INTEGRATED STEAM METHANE REFORMING PROCESS
FOR PRODUCING CARBON MONOXIDE AND HYDROGEN

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation-in-part to copending U.S. patent application
Sarial No. 08/418.,317, filed April 10, 1908, the Specification and claims which are

lncorporated by reference and made a part of this application.

IECHNICAL FIELD OF THE INVENTION

The present invention is a process for producing an essentiaily pure carbon
monaXide (CO) product and an essentially purs hydroegen product by reforming a
wydrocarbon and steam in the presence of & refarming catalyst to produce a refarmate
product enriched in GO, carbon dioxide and hydrogen. The reformate is aubjacted';o an
integrated se.ries of separation steps and carban dioxide and hydrogen prﬁsant inthe
wasta effluent racovered from such series of separation staps is shifted to CO in an
integrated sorption enhancsd reaction (SER) process.

- BACKGROUND OF THE INVENTION

Carban menaxide is typically produced tiy catalyticaily raforming a hydrocarbon
feed with steam, aﬁd optionally, carbon dioxide, at high temperatures. The reaction
occurs in 2 ateam methane reformaer (SMR) which contains cataiyst-filled tubes housed
In a furnace. The synthesis gas exiting the refarmer containg carben monoxide (CO)
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along with hydrogen, carbon dicxide (CO;), ateam and unconverted methane according
ta the squilibria established in the following reactions:

CH, + HyQ <=> 3H; + CO Steam Reforming
M0 + CO <> Hy + CO; . Water Gas Shift
CHy + CO2 <> 2H; +2C0  CO, Reforming

Tﬁe abave-mentioned reactions are generally carried out at high temperaturas
(8007 - 1000° C) and at high pressures (5-30 atmospheres) wherein tho reactants are
¢ontacted with a nickel based catalyst, These reactions are monnodyriamiwlly
controlled. Therefore, the reformate effluent composition shall depend on many
variables including pressure, temperature, molar ratio of steanm/methane in the reactor
fesd and carbon gioxide concentration in the reactor feed. A typical SMR affiuent
composition (mole fractions) posaesses 73% H;, 13% CO, 8.5% CO; and 5.5% CH,
whaen the SMR reaction is conducted at 880°C and 25 atmospherss using a COp-free
feed mixture containing a 3:1 water/methane molar ratio. The SMR effiuent is sx.xbieﬁed
to a series of reaction and separation operatione in order to recover a high purity Hy
product (99.8+ mole%) or a high purity CO product (99.5+ mole%).

Carbon moncxide provided In commercial SMR plants is typically used 0
mahufacture isocyanates and polycarbonates through phesgena chemistry.
Alernatively, certain processes for producing oxoalcohois require a synthesis gas
having a 1:1 ratio of hydfogen to ¢carbon monoxide. By-product hydrogen and export
steam formed during such SMR processes may have fuel vaiue, but may not be required

as products.



As i= well known in the industry, synthesis gas having a high CO content is
produced by injecting CO; into the reformer feedstock and by reducing the ratio of steam
to hydrocarbon in the SMR feedstock. The SMR feedstock can be further enriched In
COy by recycling CO, produced and separated from the aynthesis gas or racoverad from
the fumace fiue gas or by imparting additonal GOy, Into the feadstock from an outside
source. SMR feedstocks having a high CO, to methane ratio and reduced amounts of
steam inhibit the water gas shift reaction from producing additional H, from CO and will
reverse this reaction to produce additional CO from H, under extreme reaction
conditions. Some CO, also reacts with methane in the SMR feedstock to yield syngas
having a low Ho/CQO ratio.

The amount of CO produced in convantional SMR processes is limited by
reaction thermodynamics wherein a relatively low conversion to CO (~10-15%)
nacagsitates a significant separation effort to recover the desired CO product. |
Numerous prior art SMR processes {or producing synthesis gas are known which uiilize
a varisty of separation cycies to recover the desired CO product from the SMR
reformate offluent which typically contains a mixturs of hydrogen, CO, CO, and

methane.

United States Patent 3,988,849 discloses a SMRA process for converting water
and a source of mathane, such as nat\iral gas, to a hydrogen product as deplctéd in
FiG. 1. Methane and water are introduced through line 1 into a conventiormal SMR
reactor 2 and reactad under reforming conditions to produce a Hy-enriched reformate
stream 3. Stream § ls introduced into condenser 4 to yleld steam and cocled reformate
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stream 6 at an intermadiate temperature of 250°-350°C. The cosled reformate is then
fad into watar-gas shift reactor 7 (high temparatura shift reactor, alone or in combination
with a low temperature shift reactor) to ¢onvert a portion of the CO in reformate stream 6
to hydrogen by reacting CO with H;O accarding to the reaction

(CO + HiO <> CQy + Hy).

- The above-mentionaed ehift reaction plays a key role in the over-all process
when hydrogen is the desired product becausa the shitt reaction increases the hydrogen
concentratian and quantity in the reformate product mixture prior to separating the
raformate product mixture to produce essentially pure hydrogen, Shift reactor effiuent 8
is furthar coaled to a near ambient temperature (25°-50°C) by indirect heat exchange
with cooling water in condensar 9 wherein a aubstantial amount of water is condensed
and removed from the reformate via lins 10. Finally, stream 11 exiting the condenser is
introduced into a hydrogen pressure swing adsorplion unit (He-PSA) to yield assentially
pure hydrogen via stream 14 and a waste gas stream 13 which can.bo used as fuel in

the reformer.

United States Patent 4,171,206 discloses a SMR procass for converting water
and a aource of methans such as natural gas to simuitaneously yield a high purity
hydrogen product and & high purity CO; product as depicted in FIG. 2. Methane and
water are introduced through line 21 into a conventional SMR reactor 22 and reacted
under reforming conditions to produce a reformate stream 23.

