gas mixture may for example comprise gas associated with
flowable hydrocarbonaceous material, e.g., deriving from a petroleum refining process. In
another application, the gas mixture may comprise effluent gas from a biomass digester. In yet
another embodiment the gas mixture could be a syngas product generated by the gasification of
coal in an Integrated Gasification Combined Cycle (IGCC) process in a power generation plant.
The gas mixture in still another implementation may comprise a natural gas mixture containing
hydrogen sulfide.

[0050] In the above-described method, the carbon pyrolyzate adsorbent subsequent to
adsorption of hydrogen sulfide thereon, can be regenerated by appropriate regeneration process
to renew the adsorbent for resumed contacting of the gas mixture therewith. Such regeneration
process can comprise one or more of the operations selected from the group consisting of:

vacuum desorption of the carbon adsorbent;
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pressure swing desorption of the carbon adsorbent;
direct or indirect heating of the carbon adsorbent;
thermal swing desorption of the carbon adsorbent; and
contacting of the carbon adsorbent with a non-sorbable gas, producing a concentration gradient
effecting desorption of previously adsorbed hydrogen sulfide from the carbon adsorbent.
[0051] The method of removing hydrogen sulfide from gas mixtures containing same can
be carried out in an implementation in which the carbon adsorbent is contained in a vessel
arranged for flow of the gas mixture therethrough to effect the contacting. The vessel can for
example comprise a canister through which the gas mixture is flowable.
[0052] The foregoing method can be carried out in an arrangement in which the carbon
adsorbent is contained in at least two adsorbent vessels each containing an adsorbent bed of the
carbon adsorbent, wherein the at least two adsorbent vessels are manifolded together with inlet
and outlet manifolds each of which is valved and arranged for operation in which at least one of
the adsorber vessels is/are on-stream, while at least one other is/are off-stream and undergoing
regeneration or in standby condition, awaiting renewal of on-stream operation, with the
adsorbent vessels being adapted for cyclic repeating operation wherein each of the at least two
adsorbent vessels is conducted through a cycle of on-stream operation and off-stream operation
in the cyclic repeating operation. The cyclic repeating operation can for example include
pressure Or vacuum swing operation, temperature swing operation, or combined
temperature/pressure swing operation.
[0053] The disclosure in another aspect relates to a process for capture of hydrogen sulfide
present in a gas associated with a flowable hydrocarbonaceous material, such process
comprising:
separating the hydrogen sulfide-containing gas from the hydrocarbonaceous material; and
contacting the hydrogen sulfide-containing gas with a carbon adsorbent of the present
disclosure so that the carbon adsorbent adsorbs the hydrogen sulfide from the hydrogen sulfide-
containing gas to yield hydrogen sulfide-reduced gas.
[0054] Such hydrogen sulfide capture process can further comprise regenerating the
carbon pyrolyzate adsorbent subsequent to adsorption of hydrogen sulfide thereon, to renew the
adsorbent for resumed contacting, wherein the regenerating comprises at least one regeneration
method selected from the group consisting of:

(1) vacuum or reduced pressure desorption of hydrogen sulfide from the carbon

adsorbent;
(2) heating the carbon adsorbent with a heat transfer medium that is flowed through a
heating jacket in thermal contact with the adsorbent to desorb hydrogen sulfide

