STEAM METHANE REFORM NG METHOD Fi el d of the Invention
[ 0001] The present invention relates to a steam
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stream cont ai ni ng nmet hane and/ or hydrocarbons with two
or nore carbon atons is canverted into an internediate
product within a catalytic reactor and the
i nternedi ate product is subsequently reforned in a
stean1nethaneSEEEMrNEFHﬁBEiREgQRMIﬁﬁnM@EﬁCK)synthesis
gas product. More particularly-, the present invention
relates to such a nethod in which the catalytic
reEastdrofi sroapablentofowperating in either a node
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met hane reform ng installations are :
hydrogenation of hydrocarbons and sulfur compounds 1nto

saturated hydrocarbons and hydrogen sulfide or an
alternative mode involving the use of oxygen to produce

additional hydrogen.

Background of the Invention

[0002] In a typical steam methane reformer operation
for the production of hydrogen, natural gas is
pretreated to remove sulfur. This is accomplished by
hydrogenation of organic sulfur within a hydrotreater,
which converts the organic sulfur to hydrogen sulfide,
followed by hydrogen sulfide removal in a chemisorbent
bed, utilizing, for example, a zinc oxide sorbent. The
desulfurized feed is then mixed with steam and reformed
in the steam methane reformer to produce a synthesis
gas stream containing hydrogen and carbon monoxide.
Such a synthesis.gas stream can be further processed to

produce hydrogen.



relatively inflexible with respect to the variability
in the anmount of hydrogen produced and the type of
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The amount of hydrogen produced is nornmally set by the
pl ant design. For npst plants the anount of hydrogen
produced can only be decreased from nornmal production
by cutting back on the flow rate of reactants and the
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above, however, such feeds have a high ol efin content

dnﬂdaohaghonoﬂtéﬁam@fl@@h@de by-product streams of

refineries, chemical production facilities and metal
producing operations. In many cases these streams have
a high olefin content.

[0004] A variety of off-gas streams are produced in
refineries from processes such as fluidic catalytic
cracking, coking, catalytic reforming, hydrocracking
and etc. Generally, all of these streams are used for
fuel in furnaces and for making steam. Many refineries
produce more of such fuel gas than they can
economically use. Since these streams have a high
hydrocarbon and generally, a moderate hydrogen content,
they potentially could be reformed to produce synthesis
gases that in turn are used to produce hydrogen.
Hydrogen is a more valuable commodity than either fuel
or steam. As indicated above, however, such feeds have
a high olefin content and a high content of other
hydrocarbons with more than two carbon atoms which

makes treatment within the conventional hydrotreater



hydrocarbons with nore than two carbon atons which
makes treatnent within the conventiona
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tend to formcarbon on the catalyst within the steam
met hane refornmer causing eyggtyal | oss of activity of
the reform ng catal yst. [0005] New hydrogen production
facilities can be designed to utilize streans with
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rsggigggtion of streams with high olefin content and
high content of other hydrocarbons with more than two
carbon atoms. The existing hydrotreater will likely
need to be replaced and a prereformer will be required
to function in a manner set forth above. The new
hydrotreater will likely require a larger reactor with
a more expensive catalyst and possibly a means of
diluting the hydrotreater feed, for example, by
recycling part of the hydrotreater effluent. Adding a
prereformer upstream of an existing steam methane
reformer requires modifications to the existing primary
reformer to add heat exchanging tubes for preheating
the fuel feed to the prereformer and a prereformer
reactor. The modifications to the existing reformer
are costly ahd require shut down of the reformer for an
extended period of time. The steam production will
also decrease since some of the heat that was used to

produce steam is now required for the prereformer. All



are costly and require shut down of the reforner for
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produce steamis now required for the prereforner.
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di sruption to the reforner operation nake such

modi fications to existing reformers very difficult to
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limitations, space velocities that are greater than
about 4000 hr™! are too high for effective olefins
reduction. Furthermore, each 1% by volume of olefins
in the feed gas results in about a 40° C temperature
rise. Given the limited temperature operating window
the usefulness of the hydrotreater has been limited to
hydrocarbon feeds with less than about 5% olefins and
low variability in olefin content. In any event,
hydrotreaters are large, expensive devices when used to
process any type of hydrocarbon feed that contain
significant quantities of olefins.

[0008] The prereformer that would be used to treat
higher order hydrocarbons also has operational
limitations. Prereformers are generally adiabatic
catalytic reactors that treat the incoming feed by
converting the higher order hydrocarbons and some

methane into hydrogen, carbon monoxide, water and
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catalytic reactors that treat the incom ng feed by
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[0009] Steam methane reformers can be designed to
handle hydrocarbon feed containing alkanes with more
than two carbon atoms with the use of an alkalized
catalyst or with a high steam to carbon ratio. The
alkali in such catalyst, however, can migrate and foul
downstream equipment and the increased steam to carbon
ratio reduces the plant energy efficiency.
[0010] It has been proposed to reform streams having
a high olefin content by catalytic partial oxidation.
In U.S. Patent Application 2004/0156778 a hydrogen-rich
reformate is generated from a hydrocarbon feed stream
comprising olefins and alkanes, for instance, liquefied
propane gas. In the process disclosed in this patent
application, the hydrocarbon feed stream comprising
olefins and alkanes is pretreated by catalytic partial

oxidation. The feed stream is fed to the catalytic



a high olefin content by catalytic partial oxidation.
In U S Patent Application 2004/0156778 a
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In any event, with respect to existing steam methane
reformers, the high olefin and other hydrocarbons with
more than two carbon atoms present within such off-
gases as have been discussed above will deactivate the
reforming catalyst through coking. As such, the
process disclosed in this patent does not present an
alternative for treating such off-gases.
[0012] A catalytic partial oxidation process can be
used to substantially convert such off-gases to a
carbon monoxide and hydrogen containing synthesis gas.
However such process will require significantly more
oxygen, which is expensive, and if added as
pretreatment system for a steam methane reformer, adds
significantly in the cost of making hydrogen. For
example, U.S. Patent No. 5,720,901 discloses a process
for producing a synthesis gas by partial oxidation of

hydrocarbons having from 1 to 5 carbon atoms in which



[0012] A catalytic partial oxidation process can be
used to substantially convert such off-gases to a
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[0013] As will be discussed, the present invention
provides a method of steam methane reforming to produce
a synthesis gas utilizing a dual mode catalytic
reactor, which is defined here as a catalytic reactor
that with the same catalyst can function in an oxygen
consuming catalytic oxidative mode of operation to pre-
treat hydrocarbon containing feeds to the steam methane
reformer to increase hydrogen output or can be used in
a catalytic hydrogenation mode of operation with no
consumption of oxygen to pre-treat feeds by converting
olefins into saturated hydrocarbons. In both modes of
operation, sulfur compounds will be chemically reduced
to hydrogen sulfide so as to not require the use of a
conventional hydrotreater in at least new
installations. Such method has particular
applicability to the treatment of feeds of refinery

off-gases and like compositions containing



consum ng catal ytic oxidative node of operation to
pretreat hydrocarbon containing feeds to the steam
woredokasss26 ef orner to i ncrease hydrogen out put PCT/US200H€40336

used in a catal ytic hydrogenation node of operation

with no consunption of oxygen to pre-treat feeds by
converting olefins into saturated hydrocarbons . In

bot h nodes of operation, sulfur conmpounds wll be
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hydrocarbons formed from the hydrogenation of the
olefins. The heating of the feed stream being
sufficient and/or the olefins being present within the
feed stream in a sufficient amount that the
intermediate product stream is produced at a
temperature of greater than about 400° C. This
temperature is necessary for the catalytic reactions to
proceed. A reformer feed stream, formed at least in
part by the intermediate product stream and a steam
stream, is reacted in a steam methane reformer to
obtain a synthesis gas product stream containing
hydrogen, carbon monoxide, water and carbon dioxide.
The catalytic reaction of the hydrogen and the olefins
is conducted within a reactor containing the catalyst
at a space velocity of greater than about 10,000 hr™t
and with a sufficient amount of hydrogen that the
reformer feed stream has and an olefin content less

than about 0.5% of olefins by volume on a dry basis.
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intermediate product stream can then be cooled and
treated to remove the hydrogen sulfide such that the
intermediate product stream contains no more than about
.1 ppm hydrogen sulfide after having been treated. The
reformer feed stream can then be formed at least in
part by the intermediate product stream after having
been treated. It is to be noted that the catalytic
reaction contemplated by the aforesaid mode of
operation is a net exothermic catalytic process in
which hydrogen and unsaturated hydrocarbons are
combined in an addition reaction to produce saturated
hydrocarbons and/or to chemically reduce sulfur
compounds to hydrogen sulfide. Steam may be added in
such a mode of operation so that reforming to a limited
degree occurs and temperatures are moderated. It is to
be further pointed out that the hydrogen within the