Stream 23 is introduced into condenser 24 to yield cooled relormate stream 28
at an intarmodiate temperature of 250-350°C and condensate stream {not numbered),
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" The cooled reformate is then fed into water-gas shift reactor 27 to convert a portion of
the CO in reformata stream 26 to hydrogon. Shift reactor effiuent 28 is further cooled to
a naar amblent temperature (25-50°C} by indirect heat exchange with cooling water in
condanser 29 wherein a substantial amount of water is condensed and ramoved from
the reformate via line 30. Finally, reformate stream 31 exiting condenser 29 Is
introduced into CO;, vacuum swing adsarption (VEA) unit 32 wharein the reformate is
saparated to provide an easentially pure CO, product stream 35. The waste gas from
€O, VSA unit 32 is introduced into Hg-PSA unit 38 via line 34 and is separated to yield
an essentially pure hydragen stream 37 and waste gas stream 38 which can be used as
tuel in reformer 22. The CO; VSA unit 32 and Hy; PSA unit 36 are integrated to obtain

maximum separation efficlency.

A conventional SMR pracess is depicted In FIQ. 3 wharein water and a source
of methane are introduced through line 41 into a conventional SMR reactor 42 and
reacted under reforming conditions to produce a reformate stream 43. Streamn 43 is
introduced into a CO; absorber/stripper 44 which contains a physico-chemical solvent
which removes CO; from the pra-cocled SMR effluent to provide stream 46 which
contains essentially pure CO,and a cordopiohd reformate stream 46 which is
Introduced into thermal swing adsorption unit 47 to remove water and remaining CO,
which Is withdrawn from adsorption unit 47 via line 48, CO; and water depleted atraam
49 is introduced into cryogenic cold box 50 to yield easentially pure hydrogen stream 51,
essentlally pura CO stream 53 and a waste stream 52 containing CO and unreacted

rasthane which can be used as fuel in reformer 42.
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Another conventional SMR process is depicted in FIG. 4 wherein water and a
source of methane ara introduced through line 61 inta a canventional SMR reactor 62
and reacted under raforming conditions to produce a reformate stream 63. Strsam 63
is introduced into a CO; absorber/stripper 64 which contains a physico-chemical solvent
which removes CO, from the pre-cooled SMR effiuent to provide a COz-enriched stream
85 which may be compressed via compressor 66 and reintroduced as CO; feed into
SMR reactor 62 via fine 67. CO; depleted relommats stream 68 exits TSA unit 69 via line
71 and is introduced info cryogenic cold box 72 to yiek! essentially pure hydrogen stream
73, essentially pure CO stream 75 and wastie stream 74 containing CO and unreacted
methane which can be used as fuel in reformer 62.

United States Patent 4,915,711 discloses an SMR process as depicted In
FIG. 5. A source of methane and watar is introduced through line 81 into a conventional
SMR reactor 82 and reacted under reforming conditions to produce a reformate stream
83. Altemately, a CO, stream can aiso be introduced into the reformer 1o increase CO
production. Stream 83 is introduced into condenser 84 1o yieid water condensate stream
85 and cooled reformats stream 86 at an intermediate temperature of 30°-120°C. The
cooled reformate is then fed into CO-VSA 87 wherein the reformate is separated to
provide an sssentiatly pure CO product stream 88 and waste gas stream 89 which can
be used as fuel in reformer 62.

An alternate SMR process is depicied in FIG. 6 wherein a source of methane
and water is introduced through line 91 into a conventional SMA reactor 92 and reacted
under reforming conditions to produce a relormate siream 93, Stream 93 is introduced
into condenser 94 to yield water condensate siream 95 and cooled reformats siream 96
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ét an intermediate temperature of 30°-120°C. The cooled reformate is then fad intc CO-
VSA 87 wherein the reformate is soparated to provide an essentially pure CO product
stream 98 and waste gas stream 99 which is introduced into a conventional polymer
membrane 100 to provide wasie gas stream 101 which can be used as fuel in the
reformer and COg-enriched stream 102 which is compressed by compressor 103 and
introduced Into SMR reactor 92 via lins 104 as additional feadstock.

Another alternate SMR process for producing essentially pure CO and
assantially pure hydrogen is depicted in FIG, 7. A source of methane and water is
introduced through line 111 into a conventional SMR reactor 112 and reacted undar
reforming conditions to procuce a reformate stream 113. Stream 113 is introduced into
condenser 114 to yisld coolad reformate stream 116 which is fed into water-gas shift
reactor 117 to convert a portion of the CO and water in reformate stream 116 to
hydrogen. The hydrogen-enriched reformate 127 is passed through condenser 128 to
remove water and water-depleted stream 129 is passed into H2-PSA unit 130 {o provide
waste sirgam 132 which can bo used as fuel in reformer 112 and an essentielly pure
hydrogen stream 131, A portion of the reformate can be caused to flow intc line 118
upon opening vaive 117a. Such reformate is passed into condenser 119 to cool the gas
and to nméve watar prior to being transferred by fine 121 into CO-VSA 122 wherein the
reformato is separated 10 provide an essentially pure CO stream 123 and a CO-depleted
stream 124 which Is cptionally compressed by compressor or blower 125 and passed
through line 126 to be combined with line 129 as passage into Ha-PSA 130.

Ancther altemate SMR process for producing sssentially pure CO and
essentially pure hydrogen is depicted in FIQ. 8. A source of methane and water is



introduced through line 201 inlo a conventional SMR reactor 202 and reacted under
reforming conditions to produce a reformate siream 203. Stream 203 is introduced into
condenser 204 to vield cooled reformate stream 206 which is fed into a CO-VSA unit
207 to pravide an essantially pure CO atraam 208 and a CO-depleted siream 208 which
is fed into a hydrogen-PSA unit 210. The process stream is further separated in the
hydrogen-PSA unit 210 to provide an essentially pure hydrogen siream 212 and a waste
gas stream 211 which can be used as fuel in reformer 202. '

Those of ordinary skill In the art of steam methane reforming are searching for
improved reforming processes wherein conversion to the desired CO product and
hydrogen product (s maximized. Moreover, a process which facilitates the reaction of
CGC; and hydrogen to form CO and water [reverse water gas shift reaction] would be
highly desirable. Unfortunately, no prior art SMR process integrations are known ln the
art for directly converting CO, and hydrogen present in a process stream to CO and
water. The reverse water gas shift reaction Is thermodynamically unfavorable at
temperatures below 800*C and temperatures typically in excess of 1000%C are requli'od
in orcer to cbtain moderate conversion of CO; to CO. Thus, the reverse water gas shift
reaction has not been successiully integrated into a SMR process for producing CO.

