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HN LD OF THE |l |

The present invention: is a cyclic process for opsrating aquilibrium controlied
reactions in 2 system which comprises a plurality of reactors operated in a
pradeterminaed timed sequence wherein the heating and cooling reguirements in a
mioving reaction mass transfer 2one within each reactor are provided by indirect heat
éxchange with a fluld capable of phass change at-tomperatures maintained in each

reactor during sorpreaction, depressurization, purging and pressurization steps.



BACKOGROUND OF THE INVENTION

The chemical industry performns numerous equilibrium controlled reactions to
manufacture a wide range of chemical raw materials, intermediates and products.
Produict yiald obtained In such eqguilibrium controlled reactions is typically limited by the
thermodynaric equilibrium of the reaction. Therefore, such reactions are typically
operated at an eleirahd temperature for endethermic reactions orata reduced
temperature for exothermic reactions in order to shift equilibrium toward the product
cirection. Thus, the chemieal industry has been searching for improved procasses for
operating equilibrium controlied reactions at reducad temperatures for endothermic
reactions wherein praduct yield is not substantially diminished due to unfavorable
thermodynamic equiibrium constants.

Reprasentative equilibdum caonirolied reactions inciude methane and
hydmwb;:n steam reforming reactions which are used to manufaciure hydrogen or
synthesis gas, the water gas shift reaction for converting CO to CO,, as well as the
reverse water gas shift reaction for converting CO, to CO. Some of these reactions are
typically catried out at relatively high temperatures to shift the squiiibrium toward the
product direction as well as to abtain relatively faster reaction kinetics. Significant
efforts have baan described in the literature to improve reaction kinetics by identifying
naw catalysts and by controling process eparating conditions. Additionally, the concept
of ramoving a praduct from a reaction zone to increase product conversion is

wall Known.
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Representative processes for operating equilibrium controlied reactiéns include
an article by Vaporciyan and Kadlec (AIChE Joumal, Vol. 33, Na. 3, August 1887)
which discloses a unit operation comprising a rapid pressure swing cycle in 3 catalytio-
adsorbent bed to effect both continuous gas-phase reaction and separation. The
hybrid device combines features of a prassuce swing adsarber with these of a flow-
forcad catalytic reactor.

Waesterterp and coworkers (Hydrocarbon Processing) p. 68 (Novamber 1988)
disclose two process schemes for impraving conversion of hydrogen and carbon
monoxida to methanol. The first embodiment emplays a Gas-Selid-Selid Trickie Flow
Reactor (GSSTFR) wherein a salid adsorbent is trickied thrcugl_'t a pack'ed bed reactor
to remove methano! fram the reaction zone which results in increased production of
methanol. The adsorbent saturated with methanol is collectad on a cantinuous basis
using multiple storage tanks wharain the methanol ls desorbed by reducing the |
prassura, The second embodiment ernploys a Reactor System with lnterStage Product
Removal (RSIPR) wherein methanol is synthesized in several stages and removed

‘ utilizing a liquid solvent. High conversion of methanol per pass (s achieved in a serics
of adiabatic or isothermal fixed bed reactors. Product is selectively removed in
absorbers situated between the respective reactor stages.

Prior art processes for conducting simuitaneous reaction and adsorption steps
have not achieved commercial success becausa product flow rates do not remain
sufficiently constant and the desired proaucts are present in unaccegtably low
conesnirations with respect to the undesired reaction products, unreacted feedstock
&nd purge fluids. Industry is searching for a process for operating equilibrium controlied
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raactions which can be operated in continuous mode at reduced reaction temperatures
wherein a reaction product can be produced in substantially pure form at nigh
conversion, under relatively constant flow rate and at feedstock pressure.

BRIEE SUMMARY OF THE INVENTION

The present invention relates to a continuous process for operating equilibium
controlied reactions which overcomes problems associated with prior art processas
wherein product flow rates do 0ot remain relatively constant and the desired product is
present in unacgeptably low concentrations with respect to other reaction products,
unreacted feedstock as well as the purge and rinse fuids used ts desord the desired
product from the adsorbent residing in tha reactor.

Applicants have overcome sych prablems by developing a cyciic process,
cperated under isothermal conditions, which utliizes a plurality of reactors operate& na
predetermined timed sequence wherein the heating and cocling requirements in a
maving reaction mass transfer zone within each reactor are providad by indirect heat
exchange with a fluld capable of phase change at temperatures maintained in each
reactor during sorpreaction, depressurization, purging and pressurization steps. The
following five steps of the general embadiment are performed in each reactor duting a
process cycie,

The first step of the process comprises reacting a feedstock at a first pressure
in @ first reactor containing an admbdure of an adsarbent and a catalyst suitable for

conducting the equilibrium controlled reaction under reaction conditions sufficient to



convert tha feedstock into a more adsorbable product which is selectively adsorbad by
the adsorbent and a less adsorbable produet and withdrawing a stream which is
enriched in the less adsarbable product and depletad in the more adsarbable product

as well as unraacied feedstock.

