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wo pwetdean [ 0001] The present invention rel at eBCOUSZAY/§04269
to hydrogen manufacture. More particularly the
invention relates to an inproved process for making
hydrogen which utilizes preisure swng reformng in a
uni que and thermally efficient way. Background of
I nvention [0002] Hydrogen is a key chemi cal used in
many petrol eum and petrochen1ca| oper ati ons.
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refinery products. The hydrogen used in these
processes sonetines is recovered as a by-product of
Faq t reflnery process such as al kane reformng to
ot her source of the hydrogen is via the
stean1reforn1ng of a hydrocarbon such as mnet hane.
[0003] In a steamreform ng process, steamis reacted
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typically carried out in I arge furnaces, in which the
catal yst is packed into tubes. The tubes must

BYckbehdadbitineemtigh pressure of the produced synthesis
gas, while transmitting heat at tenperatures

approachi ng 1000C. As described in Stanford Research
Institute International Report No. 212 e%go% 'Hé t eam
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as a by-product of another refinery process such as alkane reforming to

aromatics. Another source of the hydrogen is via the steam reforming of a

hydrocarbon such as methane.

[0003] Ina steam reforming process, steam is reacted with a hydrocarbon
containing feed to produce a hydrogen-rich synthesis gas. The general

stoichiometry, as illustrated for methane, is:
CH, + HQO —-->CO+3H, (1)

[0004] Because of the high endothermicity of the reaction, steam reforming is
typically carried out in large furnaces, in which the catalyst is packed into tubes.
The tubes must withstand the high pressure of the produced synthesis gas, while
transmitting heat at temperatures approaching 1000°C. As described in Stanford
Research Institute International Report No. 212 (1994), steam reforming process

efficiency, defined as the heat of combustion of product hydrogen divided by the



whil e the space velocity, defined as Standard Cubic

Feet per Hour of Cl- equivalent feed / ft3 of catalyst
wWhew40%861000 hr- 1. Unfortunately, steam ref orP@TyS2004/004269

furnaces occupy a very |l arge volune of space, orders

of magni tude greater than the tube volune, such that

| ow productivity limts the_gconom c attractiveness of

the process. Thus, key limtations of the steam

refornrng process are the relatively Iomrefficiency

drogen an t e |ar e vol upres occupi.ed
hestad hoPanehan AR08 df@rs i érp%@nsatebé?“%

Wy e y85 ‘?635%% IR P AR BRI R0,
% féﬁ?feeﬁf/ AU nt?gt bddSis IDRYIFEd IMﬁ)PﬂuﬁaieW B8 Pévforrmng

|ng bet ween conbustion and reform ng stages a

fumad:& ookapyesery bage vyhiad ef gpacs; orddre ofinpigneude |gtqatc1f than
heat recovery within the reformng bed results in a

theHube ¥plurag, sach .tbatelﬁavypr@due%ﬂw lignity, theyegepepic atactiveness of
ections.w t.hin these

(EERESS: daier KRLTar b s £F B Hamtgper s PSS A i
egét%r@wetfﬁm)eﬁ%b Ayad gerr %hﬁ%é B %nﬁﬁé&i&&@%&ﬂry the

ess require

sERReRSTRahe FormaesPr ess the product synthesis gas to
usef ul pressures for hydrocarbon synthesis. [0006]

Recently a highly effici ent and hi ghl y productive
rocess for crng g cy.
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product synthesis gas to useful pressures for hydrocarbon synthesis.

[0006] Recently a highly efficient and highly productive process for
producing synthesis gas in a cyclic, packed-bed operation has been discovered.
In this process, the reforming step involves preheating a first zone to a
temperature in the range of about 700°C to 2000°C and then introducing a 20°C
to 600°C hydrocarbon-containing feed, along with steam and optionally CO, to
the inlet of the first zone. Upon introduction of the reactants, the hydrocarbon is
reformed into synthesis gas over a catalyst in this first zone. The synthesis gas is
then passed from the first zone to a second zone, where the gas is cooled to a
temperature close to the inlet temperature of the hydrocarbon feed. The

synthesis gas is recovered as it exits the inlet of the second zone.



-3 [0007] The regeneration step begins when a gas is
introduced to the inlet of the second zone. This gas

wo soohezeetd by the stored heat of the second zoPET/US20041@04269
hi gh tenperature of the zone and carries the heat back
into the first zone. Finally, an oxygen-containing
gas and fuel are conbusted near the interface of the
two zones, producing a hot flue gas that travels
across the first zone, thus re- heating that zone to a
tenperature high enough to reformthe feed. Once heat
regeneration is conpleted, the cycle is conpleted and
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can be integrated into"an overall process design. The

i nvention described herein provides a process schene

for generating hydrogen at inproved.thermal .
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product stream to the so called water shift reaction illustrated by equation 2:
CO +H,0 --->CO, + H, (2)

[0010] The practical application of any hydrogen generation process will
depend upon how well the various stages of the process can be integrated into an
overall process design. The invention described herein provides a process
scheme for generating hydrogen at improved thermal efficiencies and that is
particularly adaptable for environments requiring hydrogen at relatively high

pressures for refinery processes, for direct use as a fuel and for distribution.



sufficient to yield high pressure hydrogen at inproved
thermal efficiencies. Thus in one enbodi nent the
wo edoanmicmy phase of the pressure swi ng reformnm PQI/US2004/004269
process is conducted at relatively high pressures, for
exanpl e, fromabout 10 to 100 bar, and the product
synthesis gas is subject to.a water gas shift reaction
and a hydrogen separation step at substantially the
same pressures thereby providing high pressure
hydr oge 0012] . Another enbodi nent of the invention
S I ng the flue gas fromthe regeneration
phase of the pressure swing reform ng process to the
regeneration bed to reduce the anobunt of air needed
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excess oxygen present therein Thus a Ppreferred

gemdredombytineprdthe presant swing mfprmmgs in tvich syuthesisighgis
a feed stream conprising a hydrocarbon and steam
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hl%g%pégﬁggésﬂgﬁo%? renoved synthesis gas of step (c) to a

reactor to convert the COw th steam

to CO2 and H2 thereby producing a product streamwth
i ncreased H2; (e) introducing the product stream of

[O;Oﬂé]) ( dynatberembodiomen of dpainaention widuddsyrebydiimg the flse gas
t%r ated therefromand renoved and a_byproduct stream

from e regeneration phase of the pressure swing reforming process to the

regeneration bed to reduce the amount of air needed for the regeneration phase

as well as the amount of excess oxygen present therein.
[0013] Thus a preferred embodiment of the invention comprises:

(a) introducing a feed stream comprising a hydrocarbon and steam
through the first end of a first zone containing bed packing materials and a steam
reforming catalyst to produce at a first high pressure a synthesis gas stream

containing H,, CO, steam and CO,;

(b) passing at least a portion of the product synthesis gas stream of
step (a) to a second zone containing bed packing materials thereby transferring

the sensible heat from the product to the packing materials;



is obtained; (f) introducing an oxygen-contai ni ng gas

into the second end of said second zone; and (gQ)
w@eontatieitng t he oxygen containing gas with a fRer/Us1004004269

pressure |ower than said first high pressure and

conbusting the fuel within said zones thereby

reheating the first zone aanfreating a flue gas which

exits through the first end of said first zone.