Moregver, prior art processes for conducting simultaneous reaction and
adeorption staps have not achieved commercial success because product flow rates do
not remain sufficiently constant and the desired products are present in unaccaptably
low concantrations with respact to the undesired reaction products, unreacted feedstock
and purgs fluids. industry is ssarching for ways 1o improve the SMR processes for
simuitaneously producing CO and hydrogen,



RBIEF SUMMARY QF THE INVENTION

The present invention is 3 process for produem an essentlailly pure carbon
monoxide (CO) product and an essentially pure hydrogen product by reforming methane
and steam in the presence of a reforming catalyst to procuca a reformate product
enriched In CO, carbon dioxide and hydrogen. The reformate is subjectad lo an
integratad saries of separation steps and carbon dioxide and hydrogen present in a
portion of the waste sffiuent recovered from such series of separation steps is shifted to

COin an integrated sorption enhanced reaction (SER) process.

The claimed process overcomes problems associated with prior art processes
for reforming methane and water to carbon monoxide which typically suffer from
producing a reformate which containg an inordinate amount of CO, which is not
converted to the desired CO product and which must be separated from the reformate
by & costly separation cycle. Moreover, the ciaimed process ovarcomes problems
assoclated with the thermodynamic imitations associated with the reverse water gas
shift reaction wherein CO; and hydrogen are converted to CO and water.

Applicants’ inventlon solves these probiems by subjecting the SMR reformats to
a first separation to produce a substantially pure CO product and a CO-depletad product
and subjecting the CO-depleted stream to another separation to form an essentially pure
hydrogen product and ahydrogen depieted stream. Carbon dioxide present in the
hydrogen depletad stream is reacted with hydrogen by utilizing a sorption enhanced
reaction (SER) process which permits the reverse water gas shift reaction to be carried
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out with high conversion of CO, to CO at moderate temperatures of between
250° to 350" and af a pressure of § to 30 aimospheres. The resulting CQO-enriched
sweam is recyclad for CO racovery.

Applicants’ process integrates an SER process whieh utllizes a series of cyclic
atepe performaed in a plurality of reactors to shift CO, to GO and to separate the shift gas
product mixture into an enrichied CO stream. Each reactor contains an admixture of 2
shift catalyst and a water adsorbent wherein water is selectively removed from the
reaction zone by physical adsomption under shift reaction conditions thereby maving the
reaction equilibrium toward formaton of desirabla CO. The adecrbed water is separated
isam tha addunsennt i utifipine o sadise s monine 11 A RPN IR N W}
process which is integrated Into ths claimead process reprasents an entirely new process
fer simuitanscusly obtaining high conversion of CO, to CO, for producing an enriched
cO efnuaht stream, for efficiently desorbing water from the adsorbent and for preparing
each reactor for the next procass cycle.

The general ambodiment of Applicants’ process for producing a CO product
anda hydrogen product comprises an initial step of reacting a fesdstock comprising
methane and water in the presence of a steam-methane reforming catalyst at a
temperature ranging from 700°C to 1000°C and a pressure ranging from 2 to 50
atmospheres to form a reformate comprising hydrogen, carbon monaoxide, carbon
dicxide and unreacted leedstock, |
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The second step of the general embodiment comprises removing water from

the raformate to form a water-depleted reformate and separating the water-deplated
reformate into the CO product and a CO-depleted stream,

Tha third atep of the procaas contemplatas ssparating the CO-depisted stream
into the hydrogen product and a hydrogen depleted stream and compressing the
hydrogen depleted stre¢am to form a pressurized hydrogen deplsted stream.

The fourth step of tha general embadiment comprises introducing the
hydrogen-depietad siream into a plurality of reactors operated in a predetermined timed
sequence and according to the following steps which are performed in a cycle within

each reacton
(1)

{2)

(3

reacting the pressurized hydrogen deploted stream at a first pressure in
a first reactor containing an admixture of & waler adsorbent and a water
gas ehift catalyst under reaction conditions sufficient to convert carbon
dicxide and hydrogen to carbon monoxide and to adsorb water onto the
adsorbent and to form a CO-enriched stream which is recycled into the
water-depieted reformate steam of the second step;

countercurrently depressurizing the first reactor to a second pressure by
withdrawing a mixture comprising hydm_pen. carbon dioxide, carbon
monoxide and water;

countercurrentiy purging the first reactor at the second pressure with a
weakly adsorbing purge fiuii with respect to the adsorbent te desorb
water from the adsoroent and withdrawing a mivtura compriging weakly
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adsorbing purge fluid, unreacted feedstock, carbon manoxide
and water;

(4)  countercurrently purging the first reactor at the sscond pressure with a
CO-enriched purgs fluid which does not comprise hydrogen and carbon
diaxids 1o desorb the weakly adsorbing purge fluid and withdrawing a
mixture comprising the weakly adsorbing purge fiuid, carbon monoxide
and wafen and

C)) countercurrently pressurizing the first reactor from the second prossurs
fo the first pressure with the CO-enriched purge fiuid prior to
commencing another praceas cycle within the first reactor.

Additional steps may be parformed under the general smbodiment. For
example, a source af hydrogen or carban dioxide may be introdused into the hydrogen-
depleted stream of the third step in order to contrel the ratio of hydrogen and carbon
dicxide present in the first reactor according to substep (1) of the fourth step.
Alternately, the first reactor can be countercurrently purged at the first pressure with &
wealdy adsorbing purge fluid following substep (1) and prior to performing substep 2)
whersin a mixture comprising unrsacted feedstock, carbon monaxide and wateris
withdrawn from the reactor.