The second step comprises countercurrently depressurizing the first reactor to
& second pressure by withdrawing a mixture comprising unreacted feedstack, a portion
of the less adsorbable product and a portion of the more adsorbable product.

The third step comprises countercurrently purging the first reactor at the
second pressure with a weakly adsarbing purge fluid with respect to the adsorbent to
desorb the more adsorbable product from the adsorbent a'nd withdrawing @ mixture
comprising unreacted feedstock, a portion of the more adscrbable product and a

portion of the less adsorbable product.

The fourth step comprises cﬁunterwrranﬂy purging tha first reactor at the
second pressure with the less adsorbable praduct to dasorb the weakly adsorbing
pumé fluid and withdrawing a mixture comprising the weakly adsorbing purge fluid, a
portion of the mare adsorbabie product and a portion of the less adsorbable product.

The fifth step comprisas countercurrently pressurizing the first reactor fram the
sacond pressure o the first pressune with the less adscrbable product prior to

comm_encing another process cycle within the ﬁrst. reactor.



The general embodiment can be readily adapted to utilize tha following
additional step fallowing the first step and prior fo the second step wharein the first
raactor is countercurrently purged at the first pressure with a weakly adsorbing purge
fiuid and a mbdure comprising unreacted faedstock, a portion of the mare adsarbable
praduct and 3 portion of the less adsorbable product Is withdrawn from the first reactor
at the firat pressure. Optionally, this mixture comprising the unreacted feedstock, the
mars adsorbable product and the less adsorbable preduct can be separated to form a
stream comprising unreacted feedstock and the unreacted fesdstock can be recycdled
for use as feadstock in the first step of the process.

Applicants’ pracess can be readily adapted to perform a variety of addidionai
steps in order to further separate the process streams by canventional methods such as
distlllation to yield higher purity products or 3 source pracass fiuids which may be
recycied. For example, the stream of the first step which is enriched In the less
sdsorbable product and depleted in the more adsorbable product as well as unreacted
feedstock can be separated to form a stream comprising the lass adsorbable product.
The stream of the thind step comprising unreacted feedstock, a portion of the more
adsorbable product and a portion of the less adsorbable product can also be separated
to form a stream comprising the more adsorbabie product. Finaly, the mixture of the
fourth stap comprising the weakly adsarbable purge fiuid, a partion of the more
adsorbable product and a portion of me'iess adsorbable product can be separated to
form a stream comprising the weakly adsorbable purge fluid and racycling a portion of

the stream for use as the weakly adsorbing purge' fluid in the third step.



-7

Tha present process can be utilized in any endothermic or exothemic
aquilibrium controlled process including hemogeneous reactions involving solely
gassous feactants, and heterogenecus, catalylic reacions inveiving gaseous reactants.
Moreover, the present process can be readily adapted for use in equilibium controlled
reactions which are capable of cperation in the absencs of a catalyst The genersl
embodiment is followed with the exception that the reactors eantaln only adsarbent for
the more adsorbabls product.

While Appiicants' invention [s suitable for operating any aguilibrium controlied
process, Appficants have identified reactions which are particularly suitsd for operation
using their ¢claimed process. Preferrad reactions include the reverse water gas shift
reaction for praducing carbon monoxide, the steam-methane reforming reaction for
producing hydrogen, and methane reforming with carbon dioxide to produce carbon
monoxide and hydrogen.

Tha general embodiment of this invention can be used to operate each of
these reactions by simply substiluting the proper feedstock, adsorbent, catalyst, the
relative propartion of catalyst and adsorbent reélding in the reactor, the reaction
conditions and purge fluids to provide the desired products. For example, the reverse
water gas shift reaction for producing carbon monexide contemplates reacting a -
fasdstock of carbon dioxide and hydragen to produce carkon monaxide and water.
The more adsorbable product with respect to the adsarbent is water such that the less
adsorbabie product, carbon monaxide, can be collected at feedstock pressure.



Suitable adsorbents for conducting the reverse water gas shifi reaction to the
prasert lnvention include 2eofites such as X, A, Y and the mordenites, silica gel, and
aluminas such as Alcan AA300 and AA230 which ara commercially available from
Alcan Corporation, Cleveland, Ohlo. Suitable catalysts include conventional watar gas
shift catalysts such as the iron-chromium high temperature shift catalyst from (o]
Corporation, Oakbrook Tarrace, [iinois, K6-10 and K8-11 catalysts avalable from BASF
Carporatien, Geismer, Loulslana, and low and medium temperatura shift catalysts such
as R3-11 and K3-110 catalysts which are also commercially available from BASF
Corporation, Geismer, Louisiana. Reaction conditions include a temperature ranging
from 200" to 600°C, the first pressure which ranges from 2 to 50 bar and the second
pressure which ranges from 0.05 bar to 2 bar. The weakly adsorbing purge fluid is
salected from the group consisting of methane, hydrogen, nitragen and
carbon diexide.