[0014] In a particularly preferred enbodi nent the

oxygen and fuel are conbusted under conditions

suf fi ci entremevrgosubgtangially @l ofabe produat sypieatsigas from said

hi gher than the tenperature of the steam and
Sﬁifg]dg%%ﬂﬁoon feed being introduced into the reformng
zone and using the flue gas to provide the heat for
meki ng the steamused in the reform ng stage. [0015]
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redct@r tavdomysrt[the (8) whithpsiean tb £ @nand B,ahereby peoduding a product

illustrations show ng the basic reformng and

steyaneithingpaseddls of pressure swing reforning. [0017]
Figures 2 to 4 are schematic illustrations of

process designs enploying pressure swng reformng in

hydrogep) @%%Jflﬁgprgﬁgé@&eﬁhgw nﬁgg i%gg{bda ﬁy@#o%[eﬁ lggi%rator

diagranms”illustra ternate e nts

wibevebyt hydrog&e isddparhtéd gwiéfiddmamd Red@led ahd HByjrodsendtream
_invention pressure swing reformng, in which synthesis
lsg%lziam@dproduced, is integrated with the water gas

shift reactor and hydrogen separation to yield high
pressure hydrogen. Because pressure swing reformng is

Sf :)igggﬂﬁwf&g%ﬂgg@%%@%@gﬁﬁg gd81Rb the sec¥hnd'dlldf said
second zone; and

(g) contacting the oxygen containing gas with a fuel at a pressure
lower than said first high pressure and combusting the fuel within said zones
thereby reheating the first zone and creating a flue gas which exits through the

first end of said first zone.

[0014] In a particularly preferred embodiment the oxygen and fuel are
combusted under conditions sufficient to provide a flue gas at a temperature
higher than the temperature of the steam and hydrocarbon feed being introduced
into the reforming zone and using the flue gas to provide the heat for making the

steam used in the reforming stage.

[0015] Other embodiments will be described hereinafter



with reference to the basic two step cycle of pressure
swng reformng diagranmatically illustrated in
wo-e@uoess44 a and 1b. [ 0020] Referring now to FiBUF/ES20046004269
and I'b, a first zone, or reformng zone (1), called a
swi ng bed reforner, and a second zone, or recuperating
zone, called a synthesis gag heat recuperator (7).

The beds of both zones will include packing naterial,
while the reforming bed (1) will include catalyst for
steam reform ng. Though illustrated as separate

B el dDesicription @f L ewaegsat i ng zones, it is to be
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zone (1) is at an elevated WD 2004/ 078644

PCT/ US2004/ 004269 -7 tenperature and the recuperating
[0@LH ( 7Figusesdd tad hsrhermtiseillaswaeonshafiprohess desfgnsrﬁnﬁlgoymg
zone (1). A hydrocarbon-containing feed is introduced
PUgssuEe himgurtormingin hydgagen MARWeCHry (3) of the

reform ng zone (1) along with steam The hydrocarbon

may be any material that undergoes the endothermc
T60ERM  FRhRs AR 4 9RE Flo@ diaBFdrié 1B 1 ARh B aNernpe bibodiients
gases, petroleumdistillates, kerosene, jet fuel,

of ued in®@ehtiofeat i ng oil, diesel fuel and gas oil and
gasoline. Preferably the hydrocarbon will be a

gaseous material or one which will rapidly becone
suhstanti al | y gaseous upon introduction into the
Qf@l&ﬁﬁ%@ (1). Preferably, the steamwill be

present in proportion to the hydrocarbon in an anount
that results in a steamto carbon ratio between about
[01d akake plesehcimvehten iphessard ywigrleforning] imewhich synthesis
hydrocarbon, not carbon in CO or CO2 species that nay
gheispreduead, is frvegaledmwith the sutertgas shifp regotongndiagdrogen
from'the be I S conﬁgrted over the cat aI&/]st artld ..
seRRtIgn o yis{dhpighprgsuire Rydiqgen. BEegy sy REessie SWipg reforming is
a&gégﬁ?lrya&i%o%epé(ﬂ)fc}cgss, the details of this process will be described first

with reference to the basic two step cycle of pressure swing reforming

diagrammatically illustrated in Figures 1a and 1b.

[0020] Referring now to Figures 1a and 1b, a first zone, or reforming zone
(1), called a swing bed reformer, and a second zone, or recuperating zone, called
a synthesis gas heat recuperator (7). The beds of both zones will include
packing material, while the reforming bed (1) will include catalyst for steam
reforming. Though illustrated as separate reforming and recuperating zones, it is
to be recognized that the pressure swing reforming apparatus may comprise a

single reactor.

[0021] As shown in Figure 1a, at the beginning of the first step of the cycle,

also called the reforming step, the reforming zone (1) is at an elevated



(23) is created based on the heat transfer properties
of the system Wen the bed is designed with adequate
wheat/otseanst er capability, as descri bed herei NnPCT/OER04/004269

profile has a relatively sharp tenperature gradi ent,

whi ch gradient will nove across the reform ng zone

(1) as the step proceeds. [Q0G23] Synthesis gas exits

the reform ng bed (1) through a second end (5) at an

el evated tenperature and passes through the
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step. [0024] At the polnt between steps, the
Prefepahipnt the ategnadiik be présont impragpedrtien bs thentiydrbtarban in aa

the reformng . zone (1) and the recuperat.i n% zone (7).
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tHR TREf B PreRea)d the reformng zone (1) is at |ow
tenperature, éxcept for the tenperature gradient that
exi sts near the exits of the respective zones. The

tenperature of the reform ng zone (1) near the inlet
[QQ?E]( 3) This deatbsirasae picks aipeieat frpra theherkand iy eonvgsied over the

roaches the t erature of the hydracarpon feed .
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is designed with adequate heat transfer capability, as described herein, this
profile has a relatively sharp temperature gradient, which gradient will move

across the reforming zone (1) as the step proceeds.