Suitable catalysts for conducting the steam-methane reforming rsaction
according 1o the general and atemate embodiments include conventions! stean-
methane reforming and prereforming catalysts such as nickel-alumina, nickel- -
magnesium alumina and the noble metal catalysts.
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As stated in the general embodiment, the SER cycle contemplates conducting
the ravarse water gas shift reaction within a plurality of reactore containing an admixture
of a water adsorbent and a watar gas shift catalyst. The admixture of the adsorbent and
the catalyst typically comprises from 5% to 95% by weight of the adsorbent and from
95% to 5% by weight of the catalyst. Suitable water adsorbaents include those selected
from the group consisting of 2¢eclitas, alumina or silica gel. Suitable water gas shift
catalysts includs those selacted from the group consisting of iron -c_hrgmmm high
temperature shift catalyst, copper/zinc cxide low temperature shift catalyst and
coppéer/zinc oxide medium tamperature shift catalyst.

As shall becoma more apparent upon reading the Detailed Description of the
Invention, Applicants’ process avarcomes problems associatad with prior art processes
by utilizing a novel series of reaction, adaorption and desorption stepe to convert CO,
present in a waste stream originating from a hydrogen-FSA % CO and % separate and
collect CO in substantially enriched form under a relatively conetant fiow rate at
feadstock pressure. ;i'his result is accompilshed in part by Applicants' unexpscted use of
a reaction product, CO or an enriched CO straam, to purge the SER reactors and to
pressurize the reactors to reaction pressure prior to commencing ancther SER cycle.

While one of ordinary skill in the art would expect that the purging and
prassurizing of the SER reactor with a praduct of the reverse water gas shift reaction
pricr to commencing the reaction step would undaesirably shift the equilibrium conatant
toward farmation of €O, and hydrogen, Applicants have discovered that purging the
SER reactors with product gas instead of CO; or hydrogan reactants or aiternate purge
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fluid provides a highly efficiant process whersin a CO-enriched stream can be collected
at feadstock pressure at a relatively constant fiow rate.

BRIRF DRSCAIPTION OF THE DRAWINGS

FIG. 1 illustrates a steam methane reforming (SMR) process according to
United States Patent 3,988,849 wherein SMR reactor reformate I8 further reacted in a
shift reactor ard is separated in a hydrogen pressure swing adeorption (Ha- PSA) unit to
provide a highly pure hydrogen product.

FIG. 2 dlustrates a SMR process acconding 10 United States Patent 4,171,208
wherein SMR reactor reformate is further reacted in a shift reactor and is separated by
utiiizing an integration of a CO4 -VSA unit and a Hy-PSA unit to provide an asaentially
pure stream of carbon dioxide and an essentially pure stream of hydrogen.

FIG. 3 illustrates a prior art SMR process which utilizes a CO; absorber/stripper
to remove CO, from the reformate stream prdor 1o introducing the reformate stream into
a thermal swing adsorption (TSA) unit to further remove water and carbon dioxide prior
to final separation in a cryogenic cold box to yield an e¢ssentially pure hydrogen stream,
an essentially pure CO stream and a waste pas stream containing methans and CO
which can be used as fusl in the reformer,

FIG. 4 lllustrates a modified version of the process according to FIG. 3 wherein
a CO; absorber/stripper s utillzed to reamove CO; from the reformate stream prior to
introducing the etream into TSA unit to further remove water and CO, from the
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raformata. A portion of the CO; saparated by the adsorber/stripper is compressed ana
recycled into the SMR for further conversion to hydrogen and CO.

FiG. 5 ilustrates a prior art SMR process for producing essentially pure CO
wherein the SMR reformate is condensed o remove water prior 10 separating the
Jaformain in a C0 VOB, sas e sl e dide w0 wim rwnoraner @ G-
enriche; straam which s comprassed and reintroduced inte the SMR reactor for further
conversion to CO and hydrogen,

FIG. 7 illustrates a prior art SMR process wherein SMR reactor reformate is
separated into a first siream which is introduced into a shift reactor and e second etream
which is introduced int§ 2 CO-VSA ta yisld an essentially pure CO product and a CO-
depleted stream which is combined with the shift reactor efluent and separated in a Hs-
PSA unit to provide an essentially pure hydrogen product.

FIG. @ illustrates a prior art SMR process for producing CO and hydrogen
wherein reformate from the steam methane reformer is separated in an integrated
CO-VSA unit and a hydrogen PSA unit to form a CO graduct straam, a hydrogen
product stream and a wasta gas stream.
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FIQ. § illustrates the genaral embodimant of the claimed SMR process for
making an essentially pure CQ siream and an essentially pure hydrogen stream wherein
methane and water are reacted in the prasence of a catalyst to form & reformate product
comprising carbon dioxide, carbon monoxide and Bydmgen. The SMR reformate is sent
{0 a first separator to produce a substantially pure CO product and a CO depleted
siream which is subjected o anather separation to form an essentiaily pure hydrogen
product and a hydrogen depleted stream. CO; presentin a portion of the hydrogen
depleted stream is reacted with hydrogen by utilizing Applicants' sorption enhancad
raaction (SER) process in order to produce additional quantities of CO by the

overall process,

DETARRQ DESCRIPTION OF THE INVENTION

Appiicants will now discuss in greater detall their process for producing an
essentlally pure CO product and an essentiaily pure hydrogen product which provides
numerous benefits over priar art processes. Specifically, greater conversion of reformer
feadstock to CO product is achleved by reacting a CO, and hydrogen present in the
hydrogan-PSA waste ¢ream W form CO via the reverse water gas shift raaction. This
approach is not sconomically feasible absent Applicants’ navel integration of their SER
cycle since the roverse water gas shift reaction requires temperatures in excess of
1000°C in order to provide sufficient convarsion to CO.