feed can be that which is naturally present or is added
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[0017] As indicated above, the present invention has
particular application to the treatment of refinery
off-gas streams and the like. In a specific aspect of
the present invention, a feed stream that comprises no
less than about 15% by volume on a dry basis of
hydrocarbons with at least two carbon atoms and/or at
least about 3% by volume of olefins is heated to a
temperature of no greater than about 600° C. Either of
such hydrocarbon content could prevent the reforming of
the feed in a steam methane reformer designed for
natural gas. In this regard, aithough higher order
hydrocarbons might be tolerated through adjustment of
the steam to carbon ratio, olefins cannot be tolerated.
The hydrocarbons and/or olefins, and also, steam and
oxygen are contacted with a catalyst capable of
promoting both hydrogenation and partial oxidation

reactions and are catalytically reacted at an oxygen to



[0017] A s indicated above, the present invention has

particular application to the treatnent of refinery
wo@bdiegsss26t reans and the like. In a specific aBEBEUS$200$/040336

the present invention, a feed streamthat conprises no

| ess than about 15% by volupg on a dry basis of

hydr ocarbons with at | east two carbon atons and/or at

| east about 3% by vol une of olefins is heated to a
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i nternedi ate product stream [0018] It is to be noted

tiie t 1Bl ¥ a8l 9t ed rapR t ot oht BnpPaPEBCBy T HednY
FOULEQL NG, JPAe: Of - ORET 8L 100 Of chi€a L §SEBEuEBYERbI ON
i'sTa net exotherm c catal ytic process” conducted with
tihed eclkget | snl Hfdé he Dixygentandediabe andditat wakehamhghus
hydr ocar bon t of the feed is

ont e artia ldi
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ber shemhsehlNer edesedihe hydnogeshsukted. mébRane
i nternedi ate product stream thus contains hydrocarbons

thafommersubsequently reforned by steam net hane

rfé&{g}ng mﬁtPEEOEHQrskgég]g§Egﬁﬂ§ formed, at least in

part, with the intermediate producf stream, and a steam
stream is reacted in a steam methane reformer to obtain
a synthesis gas product stream containing hydrogen,
carbon monoxide, water and carbon dioxide. The
catalytic reaction is conducted within a reactor
containing the catalyst at a space velocity greater
than about 10,000 hr™t and with a sufficient amount of
oxygen that the intermediate product stream is produced
at a temperature of between about 500° C and 860° C.
The oxygen to carbon and the steam to carbon ratio is
selected such that the reformer feed stream has a
hydrocarbon content consisting of methane, less than
about 0.5% of olefins by volume on a dry basis, less
than about 10% of alkanes with two or more carbon atoms
by volume on a dry basis, no more than about 1% by
volume on a dry basis of hydrocarbons other than

alkanes and olefins and a remaining content comprising



reformer. [0019] refornmer feed stream forned, at
least in part, with the internedi ate product stream
w@anwemsseeam streamis reacted in a steam net hB@EUS2005/040336

reformer to obtain a synthesis gas product stream
cont ai ni ng hydrogen, carbon,gonoxi de, water and carbon
di oxi de. The catalytic reaction is conducted within a
reactor containing the catalyst at a space velocity
drehtarert harp Bboutndoe0de hrcarker dieRide sapdi ¢akhr
amount of oxygen that the internmedi ate product stream
|szﬁ?oduced at a tenperature of between about 500 C
arebBP0 C .wHée oxy gendiocLabdoncandatihengt Samlt strean
carbon ratio is selected such that _the reforner feed
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asi s, ess t han out 10% of al kanes with two
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and wat er vapor. [0020] Wen the hydrocarbon
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or e n two carbon atons are deconposed into
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of less than about 0.5% by volune, the resultant

stpeupmbhignal teaching of the prlor art 1s that alkanes
will be converted to olefins at temperatures above 400°
C. The inventors have found that, surprisingly, with a
very low steam content, such conversion at temperature
will not take place. In this regard, just enough water
is added so that the intermediate product contains a
sufficiently low water content as not to interfere with
downstream sulfur removal if required. Furthermore,
the addition of more water will require more oxygen to
maintain the reaction at temperature.

[0021] In yet a further aspect, the ﬁresent
invention provides a steam methane reforming method in
which the hydrogen content of the reformed product
stream can be economically adjusted by operating in
either the hydrogenation mode selected for lower
hydrogen production or oxidative mode selected for

" higher hydrogen production. Alternatively the
oxidation mode can be selected in order to reduce the

firing rate of the steam methane reformer when



hydr ocar bon makeup that can be further processed in a

conventional manner by steam nethane reform ng. The
w@oveesiseonal teaching of the prior art is thapCHURBN®E40336

will be converted to olefins at tenperatures above 400

C . The inventors have foundsthat, surprisingly, with
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aspect of the inventiaon, a feed strea at _¢c [ises
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stream at a temperature of greater than about 400° C.
[0022] Alternatively, oxygen, steam and the
hydrocarbons, hydrogen and the sulfur compounds are
catalytically reacted so that the intermediate product
stream contains additional hydrogen and carbon monoxide
produced by reaction of the oxygen, steam and
hydrocarbons and hydrogen sulfide produced by
conversion of the sulfur compounds. The oxygen is
present in a sufficient amount that the intermediate
product stream is produced at a temperature of between
about 500° C and about 860° C and the steam to carbon
and oxygen to carbon ratios are selected to control the
amount of moles ‘of the additional hydrogen produced and
at less than about 0.5 and less than about 0.25,
respectively. The catalytic reactions of the hydrogen,
hydrocarbons and the sulfur compounds or alternatively

of the oxygen, steam, hydrocarbons and sulfur compounds



As a result, the internedi ate product stream contains
saturated hydrocarbons and hydrogen sul fide forned

WO e@a0sspels ogenati on of the hydrocarbons and t heCEHUE{00$/040336
conmpounds, respectively. The heating of the feed
stream and/ or the hydrogenatjjon of the hydrocarbons
being sufficient to produce the internedi ate product

stream at a tenperature of greater than about 400 C .
[062 2jorAlu@rerht tvedygh osgertt stisldin aingRidbyst capable

hydr ocar hons. .h a £ r nds. :
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present in a sufficient anount th he internediate
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ernatively t he” oxygen, steam hydrocarbons and
stutéatedonpoundsar e conducted through contact with a

t bl f ' both h i .
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catal ytic reactions are each conducted at a space
vetpeimy greseertefannabofitean, DO6LARC1TCLPEHSE] tohe

ig% éﬂgdgag§ngﬁggggtg§Er89ghh§t099E%gm having more moles
of hydrogen than that of the feed stream and the
intermediate product stream and also containing carbon
monoxide, water and carbon dioxide.

[0025] In the aforesaid aspect of the present
invention, refinery off-gases and the like can be
treated and as such, the feed stream can contain no
less than about 15% by volume on a dry basis of
hydrocarbons with at least two carbon atoms and/or at
least about 3% by volume of olefins.
[0026] During the catalytic reaction of the
hydrogen, the hydrocarbon and the sulfur compounds, the

~ hydrogen reacts with any olefins present within the
feed stream to also produce saturated hydrocarbons and
there exists sufficient hydrogen to obtain an olefin
content within the reformer feed stream that is less
than about 0.5% by volume on a dry basis. The

catalytic reaction of the oxygen, steam, hydrocarbons



and treated by renoval of the hydrogen sul fide and

such that the internedi ate product stream contains no
woreeoe/0sd3a6r about . 1 ppm hydrogen sul fi de aft erPdEUS2995/040336

been treated. [0024] A reformer feed stream forned at

least in part by the interngdi ate product streamand a

steam stream is reacted in a steam nethane reforner

to obtain a synthesis gas product stream having nore

reolce sswWif £y drasgevinidran & heendiicte Yieldd e camyaed the

i nt er medi at e .product stream . al I o rbon
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of f-gases and the |ike can be treated and as such, the
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two carbon atons and/or at |east about 3% by vol une of
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hydrogen, the hydrocarbon and the | f 0 S,
ﬁ%@yﬁ§ﬂ§h§e ng§k%F%ﬁ?%n%nﬁt%?ﬁfF%%npgégéﬁggmgﬁﬁin
the-foed 54 resmineadl 50 phoduseosatur ated bydeamar bons
and there exists sufficient hydrogen to obta

ol @92'Al cont Batthe t P FegRENg cFBP nRFPFERT € r5§g1§E§FeP§
lf?é ﬁ?f@naggyln%'ég?ﬁy yolyge 9p,a iy Pagk8iohBe the
cat ATy nof th