[0023] Synthesis gas exits the reforming bed (1) through a second end (5) at
an elevated temperature and passes through the recuperating zone (7), entering
through a first end (11) and exiting at a second end (9). The recuperating zone
(7) is initially at a lower temperature than the reforming zone (1). As the
synthesis gas passes through the recuperating zone (7), the synthesis gas is
cooled to a temperature approaching the temperature of the zone substantially at
the second end (9), which is approximately the same temperature as the
regeneration feed introduced during the second step of the cycle via conduit (19)

(e.g. from about 20°C to about 600°C). As the synthesis gas is cooled in the



means for determning the end of the reform ng step.
Toward the end of the reformng step, the tenperature
wa@eooenmefd) of the reform ng zone is reduced aPCI/US2004/004269

consequently the reform ng performance deteriorates

bel ow acceptabl e conversion efficiencies. Reformng
performance, as used herein _grefers to the conversion

of feed hydrocarbons into synthesis gas conponents of

H2, CO and CQO2. The term percent conversion, as used

herein, is calculated as the per t. conversion of
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refers to product hydrocarbonaceous species that are

not synthesis gas conponents of H2, CO and CO2. These
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fixed as a constant reformng step duration. In )
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conversion efficiencies. Reforming performance, as used herein, refers to the
conversion of feed hydrocarbons into synthesis gas components of H,, CO and
CO,. The term percent convefsion, as used herein, is calculated as the percent
conversion of the carbon in feed hydrocarbonaceous species into synthesis gas
species of CO and CO,. The term unconverted product hydrocarbons, as used
herein, refers to product hydrocarbonaceous species that are not synthesis gas
components of Hy, CO and CO,. These typically include product methane, as
well as feed hydrocarbons and the cracking products of feed hydrocarbons. The
- reforming step ends when the reforming performance deteriorates to-a level that
is below acceptable limits. In practice, optimization of the overall reforming and
synthesis gas utilization process will dictate a desired, time-averaged level of

reforming conversion. That time-averaged level of reforming conversion is



present invention, the reform ng step is ended when
the tenperature at the end (5) of the reform ng has
woelewnezesed to a pre-sel ected tenperature bet weRCT/HRHO/004269

700C and about 1200C. In enbodi ment (b), the reformng
step duration is adjusted based on a neasured feature
that reflects the overall (tgpme-averaged) performance

or the system This nay be an average product

conposition such as CH4, H2, or CO In one enbodi nent

the present jnvention, the refornn ep duratiop i
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CH4 I;;{E tpgq product, using control strategies known in

EIHLTIPIN Y3 Shorten or | engthen the duration to

achieve a predeterm ned target CH4 anount. In.a
preferred enbodinent, the target CH4 anount is set at
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exit conduit at_the second end (9) of the
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also called the r n t] ' -
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CH,, H,, or CO. In one embodiment the present invention, the reforming step
duration is adjusted based on the time-averaged concentration of CH, in the
product, using control strategies known in the art to shorten or lengthen the
duration to achieve a predetermined target CH, amount. In a preferred
embodiment, the target CH, amount is set at an amount that represents between
about 1% and about 15% of the hydrocarbonaceous feed carbon. In case (c), the
reforming step duration is of fixed length, at a value that js predetermined to be
acceptable for the space velocity of the operation. In one embodiment the
present invention, the reforming step duration is fixed at a duration between

about 0.1 sec and less than about 60 seconds and preferably between about 1.0

and 30 seconds.



substantially at the interface (13) of the two zones

(1) and (7). In the present invention, the conbustion
W@e@wungseat a region proximte to the interfaceP(1B}2004/004269

t he recuperation zone (7) and the reformng zone (1).

The term "region proximate", in the present
invention, neans the region @f the PSR beds in which
regeneration step conbustion wll achieve the

following two objectives: (a) the heating of the
reform ng zone such that end (5) of the reform zone
it B
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recuperating zone (7) and less than about 20% the
swtstantialyfatithé onteifage tohef thg two pooes|L) R (7 belathe present
OB e O S TP Mk O o
su i-al | ' :
aiPhAToh atan By addthe RhTAg 2ofy (T At R
pFRIRRRE NI tIR- resert hevanticee meaantied reghon ghthenBYR Heds in which

introduced at the first end (9) of the recuperating
regeneration. stép cembastioeill achigve thefollayang two objectives: (a) the

hg%ﬁ%;gg@f;ggggrﬁggg effes sucy ol end Fe) o RE R RE oft ol
rphges bf B FAREHRLC, SR ey eyt LODPC, BEhethd dlithe
N T AT e
degree that it can perform its function of accepting synthesis gas sensible heat in
the subsequent reforming step. Depending on specific regeneration
embodiments described herein, the region proximate to the interface can include
from 0% to about 50% of the volume of the recuperation zone (7), and can
include from 0% to about 50% of the volume of the reforming zone (1). Ina
preferred embodiment of the present invention, greater than 90% of the
regeneration step combustion occurs in a region proximate to the interface, the

volume of which region includes less than about 20% the volume of the

recuperating zone (7) and less than about 20% the volume of reforming zone (1).

[0028] The location of combustion may be fixed by introduction of one of the

combustion components, e.g., the fuel, at or substantially at, the interface of the