therefrom;
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(3) direct heating of the adsorbent by contacting the carbon adsorbent with heated gas
or vapor, to desorb hydrogen sulfide therefrom;
(4) electrically resistively heating the carbon adsorbent in a direct or indirect manner,
to desorb hydrogen sulfide therefrom; and
(5) flowing a non-sorbable gas in contact with the carbon adsorbent to generate a
concentration gradient effecting desorption of hydrogen sulfide from the adsorbent.
[0055] The regenerating can for example comprise heating of the adsorbent by contacting
the carbon adsorbent with heated gas, to desorb hydrogen sulfide therefrom, such as where the
heating gas comprises waste heat exhaust from a vehicle.
[0056] Such arrangement for regeneration of the adsorbent using vehicle waste heat
exhaust is usefully employed for cleaning or vacuuming of “slop 0il” storage tanks, which as
discussed in the Background section hereof can contain a myriad of different hydrocarbons,
water, and H,S. Such storage tanks are typically serviced by vacuum pumper trucks that
vacuum pump the hydrocarbonaceous material and associated hydrogen sulfide-containing gas
from the petroleum refineries storage tanks, and that heretofore have discharged the extracted
hydrogen sulfide-containing gas to the atmosphere. The present disclosure contemplates the
further treatment of such extracted hydrogen sulfide-containing gas by sorptive processing of
the gas using the carbon adsorbent of the present disclosure, to remove the hydrogen sulfide
from the gas before it is vented to the environment.
[0057] In accordance with the present disclosure, the vacuum pumper truck may have
integrated therewith a bed of the carbon adsorbent of the present disclosure, e.g., in a vessel
containing same through which the hydrogen sulfide-containing gas is flowed for contacting
with the carbon adsorbent, or in which a canister containing such adsorbent is disposed in a
vessel of such type, so that the carbon pyrolyzate adsorbent, once it has become loaded to a
predetermined extent with hydrogen sulfide, can simply be changed out, and a fresh canister
installed to accommodate further processing of the hydrogen sulfide-containing gas extracted in
the vacuum pumping operation. The canister can for example be a porous container through
which the hydrogen sulfide-containing gas can be flowed to contact the adsorbent. In one
embodiment, the canister is a wire mesh basket accommodating such gas flow. In another
embodiment, the canister comprises a cylindrical can with fluid inlet and outlet ports at its
respective ends, to accommodate flow of hydrogen sulfide-containing gas therethrough.
[0058] While primarily described herein as applicable to the adsorption and capture of
hydrogen sulfide, carbon adsorbents of the disclosure can be employed for other adsorption
applications, such as gas separations, capture, or abatement applications in a variety of different
industrial processes, including, but not limited to, CO, capture, CO, separation from CHy, C,Hs

separation from CH,, PH; capture, biogas upgrading, and syngas purification.
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[0059] Referring now to the drawings, FIG. 1 is a schematic representation of a process
system 10 for adsorptive removal of hydrogen sulfide from natural gas containing same,
utilizing the carbon adsorbent of the present disclosure.

[0060] As illustrated, natural gas containing hydrogen sulfide, e.g., at 50 psi pressure, is
introduced to the system in a feed line 12 and flows to the surge vessel 14 ("Natural Gas
Receiver"), which provides a buffering vessel to accommodate variations in volumetric flow
rate of the influent natural gas. From the surge vessel 14, the influent natural gas flows in line
16 to the feed manifold 24 of the hydrogen sulfide removal system 18. The hydrogen sulfide
removal system 18 comprises adsorbent beds in adsorber vessels 20 and 22. The adsorber
vessels are manifolded to one another, at their inlet ends, by feed manifold 24 containing flow
control valves 26 and 28, feed/discharge lines 30 and 32, and hydrogen sulfide extraction
manifold 34 containing flow control valves 36 and 38, and at their outlet ends, by a discharge
manifold 50 containing flow control valves 52 and 54, flow equalization manifold 44
containing flow control valves 46 and 48, and feed/discharge lines 40 and 42.

[0061] Joined to the hydrogen sulfide extraction manifold 34 is a hydrogen sulfide
discharge line 66 coupled to vacuum pump (or other motive fluid driver) 68, which in tumn
discharges the hydrogen sulfide in discharge line 70 to the hydrogen sulfide storage vessel 72.
The hydrogen sulfide storage vessel 72 has a hydrogen sulfide effluent line 74.

[0062] The process system 10 also includes a methane discharge line 56 joined to
discharge manifold 50 for flowing the hydrogen sulfide-reduced natural gas (methane gas) to
the "Methane" Receiver 58, which serves as a surge tank for the hydrogen sulfide-reduced
natural gas received from the hydrogen sulfide removal system 18. The "Methane” Receiver
tank 58 is arranged to discharge hydrogen sulfide-reduced natural gas in line 60.

[0063] The product hydrogen sulfide-reduced natural gas may be flowed to a downstream
use or other disposition facility, such as a chemical synthesis facility, natural gas pipeline or
transport facility, or other natural gas-utilizing process facility, or may be recycled for further
upgrading.