The general embodiment of Applicant's process is described in FIG. 9 which
lllustrates a process flow diagram which dapicts a steam methane reformer 402,
condenser 404, SER reactora 301 and 302; numerous control vaives; manifolds A
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through E; pumps 331 and 360; separator 335; and surge vessels 304 and 333
(optional). Referring to FIG. 8, a hydrocarbon feedstock, e.g. methane or natural gas, is
desulfurized in a vessel (not shown) using an adsorbent as is well known in the art, The
desulfurized hydrocarbon feedstock is mixed with steam 1o form a mixed refarmer
fesdstock represented by stream 401. Feedstock 401 is preheated in a praheater (not
shown) and introduced into SMR reformer 402, Such reformers are well known in the ant
and are heated by firing a mixture of fuel and qir (not shown). The reformer typically
oparates at tamperatures of 800° to 1000°C and pressures of 5 to 30 atmosphere and
prodiices a refonmate consisting of about 73% hycdrogen, 13% CO, 8% CC, and 5%
methane on a dry basis. The reformate is sent through line 403 to a condanser 404
where the gas temperature is reduced and some of the water in the gas is removed by
condansation and some steam ia generated.

The water depleted reformale 406 is admitted into a conventional CO-VSA unit
406 which Is cperated at 80°-120°C to form a CO product stream 407 and a
CO-depleted stream 408, The CO product stream 407 has a purity of at least 99.5%.
The CO-depletad stream 408 is admitted in & conventional H-PSA unit 408 wherain
such straam is separated into & hydrogen product straam 412 and a hydrogen depleted
stream 410. The hydrogen product stream 412 has a purity of at least 99.8%.

Applicants’ process provides an improved scheme to convert the CO, and
hydrogan present in the hydrogen depleted stream to CQ via an integrated SER process
for conducting the reverss-water gas shift reaction and for producing a CO-enriched
recycie stroam which can be recycled to the CO-VSA for recovery of additional CO. The
hydrogen dapieted stream 410 Is compressed to a first pressure in compresacr 411 {o



«{8-

~ provide a pressurized hydrogen deplefad stream 303 which is passed through line 303
into surge vessel 304 (optional) wherain fluid is transferred through line 305 into a heater
(not shown) to form a heated pressurized hydrogan-deplated stream which is routed into
Manifold A. The remaining portion of FIG. 9 represents the SER process wherein the
heatad pressurizad hydrogen depleted stream shail ba subject to a reverse shift reaction
in a plurakty of reactors operated in cycle to convenrt CO; and hydrogen in the process
stream to CO and water via the reverse waler gas shift reaction and io recover a CO-
enriched stream which is recycled via Line 317 into CO-VSA 406 for recovery of CO.
While FiG. 9 illustrates line 317 and fine 405 as entering the CO-VSA 406 for
discussions purposas, one of ordinary skill in the art will appreciate that these two
respective stream may be combined into a single stream.

Manifold A Is in flow communication with branch inlet fines 311 and 321 which
are connected to the inlet ends of reactors 301 and 302, Linea 311 and 321 are
aquipped with valves 311a and 321a, respectively. Opening of the appropriate vaive
permits the pressurized heatad hydrogen-dapieted stream to flow through manifold A
into the selected reactor being initially placed on stream. Thus, by opening valve 311a,
whils vaive 321a is closed, the stream may be céused 1o flow from manifold A, through
fina 311 and into reactor 301.

Reactors 301 and 302 are fitted at their respactive outiet ends with lines 340
and 350 respactively, each equipped with control valves 316a and 326a. respectively.
Lines 340 and 350 arg operativaly connectad to manifold E via lines 318 and 326
through which a CO-enriched stream withdrawn from reactors 301 and 302 is admitted
into Lina 317 and into CO-VSA 406 for fuel value or recycle, Thus, By opening the
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appropriate valve 318a or 32€a, the CO-enriched mixture is caused to fiow from the
corresponding reactor through lines 340 and 316 or lines 350 and 326 into manifold €
for passage into Line 317,

Hoactdrs 301 and 302 are operatively connected 1o lines 311 and 321, each of
which i in flow communication with lines 313 and 323. Lines 313 and 323 are provided
with control valves 313a and 323a, respectively, such lines baing in flow communication
with manifold B. Manifold B can be placed in flow communication with reactor 301 or
202 via lines 313 and 323 upon opening valve 313a or 323a, respectively. Manifold B is
alsoin iloﬁ communication with pump 380 which is connected to line 362 which can be
racyéled into surge vessel 304,

Manifold C is in flow communication withl reactors 301 and 302 via lines 314
and 324, sach iine which is equipped with valves 314a and 3244, respectively.
Regeneration effluent from reactors 301 and 302 may be passed through lines 314 and
324 into manifold C for asparation in esparator 335 into stream 336 whichis a
water-enriched product stream and stream 334 comprising weakly adsorbing purge fluld
which can be passed into storage tank 333. (optional) for later use,

Manifold D is connected o pump 331 which receives various process fluids via

i | |
/l Jv‘m!gh"ﬂ']n' 4o nt‘:r‘ﬁentiun witp\ tlamrs 301 and 302 via fines 315 and 325,
respectively. Lines 315 and 325 are cach fitted with valves 315a and 325a such that
the flow of streams from Manifold D into reactors 301 and 302 can be controlled.
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Moreover, weakly adsorbing purge fluid can be fransferred to pump 331 via line 332 by
opening valve 332a or by importing weakly adsorbing purge fluid via line 330.

Operation of the SER cycle of the gerieral embodiments represented in FIG. 9
wiil now be explained in connection with an arbitrarly ¢hosen cycle having sight timed
periods of tan minutes per periad as set forth in Table 1. Although not fimited thereto,
the SER process as iliustrated in FIG, 9 utifizes reactors 301 and 302 which are
operated in cycle according to a predetermined timed sequence, Other amangaments
using fewer or a greater number of reactors and the associated gas maniloids and
switch valves may be employed, optionally using interrupted or discontinuous operation
{using idling) of pumps. Other arrangements using more than two reactors may be
amployed by appropriate sequancing of the individual steps or periods of the

procaess cycle.