Fuel and oxygen conventionally require a
t enper at ur e- dependent autoignition tine to conbust.
w0 poogieseenbodi nent, the flow of a non-conbust i POI/US2004/004269
m xture in a first substep of regeneration will set
the tenperature profile in the recuperating zone (7)
such that the zone is not hof; enough to ignite until
the m xture reaches the interface of the zones.
[0029] The presence of catalyst in the reform ng zone
initiate conbustion at t

can al sgo be used to )
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escrib interfa I'n 'yet anothér enbodi nent, the
of dratecoperafing aohe161)i axd travel ithvenh ghythe wend and cajnbdssaltqhe
of the recuperating zone. In this design, the fuel and.
indsasfaemof ermoacn( 17y dadhisreanbodiment.i the logatioaircpnabustion is
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HERPDUTIh B OBE BAS embd@aAEn(T ke floWifsd hew-combubting usikture in a
and oxygen-contai ning gas creates a hot fluegas that

fingaubstehef regeperdtivp wilheet(thy terapetagireiprefilgain the ageuperating
across that zone. The fluegas then exits,.t

h th
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2.7 The t| on of the oxygen-contai ni ng
ﬂT%’ Orﬁﬁ%&ié adj usted to provide the desired
tenperature of the reform ng zone. The conposition
and hence tenperature is adjusted by neans of the
[G029) or tThenprefens® HGRLA19NE641e Mﬁmﬁmmmmo beaged to
conbusti bl e to non-conbustible porfions o
intigteposn Wﬁpn@k%l ecatieyn and 3fpase piveecgd %§e’§’5@#ﬂ%§nd

reCBRbRE e AR e RE AadpEpat (fdeb iy Iyt SO the combustion
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St eam e gas, or oxygen-depleted air as one
interface. In yet another embodiment, the location of combustion is fixed by

mechanical design of the recuperating zone. In this design, the fuel and oxygen-
containing gas are travelling in separate channels (not shown), which prevent
combustion until the feeds combine at the interface of the zones (13). At that
location, flame holders (not shown) or a catalyst in the reforming zone will

ensure that the combustion occurs.

[0030] The combustion of the fuel and oxygen-containing gas creates a hot
fluegas that heats the reforming zone (1) as the flue gas travels across that zone.
The fluegas then exits through the first end of the reforming zone (3) via a
conduit (27). The composition of the oxygen-containing gas/fuel mixture is
adjusted to provide the desired temperature of the reforming zone. The

composition and hence temperature is adjusted by means of the proportion of



conponent of the m xture. Wien the hot fluegas reaches

the tenperature gradient within the reforner, the
w@e@diogsst4 noves further across the bed. The oRCT/E852004/004269

tenperature of the fluegas will be substantially equal

to the tenperature of the reform ng zone (1) near the

inlet end (3). At the beginnieg of the regeneration

step, this outlet tenperature will be substantially

equal to the inlet tenperature of the reform ng feed

of _the preceding,
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erature such as the tenperature at the end (3) of
theempetanns ofjthelrefbrnling deed byrthedémdbof thefstethe present
invention, the regeneration step is ended when the
tenperature at the end (3) of the reform ng bed has
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of the system This feature may L .
enable the carrying out of the reforming stép. The point in time at which the
regeneration step is ended, and thus the duration of the regeneration step, may be
chosen (a) as a response to the time-varying performance of the PSR during each
regeneration step; or (b) based on overall (time-averaged) performance or the
system; or (c) fixed as a constant regeneration step duration. In embodiment (a),
some feature of the operation is monitored that is related to the regeneration
performance. This feature could be a composition such as O, CHy, Hy, or CO,
or could be a temperature such as the temperature at the end (3) of the reforming
- bed. In one embodiment of the present invention, the regeneration step is ended
when the temperature at the end (3) of the reforming bed has increased to a pre-

selected temperature between about 200°C and about 800°C. In embodiment

(b), the regeneration step duration is adjusted based on a measured feature that



be an average product conposition such as CH4, H2, or

CO or sone other system neasurenent. |In one
wepdetissent of the present invention, the regPCEUSI000004269

step duration is adjusted based on the tine-averaged

concentration of CH4 in the product, using control

strategi es known in the art_{3o_ shorten or | engthen

the duration to achieve the target CH4 armount. In a

preferred enbodinment, the target CH4 anount is set at

an anmount that represents between aﬁ%gt 1% an _a?out
refbsaothetaveraly mm@mm@ééagréon@@épec%ff $ystegn. This teature may
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duration between about 1 second and about 60 seconds, and the regeneration
flow rate is adjusted over time so that the time-average concentration of CH4 in
the reforming product approaches a target CH, amount that is set at an amount
that represents between about 1% and about 15% of the hydrocarbonaceous feed

carbon.

[0032] The reforming zone is now, once again, at reforming temperatures

suitable for catalytic reforming.

[0033] In pressure swing reforming the two steps of the cycle are conducted
at different pressures, that is, the reforming step is typically carried out at higher

pressures than the regeneration step. The reforming step pressures range from



-14 about ten (10) atnospheres (absolute pressure) to
about one hundred (100) atnospheres. Regeneration
WG e@p/opmeessur es range from about one at nospherBCT/US2004/004269
about twenty (20) atnospheres. Unl ess otherw se
stated, pressures are identified in units of absolute
pressure. The pressure swing;is enabled in principle
part to the large volunetric heat capacity difference
bet ween the solid bed packing naterial and the gases.
0034] The space velocity of a systemis typicall
agmrrt@géé@) YHIQsRhALSS Ka?solﬁﬁsm@ssa@e)ttﬁ@bgpaﬁa%l?langredy (100)
vol unetr i as flow rate of feed diyide t he I
cfposidira R PP peia L B frfavieS dentts fiony A acBsilte to
[ C : ifi
Uty (0 DS e SAhiEe rarcl, PR reia Shtified
idlahitoeflabsditie feeiviré orTHe prebhiraswiseis syeblet heptineple part to
standard hourly volunetric gas flow rate of methane,
thi largiedoluynettie hsedcapacitpaliffeeenge beatwranethg soliddedgqragking
space velocity, abbreviated as CIGHSV, refers to the
mgigiadl and heiga§ef any hydrocarbon feed placed on a Cl
basis. As such, the hydrocarbon feed rate is
calcul ated as a nolar rate of carbon feed, and
(G634 dar thy ée’ée,{é%ﬁfe'l@éigr 64 §iHteinad tisically e%pfcRSdll b ad hourly
gaseous speci es. For exanple, a gasollne feed having
basis ay eicagandadnimdametridgas Gowrat offeedidvidedwiyrthe aplume of
gaseous flow rate of 1,000NL/hr into a 1. 0O bed vvoijl d
chialyss bads enlleghanseousurly, spaseiieJocty. pr 8dS Vrnyrace velocity can

oS0 detirthinter® o ey etnhh SmtbAbet it AL blhe,
ﬂg@;]{g@iw r5r 2ndinaal fekl &W@ﬂ[& %ggtlgé]: isfli%diaﬂi hdaly SbRIMBRE gas flow

recuperating zones. n pressure sw ng
ritefodidthgne divedabiby ehevbtdeoluyne. CAGBESVheteymithaltdryn space
ranges from about 1,000 to _about 50,000. [0036] In a
vph?@?tafr abhiesistastanedoH e gsiars ta therfpace velasitygfi any
cqnduct ed nder bed ki ng and ce vel oci,t .
SRR o ACoaF b s dch s Be Y iR g fosd gae is
c%ﬁuﬁa@?ﬂmgsg % Sid14EHh Db BaltoRfeld BRI in PR ERIRE rate Bloulated as

if carbon is a gaseous species. For example, a gasoline feed having an average

carbon number of 7.0 that is flowing at a gaseous flow rate of 1,000NL/hr into a
1.0L bed would be said to have a space velocity of 7,000. This definition is
based on feed flow during the reforming step and wherein the bed volume

includes all catalysts and heat transfer solids in the reforming and recuperating

Zones.