[0064] In the hydrogen sulfide removal system 18, the on-stream one of the adsorber
vessels 20 and 22 receives the influent natural gas, and produces hydrogen sulfide-reduced
natural gas that flows to the surge vessel 58, from which it is discharged from the system.
[0065] It will be recognized that the various valves in the inlet and outlet manifolds of the
hydrogen sulfide removal system 18 will be modulated as to their open/closed positions, to
effectuate the continuous operation and cyclic alternating adsorption and desorption steps in the
respective adsorber vessels. This modulation can be done at a pre-determined frequency, or
optionally an in-stream sensor can be employed to determine hydrogen sulfide breakthrough of

the on-stream adsorbent bed(s) and trigger the cyclic alternating to the unsaturated or
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regenerated bed(s). This smart sensing and feedback system may have tactical or performance
advantages in processes where the hydrogen sulfide concentration level is not known in
advance or is variable.

[0066] FIG. 2 is a schematic representation of a process system for capturing hydrogen
sulfide from a vacuum pump effluent in the disposition of miscellaneous oily sludge coking
(MOSC) waste from a petroleum refining operation.

[0067] The MOSC tank 82 of the petroleum refining operation is illustrated as being
emptied by a vacuum tank truck 88 including a vacuum tank 86 that is coupled by a liquid line
84 to the MOSC tank. The truck 88 includes a vapor line 90 interconnecting the vacuum tank
86 with a vacuum relief valve 92 and, via feed line 94, vacuum truck pump 96. Although
shown separately for ease of illustration, it will be recognized that the vapor line 90, vacuum
relief valve 92, feed line 94, and vacuum truck pump 96 can in practice be integrated on the
truck 88.

[0068] The vacuum truck pump 96 is connected to a discharge line 98 for flowing
extracted gas to a hydrogen sulfide capture vessel 100. The hydrogen sulfide capture vessel 100
contains a bed 102 of carbon pyrolyzate adsorbent in accordance with the present disclosure.
The hydrogen sulfide-containing gas thus is extracted from the headspace in the vacuum tank
86 of truck 88 and flowed under the action of pump 96 through vapor line 90, feed line 94, and
discharge line 98 to the hydrogen sulfide capture vessel 100.

[0069] The hydrogen sulfide-containing gas introduced to the hydrogen sulfide capture
vessel 100 flows upwardly through carbon adsorbent bed 102, which functions to adsorb
hydrogen sulfide from the gas, to yield a hydrogen sulfide-depleted gas that is discharged from
the vessel 100 in discharge line 104 to the atmosphere.

[0070] The hydrogen sulfide capture vessel 100, although shown as being separate from
the vacuum truck 88, in the schematic drawing of FIG. 2, may be likewise integrated on the
truck, and may for example comprise an arrangement in which the bed 102 is constituted in a
flow-through removable canister that may be introduced to the vessel 102, and changed out
when the carbon adsorbent in the bed becomes finally loaded with hydrogen sulfide.

[0071] Alternatively, the carbon adsorbent in the vessel 102 may be present in a fixed bed
102 that is contacted with hydrogen sulfide-containing gas flowed therethrough until it is
finally loaded with hydrogen sulfide to a predetermined extent, following which the adsorbent
may be regenerated to renew it for reuse, involving contacting of hydrogen sulfide-containing
gas therewith.

[0072] In the FIG. 2 system, the vacuum pump 96 is used to draw vacuum on the truck
tank 86 to create a pressure differential between the truck tank and the MOSC tank 82. This

pressure differential then causes liquid flow into the truck tank from the MOSC tank. The
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vacuum relief valve 92 is employed to prevent excessive vacuum level and potential implosion
of the truck tank by bleeding air into the pumping system so as to maintain a set vacuum level,
e.g., a vacuum pressure of approximately 50 kPa.