IC reacti e oxygen, steam
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AT C A= HJ 0F o Boar CORL GULY cORENERERS - of Pefnbasiireaghe
félé&i@?@ﬂél%?%@ e@lgfsbaacea Wakumg eneacdeylpagics,
ess than about 10% of al kanes with two or nore cargon
ateagtion of the oxygen, steam, hydrocarbons and sulfur
compounds increases the moles of synthesis gas product
stream and the hydrogen production rate over that
produced when the hydrogen, hydrocarbons and sulfur
compounds are catalytically reacted without adding
oxygen. In an alternative operation, during the
catalytic reaction of the oxygen, steam, hydrocarbons
and sulfur compounds, the steam methane reformer is
operated at a lower firing rate than during the
catalytic reaction of the hydrogen, hydrocarbons and
sulfur compounds. This allows for reduced fuel usage
to the steam methane reformer and with of course, a
lower total product synthesis gas and hydrogen
production rate than when the steam methane reformer is
operated at constant firing. The steam production rate
can be equivalent to that obtained during the
hydrogenation mode.
[0028] In any embodiment of the present invention

involving the catalytic hydrogenation mode of



on a dry basis and no nore than about 1% by vol une on

a dry basis of hydrocarbons other than al kanes and
Wo@b@boss26 s obtained in the reformer feed streR@T/US2005/040336

[0027] In the foregoing two aspects of the present

i nvention during both of theg.catalytic reactions, the

st eam net hane refornmer can be operated at a firing

rate that remains substantially unchanged. A s a
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introduced into the reactor to engage in reformng
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€l ggéﬁeghdoghghgegﬁfﬁgﬂg combined stream can be treated

in the reactor to reduce olefins and/or higher order
hydrocarbons and sulfur compounds to hydrogen sulfide.
As may be appreciated, such embodiment of the present
invention would not require an expensive and large
hydrotreater.

[0029] In cases in which the feed stream contains no
less than about 15% by volume on a dry basis of
hydrocarbons with at least two carbon atoms and/or at
least about 3% by volume of olefins, such feed stream
can be an FCC off-gas, a coker off-gas or a sweet
refinery gas.

[0030] Preferably in any embodiment of the present
invention, the feed stream is compressed to a pressure
of between about 5 psi and about 100 psi above
operating pressure of the steam methane reformer. The
feed stream preferably has a sulfur content of less

than about 50 ppm.



i nvention, hydrogen can be added to a natural gas
streamto allow the natural gas streamto be treated
whgookpsisegenat i ng the sul fur conpounds cont ai NBEI/US2005/040336
therein into hydrogen sul fide and then renoving the
hydrogen sul fide so that the-ynatural gas stream
contains |l ess than about 0.1 ppm by volune on a dry
basis of hydrogen sulfide. The reforner feed streamis
f[_@{(]:eldhi n gar erhy Smstimany (e Tt BERSYHs SrFmon.
Wi the inter I_at roduct. str t t
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refinery off-gas stream and the resultiqggconbined
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an expensive and large hydrotreater . [0029] In cases

in which the feed stream contains no | ess than about
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_ _ any enbodi nent of the present
| mpyet caom; s thegdeddast tleain | snvenpitessed 18 hepievsdre

of between, about.5 psi d abo 10 '
opRR a1 TG B ESRLH 8" of L he St Rant Bt RN T 67 or mip S Thake”
f eed- st heam O of e Abk de hagcampahi ifigcopaehhgef itheshich:

t han about 50 m [ 0031] I n any enbodi
pf@@@ﬁi inv@hgfgh’glluslrates g schgmggggto%fa%he

apparatus for carrying out a method in accordance with

the present invention in which a refinery off-gas and
natural gas are treated together and subsequently

reformed;

[0035] Fig. 2 is an alternative embodiment of Fig. 1
in which the refinery off-gas and the natural gas are

separately heated, the refinery off-gas is sent to the
dual mode catalytic reactor and the natural gas is sent

to a conventional hydrotreater; and

[0036] Fig. 3 is an alternative embodiment of Fig. 2
in which the refinery off-gas preheating is performed

without direct link to syngas cooling.

Detailed Description

[0037] With reference to Figure 1, an apparatus 1 is
illustrated for carrying a method in accordance with
the present invention. Apparatus 1 illustrates the

integration of the present invention into a



the reactor preferably contains a Goup VIli catalyst
supported on a netallic monolith. [0032] The

WO nioesBed at e product stream can be treated forCHUBI005/040336
removal by being contacted with a zinc oxide or copper
oxi de sorbent. Brief Descri g%i on of the Draw ng [0033]
Whil e the specification concludes with clains
distinctly pointing out the subject natter that
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that, the invention wl],6 be bett t
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hydrotreater; and [0036] Fig. 3 is an alternative
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streams to be treated may or may not have an
objectionable sulfur content to be removed.

[0038] In apparatus 1, a refinery off-gas stream 10,
that optionally may be combined with a hydrogen product
recycle stream 12, is compressed in a compressor 14 to
a pressure of between about 5 psig and about 100 psig
above the operating pressure of the process feed to
steam methane reformer 52, to be discussed hereinafter.
The amount of hydrogen, if any, introduced into
refinery off-gas stream 10 will depend on the hydrogen
content of refinery off-gas stream 10. In this regard,
some refinery off-gas streams have been found to
contain sufficient hydrogen for the hydrogenation
reactions to be discussed hereinafter. The refinery
off-gas stream 10 can be a fluidic catalytic cracker
(“FCC”) off-gas, a sweet refinery gas, coker off-gas or
other type of off-gas containing high amounts of |
hydrocarbons with more than two carbon atoms.

Typically, the refinery off-gas stream will contain no



refinery off-gases and/or natural gas. In this regard,
al though the refinery off-gases in Figure 1 are used
WO poosisd32¢r ocess to partially replace natural PEBUSH05/040336
feed to reformer, it is understood that the present
invention can be conducted ywth the object of solely
reform ng such refinery off-gases or any other gas
stream as descri bed above in which steam net hane
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recycle stream 12, is conpfadsdd in a conpressor 14 to
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ﬁ?ta&ﬁount s of 0% 6
Butane mol% 0.20 1.3 0.1
1-Butene mol% 0.15 0.2 0.1
1,3-Butadiene mol% k 0.01 0.2 0.19
Isopentane mol% 0.28 0.3 0.5
Pentane mol% 0.84 0.4 0.06
1-Pentene mol% 0 0.1 0
Hexane+ mol% 0 09 0
Nitrogen mol% 9 0 0
Oxygen mol% 0.02 0
Carbon Monoxide mol% 2.15 21 3.3
Carbon Dioxide mol% 2.28 0.03 1.6
Total 100 100 100

Although not indicated in the above Table 1, the sulfur
content of such feeds may range between about 5 ppm and
about 200 ppm and the sulfur content would be divided
between mercaptans, thiophenes, and hydrogen sulfide.

The sulfur content of natural gas is typically about 5
ppm.
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stream 26. A separate guard bed (not shown) for
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order hydrocarbons that are contained within feed
stream 26. A separate guard bed (not shown) for
chloride removal may be included prior to a sulfur
removal bed 44 to be discussed hereinafter. The
resulting heated feed stream 28 is then introduced into
a dual mode catalytic reactor 30, so named in that it
contains a catalyst that is capable of promoting both
hydrogenation and partial oxidation reactions at
operational temperature. As will be discussed, dual
mode catalytic reactor 30 can operate in a catalytic
hydrogenation mode to at the very least produce
saturated hydrocarbons from any olefins present in the
feed and/or to reduce sulfur compounds, such as
carbonyl sulfide, mercaptans, thiophenes, and other
organic sulfur species, to hydrogen sulfide for further
treatment. Alternatively, dual mode catalytic reactor
30 can be operated in a catalytic oxidative mode of

operation utilizing additional steam and oxygen to
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directly added to feed stream 26. During the
hydrogenation mode of operation, the hydrogen within
heated feed stream 28 and the unsaturated hydrocarbons
react to produce saturated hydrocarbons and any
remaining sulfur species are chemically reduced to
hydrogen sulfide to thereby produce an intermediate
product stream 40.
[0041] During the catalytic oxidative mode of
operation both valves 32 and 34 are opened to produce
an oxygen to carbon ratio of less than about 0.25 and a
steam to carbon ratio of less than 0.5 within dual mode
catalytic reactor 30. The oxygen stream 36 can be air,
oxygen enriched air or other oxygen containing gas and
preferably is an oxygen enriched stream containing
oxygen in an amount of about 85% by volume and greater.