[0035] In pressure swing reforming, the space velocity, C;GSHSYV, typically
ranges from about 1,000 to about 50,000.

[0036] In a preferred embodiment pressure swing reforming is conducted
under bed packing and space velocity conditions that provide adequate heat

transfer rates, as characterized by a heat transfer parameter, ATy, of between



WD 2004/ 078644 PCT/ US2004/ 004269 -15 about 0.1C to
about 500C, and nore preferably between about 0.5C and

W@ W04/074se4 par aneter OTHT is the ratio of the PCT/US2004/004269
bed- average volunetric heat transfer rate that is
needed for reformng, H to the volunetric heat
transfer coefficient of theded, h,,. The volunetric
heat transfer rate that is needed for reforming is
cal cul ated as the product of the space velocity with
the heat of reforming (on heat per Cl volune basis).
albmrt CekHErpd ebou5H08Ce and eagre peeferably batwesn abagGd 4 pnd
3600 s/ hr, where 2.2 cal/cc is, t e heat of efor
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to at |east 1000C. Suitable reformng catalysts
H will bdeonghatable iIt thesmto SIBPS afible @bhnpeth{blheat trapsﬁee noefficient
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gure [ustrates one enbodi rent
of the present I nvention a pressure sw ng reforrrer
(128) is in operable comunication wWith a
[A03T)er Bed packang materials guitable é@%ﬂ%ﬂ in(thg (Pfeséﬁﬁe awmg reforming

A ey
zirconia and the like that are stable to at least 1000°C. Suitable reforming
catalysts include noble, transition, and Group VIII components, as well as Ag,
Ce, Cu, La, Mo, Mg, Sn, Ti, Y, and Zn, or combinations thereof. Preferred
catalyst systems include Ni, NiO, Rh, Pt, and combinations thereof. These

materials may be deposited or coated on, or in, catalyst supports well known in

the art.

[0038] Turning to Figure 2, which illustrates one embodiment of the present
invention a pressure swing reformer (128) is in operable communication with a
high temperature water gas shift reactor (130) and a hydrogen separator, e.g., a
pressure swing absorption unit, (132). A hydrocarbon feed (112), e.g., methane,
and steam (114) are passed through the pressure swing reformer (128) for

conversion therein to synthesis gas. The synthesis gas (129) is fed to the high



and steam (114) are passed through the pressure sw ng
reformer (128) for conversion therein to synthesis
wW@2®4/0T4ee4 synt hesi s gas (129) is fed to the hiBET/VE004/004269
2004/ 078644 PCT/ US2004/ 004269 -16 tenperature shift
reactor (130) where the CO levels in the synthesis gas
are reduced and additionaL_ﬂygrogen i s produced
(illustrated supra in equation 2). [0039] The
regeneration step of the pressure swing reformer (128)
is carried out by introducing a fuel (135) and an
tepxayature shifticactoy (L3R whas)the () levels in thesyathesisezas are

r ef or nmer. 28 r.conbustion therein. Typically the
recigenandengitinaLByeoer thbraietd Fifsthue Rt in daylston 2.
range of about 20C to 600C and preferably at 150C to
450C. The regeneration cycle will be operated at

[0U399 S UrBise telpehdiatibARED off the PoeustirelswinpaeOotimekq128) is carried
and preferably in the range of about to about 5 bar.

onOBy trdducingpa fied (1 3%) avbadorpgan cattainmge gsuflS@ue.gg air, into
reformer is operated wth a, re,generati on feed

theasFarmeat(l 3%) r cogbugtion ghereimpbypically theregsperatigndeed will

b Ats Bl LE AR br SEHERT | God @ pRBEETEs 150°C
tﬂ%.g?tﬁ% ge%‘é\?raﬁ%%@ydeem b@%&%@ at predfnkam Rl ItaYIge of

mat che ected’inlet temperature of the shif

ats@adt @ atioli8 QD .baf,yidoateferabiylinghatranyy afetouddsogibowt Sibar.
include a length that is in the range of about 25% to
40% of the total pressure swing refornmer bed | ength,

(00 38 el orBbRdinl: o et NS GHS: f opprated
TP On 55505158 £408] 2ot s,
amPOtith APRE refdrfler knperalng sorgpropertacinehslingzéne size and

normal |y operated at inlet tenperatures of about 250 C
packing Ay rAb@Cresulthin g, syhthesisxgas(129) tameperniung thatesubstantially

pressure swing reformer wwth _a regeneration inlet
matghss the salectsd inlpblompesaiore g ther Fiftaeacios (ifis Tapical
s BRSHR e RSy RO PRy RPN B
toPARU RO total HesdRE QWS EfOHRELLES 1IN, A Rkirfy thagh
provides a ATy in the range of about 1°C to about 40°C. Typically regeneration
inlet temperatures are in the range of about 200°C to 350°C with outlet syngas
temperatures of about 220°C to about 400°C. High temperature shift reactors
are normally operated at inlet temperatures of about 250 °C to about 400°C.
Thus, for example, operating the pressure swing reformer with a regeneration

inlet temperature of about 250°C can provide a syngas at a temperature of about

290°C, which is a temperature suitable for the shift reaction.

[0041] In a preferred embodiment, the reforming cycle is operated at a high
pressure sufficient to provide hydrogen after shift and separation at a high
pressure that at least matches the pressure required for the intended use.