[0073] The carbon adsorbent in the bed 102 is effective to capture the hydrogen sulfide in
the gas drawn from the vapor headspace of the vacuum truck tank 86, as well as volatile
organic compounds (VOCs) therein. In one specific embodiment, the hydrogen sulfide capture
vessel 100 is constructed of 10 inch (0.254 m) diameter pipe having a height of 5 feet (1.524
m), and is provided with a flanged top end cap to allow for charging of the adsorbent. Such
vessel may have three-inch (7.62 cm) inlet and outlet ports at its lower and upper ends,
respectively. The inlet port may extend into the main body of the capture vessel and be
provided with a perforate structure to distribute the hydrogen sulfide-containing gas over the
full cross-sectional area of the bed for upward flow therethrough.

[0074] As mentioned, once the adsorbent becomes loaded with hydrogen sulfide, the
adsorbent needs to be regenerated for further use. Any of various suitable regeneration methods
may be utilized, in which previously adsorbed hydrogen sulfide is desorbed from the bed,
discharged from the capture vessel and thereafter subjected to further treatment, disposition, or
use. For example, the hydrogen sulfide-loaded carbon adsorbent can be regenerated by one or
more of the following desorption regeneration techniques:

(1) vacuum or reduced pressure desorption of the carbon adsorbent, by imposition of
vacuum pressure, e.£., a pressure below 1.0 x 107 torr (0.133 Pa);

(2) disposing a jacket around the hydrogen sulfide capture vessel through which a heat
transfer medium, e.g., steam, can be flowed to heat the adsorbent bed and cause
desorption of hydrogen sulfide therefrom;

(3) direct heating of the adsorbent bed by passage of steam directly therethrough, to
effect desorption of the adsorbed gas;

(4) embedding metal coils in the adsorbent bed and passing heat transfer medium such
as steam through such coils, to cause liberation of adsorbed gas from the bed;

(5) deploying resistive heating elements within the capture vessel, to heat the
adsorbent bed, and thereby cause liberation of the adsorbed gas from the adsorbent;

(6) passage of electrical current through the adsorbent bed, utilizing the carbon
pyrolyzate adsorbent itself as a resistive medium, causing the bed to undergo
heating, and in turn causing liberation of the adsorbed gas from the adsorbent;

(7) disposing a jacket around the vessel or metal coils throughout, in which waste heat
exhaust from the vacuum truck engine or other available source can flow, to heat

the adsorbent bed for desorption of previously adsorbed gas therefrom; and
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(8) flowing an inert or otherwise non-sorbable gas, e.g., nitrogen, argon, helium, etc.,
through the bed to create a concentration gradient effecting desorption of the
previously adsorbed gas from the adsorbent.

[0075] It will be recognized that the hydrogen sulfide capture system shown in FIG. 2 can
be widely varied in practice, to effect removal of hydrogen sulfide from a gas mixture
containing same, so that the resulting hydrogen sulfide-reduced gas can be discharged to the
atmosphere with negligible sulfur content.

[0076] It will be further recognized that the above-described regeneration modes discussed
in connection with the FIG. 2 embodiment may also be utilized in the FIG. 1 embodiments, as
well as in the general practice of the present disclosure.

[0077] FIG. 3 is an adsorption isotherm plot of a PVDC carbon adsorbent of the present
disclosure, showing its capacity for hydrogen sulfide, in cc H,S/gram adsorbent, as a function
of pressure, in Torr. Such PVDC carbon pyrolyzate adsorbent was in a particulate form, of
carbon tablets having a diameter of 3.2 mm and thickness of 2.18 mm, with a bulk density
between 0.65 and 0.73 g per cc. Its capacity for hydrogen sulfide is greater than 150 cc per
gram at normal conditions (293.15° Kelvin and 760 Torr (101.325 kPa)).

[0078] FIG. 4 is an adsorption isotherm plot of capacity of the same PVDC adsorbent for
hydrogen sulfide, in cc H,S/gram adsorbent, as a function of pressure, in Torr, at low pressure
conditions of 0-10 Torr (0-1.33 kPa). As shown, the hydrogen sulfide capacity is greater than
1.4 cc/gram at a partial pressure of 0.76 Torr (0.1 kPa), 1000 ppm of hydrogen sulfide at
293.15° Kelvin.