According o the genaral embodiment of FIG. 8, each of the reactors 301 and
302 underge four parlads of the reaction/adsorption step, referrad to as the sorpreaction
step, one period of the depressurization step, one period ¢f the Purge | step, one period
of the Purge li step, and one paricd of the pressurization step. As illustrated in Table 1,
the steps undertaken at startup in each of reactors 301 and 302 ara siaggered to enable
at l2ast one of the two reactors $0 undergo the sorpreaction step at ail times during the
process cycle. The operation of the invention described in FIG. § involvas principally the
foliowing sequence of steps: In applying the foliawing staps, the first pressure ranges
from 2 atmospheres to 50 atmosphores and the second pressure ranges from 0.05 to
2 atmospheres.
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2.

(@) SORPREACTION-the heated pressurized hydrogen depleted straam
(feedstock) at a first predetarmined pressure is passed through the reactor containing an
admixture of shift catalyst and adsorbent preferentially selective toward water wherein a
CO-enriched stream Is withdrawn from the reactor. Watsr is salectively adsorbed by the
adsorbent and a reaction mass transfer zone (RMTZ) is formed inside the roactor which
moves foward the outlet or discharge end of the reactor as more feedstock is passed
through the reactor. The adsorbant at the leading edge of the RMTZ is assentially free
of the adsorbed water while the tralling edge of the RMTZ is aquilibrated with water at
the local conditions. The somreaction step is continued until the adsorbent in the
reactor is eesentially saturated with water. In other words, the sorpreaction step ends

once the adsorpion AMTZ [ rggenail A AkiAr! anr of thn males s arme 1)

(®) DEPRESSURIZATION-the reactor Is countercurrently depressurized to
a second pradetarmined pressure by withdrawing a mixture comprising unreacted
feedstock, CO and water, The depresaurization step is continued until the reactor
reaches the second predetermined pressure,

() PUBGE I~ the reactor is countercurranty purged at the second
pressure with & weakly adsorbing purge fluid to desorb water from the adsorbent and a
mixture comprising weakly adsorbing purge fiuid, unreacied feedstock, a portion of CO
and a portion of water is withdrawn from the reactor.

(d) PURGE li-the reactor is countercurrently purged at the second
pressure with a CO-enriched purge fluid which doas not contain CO, and hydrogen to
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desord the weakly adsorbing purge fluid and a mixture comprising the weakly adsorbing
purge fluid, CO and water is withdrawn from the reactor.

(¢) PBESSURIZATION-the reactor is countercurrently pressurized from
the second prassure to the first pressure with CC-enriched purge fluid prior to
commancing auother'SER process cycle within the reactor.

The valve positions during the above-mentioned operating cycle ars also set
forth in Table 1. The designation "0" indicates that a specified valve is open while a "C*
represents that a specifiad valve ie closed. The operative sequence of steps occurring
in veactor 301 during a complete process cycle will now be described in exhaustive detail
$0 that operation of a coninuaus procass wil be fully undarstood. The identical
sequencs of ataps according to Table 1 occurs in staggered sequence in reactor S02.

Again, refarring to the embodiment disclosed in FIG. ¥ and the sequence
periads and valve posiions designated In Table 1, reactor 301 undergoes four sequUence
| periode of the sorpreaction step. Feedstock stored in storage tank 304 (optional), ie
introduced into reactor 301 by opening valves 3112 and 316a and closing vaives 313a,
314a and 315a thersby allowing feedstock to fiow through manifold A, ine 311 and into
reactor 301 which containg an admixtura of a desired shift catalyst and a
watsr-selactive adeorbent.

The sorpreaction is continued until reactor 301 is essentially saturated with
adsorbed water. Water is selectively adsorbed onto the adsorbent and a reaction mase
transfer zone {(RMTZ) is formad within reactor 301 which moves toward the discharge
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and of reactor 301 as more feedstock is passed. Tha sorpreaction is completsd when
the MTZ reaches the effluent end of the reactor or somewhat shortof it by a

pradesigned sst point.

A CO-enrichad stream exits the discharga end of reactor 301 via lines 340 and
318 and flows into manifold E and into Line 317 as previously discussed. The process
proceeds with one period of the dopressurization step wherein reactor 301 is
countercurrently depressurized to a sacond predetermined pressure by withdrawing a
mixture comprising unreacted feedstock, CO and water from the Inlet end of reactor 301,
Vaive 313a is opened while valves 311a and 314a ramain closed allowing the mixture to
be passsd through lines 311 and 313 into manifold B and in flow communication with
pump 360. The mixture exits the discharge end of purnp 360 praceading via fine 362 for
usa as fuel (not shown) or recycle into surge drum 304 for use as feedstock ina
subsequent process cycle. The depressurization step s continued until the reactor

reaches the second predetsrmined presaure.

Reactor 301 Is then subjected to one peried of the purge | step. Reaclor 301 is
countercurrently purged at the second pressure with weakly adsorbing purge fluid. Upon
opsning valves 314a and 315a while vaives 325a and 332a remain in the closed
~ posltion, weakly adsorbing purge fluld from an external source passes through pump -
331 via line 330 and exits pump 331 at the second pressurs to proceed via manifold D,
line 315 and fine 340 into the exit end of reactor 301. A mixture comprising weakly
adsorbing purge fiuid, unreacted feedstock, GO and water is withdrawn from reactor 301
via line 311, line 314 and manifold G and is collected in separator 338. This mixture may
be used as fuel, discharged for use outsida the process or separated it separator 335 to
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form & stream of weakly adsorbing purpe gas 334 and a watsr enriched stream 336. A
portion of the weakly adsarbing purge fluid may be ransferred through line 334 into
storage tank 333 for future use. Upon demand via opening vaive 332, weakly
adsorbing purge fluid may be drav;n to pump 331 via linea 332 and 330 for use in

subsequant process cyclas.