Typically the reforming cycle is operated at pressures greater than about 10 bar



pressure sufficient to provide hydrogen after shift

and separation at a high pressure that at | east
woredogless44 he pressure required for the i ntendePCTIES2004/004269

Typically the reform ng cycle is operated at pressures

greater than about 10 bar WO 2004/ 078644

PCT/ US2004/ 004269 -17 and preferably at pressures in

the range of about 10 to 100 bar. Wen the reformng

step is executed at high pressure, it nmay be desirable

anf prafrably of penytes i, e cudén Shab e Rnf G Vae fRE
retfﬁlgmgﬁnége i e!cﬁfé%l A1 1$ﬁ‘§ré§§lﬂ‘e 1trin§§(rgé %fegirré‘tﬁg to include a brief

I'S 1 ner rge is

p&iGd @ﬂlﬂb?ﬂ}blh et tisd @aMof {hQQéfﬂmﬁﬂQ istdpadaiweéeptieghaining product
hydrocar bon (112) and steam (114) feed are passed

frohr thegroid Hmctiohe ofithe etk 8n apreferspdembodiment, his inert purge is
(C1GHSV) in the range of about 1000 to 50,000 hr- .1,
cqmpese&@ﬁép%wﬂw Hedlhange of about 2000 hr-1 to
about 25,000 hr-'. [0043] In the enbodi nents herein
utilizing pressure swing reformng the bed packing

[0DARgT i %dcﬁﬁ@h&lﬁ the lgydrS&z%bH?h ¥2) ﬁ{dlﬁeé(ﬁh' 4e) feed are gassed

applications ampl e i'n applications produci
through thearfdi®ier(§2824thr spacy weladityy( GMGHIS W@ in thetfaagé of about

of "honeyconb nonoliths and wall-flow nmonoliths, which
1008 S0.0G0 Gt BREmpreferablonihe TR g0 A FOB0dIS o aheut
Ziaﬁg e;greater reactor length. Preferred honeyconb

ths for the present invention will have channel
densities that range from about 100 cell s/i n2 to
about 1600 cells/in2 (15 - 250 cells/cnR). smal | er

[0943] € GpeREEBOSimEnE Befcdi Ltitidi gPprekdire ,swinlg: Pefasmigadiie bed
monol i ths and packed beds may be enpl oyed. Preferred

pdcking maberidl emaployped irheelaivedy targe ivelwne appliedtidnshEoreexample,
P SPSE0) e hchpns B8 1R AR g% PR 0B o
o RSPk 5 G55 EBBINLAN Hhyd AR channls
todini2dPrek§uré drbp aAd eHiblERPOaitF Adadiot lengtﬁ Pfoé])red
honeycomb monoliths for the present invention will have channel densities that
range from about 100 cells/in” to about 1600 cells/in® (15 - 250 cells/cm?).In
smaller scale operations, more tortuous packing, such as foam monoliths and
packed beds may be employed. Preferred foam monoliths for the present
invention will have pore densities that range from about 10 pp1 (pores per inch)
to about 100ppi (4-40 pore/cm). Preferred packed beds for the present invention

will have packing with specific surface area that range from about 100 ft' to

about 2000 ft™ (3.3 - 65 cm™).

[0044]  As stated, the synthesis gas (129) is fed to the high temperature shift
reactor (130) where the CO levels in the synthesis gas (129) are lowered and
additional hydrogen is produced. The high temperature shift reaction is a

process well known in the art. Typically, the process is conducted in one or two



[0044] As stated, the synthesis gas (129) is fed to

the high tenperature shift reactor (130) where the CO
wo eweloBeitn t he synt hesis gas (129) are | ower edPERTS2004/004269

addi ti onal hydrogen is produced. The high tenperature

shift reaction is a process well known in the art.

Typically, the process is conducted in one or two WO

2004/ 078644 PCT/ US2004/ 004269~ - 18 st ages at

tenperatures of about 250C to about 400C in the

presence of an iron oxide-chrom um oxi de catalyst. i
stiges ataiemperatheesraffabort A0t abai 409°Canrthe gresghce of amiron

suf fici ent excess o{ steamt s?‘tﬁ)i S t.he needs .of thed
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stsepan 134 o Ppgogespéclly iAdeae pritlohydrogessses typically
utilize am nes or potassium carbonate-based solutions
to remove CQ2. In a preferred enbodi nent, the hydrogen
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temperature-swing adsorption processes and membrane separation processes.
Absorption processes typically utilize amines or potassium carbonate-based
solutions to remove CO2. In a preferred embodiment, the hydrogen separator
(132) is a pressure swing adsorption separation system. Figures 3-5 show
streams passing from one block to the next without any heat exchange or
conditioning. Indeed, an advantage of the present invention is that pressure
swing reforming syngas effluent (129) conditions can be tuned to require no
conditioning prior to introduction into the shift reactor (130). However, it is
understood that conditioning as is known in the art may be applied to these
streams. For example, heat exchange may be applied to adjust temperatures.
The separation step (132) generally requires synthesis gas at conditions different

from the exit conditions of the shift step (130). In a preferred embodiment,



condi tioning. Indeed, an advantage of the present

invention is that pressure sw ng reform ng syngas
we@bdosiesss4 (129) conditions can be tuned to regRCT/ESI904/004269

conditioning prior to introduction into the shift

reactor (130). However, it is wunderstood that

conditioning as i s known i”—!ﬂﬁ art may be applied to

these streans. For exanpl e, "heat. exchange nay be

applied to adjust tenperatures. The separation step

(132) generally requires synthesis %as at conditiaons
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hlgh tenperature shift is cooled and dried prior to

introduction into the pressure sw ng adsorption step,
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kinetics of reforming, the pressure, and space velocity. Under the conditions

described herein, the flue gas (137) will be at temperatures in the range of about

400°C to about 500°C.

[0047] In one embodiment of the invention the regeneration is conducted
under conditions sufficient to provide a flue gas at a temperature in the range of
about 400°C to about 500°C. In this embodiment shown in Figure 3 the flue gas
(137) is used in steam generator (138) for making steam (114) used in the feed
during reforming. Aftef generating steam the flue gas (140) exits the steam

generator (138). This flue gas may be used, if desired, to power a turbine (144).



400C to about 500C. [0047] In one enbodi ment of the

i nvention the regeneration i s conducted under
w@ordiotseans sufficient to provide a flue gas aPCHUS2004/004269

tenperature in the range of about 400C to about 500C.