The feedstock for the steam-methane reforming reaction comprises watar and
methane with a ratio of water to methane ranging from 1.5 to 30 when the more
adsorbable product is primarily carbon dioxide and from 1 to 1.5 when tha more
adsorbable product is primarily carbon monoxide. The less adsordable product is
hydrogen in both cases. Reaction conditions include a temperature ranging from 200°
10 600°C, the first pressure which ranges from 2 ta 50 bar and the second pressure
which ranges from 0.05 bar to 2 bar. The weakly adsorbing purge fluid is selected from

the group consisting of mathane, steam, hydrogen and nitrogan.



Suitable catalysts for conducting the steam-methane reforming reaction
include conventional steam-methane referming and preraforming catalysts such as
nickel-alumina, nickel-magnesium alumina and the ncble metal catalysts, The
adsorbent can be selected to adsorb carbon monoxide, carbon diaxide or a mixturs of
carbon monaxide and carbon dioxide. For axampie, adsorbents for carbon dioxide
include the metal oxides and mixed metal oxides of magnesium, manganase,
lanthanum and calcium and the clays minerals such as sepiolite and dolomite.
Adsorbents which are selective toward carbon monoxide include Cu** on silica-alumina
and Ag*! on silica-glumina as described in U.S, Patents 4,019;879 and 4.019,880.

Applicants have discoverad lwo naw classes of materials described herein as
modified double layered hydroxides and non-madified and modified spinels which are
capable of selectively adsorbing GO, from CO--containing streams containing moisture
fevels as high as 10 atmaspheras of water vapor and which possess utility at
temperatures ranging from 200°C to 500°C, and possibly higher temperatures. The
literature is not believed fo tench adsorbents of the following types which are capable of
selectively adsarbing CO- In the presence of large amounts of water under operating
temperatures ranging from 200°C to 500°C and which are ¢apable of being regenerated

by purging with inert gas at such elevated tempsratyres.

The preferred modified double iayered nydroxides which possess utility as CO;

adsorbents under the above-raferanced canditions are represented by the formula:
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(Mg Al (OH)ICOZla ¥y HiO o ZM':COs
wherein 009 <x<0.40;
0=y<350=<z<3.5
M'=Naork

The spinels and modified spinels which posseass utility as CO, adsorbents under
the above-referenced conditions are represented by the formula Mg [AlZ]C4 ¢ y K;CO,
wherein 0 <y < 3.5. The modified spinels are identified by the materials whereiny i_s
greater than zero. Thus, the spinels which are not modified are represented by the
formula wherein y equals 2ero.

Methane can be reformed with carbon dioxide {0 produce carbon monaxide
and hydrogen. Thus, the fesdstock comprises carben dioxide and maethane, the catalyst
comprises a methana reforming or prereforming catalyst such as nickekalumina, nidce!-
magnesium alumina and the noble metal catalysts such as rhodium, ruthenium and
ifidium. The more adsarbable produict with respect to the adsorbent may be hydrogen
and the less adsorbable product may be carbon monaxide. Altematively, the more
adsorbable product may be carbon monoxide and the less adsorbable product may be
hydrogen. Suitable adsorbents for hydrogen include the hydrogen-metal alioys such as
paliadium, pafladium-silver, magnesium-nicke!, iron-titaniurn and lanthanum-nickel, and
the fike. Suitable adsorbants for carbon monoxide include Cu’ and Ag* saits. Reaction
conditions comprise a temperature ranging from 200° to 600°C, the first pressure which
ranges from 2 to 50 bar and ths second pressure.whid'l ranges from 0.05 t0 2 bar. The
wasikdy adsorbing purge fluid is selectad from the group consisting of steam, methare,
carbon dioxide, carbon monoxide, nitrogen, and hydrogen.
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As shall become more apparent upon reading the Detailed Dascription of the
invention, Applicants’ procass overcames problems associatad with prior art processes
by utilizing a novel series of reaction, adsorption and desorption steps to collect the less
adsorbable product in substantially pure form under a relatively constant flow rate at

feodstock pressurm,

[l WINGS

FIG. 1 is a process flow diagram of a general embodiment of the present

| process for operating equilibrium controlied reactions which utilizas two reactors
containing an admixture of catalyst and adsarbent, wherein the reacters are oﬁerated in
a cycle of predetermined sequence. |

- FIG. 2 iilustrates the CO concentration profile in reactor affluent versus time

for the reverse water gas shift reaction carried out according to the present process at
57 psig and 275°C. Carbon monoxide was used as the purge fluid and the
pressurizing fluid.