[0079] Such adsorbent of the isotherms of FIGS. 3 and 4 is stable up to temperatures of
180°C, and in pellet or tablet form has a radial crush strength of greater than 9 kilopond as
measured by ASTM D4179 or in powdered form has an attrition rate index of less than 0.01
weight percent per hour as measured by ASTM D5757.

[0080] While the disclosure has been set out herein in reference to specific aspects,
features and illustrative embodiments, it will be appreciated that the utility of the disclosure is
not thus limited, but rather extends to and encompasses numerous other variations,
modifications and alternative embodiments, as will suggest themselves to those of ordinary
skill in the field of the present disclosure, based on the description herein. Correspondingly,
the invention as hereinafter claimed is intended to be broadly construed and interpreted, as
including all such variations, modifications and alternative embodiments, within its spirit and

scope.
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THE CLAIMS

What is claimed is:

1. A carbon adsorbent having reversible sorptive affinity for hydrogen sulfide, and the
following characteristics:

(a) a bulk density as measured by ASTM D2854 in a range of from 0.55 g/cc adsorbent to 1.25
g/cc adsorbent;

(b) an H,S capacity in a range of from 140 cc H,S/g adsorbent to 250 cc H,S/g adsorbent, at
normal conditions (1atm, 293.15°K);

(c) an H,S capacity in a range of from 1.0 cc H,S/g adsorbent to 15.0 cc H,S/g adsorbent, at
partial pressure of 0.76 torr (101.3 Pa) (1000ppm) of H,S at 293.15°K; and

(d) a single pellet radial crush strength in a range of from 7 kilopond (kP) to 40 kilopond (kP)
as measured by ASTM D4179.

2. The carbon adsorbent of claim 1, wherein:

the bulk density is in a range of from 0.6 to 1.15 g/cc adsorbent;

the H,S capacity at normal conditions (latm, 293.15°K) is in a range of from 150 cc/g
adsorbent to 200 cc/g adsorbent; and

the H,S capacity, at a partial pressure of 0.76 torr (101.3 Pa) (1000ppm) of H,S at 293.15°K, is
in a range of from 1.5 cc H,S/g adsorbent to 10.0 cc H,S/g adsorbent.

3. The carbon adsorbent of claim 1, comprising a form selected from the group consisting of

monolith, tablet, pellet, extrudate, and particulate forms.

4. The carbon adsorbent of claim 1, comprising a particulate form comprising particles of

particle size in a range of from 0.8 to 3.0 mm.

5. The carbon adsorbent of claim 1, comprising a tablet form having an average piece diameter

in a range of from 1.0 to Smm.
6. The carbon adsorbent of claim 1, comprising porosity wherein a majority of pores are less

than 2 nm in diameter, and wherein at least 40% of pores have pore size in a range of from 0.2

nmto 1.5 nm.
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7. The carbon adsorbent of claim 1, comprising a pyrolyzate of a resin selected from the group
consisting of polyethylene, polyolefins, phenolic resins, acrylic resins, polyurethane resins,
chloropolymer resins, fluoropolymer resins, polyvinyl chloride, polyvinylidene chloride,
polyvinylidene fluoride, polytetrafluoroethylene, and copolymers of monomers of the foregoing

resins.

8. An apparatus for removing hydrogen sulfide from a hydrogen sulfide-containing gas, said
apparatus comprising a vessel containing the carbon adsorbent of claim 1, wherein the vessel is
adapted for contacting of said gas with the carbon adsorbent to effect adsorption of hydrogen

sulfide by the adsorbent, to yield a hydrogen sulfide-reduced gas.

9. The apparatus of claim 8, comprising at least one adsorbent vessel containing an adsorbent
bed of said carbon adsorbent, said at least one adsorbent vessel being arranged (i) for
contacting with the hydrogen sulfide-containing gas during a first period of time to adsorb
hydrogen sulfide on the carbon adsorbent in the bed, and discharge from the bed a hydrogen
sulfide-reduced gas, and (i) for desorbing previously adsorbed hydrogen sulfide from the

carbon adsorbent in the bed during a second period of time.