This can be done using a sparger or static mixer or a

reticulated metallic or ceramic foam monolith. The
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having a temperature of between about 500° C and about
860° C. Intermediate product stream 40 has a
hydrocarbon content consisting of methane, less than
about 0.5% of olefins by volume on a dry basis, less
than about 10% of alkanes with two or more carbon atoms
on a dry basis, no more than about 1% by volume on a
dry basis of hydrocarbons other than alkanes and
olefins and a remaining content comprising hydrogen,
carbon monoxide, carbon dioxide and water vapor.
Additionally, sulfur species are chemically reduced.
The hydrogen content of intermediate product stream 40
when produced as a result of the catalytic oxidative
mode of reaction is higher than thét produced during
the hydrogenation mode of operation. At a constant
reformef firing rate the intermediate product stream
from the catalytic oxidative mode will result in the

reformer producing larger volumes of synthesis gas
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[0044] It is believed that the metallic supported

catalyst has better performance than other supported
catalyst in that it has better heat conductivity, a
more uniform temperature profile than other catalyst
forms and a lower operating temperature. All of these
factors permit the more selective destruction of
olefins.

[0045] A useful catalyst can be obtained from Sud-

Chemie of Louisville, Kentucky, United States of
America, which is in the form of a monolith which is
sold as PC-POX 1 on FeCrAlY. Similar catalysts from
other suppliers may be used.

[0046] The residence times within a reactor having a
catalyst capable of both hydrogenation and partial
oxidation activity, should be selected to produce space

velocities ranging from about 10,000 to about 100,000

1 1

hours™. Space velocities below about 10,000 hours”

result in the catalyst not being fully utilized and



Cat al yst coated beads or ceram c nonoliths in the form

of a reticulated foam or honeyconb structure are other
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pressure divided by the enpty reactor volune. It is to
treated. It is to be noted that space velocities in

the order of 2,000 to 4,000 hr. ! are required for
conventional hydrotreaters having conventional
hydrotreater catalyst for the conversion of olefins as

described above.

[0047] Hydrogen is produced in the catalytic

oxidative mode in contrast to the hydrogenation mode
where it is consumed. More hydrogen/syngas can be
produced from a reformer when using a hydrogen
containing stream (excluding recycled hydrogen) in the
dual mode reactor 30 because fewer hydrocarbons need to
be reformed relative to the hydrogen product. For a
fixed firing rate, the amount of hydrogen containing
gas that can be processed is largely dependent on the
hydrogen content of the gas relative to the hydrocarbon
content of the gas. For natural gas there is
relatively little hydrogen and consequently, natural
gas requires more energy to reform per unit of hydrogen
produced. In the oxidative mode, increased output can

be obtained from streams that contain no hydrogen. If
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[0049] Turning again to Figure 1, intermediate
product stream 40 is then cooled in a heat exchanger 42
that produces steam to be sent to a steam drum 68.
Intermediate product stream contains less than about 25
ppm of sulfur species in either the catalytic hydrogen
or catalytic oxidative modes of operation. The
intermediate product stream 40 is sufficiently cooled
within heat exchanger 42 to be introduced into a sulfur
removal unit such as a conventional zinc oxide sorbent
bed 44 and thereby to form a treated feed stream 46. A
possible sulfur removal unit could utilize copper oxide
and an amine adsorption column in combination with zinc
oxide or copper oxide sorbent is also possible for such
purposes although the degree of required cooling would
be increased. However, in any sulfur removal unit the

sulfur content should be reduced to less than about .1



attributable to steam nethane reformng wthin the
reformer itself, for exanple steam nethane reforner
W®2006/0583%6 al | ows | ess fuel to the refornmer to PEI/US2005/040336
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by an air stream 62 that is heated within an air heater
64. If a PSA tail gas stream were not used, process
stream 60 would consist of natural gas, refinery gas or
a combination of fuels. Boiler feed water is preheated
near saturation temperature in boiler feed water heater
66 and added to a steam drum 68 to raise steam in steam
boiler 70. The resultant steam stream 72 is further
heated in a steam superheater 74 to form steam stream
75. Part of the superheated steam contained within
steam stream 75 can be diverted as a stream 76 for
export uses. The other portion of steam stream 75 is
used to form steam stream 48 that serves as part of the
reactant for steam methane reformer 52.
[0051] The flue gases produced by the combustion of
natural gas and PSA tail gas stream 60, leaving the
radiant section 78 of the steam methane reformer 52,

are used for heating in the mixed feed heater 54, the



50 into steam net hane reforner 52. Steam net hane

reformer 52 is of conventional design and includes a
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feed stream 56 that is introduced into reformer tubes

58. The reformer tubes 58 coptain conventional steam

nmet hane reform ng catal yst. well known in the art,

the endotherm c reaction is supported by heat
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[0053] The intermediate hydrogen product stream 88
is then further cooled in an air/water cooler 94 and
introduced into a known pressure swing adsorption
apparatus 96 that normally contains adsorption beds
that adsorb impurities comprising carbon monoxide,
carbon dioxide, methane, nitrogen, and water and
thereby produce a hydrogen product stream 98 and a PSA
tail gas stream 100. PSA tail gas stream 100 is
combined with natural gas to form natural gas and PSA
tail gas stream 60. Part of the hydrogen product
stream 98 is recycled as a hydrogen recycle stream 12
and combined with feed stream 28 to enable or at least
help enable the hydrogenation mode of dual mode
catalytic reactor 30. The dual mode reactor can be
effectively operated without hydrogen recycle when in

the oxidative mode.



known catal ytic sulfur renoval unit 80 ("SCR') are

di scharged from stack 82. [0052] A synthesis gas
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reform ng reactions within steam net hane reforner 52

can be used to produce steamdn a process steam boiler

85. Further hydrogen may be produced in a known high

tenperature shift bed 86 containing a water-gas shift
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effectively operated w thout hydrogen recycle when in
streams having a high olefin content to be utilized
without damage to the reforming catalyst within steam
methane reformer 52. While such streams may contain an
ordinary unacceptable level of higher order
hydrqcarbons, such as alkanes with two or more carbon
atoms, the streams can nevertheless be treated in a
steam methane reformer 52 if provided with a catalyst
tolerant of such hydrocarbon and/or by slightly
increasing the steam to carbon ratio in a manner well
known in the art. Another possibility is to adjust the
flow of the refinery off-gas 10 during the
hydrogenation mode of operation so that the level of
such hydrocarbons within the reformer feed stream 50 is
in an acceptable low range. At the other extreme,
exclusive operations in the catalytic oxidative mode of
operation are possible. This would be desirable where
high hydrogen production was consistently required. As

to this latter point, the following Tables 4 and 5



t he oxi dative node.[0054] As would occur to those
skilled in the art, several different nodes of
W@p®casien are possible with respect to appar ap@EU32005/040336

In the illustrated node, both a refinery off-gas and

natural gas are used in fornigng the feed. Apparatus 1

could equally be used to treat and reform either

natural gas alone or a refinery offgas al one.

Addiustorate ya ¢aleglated @%@@Pﬁ$eofotbﬁe@@@énbppﬁratus
sively.in either the hydrogenati on node of
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opx0%8] on. The hydlogenatTanlavteisi ghtabeusetedt edample

where the oxygen expense is not desirable but the
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52 . Wiile such styreans contain an qrdinary, .
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can nevertheless be treated in a steam nethane _
rRFFPEFiBe Fhepvavided frehsatbapruphstheoratanyter
SHelebyelr ggarponoangles vbYnshbght Iy Increasing the
steamto carbon ratio in a nmanner well known in the
art. Another possibility is to adjust the flow of the
refinery off-gas 10 durindABh hydrogenation node of

operation so that the | evel of sychB#sedr ocarbons

Within the reforner fleed stream 50 £8%4 n| fiPCE%nt 2PRE

I range. At the other ene, |exclusivyve operatio

iﬁwﬁwgmgﬁ?gfg?]c oxidgwwgéﬁénde f o eratioﬁﬂhre ke
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(natural gas stream 22) MMBtu/hr 618 302 324
(refinery off-gas stream 10) MMBtu/hr 0 314 291
Oxygen Stream 36 Tons per day 0 27 30
Total Steam Stream 75 Lb/hr 130,770 129,870 128,502
Reformer Feed Stream 50 ibmol/hr 5773 5917 5943
Reformer Duty MMBtu/hr 134.8 124.4 121.9

(1) “NG” is natural gas.

(2) “ROG” is refinery off-gas.

[0056] The following Table 3 illustrates a
calculated comparison of the synthesis gas composition

leaving the reformer in the cases above.
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be appreciated by those skilled in the art,

Apparatus 1’ would have application to a retrofit

situation in which an existing feed heater 27a were

provided to heat natural gas stream 22 to produce a

heated natural gas stream 102.

Hydrogen

from a

hydrogen recycle stream 104 could be introduced into

natural gas stream 22 that was derived from hydrogen

product stream 98.