FIG, 3 llustrates the reactor effiuent flow rate versus time for the reverse water
gas shift reaction carried out according to the present procass at 57 psig and 275°C.
Carbon monaxide was used as the purge fiuld and the pressurizing fiuid,



FIG. 4 Nlustrates the CO concentration profile and the flow rate of the reactor
affiuent for the reverse water gas shift resction cammied out according to the present
process at 55 psig and 250'C. Carbon monoxide was used as the weakly adsorbing

purge flvid and the pressurizing fluid,

FIG. § illustrates the CO concentration profile and the flow rate of the reactor
affluent for the reverse water gas shift reaction canried out according to the prasant
procass at 50 psig and 250°C. Carbon dioxide was used as the purge fuid and the
pressurizing fluid.

FIG. 6 lllustrates the CO concentration profiie and the flow rate of the reactor
effiuent for the reverse water gas shift reaction carried out at 50 psig and 250°C.

Hydrogen was used as the purge fluid and the prassurizing fluid.

FIG. 7 llustrates one of a plurality of reactors suitable for practicing the daimed
process for operating an squilibium controlled reaction which camprises a shell-and-
tube configuration wherein an admixture of an adsorbent for preferantially adsorbing
one reaction product ovar the other reaction products and a catalyst for performing the
_desired equilibrium controlled reaction are situated in the reactor tubes. The heating
and cooling requirements In the moving reaction mass transfer zone of each reactor are
provided by indirect heat exchange with a fluid capable of phase change at
temperatures maintained in each reactor during gorpreaction, depressurization, purging
and pressurization steps during each process cyr.ie.
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FIG. 8 presents a graph of COx/H,0 isothenms for potassium cathonate
modified double layered hydroxide, a preferred adsorbent for use in the claimed
process for operating an equilibrium controllad reaction wherein the feedstock
comprises water and methane, the mcn;.- adsorbable product with respect to the

adsorbent is carbon dioxide and the less adsorbable product is hydrogen.

DETAILED DESCRIPTION OF THE INVENTION

Applicants' will now discuss in greater detail their proceass for aperating
equilibrivin contralied reactions which pravides numersus banefits ovar prior art
processes. Specifically, greater conversion af feedstock 10 products per unit volume of
reactor is achieved; a more concentrated reaction product is obtained than could be
achieved using a conventional process wherain the reaction stage is segregated from
the product adsorption stage; and the process can be operated at less stringent

conditions biecause very favorable equilibrium may not be required.

The present procass also provides another additional benefit in that the less
adsorbable product with respect to the adsorbent residing in admixture with the catalyst
within 8ach reactor may be collected at 4 relatively constant flow rate at feedstock
pressure. This result is accomplished in part by countercurrently purging the reactor
with the less adsorbable product until breakthrough of the less adsorbable broduct
occurs at the feed end of each reactor. The extaﬁt {o which purge is req'uired is
dictated by the extent of purity required in the less adsorbable product to be collected

during tha reaction step. Moreover, the reactar is countercurrently repressurized to the
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intial process pressure with the less adsorbable praduct prior to commencing the next

process cycle within each reactor.

While remaving the more adsorbable product frorn the reactor immediately as it
is farmed in the reaction zone does not chenge the equilibrium constant for the
particular equiibrium controlied reaction, substantially increasad conversion of
feedstock to products is aelhieved by practicing the combined steps of the process. In
order to affect this objective, two key requirements must be met: First, the adsorbent
must be active at the reaction condifions maaning that the adsorbent must retain its
capacity and selectivity for the more adslorbablc product. Second, the adsarbent must
be chemically neutral and must not act as a cataiyst for undesirable side reactions.

The general embodiment of Applicant’s process for operating equilibrium
controllad reactions is described in FIG. 1 which utilizes twe reactors each containing an
admixture of catalyst and adsorbent chasen for the desired equilibrium controlled
reaction. Such reactors are described in greater detail in the Specification and FIG. 7.
The schematic according to FIG. 1 consists of reactors 1 and 2; numerous control
valves; manifolds A through E; pumps 6, 31 and 80; separators 17 and 35; and storage
tanks 4 and 33, Feedstock comprising tha reactants to be subjected to the desired
equilibrium controlled reaction is drawn from storage tank 4 having infet line 3 and outlet
line § via pump & wherein the pressurized feadstock is introduced into manifold A.