Reactor 301 is than subjected to one period of the purge 1! step wherein reactor
301 is countercustrently purged with a CO-eniched fiuid which doss not contain both
hydrogen and CO,. Upon opening valves 314a and 315a while valves 325a and 332a
remain in the closed pesition, the CO-enriched purge tiuid from an extemal source
passes through pump 331 via line 330 and exits pump 331 at the second prassure o
proceed via manifold D, line 315 and line 340 into the exit end of reactor 301. A mixture
compriging weakly adsorbing purge fluid, water and CO-enriched purge fluid is
withdrawn from reactor 301 via line 311, line 314 and manifold C and is soilected in
separator 335. This mixture may be used as fuel or discharged for use outside

the précess.

The finai stap of the process cycle involves a single sequence of the
pressurization step wherein reactor 301 [s couhtommnﬂy pressurized from the second
pressure to the first pressure with a CO-enriched purge fiuid, for gxample a slip stroam
from Line 317, or high purity CO product stream 407 prior to commencing another
pracess cycle within the reactor. Specifically, upon opening valve 315a while vaives
311, 313a, 314a, 3252 and 332a remain in the closed position, the CO-enriched purge
fluid passes through pump 331 via line 330 and exits pump 331 at the second pressure
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1o proceed via manifold D, line 315 and lins 340 into the exit and of renctor 301. This
stap is stopped when reactor 301 reaches the first preseure.

The process proceeds through additional cycles according to the above-
mantioned ateps enumerated In Table 1. While the sequence periods are depicied as
balng of equal length, this is neither required or necessary. The times will be set by
aliowable maximum gas flow rates, vaive and line sizés and the propartics of the
adsorbent used. Alternate routines may be employed for establishing the duration of
éach of the ¢cycle steps. For example, the end of a particular step may be determined by
other techniques known in the art such as by analysis of the composition of the

reactor effluent.

Several variations to the gensral embodiment may be practiced to meet the
paricutar naeds of each plant. Far example, each reaction may be subjectsd to an
additiona! countercurrent Purge step at tha first pressure with a weakly adsorbing purge
fluid betwaen the sorpreaction atep and the depressurization step and withdrawing a
mixture comprising unrescted feedstock, CO and water which can be recycied as feed to
the SER reactors via manifold B, pump 360 and fine 362. "

Moreaver a source of hydrogen or carbbon dioxide (not shown) may ba
introduced into the hydrogen depleted stream 410 in order to control the ratio of
hydrogen and CO; presant in the first reactor of the SER process.

One of ardinary kil in the art will appreciate that mathane may build up during
operation of the claimed process unless a suitable slip stream (not shown) is withdrawn
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Suitable catalysts for conducting the steam-methane reforming reaction include
conventional steam-methana raforming and prereforming catalysts such as nickal-

alumina, nickel-magnesium alumina and the nable metai catalysts.

Sultable water gas shift catalysts for conducting the reverse shift reaction in the
reactors or the SER cycle include conventional shift catalysts such iron-chromium high
temperature shift catalyst, copper-zinc oxide low temparature shift catalyst and

copper/zinc axide medium temperature shift catalyst.

Theo water adsorbents to be used in the reactors of the integrated SER process
must ba active at the reaction conditions meaning that such the adsorbent must retain its
capacity and selectivity for the more adsorbable product. Second, the adsorbent must
ba chemically neutral and must not act as a catalyst for the reverse water gaé

shift reaction.

The term, weakly adsorbing fiuid, refers to a fluid which is capable of displacing
the product which is adsorbed by the adsorbent during operation of the process and
which can then be desorbed by the less adsorbing product such that subsequent
process cycles can be conducted in each reactor. Ons of ordinary skill in the art can
readily selact one or a mixture of weakly adsorbing fluids suitable for use in the
ciaimed invention.
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The general and altermnate embodimenta of the presant invention can be
oparated using conventional hardware. For example, suitable reactors inciude any
vessal which is capable of being subjected to the reaction canditions required to practice
a particular equilibrium controllsd procass such as shell and fube reactors. Moreover, |
the separators enumerated in the process are readily selected by one of ordinary sidil in
the art based upon considerationa such as the particular mixtures to ba separated, the
volume of fiuids to be separated and the like.

The foliowing examples are provided to further iliustrate Applicants’ process for
producing CO. The examples ars illusirative and are not intended to imit the scope of |
the appsnded claims.

The follawing examples are providad ta further lllustrate Applicants' claimed
process for producing CO which integrates a conventional SMR precess with an SEﬁ
cycle which shifts CO, present in a saparaion unit waste gas stream to CO via the
ravarge watar gas shift. The examples are illustrative and are not intonded to limit the
scope of the appended claims.

Mass balance calculations wers carried out for selected processes depictad in
the Figures. Themodynamic equilibrium calculations used to determine the steam
methane reformer éffiuent composition were carriad out using a software package
entitied "HSC Chemistry for Windows", from Outokumpu Raesearch Oy, Finland. All
other calculations ware within the ordinary pervue of one of ordinary skill in the art of



chemical engineering. The following assumplions were utilized in making

tha calculations:

a) the reformate product composition is dictated by equilibrium conversion of
the reformer products at constant temperature and pmaura;

b) the steamn methana reformer opm at 850°C and 25 atmosphere
pressure;

¢) the feed stream 1o the reformer contains 25 moles/min of CH4 and 75
molea/tnin of HaO;

d) the CO-VSA process produces essentially pure CO product (99.5%) at 85%
carbon monoxide recovery;

¢) the H2-PSA process produces sssentially pure H2 product (99.9%) at 85%
hydrogen recovery;

1) the convarsion of CO2 to CO In the Sorption Enhanced Reactor Process
(SERP) Is 80% (i.e.. 80% of the COp fed to the reactor is withdrawn as CO

product from the reactor);