The heated natural gas stream 102

that can contain the added hydrogen is then treated in

a hydrotreater 105,

containing conventional nickel-

molybdenum or cobalt-molybdenum catalyst, to convert

the sulfur content of the natural gas into hydrogen

sulfide that can be removed in a chemisorbent bed 106

that contains a conventional zinc oxide catalyst to

produce a treated natural gas stream 108.

[0058]

The refinery off-gas stream 10 is compressed

in a compressor 110 and then introduced into a guard

bed 112 to remove sulfur and metal species.

Hydrogen

as necessary can be added to refinery off-gas stream by



a hydrotreater 105, containing conventiona
ni ckel nol ybdenum or cobal t - nol ybdenum catal yst, to

W@ ovees332¢ he sul fur content of the natural gasPCTUS2005/040336
hydrogen sul fide that can be renoved in a chem sorbent
bed 106 that contains a conwgntional zinc oxide
catal yst to produce a treated natural gas stream 108.
[0058] The refinery off-gas stream 10 is conpressed in
szmw@méssoof1aoh9@doghenré@ycb@uéédeamté2b,gaaﬁénbed

to re ur .and net al clLes, _Hydroge S
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by®F v 81, 00f 6f ashyﬂf@gﬁnloeayﬁheasaeaanyaabgeagasnthen
derived fromthe hydroasn product stream 98. The
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Alternatively, valves 116 and 118 could be_elim nated

b§tpea@sngsz¢an§ﬁ@li¢6 by ¥aives FéPabitfelt8-stream 88
éPga£E§?Egghv5 98§f§§§2§Pahh&§ ckgg % Taﬁlﬂgag%@d

I ner 4s stream orns th en be
tbgapedcnngdaah ande2tht ahysecieesactdrt30e thastream 88

er at es ejther a catalytic rogenati on node of
g%?%%PSn%EF 1g tEFVP?EagﬁFaaﬁggg ngde of operation.

Asobsofhe enhedhaBatqokeFigure bff-gheagtardmoxydedorms
streans 120 and 122, respectively, are controll ed by

vbhee§e@Q4tanah$26beThéeaé@dlﬂanUﬁﬁt@Pﬁédﬁaﬁélﬁﬁéguct
S%ésggb%zgobSthg%noperates in either a catalytic

hydrogenation mode of operation or a catalytic
oxidative mode of operation. As in the embodiment of
Figure 1, steam and oxygen streams 120 and 122,
‘respectively, are controlled by valves 124 and 126.
The resulting intermediate product stream 128 is then
cooled within heat exchanger 130 and treated within
chemisorbent bed 132 for removal of hydrogen sulfide.
The treated intermediate product stream 134 is then
combined with treated natural gas stream 108 and the
combined stream is then reformed within steam methane
reformer 52 as described with reference to Figure 1.
Alternatively, stream 128 (after cooling) can be mixed
with hydrotreater exit stream prior to entering sulfur
removal unit 106.

[0060] Again, several different modes of operation
are contemplated for apparatus 1’. In one mode of

operation only natural gas i1s utilized. 1In another



cool ed within heat exchanger 130 and treated within
chem sor bent bed 132 for renoval of hydrogen sulfide.
wab@essat ed i nt ernedi at e product stream 134 iBCT/082005/040336

conmbined with treated natural gas stream 108 and the

conmbi ned streamis then refqﬁﬁed W t hin steam net hane
reformer 52 as described with reference to Figure 1

Al ternatively, stream 128 (after cooling) can be m xed
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cases, valves 116 and 118 are appropriately Set to cut
ofé¢fihery| offtgakeat ekthangdrsibFaraadc2upively or in

re tively. fi ff- s utilized eith
it te I G T A T T e i e
t B hy g ogenat Haniagdmeatabyt bpeoxtdahksvarandenebnplated

ogeratlons are contenplated to allow for selective
ablpuat hevit fof eALeahbUAt 288 UAYELBEeRT pFBBUEBEUT0061]

' r taqFigure 3 , an Apparatus 1 ' ' is
Y%%%Eé?%?egggﬁumggch a separate feed heater 136 is
u§edéld heatiitheaeédrshreanr2@iderevéd BnoAppefiptasyl’’

of f - stream.10 and.thereby form heated, refine ,

of?gggfg?ﬁﬁﬁﬁ?ﬁlﬁnfg lFFegtﬁéH?rag%h?ﬁe aP§F§?FCE§§aFS
Mpgedr e8Cchekt 30 reatHaNGErebiere U8 rnocBeEdofoOfre¥ahvesy
116 and 118 and two feed heaters 27a and 27b.

Apparasasstream dPhapdi s8erghet fony PRaERE $&fe nRERNer L~
aaaghgtream 114 for treatment within catalytic dual mode

reactor 30’. Hence, there is no need for valves 116
and 118 and two feed heaters 27a and 27b. Apparatus
1’7’ otherwise functions in the same manner as the
embodiment of Fig. 2.

[0062] In all embodiments, where a feed stream is
used that contains levels of olefins or higher order
hydrocarbons that would be unacceptable to steam
methane reformer 52, it is necessary to operate dual
mode catalytic reactor 30 or 30’ so that reactor feed
stream 50 contains acceptable levels of olefins or
higher order hydrocarbons. Preferably the acceptable
levels are less than about 0.5% by volume on a dry
basis of olefins and less than about 10.0% of on a dry
basis of alkanes with two or more carbon atoms. Given
that the intermediate product streams 40 (Figure 1) and
128 (Figures 2 and 3) can be blended with natural gas,

such intermediate product streams 40 and 128 may have



enbodi ment of Fig. 2 . [0062] In all enbodinents,
where a feed streamis used that contains |evels of
we@bk@biosss2e©r hi gher order hydrocarbons that wouPdI/b82005/040336
unacceptabl e to steam net hane refornmer 52, it is
necessary to operate dual | _catalytic reactor 30 or
30" so that reactor feed stream 50 contains acceptable
| evel s of olefins or higher order hydrocarbons.
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refinery offgas 114 streamthat will be necessary to

reeidiebrements ef P tomt BheanoMatEpBE| FRECFBIEI 22y haf 1n
ng értﬁsgg§?d1éggutﬁﬁﬂeat§%f8§ %Bfuﬁéeeﬂ1aeag§nsasis.
re , Or | I 5% by

or ner n other words; |ess than O.
vohiseisnaastdryipasfsrwThdschsmacalraagbtlorvandthat can

chem cal calcul ation. that can, pe de upon_an,anal ysi s
CPE LHRTT oRROS: PRLRiSEY B Shk: Sy BPPHer) SBFF. 300

St & g8y 1141 DYe Ay 038 CHEOMBE PEEAPN 1 BOpObE ARSI t'S
conposition. A known sanpling port could be provided

i phppparaguaph tojlobtain its ppmpesihied-i nfAt kaown
FégﬂﬁffngAﬁofgecggﬂg Egngrobﬁged in Apparatus 1, 17, 17’
illustrated in the Figures. At the same time, the
intermediate product stream 40 or 128 must be above
400° C to insure sufficient catalytic activity. At one
extreme, at a high olefin content, given that the
hydrogenation reaction is exothermic, it is relatively
easy to meet such temperature requirement. At the
other extreme, given a low olefin content, for example,
natural gas, more preheating of the feed stream will be
necessary. The upper temperature limit for conducting
operations in this mode will vary with the feed in that
at extremely high temperatures, carbon formation will
occur. However, practically, it would not be desirable
to conduct such operations at temperatures above 650°
C. As such temperature is approached, sufficient heat
exists that woﬁld be best used for supporting reforming
reactions with the addition of steam. Moreover, as

such temperature is approached, methane, as opposed to



i ntermedi ate product stream 40 or 128 nust be above

400 Cto insure sufficient catalytic activity. At one
wW@xa06e58326 at a high olefin content, given thatPCTES2005/040336

hydrogenation reaction is exothermc, it is relatively

easy to neet such tenperatur 4rgquirement. At the
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exanpl e, natural gas, nore preheating of the feed
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oxygendegacaoben inacilycand et Heest damald, cfrorexaarle, a
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of higher order hydrocarbons and/or olefins can impact

the oxygen to carbon and steam to carbon ratio for a
required intermediate product. In any event, in the
present invention and with any feed composition, in the
catalytic oxidative mode of operation, it is intended
for hydrogen conversion to occur without predominantly
~converting the hydrocarbon content of the feed to
hydrogen and carbon monoxide such as would be the case
in a conventional partial oxidation reactor in which
conversion rates of greater than about 75% are
possible. At the given upper limit of the ratios, set
forth above, at the maximum temperature of 860 ° C,
such operation will be insured with any feed or in
other words, the higher order hydrocarbon content will
substantially be reduced to methane, hydrogen and

carbon monoxide. For the specific refinery-off gas

streams set forth in Table 1, above, at such upper



refinery off -gas stream 10 that contains a high
content of higher order hydrocarbons and/or ol efins
we2mweioppact the oxygen to carbon and steam to PEF/D82005/040336

ratio for a required internedi ate product. In any

event, in the present inventi:on and with any feed
conposition, in the catalytic oxidative node of

operation, it is intended for hydrogen conversion to
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set by known chemi cal reaction calculations to
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product streans 40 and

intermediate product stream 128 may be above the

aforesaid limits so long as reformer feed stream 50 is
within the limits as a result of blending.