Manifold A is In flow communication with branch inlet lines 11 and 21 which are
connected to the inlet ends of reactors 1 and 2. Unes 11 and 21 are equipped with
valves 11a and 21a, respectively. Opening of the appropriate valve permits the
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prassurized fesdstock to flow through manifold A into the selected reactor being initiaily
siaced on stream. Thus, by opening valve 11a, while valve 21a is closed, fasdstock
may be caused to tlow from manifold A, through line 11 and into reactor 1,

Reactors 1 and 2 are fitted at their respective oullet ends with lines 40 and 50
respectively, each equipped with control valves 18a and 28a, respactively. Lines 40
and 50 are operatively connected to manifald E'via lines 16 and 26 through which a
siream containing a mixture of components withdrawn from reactors 1 and 2 ¢an be
collectad in separator 17. The mixture ¢an be separated such that a stream containing
the less adsorbable product, reforred to as Product D, can be collected via line 18 and
rasiduals may be collacted via line 19 for fue! value or recycle. Thus, by opening the
appropriate vaive 16a or 263, 3 mixture containing the less adsorbable product, product
D, is caused to flow from the corresponding reactor through lines 40 and 18 or lines 50
and 26 ints manifeld E for passage into separator 17,

Reactors 1 and 2 are aperalively connected o linas 11 and 21, each of which
is in flow communication with lines 13 and 23. Lines 43 and 23 are providad with
control vaives 13a and 23a, respectively, such linas being in flow communication with
mahifold B. Manifoid B can be placed in flow communication with reactor 1 or 2 via
lines 13 and 23 upon opening valve 133 or 233, raspectively. Manifoid B is alsc in flow
communication with pump 80 which is connected to line 62 which can be used to
recycle fe_edstock to storage tank 4.

Marifoid C is in flow communication with reactors 1 and 2 via lines 14 and 24,
each [ine which is equipped with valves 14a and 242, respectively. Reactor effluent
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from reactors 1 and 2 may be passed through lines 14 and 24 into manifeld C for

separation in separator 35 into a stream which Is enriched in the more adsorbable

praduct, referred to as Product C, and a stream comprising weakly adsorbing purge
fluid which ¢an be passed into storage tank 33 via line 34 for later use.

Manifold D is connacted to pump 31 which receives various process fiulds via
lines 30 and 32. Such pracess fluids pass through line so.or line 32 and are
pressurized via pump 31. The pressurized fluids may be passed thraugh manifold D
which Is in flow communication with reactors 1 and 2 via lines 15 and 25, respectively.
Unes 18 and 25 are sach fitted with valves 15a and 25a such that the flow of streams
from Manifold D into reactors 1 and 2 zan be controlled. Moreover, weakly adsorbing
purga fluid fram tank 33 can be transferrad t¢ pump 31 via lines 32 and 30 by opening

vaiva 32a.

Opevration of the embodimer;t represented in FIG. 1 will now be expiained in
connection with an arbitrarily chosen cycle having eight imed periods of ten minutes
per pariod as set forth In Table 1. Although not limited thereto, the process as
lfustratad in FIG. 1 utilizes two reactors which are operated in cycle according fo a
predetermined timed sequence. Other arangements using fewer or a greater numnber
of reactors and the assaciated gas manifolds and swiich valves may be employed,
optionally using interrupted or discantinuous operation (using idling) of pumps. Other
arrangements using more than two reactors may be employed by appropriate
sequencing of the individual steps or periods of trie process cycle.



TABLE |

Mode I:
STEPS TIME lla 132 142 152 162 32a 21a 23a 24a 25a 26a 32a STEPS
Minutes - _ Reactor-Sosber 1
Sorpreaction:  0wl0 O € € € O C C o0 ¢ C C C Dcpressurize
Sorpreaction 100020 O € € € © C C C 0 (6 C C Purgel
Sorpeeaction 20030 0 € € € O C C C o o C C Pugell
Sorpreaction 30046 O C€C € € O C cC ¢ ¢ O C C Pressurize
Dopressurize 40wS0 C O C € C C 0 C ¢ C O C Sompreaction
Purge 1 0t6d C C 0 O C C (8] C C C 0O C Sorpreaction
Purge IT 60tc70 C C O O C C 0O € ¢C C 0 C Sorpreaction
Pressurize 1080 C € € O € ¢ 0O ¢C C C O C Soarpreaction

-LL-
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According o the general embodimant of FIG. 1, each of the reactors 1 and 2
undergo four pariods of the reaction/adsorption step, refarred to as the sorpreaction
stap, one period of the depressurzation stap, one periad of the Purge | step, one perad
of tha Purge Il step, and one period of the pressurization step. As illustrated in Table 1,
the staps undertaken at startup in each of reactors 1 and 2 are staggered to enable at
Jeast one of tha two reactors to undergo the sorpreaction stap at all timas during the
pracess cycle. The operation of the invention described in FIiG. 1 involves principally

the follawing sequence of steps:

(@) SORPREACTION-feedstock at a first predetermined pressure is
passed through the reactor containing an admixture of catalyst and adsorbent
praferentially selective toward retention of the more adsarbable product, referrad to as
Praduct C, wherein an effluent stream enriched in the lass adsorbable product, rafemred
tn as Product D, Is withdrawn from the reactor. Product C is selectively adsorbed by the
adsorbent and a reaction mass transfer zone (RMTZ) Is formed inside the reactor which
moves toward the outiet or discharge end of the reactor as more feedstock is passed
through the reactor. The adsorbent at the lexding edge of the RMTZ is essentially fres
of tha more adsorbabie product while the trailing edge of the RMTZ Is equilibrated with
the mora adsorbable product at the local conditions. The sorpreaction step is continued
untll the adsorbent In the reactor is essentially saturated with Product C. In other
words, the RMTZ has reached tha effluent end of the reactor or samewhat short of it
The effluent gas, rich in Praduct D, is discharged from the reactor.



kX

-19-

®©) DEPRESSURIZATION-the reacter is countercurrently depressurized to
a sscond predetermined pressure by withdrawing a mixture comprising unreacted
feedsﬁock. a portion of the more adsorbable preduct and a portion of the less
adsorbable product. The depressurization stap is continued until the reactor reaches

the second predetermined pressure.

() PURGE I- the reactor is countercurrently purged at the second
prassure with @ weakly adsorbing purge fluid with respect to the adsorbent to desord
Praduct € from the adsarbent and a mixture comprising unreacted faadstock, a portion
of Product C and a portion of Product D is withdrawn from the reactor.

{d) PURGE Ji-the reactor is countarcurrently purged at the second
pressure with Product D to desorb the wealdy adsorbing purge fluid and a mixtura
comprising tha weakly adsorbing purge fluid, a portion of Product C and a portion of
Product D is withdrawn from the reactor.

(6) PRESSURIZATION-the reactor is countercurrently pressurized from
the second pressure to the first pressure with Product D prior to commencing another
process cycie within the reactor.

The valve pesitions during the above-mentioned operating cycle are also set
forth in Table 1. The designation *O" indicates m;t a specified valve is open while a2 "C"
represents that a specified valve is closed. The operative sequence of steps oceurring
in reactor 1 during a complete process cycle will now be described in exhaustive detalil
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so that operation of a continuous pracass will ba fully understood. The identical

sequence of steps according to Table 1 accurs in staggered sequence in reactor 2.

Again, refarring to the embodiment disciosad in FIG. 1 and the sequencs
periods and vaive positions designated in Table 1, reacior 1 undergaes four sequance
periods of the sorpreaction stap. Feedstock comprising reactants A and B, stored in
storage tank 4, is introduced into reactar 1 by opening valves 11a and 16a and closing
valves 13a, 14a and 15a theraby allowing feedstock to flow through manifold A, line 11
and into reactar 1 which ¢ontains an admixture of a8 desired catalyst and an adserbent
preferentially selective toward the mare adsorbable product, Product C.

The sorpreaction is continued until reacter 1 is essentially saturatad with
adsorbad Product C. Product C Is salactively adsorbed onto the adsorbent and a
reaction mass transfer zone (RMTZ) is formed within reactor 1 which moves toward the
discharge end of reactor 1 as more feedsiock is passed. The sorpreaction is completed
when the MTZ raaches the effiuent end of the reactor or somewhat short of it by a
predetemmined set point.

A mixture which is enriched in the less adsorbable product and depleted in the
more adsarbable product as well as unreacted foedstock exits the discharge end of
reactor 1 via lines 40 and 16 and flows into manifold E for collection in separator 17.
Optionally, the mixture in se_garabr 17 can ba separated by conventional techniques
such as pressure swing adsorption, thermal swiné adsorption ar distiliation or
condensation to form a stream comprising the less adsorbable product, Product D,
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which Is discharged from separator 17 via line 18 and tha remainder of the compunents

of the mixturs are discharged via line 18.

The process procesds with one period of the depressurization step wherein
reactor 1 is countercurrenty depressurized to a second pradetermined pressure by
withdrawing a mixture comprising urnveacted feedstock; a portion of the more
adsorbable product and a portion of the iess adsorbable product from tha inlet end of
reaclor 1. Valve 13a is opened while vaives 11a and 14a remain closed allowing the |
mixture to be passed through lines 11 and 13 into manifold B and in flow
communication with pump 80. The mixture axits the discharge end ¢f pump 60
proceading via line 62 for use as fuel (not shown) or recycle into storage tank 4 for use
48 fesdstock In 2 subsequent process cycle. The depressurization step is continued
until the reactor reaches the second predetermined pressure.