In this enbodi nent shown in Figure 3 the flue gas

(137) is used in stean1gener§60r (138) for making

steam (114) used in the feed™ during reformng. After

generating steamthe flue gas (140) exits the steam

aenerator (138). This flue gas may be used, if
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stream (146). [0049] In one enbodi nent of the present
invention the air (142) shown in Figure 4 is provided
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provided by integrating the PSR regeneration system

abowthl atgagabselnig)ne. Gas turbi nes operate by
conpressing air to noderate pressure (7-30 atnj,
conbusting a fraction of that air with fuel such that
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function is provided by integrating the PSR regeneration system with a gas

turbine. Gas turbines operate by compressing air to moderate pressure (7-30
atm), combusting a fraction of that air with fuel such that the combined stream
of air and combustion product is heated to elevated temperature (900-1300C),
and then expanding the combined stream in a turbine resulting in mechanical
power sufficient to drive the compressor and have residual power that may be
used for electricity manufacture or other purposes. Itis known in the art that hot
compressed air can be withdrawn from gas turbines, used in outside processes,
and returned with some composition and condition changes to the turbine to

fulfil its role as combustion diluent and expansion fluid.

[0051] In such an embodiment, the regeneration fresh air (142) is provided as

air that is extracted from a gas turbine, and a fraction of the regeneration flue gas



and then expandi ng the conbined streamin a turbine

resulting in nechanical power sufficient to drive the
weowpoessor and have residual power that nmay bECT/USHA4/004269

for electricity manufacture or other purposes. It is

known in the art that hot conpressed air can be

W t hdrawn from gas turbines,oused in outside

processes, and returned with some conposition and

condition changes to the turbine to fulfil its role
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flue gas will reduce the_amgunt of fresh ajr needed
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éjglﬁ gm nsg errbodl1 ﬁ%gave been described in
REEETH PR ]é | e pressure swi ng reforner;
however, in alternate enbodi nents two pressure sw ng

ref ormer beds are used sinmultaneously such that one
[00530 emTlge foregoing embodiments have been described in connection with a

simple pressure swing reformer; however, in alternate embodiments two
pressure swing reformer beds are used simultaneously such that one system is
reforming while the other is regenerating. This use of multiple beds provides a
continuous flow of reformed product to the shift reactor notwithstanding the
cyclical operation of each bed. Appropriate valving is used to control the

various streams flowing to and from the beds.

[0054] To further illustrate the invention the calculated heat and material
balance for the embodiment shown in Figure 4 is given in Table 1. This pressure
swing reformer system is operated as two cylindrical reactors, with internal
dimensions of 7 ft (2.1M) diameter and 4 ft (1.2M) length. The reactors are

positioned with cylindrical axis in a vertical orientation, and reforming is carried



reformng while the other is regenerating. This use of

mul tiple beds provides a continuous flow of reforned
w@e@dtded44 o t he shift reactor notw t hstandi ng PEEUS2004/004269

cyclical operation of each bed. Appropriate valving is

used to control the various streans flowng to and

fromthe beds. [0054] To further illustrate the

invention the cal cul ated heat and material bal ance

for the enbodi ment shown in Figure 4 is given in Table

1. This pressure _swi ng refor system.is operate
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refdrolikg deepsi A yrief s®om purge3s (wlededyatdby endioé thepreferming step.

two thirds of the packing include reformng catal yst.
Overall cycle length is 30 seconds; 15 s for the
regeneration step and 15 seconds for the reform ng

step. A brief steampurge is included at the end of

the reform ng step. WO 2004/ 078644 PCT/ US2004/ 004269

-23- Table 1: Stream No. on Fig. 4 114 112 129 131 133

134 Tenp. C 229 239 292 404 43 43 Pressure, atm abs

27.2 25.0 25.0 24.3 21.4 1.4 Steam NG Feed Raw SG HTS

Eff. H2 Prod. Purge kgnoles/hr H2 0 0 2,533 2,932

2,492 440 N2 001101 02 000000 COO0OO 718

317 0 317



CH4 0 834 20 20 0 20 CO2 O O 95 490 0 490 H20 1,671

0 746 360 0 14 AHc, MW O 186 230 225 167 58 Stream

WONR0040T86/H g. 4 135 142 141 136 137 140 Tenp. ECT082080d04269
273 255 454 260 Pressure, atmabs 3.4 3.4 3.4 3.4 3.2
3.1 Reg. Fuel Air Rcy FG Conb. Ox Hot FG Cool FG

kgnol es/hr H2 440 0 0 0 O O %é\lz 1 1,839 2,489 4,328

4,328 4,328 02 0 460 2 462 43 43 CO317 00000

CH4 20 00 0 0 0O CO2 490 0 1,224 1,224 2,051 2,051

H20 14 0 710 710 1,203 1,203 OHc, MW58 0 0 0 0 0 WO
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H20 1,671 0 746 360 0 14
AHc, MW 0 186 230 225 167 58
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Temp. °C 108 204 273 255 454 260)
Pressure, atm abs 3.4 3.4 3.4 34 3.2 3.1
Reg. Fuel Air Rcy FG Comb.Ox HotFG Cool FG
kgmoles/hr H2 440 0 0 0 0 0
N2 1 1,839 2,489 4,328 4,328 4,328
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H20 14 0 710 710 1,203 1,203

0 0 0

o
o

AHc, MW 58




reaction to provide a nulti conponent product gas
stream enriched in hydrogen; separating high pressure
whyanogesm from the nulti conmponent product gaRCHUSBAHN04269
conmbusting a fuel and oxygen in the regeneration cycle
of the pressure swing reformer at a pressure |ower
than that used in the reformyg cycle thereby
provi di ng tenperature condltlons sufficient for the
reform ng cycle and generating a flue gas exiting the
reforner. 2. The nmethod of claim1 wherein reformng
‘e is in the range of 10 to 100 bar. 3. The
nmet hod of claim 2 wherein sufficient fuel and oxygen
are conbusted in the regeneration cycle to generate a

range_of apout IB0e ai AR RR g i TRE ey hift Bocess
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wherein high pressure hydrogen is separated fromthe
mul ti conponent gas stream by subjecting the rrultl

conponent gas stream.to essure swn adso tion
bro6ess. wheHEHp TelRsHIBS & EeRas 9@14&%%%1:%@ nggycleina
0
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tenperature range of about 220 about 400 6. The
templaduref substantra By wh dreetangt lof térhperagass isedain the high
tenperature of about 400C to about 500C and is used
t@lﬁpg@ﬁﬁﬁa&’@e}éﬁé&ﬁhﬁbﬁeaﬂh@ist eam reforning cycle. 7.