[0065] For a given hydrogen product 98 rate and a

constant steam methane reformer 52 firing rate, a
certain amount of refinery off-gas stréam 10 is
required. However the composition of the refinery off-
gas stream 10 can be changing due to variations in the
processes that produce ROG in the refinery. Such
variations can be monitored and controlled with a gas
chromatograph and a calorimeter. The gas chromatograph
can monitor composition changes but it has a slow
regponse of 5-10 minutes for analysis of a gas stream
that contains hydrocarbons with 1-6 carbon atoms. The
calorimeter can measure the heating value of the gas
and also it can measure its specific gravity with a
densitometer that is typically included with the

calorimeter. The calorimeter has a very fast response



128 by gas chromatography. It is to be pointed out

that where an internedi ate product stream such as
wa2®s/0582601 ended, the ol efin and al kane cont eneCD1S100%040336

i ntermedi ate product. stream 128 may be above the

aforesaid limts so long as yeformer feed stream 50 is

within the linits as a result of blending. [0065] For

a gi ven _hydrogen product 98 rate and a constant steam
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is expected if the hydrogen content is reduced. In
that way the calorimeter can provide instantaneous
response to feed composition variations. The actual
composition can be measured with the gas chromatograph
at longer intervals and further adjustments to the flow
to the reactor can be made based on the desired
hydrogen output and other hydrogen plant parameters
with a model predictive control system.

[0066] In addition for stable operation of the

catalyst and the hydrogen plant as indicated above, it
is desirable to maintain the temperature of the
intermediate product stream 40, 128 emanating from dual
mode catalytic reactor 30, 30' within at least a stable
temperature range. In the hydrogenation mode, olefin
concentration increases will lead to temperature
increases. Such temperature increases can be tempered
by adding steam to the feed stream of the dual mode
catalytic reactor 30, 30'. The steam has a heat

capacity that will reduce temperature excursions by



spike in the refinery off -gas stream 10, the ensuing
drop in calorific value wll be detected by the

w@ 20061053326 er and the flow to dual node cat al ytPCT/US2005/040336
reactor 30, 30" will be increased so that the flow of
syngas fromunit 88 is held gpnsistent with hydrogen
production rate 98. Integrated conputer controls wll
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mabdé ai-da&hert erper at uhetBE bhedkbienmeddat ebpEddbgt/gen

t 40, 128 ti dyal tal yti

"EER Brouh, 256 SORER hoaEPPoREriaoSt BBFe rBplPHRur o
reagalytnctheahydrogeWHEiamoundepfobﬁygancaddedtdapbnds
'Bﬁr€ﬂée§e¥ﬁ£éd'ggQrESeBGBESEQEHESn gﬁg§é§§§|a§HCh

enperature I NCr ses can ere é ng steam
t bypheal tedther sagtotot Rendyal abaéivat apyeic Or8&casr the

30nt3nce THE §h§aﬂéEa§marheath@aaa@uhy bhabxygEh steam,
rature excursion .Sone O

edbce, LempeLalure excut ) ong, byadsel b 1g, SorE of s ne,
absmpmshtlpﬁrahdipaéedégreedofhgtﬁheatehgrdengrmlne the
rgggékggsekygttg%Beggkgrggin%%%na desired hydrogen
production increasing the flow of oxygen can be
regulated to keep the dual mode catalytic reactor 30,
30' exit temperature constant. If the dual mode
catalytic reactor 30, 30' exit temperature increases,
then oxygen can be reduced to reduce the temperature
and if exit temperature decreases oxygen can be
increased to maintain the exit temperature in a narrow
range typically with 10 to 20 degreesg. Maintaining the
exit temperature constant also has the benefit of
regulating the composition at the exit of the dual mode
catalytic reactor 30, 30' so that the reformer feed
stream 50 sent to the steam methane reformer 52 has a
more uniform composition. The more uniform
intermediate feed composition allows the reformer to
operate at a stable firing duty and stable hydrogen
production capacity.

[0067] While the invention has been described with

reference to a preferred embodiment as will occur to



the reactor exit tenperature within a specific

operating wi ndow. Too nuch steam though i s undesirable
whewalss2d¢t constrains the ability of the sul fRCT/US2005/040336

renoval unit 44 and 132 to reduce sulfur below 0.1

ppm The steam addition nust,pbe limted to bel ow 10%

at the dual node reactor exit. In the oxidation node,

bot h oxygen and steam are added to the feed of the

db®¢sﬁvﬂblbé¢®1ymlth$eaxtornHMhéOEﬂDQthﬁﬁsox?@@htlons

d ends on_t he deS|red t
508 calEBERGRe i aFr v R seiO RS aSnREOFHY) P tne
bepowi ©. Sfeiatcépbe enttracerobehbeinetntien. The anount
of oxygen, steam refinery off-gas stream 10 flow, the
refinery off-gas conposition and the degree of
preheating determ ne the reactor exit tenperature. For
a desired hydrogen production increasing the flow of
oxygen can be regul ated to keep the dual node
catal ytic reactor 30, 30" exit tenperature constant.
If the dual node catal ytic reactor 30, 30' exit
tenperature increases, then oxygen can be reduced to
reduce the tenperature and if exit tenperature
decr eases oxygen can be increased to maintain the exit
tenperature in a narrow range typically with 10 to 20
degrees. Maintaining the exit tenperature constant
al so has the benefit of regulating the conposition at
the exit of the dual node catalytic reactor 30, 30" so
that the refornmer feed stream 50 sent to the steam
nmet hane refornmer 52 has a nore uniform conposition.
The nore uniforminternedi ate feed conposition allows
the refornmer to operate at a stable firing duty and
st abl e hydrogen



production capacity. [0067] Wile the invention has

been described with reference to a preferred
wepdvemszent as will occur tothose skilled in tPeI/E81005/040336

nunmer ous changes, additions and om ssions nay be nade

wi t hout departing fromthe spirit and scope of the

present invention. . Wiat is clainmed is: 1 . A steam

nmet hane reform ng nethod conprising: heating a feed

stheanmigoapeisedgislefi ns and hydrogen to a

tenperature,of . no greater than about 6 C. e

contac?rng ?hétﬁ?8r8§§ agﬁdrFﬁgrgﬁg iﬁ%%QQQﬂQQWHEQSlng'

feed streanmwvhthng gatrakystteapabkenpiriprienpldirgibet Bind

hydr ogenati on and partial oxidation reactions and .

cgtfﬁF?g?EaFPyar E8BPEHG tEaRd ORy BPogER IR thFE GiPeritn$00

m@ghout addi ng oxygen to produce an internedi ate

product stream contai ni ng saturated hydrocarbons

fornmed fronchytdrogénat ithe bfydirbgeonl ehidnghet hd dfdatsi ng

of .the feed stream being sufficient_and/or the olefins
ki 2B E66nE SR AtACEHG b6 "SFPeaTVAT SoGrTiccitnt
cprepbtial BBthhal rbgecnitebiedhat @aptaducioxsideamn s
produced at a tenperature of greater than about 400 C

. rapgtienst PR gateflgtierlidedescitdans fodredystradeastvith
i a he . i t .St d st eam
PP Eapratns Ao REkEhe PAORUR' o8 FRRmaR A
syntheskdigas product Stream kawitadnhioge sglues tefd
hydrogen than that of the feed stream and al so .
CBHEAPRPRGOBar BOATRONGxCie N HEPEP Ghd “Barork It iedans:
t RgecatakyhiyC oireatll gReef sithe ahy deagen st ithe i efidysr

bei ng conducted within a reactor containing
the olefins being present within the feed stream at a

sufficient concentration that the intermediate product
stream 1s produced at a temperature of greater than
about 400° C; and

reacting a reformer feed stream formed at
least in part by the intermediate product stream and a
steam stream in a steam methane reformer to obtain a
synthesis gas product stream having more moles of
hydrogen than that of the feed stream and also .
containing carbon monoxide, water and carbon dioxide;

the catalytic reaction of the hydrogen and.
the olefins being conducted within a reactor containing
the catalyst at a space velocity of greater than about
10,000 hr™' and with a sufficient amount of hydrogen
such that the reformer feed stream has an olefin
content of less than about 0.5% of olefins by volume on

a dry basis.