Reactor 1 is then subjectod to one pariod of the purge | step. Reactor 1 is-
countercurrently purged at the second pressure with a2 wealdy adsorbing purge fiuid
with raspect to the adsorbent. Upon opening valves 14a and 15a while valves 25a and
32a remain in the closed position, weakly absorbing purge fluld from an extemal source
passes through pump 31 via line 30 and exits pump 31 at the second pressur® to
proceed via manifold D, line 15 and line 40 into the exit end of reactor 1. A mbdure
comprising unreacted feedstock, weakly #dsarbing purge fluid, a portion of Product C
and a portion of Product D is withdrawn from reactor 1 via line 14, line 14 and manifcid
C and is collectad In separator 35, This mixture may be used as fusl, discharged for
use outside the process or separated in separatar 35 to form a stream of weakly
adsorbing purge gas. A podion of tha weakly sdsorbing purge fluid may be transferred
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through line 34 into storage tank 33 for future use. Upon demand via opening valve
A2a, weakly adsorbing purge fluid may be drawn ta pump 31 via ines 32 and 30 for use
in subsequent pracess cycles.

Reactor 1 is then subjected to one pedoad of the purge | step whersin reactor 1
is countercumrently purged with the lass adsorbable product, Product D. Upen cpening
valves 14a and 15a while valves 26a and 32a remain in the clased position, the iess
adsorbable product from an extemal source passes through pump 31 via line 30 and
exits pump 31 at the secand pressure to proceed via manifold D, line 15 and fine 40
into the exit end of re;x:tnr 1. A mixture comprising unreacted feedstock, a portion of
Product C and a portion of Product D is withdrawn from reactor 1 via tine 11, line 14
and manifold € and is collected in separator 35. This mixture may be used as fusl,
discharged for use outside the process or separated in separator 35 to form a stream of
the weakly adsorbing purge fluid which may be transferred through fine 34 into storage
tank 33 for future use. Upon demand vfﬁ opening valve 32a, su& wealdy adsorbing
surge fluid may be drawn to pump 31 via lines 32 and 30 for use in subsequent
Srocess cycles.

The final step of the process cycie invalves a single sequence of the
pressurization step wherein reactor 1 is countercurrantly pressurized from the second
prassure to the first prassure with Product D prior to commencing ancther procass cycle
within the reactor. Specifically, upon opaning valve 15a while valves 11a, 13a, 14a,
Z%a and 32a ramain in the closed position, the less adsorbable product passes through
Fpump 31 via line 30 and exits pump 31 at the second pressure to praceed via manifold
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D, fine 15 and line 40 into the exit end of reactor 1. This step is stopped when reactor 1

raaches the first pressure.

The process proceeds through additicnal cycles accanding to the above-
mantioned steps enumerated in Tabla 1. While the saquence periods are depictad as
being of equal leﬁgth. this is neither required or necessary. The times will be set by
allowable maximum gas fiow rates, valve and line sizes and the propertias of the
adsorbent used. Alternate routines may be employed for establishing the duration of
sach of the cycle steps. For exampie, the end of a particular step may be determined
by cther techniques known in the art such as by analysis of the composition of the
reactor affiuent.

FIG. 7 presents a detailed description of reactors 1 and 2 as presented in
FIG. 1. The reactor design and operating scheme are particulary suited toward use in
practicing the clalmed invention. Reactor 201 depicts a conventional stainiess stes]
shell-and-tube reactor. An admixture of the catalyst suitable for catalyzing the desired
squilibrfum controlled reaction and the adsorbent for preferentially adsorbing the enore
adsorbable reaction product is loaded into a phaality of tubes 202. A plurality of shell
slements 204 formed between adjacent tubes 202 recelves a heat transfer fluid
capable of phase change which is selected fo undergo such phase change at the
desired operating temperature of the desired equilibrium controlled reaction being
carriad out in the tubes 202, - |

The reactor 201 Is preferentially designed to operate net endatherrmic reactions

aithough the reactor is also wall suited to opérate net exathermic equilibrium controlied
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reactions. Net endothermic raactions are defined as those equiiibrium controlled
reactions in which heat must be added to the reactor to carmy out the sorpreaction step
because the endothermic heat of reaction of the aquilibirumn controllad reaction is
greater than the anergy liberated by the excthenmis adsorption of the more
adsorbable product.

The feedstock for a particular equilibrium controlled reaction is fad into
port 111 of reactor 201 and into @ gas distributor 208 at the desired feed rate, pressure
and tempaerature before entering the tubes 202. The feed gas is contacted with the
admixture of adsarbent for the more adsorbable product and desired catalyst residing in
tubes 202 under reaction conditions sufficient to convert the feedstock to a mixture of a
more adsorbabls product, a less adsorbable product and unreacted feedstock. The
feedstock reacts with the catalyst as the fesdstock flows through tubes 202 and the
more adsorbable productis adsorbed onto the .dsorbent.