10. The apparatus of claim 8, comprising at least two adsorbent vessels each containing an
adsorbent bed of said carbon adsorbent, wherein the at least two adsorbent vessels are
manifolded together with inlet and outlet manifolds each of which is valved and arranged for
operation in which at least one of said adsorber vessels is/are on-stream, while at least one other
is/are off-stream and undergoing regeneration or in standby condition, awaiting renewal of on-
stream operation, and with the adsorbent vessels being adapted for cyclic repeating operation
wherein each of the at least two adsorbent vessels is conducted through a cycle of on-stream
operation and off-stream operation in said cyclic repeating operation, wherein each of the
adsorbent vessels is constructed and arranged for regeneration in the off-stream operation,
comprising a regeneration operation including at least one of the operations selected from the
group consisting of:

(1) vacuum desorption of the carbon adsorbent;

(i1) pressure swing desorption of the carbon adsorbent;

(ii1) direct or indirect heating of the carbon adsorbent;

(iv) thermal swing desorption of the carbon adsorbent; and

(v) contacting of the carbon adsorbent with a non-sorbable gas, producing a concentration
gradient effecting desorption of previously adsorbed hydrogen sulfide from the carbon

adsorbent.
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11. A method of making a carbon adsorbent as claimed in claim 1, comprising pyrolyzing a
pyrolyzable starting material for sufficient time under sufficient pyrolysis conditions to yield
said carbon pyrolyzate adsorbent, wherein said pyrolyzable starting material comprises a resin
selected from the group consisting of polyethylene, polyolefins, phenolic resins, acrylic resins,
polyurethane resins, chloropolymer resins, fluoropolymer resins, polyvinyl chloride,
polyvinylidene chloride, polyvinylidene fluoride, polytetrafluoroethylene, and copolymers of

monomers of the foregoing resins.

12. The method of claim 11, wherein said starting material comprises a PVDF polymer or

copolymer, or a PVDC polymer or copolymer.

13. A method of removing hydrogen sulfide from a gas mixture including same, said method
comprising contacting said gas mixture with a carbon adsorbent according to claim 1, to adsorb
hydrogen sulfide from said gas mixture on said adsorbent and yield a hydrogen sulfide-reduced

gas.

14. The method of claim 13, wherein said gas mixture including hydrogen sulfide comprises
gas selected from the group consisting of:

(a) gas deriving from a petroleum refining process;

(b) gas deriving from a fluid catalytic cracking (FCC) unit;

(c) gas deriving from gasification of sulfur-containing coal; and

(d) gas deriving from a biomass digester.

15. The method of claim 13, wherein said carbon adsorbent subsequent to adsorption of
hydrogen sulfide thereon, is regenerated by a regeneration process to renew said adsorbent for

resumed contacting of said gas mixture therewith.

16. The method of claim 14, wherein said regeneration process comprises at least one of the
operations selected from the group consisting of:

(1) vacuum desorption of the carbon adsorbent;

(i1) pressure swing desorption of the carbon adsorbent;

(ii1) direct or indirect heating of the carbon adsorbent;

(iv) thermal swing desorption of the carbon adsorbent; and
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(v) contacting of the carbon adsorbent with a non-sorbable gas, producing a concentration
gradient effecting desorption of previously adsorbed hydrogen sulfide from the carbon

adsorbent.

17. The method of claim 13, as carried out in a process selected from the group consisting of
pressure swing processes, vacuum swing processes, temperature swing processes, and

combinations thereof.

18. A process for capture of hydrogen sulfide present in a gas associated with a flowable
hydrocarbonaceous material, said process comprising:

separating the hydrogen sulfide-containing gas from the hydrocarbonaceous material; and
contacting the hydrogen sulfide-containing gas with a carbon adsorbent as claimed in claim 1,
so that the carbon adsorbent adsorbs the hydrogen sulfide from the hydrogen sulfide-containing

gas to yield a hydrogen sulfide-reduced gas.

19. The process of claim 18, further comprising regenerating the carbon adsorbent subsequent

to adsorption of hydrogen sulfide thereon, to renew said adsorbent for resumed contacting.

20. The process of claim 19, wherein said regenerating comprises heating of the carbon

adsorbent to effect desorption of hydrogen sulfide therefrom.
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