2. The method of claim 1, wherein:



the catalyst at a space velocity of greater than about
10,000 hr"1 and with a sufficient anount of hydrogen
w@owk/0s3aé t he reformer feed stream has an ol ePCTUS2005/040336
content of |ess than about 0.5% of ol efins by vol une
on a dry basis. 2 . The nmethgd _of claim1l ,
wherein:the feed stream al so conprises sul fur
conpounds ; the hydrogen also reacts with the sul fur
conmpounds duré nteedheseaeainyd}eo redrpFbpesuehl fREL the
i nt ermedi ate product stream al so contai ns hydrogen
s%ﬁﬁ?g§h?%Tned fromthe hydrogenation of the sul fur
conpounds ;thdenydteferdiate psacdustwitheanei sutboked
and treated to renove the hydrogen sulfide such t

t
P P RE Fredii Bl I ploRueatat %é%?ﬁ%%?%%ﬂ% ﬁBCHoFEaF?EHe
@BQHér%édPQ@éh%Qégg sulfidesaftecohayi A9 Re&Rogen

treated; and the reforner feed streamis forned at

| patfida pPparmedyftdre theenhyddoaceaproduet Sheeamlafirer
havi ng been treated. 3 . The nethod of claiml1l
mﬁ%?%?ﬁ“?ﬁe olefins are present within the feed stream

in an anpuntnh&0ihessméhantabpubdlddt bytyehunesonoalddyand
basis. 4 . A steam nethane reformn

t hod
corprFefnge ﬁ%%@?%gt%ef%éﬁrggﬁ%aﬁVégﬁggi§gﬁ6 hareshe
tf@@e?ﬁggﬁagéagpﬁdﬂe£u§€r8§macgﬁ¥a9§§'ﬁooﬁore than about
hydr th at

ocar bons | east two carbon atons and/or at
| edsppmbbutir3&ebysvbfide sfterehamsngobacnehpersedreand
of no greatgr thap about _60Q C .; contacting.th
hydrocarbongﬁﬁna?g?r?ﬁg fee8 Stream 18 %orm%d a% least
in part by the intermediate product stream after having

been treated.

3. The method of claim 1, wherein the olefins
are present within the feed stream in an amount no less

than about 3% by volume on a dry basis.

4. A steam methane reforming method comprising:

heating a feed stream comprising no less than
about 15% by volume on a dry basis of hydrocarbons with
at least two carbon atoms and/or at least a?out 3% by
volume of olefins to a temperature of no greater than
about 600° C.;

contacting the hydrocarbons and/or the
olefins contained within the feed stream, and also,
oxygen and steam with a catalyst capable of promoting
both hydrogenation and partial oxidation reactions and
catalytically reacting the hydrocarbons and/or olefins,
steam and oxygen at an oxygen to carbon ratio of less

than about 0.25 and at a steam to carbon ratio of less



ol efins contained within the feed stream and al so,
oxygen and steamw th a catal yst capabl e of pronoting
W oaoh/0k3pel ogenati on and partial oxidation reackP¢DOS208510140336
catalytically reacting the hydrocarbons and/ or
ol efins, steam and oxygen _at;;an oxygen to carbon ratio
of | ess than about 0.25 and at a steamto carbon ratio
of lessthan about 0.5 to produce an internediate
pricducibett ednd ando¥edets My al M ed raREa teelredvelm
formed at_least in part by the internediate product
é%#%%ﬁ?hﬁ%ng Steam stream in a stean1nethan2 ref or mer
to obtain arsystihesi s gasopteduttedt seasahaviogmedr et
nol es of hydrogen than that of the internedi ate
gﬁ%ﬁﬁktl%tP%ﬁﬁ?%hdt%?sb“%%ﬁ?%?h?%% REPBBAC nBhbRPAPeand 2

V@E%m aél%&% bop, djoxi den hbensad alytbenEpachi gpthehng
conducted w thin a reactor containing the catalyst at
as gpeves vel gast yrgdeat esttham dpoing 100060mptes ofwith

sufficient anpunt o gen, th I nter [
oS Tea Tebr SoubkH ate b Tenbera B EBFCh e Eean
about 2 bOO Eoandiabayt c860ok asdonitil, t hetexygad tarbon
carbon and steamto carbon ratio being sel ected that

t®hEo¥ i ner feed stream has a hydrocarbon content

consi sting Qﬂen§5992§tihe?éa&@@@na98§ﬁgocé%ﬁggtghe%ﬁﬂﬁin
by volune on a dry basis, [ess than about 10% of .
ah kesest okt hohweioingotkecarbahyatoant byspecenwedncaty

dry basis,, no re tg n Qo t-11% by, .vol_u a dry
b%%?%t%f F?ﬁ?oggpﬁsn 809ﬁ rHFhan §¥ﬁ%h§§%§h Siisiths
a@ﬂo@nteaalBkggeﬁOQhQﬁttﬁ@nmhtérmgdhmdéoge@ducarb@meam
nonoxi de, carbon di oxi de and water vapor.

is produced at a temperature of between about 500° C
and about 860° C and with the oxygen to carbon and
steam to carbon ratio being selected that the reformer
feed stream has a hydrocarbon content consisting of
methane, less than about 0.5% of olefins by volume on a
dry basis, less than about 10% of alkanes with two or
more carbon atoms by volume on a dry basis, no more
than about 1% by volume on a dry basis of hydrocarbons
other than alkanes and olefins and a remaining content

comprising hydrogen, carbon monoxide, carbon dioxide

and water vapor.

5. A steam methane reforming method comprising:
heating a feed stream comprising
hydrocarbons, sulfur compounds and hydrogen to a
temperature of no greater than about 600° C;
producing an intermediate product stream by
catalytically reacting said hydrogen with the

hydrocarbons and the sulfur compounds without oxygen so



5 . A steam net hane reform ng nethod conpri sing:

heating a feed stream conpri si ng hydrocarbons, sulfur
w@ovposales and hydrogen to a tenperature of noPQY/E81085/040336

t han about 600 C ; producing an internedi ate product

stream by catal ytically reagting said hydrogen with

t he hydrocarbons and the sulfur conmpounds w t hout

oxygen sothat the internedi ate product stream contains

satak dtterd hyroeed boke RInelhydr vgesrs F PR R her arurated

f.rom hydr.ogenat i of _the hydrecarhb d sul fur
cl'b‘%%%%adrsk? Ogﬂrse s‘—’lpne(%:)tnrl1 Yet ?/g 1 h%u #‘gla(?% ng&isﬁl&? hfe]tf &E ed
sty @adg el on the tiydregenats cvoed dme thiydr sgarbons

bei ng sufficient to produce the internegia%e Eroduct
STQTRRAHTAS @ FRIRRG Bl VR EY of Liyp it 12 hant abdGt Ta60 ELHpam

t. I i I i
g%%&@ﬂg1ﬂﬁ§ Hydf§§é%a%iﬁg %y {16&CH T 8- OXYH8As BEEAY

ydr ocar bons, t ydrogen and the sul fur
counfpOlamisn it ot apnedued t bhae tihecfrediste epnpdocthatreds

i nternedi ate product stream contai ns additijon
b TS e DA Bont rerearTs. By oaueaathytPaacti 8F of

t he: OxyHeve By £ada 8aly by ds DTar boast ang bydyegensteam and
sul fide produced by conversion of the sulfur

cohpourdsocaHeoy geRc Y AFopPRseRt FheaS8hfprcrefipounds
aopHPL; 0@ty 1 sk NEALTROLA! e PLORAUCET: ALECRAL S

produced at a tenperature o et ween about 500 C and
aboteri8édi £ andratiust eahreamcarhbainadaddygenntd

carhon ratio being selectea to ¢ ntral an anogn% off
NBY ECF" t e aGAF PPBNEP RS Y 8gBEO§P88 cBY ARECHLE eSS
thae aheyen0. Stand heasniyhancabpuhs0aR8, hyaspgehi ¥all¥ide
the catalytic reactions of the hydrogen, hydrocarbons

apdodheed UPY ueORBABEHATS O6r LhEt 8RKARFVEPPPOUNdsS, the
oxygen being present in a sufficient amount that the

intermediate produced stream is produced at a
temperature of between about 500° C and about 860° C
and at steam to carbon and oxygen to carbon ratios
being selected to control an amount of moles of the
additional hydrogen produced and at less than about 0.5
and less than about 0.25, respectively:;

the catalytic reactions of the hydrogen,
hydrocarbons and the sulfur compounds or alternatively,
of the oxygen, steam, hydrocarbons and sulfur
compounds, being conducted through contact with a
catalyst capable of promoting both hydrogenation and
partial oxidation reactions within a reactor that is
the same for both of the catalytic reactions, and the
catalytic reactions being conducted at a space velocity
greater than about 10,000 hrt;

cooling said intermediate product stream;



of the oxygen, steam hydrocarbons and sul fur
conpounds, bei ng conducted through contact with a