Table 2 contains masa balance data for process schemes for producing carbon
monoxide as depicted in Figures 8 and 9. The table gives the total moles of hydrogen
ard carbon monoxide produced as praduct.
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_ TABLE 2* _
COMPARATIVE PERFORMANCE OF INTEGRATED SERP-SMR PROCESS FOR
THE SIMULTANEOUS PRODUCTION OF CO AND H,

Net Quantity of  Net Quantity

H, Product of CO
Product
(moles/min) {moles/min)
FiG. 8: SMR+CO-VSA +H2~-PSA 57.7 10.3
FiG. 9: SMR+CO-VSA+H2-PSA + 58.4 18.1
SERP (treating 75% of the H2-PSA
waste gas)

. Feed to SMR: 2§ moles/min CH4 + 75 moles/min H20 (base case)
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Data for the base case system consisting of a steam methane reformer followad
by separation of carbon monoxide by a CO-VSA unit.and separation of H; by a H2-PSA
unit (Figure 8) indicataa that 57.7 moles/min of hydrogen and 10.3 moles/min of CO can
be Iproduced per 100 moles/min of feed to the reformer. Applicants’ process congisting
of atsam methane reforming, separation of carbon manoxide by a CO-VSA unit,
separation of M2 by a H2-PSA unit, sphtting the H,-PSA waste gas into a purge stream
and a proceas stream (wherein the process atream represents 75% of the total H-PSA
waste gas stream). reaction by the SER process of CO2 and H2 present in the H2-PSA
waste gas stream 1o CO, and recycle of he CO-enriched stream from the SER process
{0 the CO-VSA unit (an embodiment of Claim 1 lustrated in Figure 9) achieves
production of §9.4 moles/min of hydrogen and 16.1 molsa/min of CO per 100 molss/min
of feed to the raformer. Thus, addition of the SER cycle to the conventional SMR
process to treat the H2-PSA waste gas yiekls an unexpected 58% increase In total CO
production over the prior art process at the same feed rate to the SMR. Applicant's
proceas also increases the hydrogen product production rate by approximately 3%.

Having thus described the present invention, what is now deemed appropriate for
Letters Patent is aat forth in the following Claims.



We Claim:

2. RN O T

1. A procese for producing a carbon monoxide product and a hydrogen product

vhich comprises the steps of:

(a)

(b)

(©)

(@

reacting a fesdstock comsvisign.grathiane oul uamodpiieres 1o form a
reformate compriging hydrogan, carbon monaxide, carbon dioxide and
unreacted fegdstock;

removing water from the reformate to form a water-depleted reformats
and separating the water-depleted raformats into the CO product and a
CO-depicted stroam; _ |
separating the CO-depletad stream into the hydrogen product and a |
hydrogen depleted stream and compressing the hydrogen depleted
straam to form a pressurized hydrogen depleted stream;

introcucing the hydrogen-tepieted stream into a plurality of reactors
pperated in a predetermined timed sequence and according to the
fallowing steps which are performed in a cycie within each regctor: -
(1) rcacting the pressurized hydrogen depleted stream at a first
pressure in a first reactor containing an admixture of a water adsorbent
and a water gas shift catalyst under reactian conditions sufficient to
convart carbon dioxide and hydrogen to carbon monoxide and to adsorb
water onto ths adsorbent and ta form a CO-enrichad stream which s
recycled into the water-depleted reformate steamof step (b);  ~
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(2) countercurrantly depressurizing the first reactor to a second
pressure by withdrawing a mixture comprising hydrogen, carbon dioxide,
carbon monoxide and water;

(3) countercurrently purging the first reactor at the second pressura
with a weakly adsorbing purge fiuid with reapect to the adsorbent to
desorty water from the adsorbent and withdrawing a mixture comprising
weakly adsorbing purge fiuid, unreacted feedstock, carbon monoxide
and water;

(4) countercurrently purging the first reactor at the second pressure
with a CQ-enriched purge fluid which does not comprise hydrogen and
carbon dioxide o desorb the weakly adsorbing purge fluld and
withdrawing a mixture comprising the wealdy adsorbing purge fluld,
carbon monoxide and water; and

(5) countercurrently pressurizing the fivet reactor from the second
pressure to the firet pressure with the co-enrichgd purge fiuid prior to
commencing ancther process cycle within the first reactor.

2. The process of Claim 1 further comprising:

(e) introducing a source of hiydrogen or carbon dioxide into the hydrogen-
depletsd stream of step (c) in order to control the ratio of hydrogen and
carbon dicxide present in the first reactor according to atep (d)(1).
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3. The process of Claim 1 further comprising the following step which is
conducted betwesn step d(1) and step d(2): countercumantly purging the first reactor at
the first pressure with a weakly adsorbing purge fluid and withdrawing a mixture
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catalyst comprises from §% to 95% by welght of the adsotbent and from 95% to 5% by
waight of the catalyst,

5. The process of Claim 1 step (d) wherein the fire? pressure ranges from 2
atmospheres to 50 almospheres and the second pressure ranges from 0.05to 2
atmospheres.

6. The process of Claim 1 wherein the adsorbent recited in step (d) is selected
from the group consisting of zeolites, alumina or silica gel and the weakly adsorbing
purge fluid is selected from the group consisting of methane, hydrogen, nitrogen and
carbon dioxide. '

7. The process of Claim 1 wherein the feedstock comprisss water and mathane
in 5 stoichiometric ratio of water to methane ranging from 1.5 t0 30.

8. The process of Claim 1 wherein the steam-methane reforming catalyst is
saiacted from the group consisling of nickef-alumina, nickel-magnesium alumina and
noble metal catalysts.



9. The process of Claim 1 wherein the water gas shift catalyst is seiecied from
the group consisting of an iron -chromium high tempsratura shift catalyst, a copper/zine
oxide low temparature shift catalyst and a copper/zinc oxide medium temperaturs
shift catalyst.
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