The nmethod of claim6 including recovering absorbed
conmponents fromthe pressure swi ng refornmer and

i ntroduci nggfedifSthe 3yRMebis¥as to a high temperature water-gas shift

reaction to provide a multi component product gas stream enriched in hydrogen;

separating high pressure hydrogen from the multi component

product gas stream;

combusting a fuel and oxygen in the regeneration cycle of the
pressure swing reformer at a pressure lower than that used in the reforming cycle
thereby providing temperature conditions sufficient for the reforming cycle and

generating a flue gas exiting the reformer.

2. The method of claim 1 wherein reforming pressure is in the

range of 10 to 100 bar.

3. The method of claim 2 wherein sufficient fuel and oxygen are
combusted in the regeneration cycle to generate a flue gas exiting the reformer at

a temperature in the range of about 300°C to about 600°C.



as fuel into the pressure swing reforner during the

regeneration cycle. 8. The nethod of claim 7 including
wo eayordemyg a portion of the flue gas to the pPERBES004/004269

swing reformer during the regeneration cycle. 9. The

met hod of claim1 wherein the oxygen in the

regeneration cycle is provided as conpressed air from

a gas turbine. 10. A nethod for producing high

pressure hydrogen conprising: (a) passing a feed

stream undek., hi re conditionsg and c risin

2 hydr ocar bR andn®] PESHiR-T gt Bih BEssusidarogen ¥
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cehponeatigiesmenatos prdssuRrswdug edsorphionprBE@s Silideby

synthesis gas stream (b) passing at |east a portion

cemponentsyaineicbian hydeogenrase substasiially adsybedthenehy providing

fi.rst end of, a second zone contai ning bed packi ng

high Rressiie hydrogen enperature | ower than the first zone
thereby transferring sensible heat fromthe product
to the packing nmaterial in the second zone and

provi di ng, arhd aeRIESSHARN 3SWhERES tFolAf PAlentberature
t enperature approaching that of the packing teri al

canditibes psedded synthesisgiad is tlepeniperamne r{dye dfeibdat 220°C to
conducted at conditions sufficient to provide a
a@%tmps gas at said second end of said second zone

in the range of about 220C to about 400C, (c)

renmovi ng substantially all of the high pressure

synt hesi § 9gfe rﬁ:ﬁ.?g% b e3P Ve 23R ShéRtle 'ggg Esg%tlufie%erature

said gas into a tenperature water-g

of abmiti400°Caoaboat POCAC ahed & @rd totdeasmteplechmNRA thdsteam
hydr ogen; (d) passing the hydrogen enriched gas stream

fﬁﬁﬁﬂﬂﬂ&ﬁy§k%hydrogen separation zone to separate high
pressure hydrogen; (e) renoving high pressure hydrogen
fromthe separation zone;

7. 'The method of claim 6 including recovering absorbed
components from the pressure swing reformer and introducing at least a portion

as fuel into the pressure swing reformer during the regeneration cycle.

8. The method of claim 7 including recycling a portion of the flue

gas to the pressure swing reformer during the regeneration cycle.

9. The method of claim 1 wherein the oxygen in the regeneration

cycle 1s provided as compressed air from a gas turbine.
10. A method for producing high pressure hydrogen comprising:

(a) passing a feed stream under high pressure conditions and

comprising a hydrocarbon and stream through a first zone containing packing



(f) introducing a fuel and an oxyg
a pressure lower than in step (a)
woRootloz8egecond zone for conbustion
said second and first zone thereby
zone to reform ng tenperatures and

en containing gas at
into the second end
and passageCt/nsmogn4269
heating the first
creating a flue gas

of the first zone.

whi ch exits through the fi r_zg_end
6 -27 11. The net hod
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of claim 10 wherein the hydrogen separation zone is a
pressure swi ng adsorption zone whereby substanti al |
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than hydrogen are adsorbed. 12. The nethod of claim 11
lﬂgépéff%u en%’“ﬂi’ﬁf? %ﬁ%@%‘% conditions are in the range
of about 10 to about 100 bar. 13. The nethod of claim
12 including purging the pressure swi ng adsorption
zone to proW)deadsipdray¢ea3as pditieaot ﬂfech}inltﬁdsm%as' sigeaad of step
| east a portion of the purge gas streamas the fuel
(anthsoegh (he)first 4nd Dhie sreeibosf canltainmg Bedvhackdng maierials at a
regeneration is c condi tj ons
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part of the fl'ue gas ~passed through the heat
sexeitheng®r is recycled to the second end of the second
zone during regeneration. 16. The process of claim10
wherei n the oxygen containing gas of step (f) is
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met hod of
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ecte 0 e group consisting of nmagnesium
aBbun2 200 & Ab®AUES°Cal umi num silicate clays, nmllite,

(c) removing substantially all of the high pressure synthesis gas
from the second zone and introducing said gas into a high temperature water-gas

shift reaction zone to provide a gas stream enriched in hydrogen;

(d) passing the hydrogen enriched gas stream through a

hydrogen separation zone to separate high pressure hydrogen;
(e) removing high pressure hydrogen from the separation zone;

(f) introducing a fuel and an oxygen containing gas at a
pressure lower than in step (a) into the second end of the second zone for

- combustion and passage through said second and first zone thereby heating the
first zone to reforming temperatures and creating a flue gas which exits through

the first end of the first zone.



alumna, silica-alum na, zirconia and m xtures

t her eof .
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11. The method of claim 10 wherein the hydrogen separation zone
is a pressure swing adsorption zone whereby substantially all of the components

of the product gas stream other than hydrogen are adsorbed.

12. The method of claim 11 wherein the high pressure conditions

are in the range of about 10 to about 100 bar.

13. The method of claim 12 including purging the pressure swing
adsorption zone to provide a purge gas stream and introducing at least a portion

of the purge gas stream as the fuel in step (e).

14. The method of claim 13 wherein the regeneration is conducted
under conditions sufficient to provide a flue gas having time-average
temperature range of about 400°C to about 500°C and the flue gas is passed

through a heat exchanger to generate steam for reforming step (a).

15. The method of claim 14 wherein at least part of the flue gas
passed through the heat exchanger is recycled to the second end of the second

zone during regeneration.

16. The process of claim 10 wherein the oxygen containing gas of

step (f) is provided as compressed air from a gas turbine.

17. The method of claim 10 wherein the packing material of said
first and second zones are composed of materials selected from the group
consisting of magnesium aluminum silicates, aluminum silicate clays, millite,

alumina, silica-alumina, zirconia and mixtures thereof.