W@ a10a0§326 capabl e of pronoting bot h hydr ogenat PORUS29A5/040336
partial oxidation reactions within a reactor that is
the sane for both of the capalytic reactions, and the
catal ytic reactions being conducted at a space
vel ocity greater than about 10,000 hr 1; cooling said
i nt Sr medi atterqrioidurtsasitd amereediaiee saf dl el ey eeRAt oY
product. st m enpval of -t r [ and
sﬁ?&?‘{aﬁatoi{ ﬁt}? %%4%%t%&pfrlo ucitw(gt%%gkpn %%ljrl] a?lﬁes no

NoTtes dntad Ao Ud r o dudp e thyshim gesnisad i s deo afibee  tiaam ngbout
been treated; and reacting a reforper feed strea

o s atyqieRaen v pakde e haT e orerar etﬁ?%ﬁ‘?r?éi and
stream and g, Steam Sir A2 BLEAM PELAANCEE 808 NBE

to obtain a synthesis gas product stream having nore
nicd sest of n hyatrogen thamintatnedizhe peedustrebneandapfea
i nternmedi ate product, stream and al sp contajnin ar bon
TR et -SRI o1 e LB aC okt B BETThs° gt Hoe of
o AR Ssis WREE e%fbd&&l@ §epdamt neAMMEORbak NBoDes | €8S

t han about 15% by vol une on _a dry basis of

Hyxiteegeborkami Eaatof calse fopdcaFboRmatBAstARd/ or at

| % u obghi B85, dUEhRg: hhg b
c%?%%f/ ?%%%%C%?%%‘y(g# %[E]ég%)t}d%ugégen?s?he hgg%oca?bgﬁé on
amlncbzhiadesulxﬁaxte::omn@uuaisbonhéihyﬁdegen al so reacts
with any of the olefins present wwthin the feed stream
to al so produce saturated hydrocarbons and there

exi st sgsuf frgkentthydr 9e814omoby aivAeaBigkefin content
wthin the the feed stream contains no less than about
15% by volume on a dry basis of hydrocarbons with at
least two carbon atoms and/or at least about 3% by
volume of olefins;
during the catalytic reaction of the
hydrogen, the hydrocarbons and the sulfur compounds,
the hydrogen also reacts with any of the olefins
present within the feed stream to also produce
saturated hydrocarbons and there exists sufficient
hydrogen to obtain an olefin content within the
reformer feed stream that is less than about 0.5% by
volume on a dry basis;
the catalytic reaction of the oxygen, steam,
hydrocarbons and sulfur compounds, is conducted with
oxygen to carbon and steam to carbon ratio selected so
that a hydrocarbon content consisting of methane, less
than about 0.5%.0f olefins by volume on a dry basis,
less than about 10% of alkanes with two or more carbon

atoms on a dry basis and no more than about 1% by



reformer feed streamthat is | ess than about 0.5% by

volunme on a dry basis; the catalytic reaction of the
wW@opgess326t eam hydrocarbons and sul fur conpouPKiBEUS1085/040336

conducted with oxygen to carbon and steamto carbon

ratio selected so that a hygpocarbon content

consi sting of nethane, |ess than about 0.5% of ol efins

by volune on a dry basis, |ess than about 10% of

atddames am teh dww s Wored dardrcatioms opthedr yhdasi s

a no nore. than_ about _ 19 \, eYqP '

B BN CRREMT b e M8, Y Pasbandl
oded ned-amihin the reformer feed stream 7 . The
method of claim5 or claim6 , wherein during both of
the catalytic reactions, the steam nethane reforner is
operated atrid. fRLiNgyr ok ecihat § egmi 8BasHbE! aphbably
unchanged so that the additional hydrogen produced
ciit ingp thetlcab @l yhé ccabakytbn ofacheonxygehe steam

hydr.ocar bons and. sul fur co unds_i pcreases_t he es
R R o Ealiar nt nebes el e T S L BEEPAS oL 00 AR
OV&ha 1 et s s S eda Woenuh bieatyek ogenthhy dt heasbansiandl
sul fur conmpounds are catalytically_ reacted w thout

dudireooxyrerduged dneingt Fow erteldrarsrercerarnPd the
AheraL, LG ReacaLalybhe aRACLLORuOT cbiBoaKYGen.
S sultu

hydr ocaf bohs™ an r conpounds, the steam
et deees ¢ ef ohaemol ssopéryeédogenavibhen thei agneaeels

than during the catalytic reaction of .the h en,
hY? JeBPBORE ARGSaH ?ﬁ?chﬁ‘aﬁuﬁaga‘lae@ ‘fﬁ%“ryrgﬁﬁgd of
chahPdde®! KlaLBLarBbns! ahtn Sul rhur tbepoaadsr kskeng

i ntroduci ng steaminto the reactor
catalytically reacted without adding oxygen.

8. The method of claim 5 or claim 6, wherein
during the catalytic reaction of the oxygen, steam,
hydrocarbons and sulfur compounds, the steam methane
reformer is operated at a lower firing rate than during
the catalytic reaction of the hydrogen, hydrocarbons

and sulfur compounds.

9. The method of claim 1 or claim 5 or claim 6,
further comprising introducing steam into the reactor
during the catalytic hydrogenation mode of operation to
engage in reforming reactions with the hydrocarbons and
thereby to form yet additional hydrogen and carbon

monoxide in the intermediate product stream.

10. The method of claim 1 or claim 2 or claim 4

or claim 6, wherein:



during the catal ytic hydrogenati on node of operation
to engage in reformng reactions with the hydrocarbons
wa@paehbseeby to formyet additional hydrogen apdr/vsaobson033e

nonoxi de in the internedi ate product stream 10. The

met hod of claim1 or claim3gsor claim4 or claimé6 ,

wher ei n: hydrogen is added to a natural gas stream and

the natural gas streamis treated by hydrogenating the

suI fur conpuuhdsyeont ai aéded Hee 63 M3t hydrdgehrean and

| fid b t
S TR el PR AR I Pl OetRe 1A che
pﬁmﬂyr V@ém@s@lms achiya basd st ioé rdyr gen sudifodenaft er

havi ng been treated; and the reforner fe g_atreamﬁi}s
FOrhEtie rparty DYSTOTBR 1 e PR af \haddet P

m%ﬁ@ ﬁQ@u%Q Q?dé@fgaﬂrggﬂ@élﬁérfég% ddan ThBoBt HOd ppm
0 or ¢

clarm aim?2 or claim4 or claim®6 wherein
tﬂnye wﬁ@hdnstcmeam duy thesisonprhgeésopanusal fgas. afRerThe
of claim4 or claim6 , wherein said feed

7%%1%’”%6%?1 EEe2bFFi 9389 a coker off-gas, or a sweet

refinery gagne l8erdhecpetbed er@hmlﬂklforméﬂahﬁlﬁaﬁt by
claim4 or claim5 or claim6 , wherein said f

seemahi{8d cohpreaterat 09as pFeEsEReVbFh bEPﬁeéﬁtEBBStjléte

p 00 psi above operating pressure of the
s’?f%(?hagf%t%gﬁéearg{efor mer. 14. The nmethod of claim1 or

claim5 or claim6 wherein the feed stream has a

sul fur ont t of Jae ha abot 50 m 15. Th .
net hod?® i ?nﬁ“it P % ﬁiﬁl{gr cPai Fhﬁ?glm 3 ol"€1aim 4
or claim 6 wherein the feed stream further comprises

natural gas.

12. The method of claim 4 or claim 6, wherein
said feed stream is an FCC off-gas, a coker off-gas, or

a sweet refinery gas.

13. The method of claim 1 or claim 2 or claim 4
or claim 5 or claim 6, wherein said feed stream is
compressed to a pressure of between about 5 psi and
about 100 psi above operating pressure of the steam

methane reformer.

14. The method of claim 1 or claim 5 or claim 6
wherein the feed stream has a sulfur content of less

than about 50 ppm.



or claim6 , wherein the catalyst is a Goup VIII

nmetal catal yst supported on a netallic nonolith. 16.
wab@enebod of claiml or claim4 or claimb5 oPCTUSINS/G10336

, Wherein the intermedi ate product streamis treated

by being contacted with a_zjgc_oxide or copper oxide
sor bent .

15. The method of claim 1 or claim 4 or claim 5
or claim 6, wherein the catalyst is a Group VIII metal

catalyst supported on a metallic monolith.

16. The method of claim 1 or claim 4 or claim 5
or claim 6, wherein the intermediate product stream is
treated by being contacted with a zinc oxide or copper

oxide sorbent.