The region of the tubes 202 in which simultaneous reaction and adsorption
occurs is referred o a3 the reaction mass transfer zone (RMTZ). The more adsarbable
product is ramoved ﬁ;:m the reaction zone by adsorption onto the adsorbent and the
less adsorbable product exits tubes 202 into a gas collection zone 208. The less
adsorbable product is collected untit the RMTZ procesds to @ point wherein the purity
of tha lass adsorbable product diminishes to a preset leve! at which time the flow of
faads‘mdt-lnto reactor 201 is stopped and diverted to an altemate reactor of the plurality
of reactors being utiiizad In the process. The less adsorbable product is withdrawn as
an essantially pure product from port 140,
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When the ovarall sorpraaction step is endothermic (endothermic heat of
raaction is greater than the exothermic heat of adsorption), the RMTZ moving through
the reactor requires heat input to maintain the reactor temperature. The heat transfer
flld (HT) vapor which Is capable of phase change under pracass operating conditions
enters port 232 of reactor 201 and fills shells 204 which are isclated from tubss 202,
The pressure within the shells is controlled to the saturation pressure of the HTF at the
desired reaction temperature. When the reaction occurring within the tubes 202 is
andothermic, the temperaturs in the RMTZ within the tube begins to decrease as the
réaction proceads. Below the dew point of the HTF vapor, the vapor eondenses on the
cuter wall of the tubes 202 into a liquld at the same temperature and the vapor llberuﬁs |
the heat of condensation. The heat refeased from condensation of the HTF vapor
{ravels through the tube walls and heats the reactants, catalyst and adsorbent within
the RMTZ contained in tubes 202,

As the RMTZ moves along the reaction tubes, HTF vapor continuously‘ :
candanses outside the tubes at the RMTZ thereby praviding heat 1o maintain the RMTZ
at an approximately constant temperature. The HTF vapar condanses only atthe
location where heat s required (at the RMT2). The condensed HTF Is collacted at the
vcttom of the shell side and is withdrawn pariodically or continuously thraugh part 242
and line 244 by opening valve 248 into line 248. The liquid level in the reactor shel
side is always maintained balaw the level of port 232,

A smmall amount of HTF vapor is c.onﬁnuoijsly withdrawn from port 234 at the
top of the reactor and is transported to condenser 238 via ine 236. The condensed
HTF from the condenser 238 in fine 240 is combined with the condensed HTFE
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withdrawn from the reactor via line 248. The combined HTF liguid is pumped through
a liquid pump 210 via line 212 into a HTF vaporizer drum 214 which is part of the HTF
vaporizer system consisting of the vaporizer drum 214 and the heater or fumace 218.
The HTF ln drum 244 is continuously fad as liquid into the heater 218 via line 215.

Heater 218 is 3 conventional radiant heat exchange system in which heat is
provided by combusting natural gas via line 220 and air via line 222. The combustion
of natural gas producss a'ﬂue gas which is discharged from vent 224. The transfer
tubes or colls 218 and 216 are cantained in the radiant section of the fumace 218. The
heat generated in the fumace is used to vaporize a portion of the HTF iiquid and the
vapor and lfquid mixture is recirculated into the HTF vaporizer drum 214 via line 2186.
The HTF vapor in drum 214 is fed to the reactor shell side via lines 226 and 230 and
through port 232. A forward pressure ragulator 228 maintains the HTF vapor on the
raactor shell side at a fixed pressurs. ‘The vaper in the shells 204 is maintained at S0-
500 psig and at a temperature typically in excess of 100°C. As the HTF vapor .
candenses due to heat flux requirermnents in the tubas 202, the HTF vapor pressure on
the reactor shell side decreases, and the pressure regulator 228 opens to release more
HTF vaper via ing 230 and port 232 into the shells. Thus, the reactor can be
maintaingd at nearly isothermal conditions by circulating the HTF fiquid and vapor as
praviously dascribed.

At the end of the reaction sequencs, the feed to the reactor is discontinued by
closing the inlet valve at port 111 and the outiet v'alve &t port 140. The vaive
sequencing described in Table 1 is followed during regeneration of the sdsorbent in the

reactor. Regeneration of the adsorbent in reaction tubes 202 is done countercumrently
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to the direction of the feedstack flow in the first stap of the process, First the reactoris
depressurized by opening port 111 so that the pressure in the reactor is decreased from
the first prassura o the second pressure as dascribad in the general embodiment. The
HTF vapar provides tha haat ta compensate for the cooling associated with conducting

the depressurization step of the process.

The purging step is conducted next wherein a weakly adsorbing purge fiuid is
introduced through port 140 into the gas collection zone 208 and the tubes 202 to
desorb the maore adsorbable product from the adsorbent. The step is endothermic and
heat and mass transfer zones are formed which move through tubes 202 in a direction
countercurrent to the feedstock flow in the first step of the process. The HTF vapor
condenses on the tube surface at the location of the heat or mass transfer zone and
providas heat to the reactor in order to maintain the tubes at essantially constant
temperature during this desorption step. Gnce the mass transfer zone has

countercurrently exited tubes 202 , the flow of the weakly adsorbing fluid from port. 140
is stoppad.

The product purge steps are then performed wherein the product gas is
introduced into the reasctor tubes 202 from port 140. The product gas desorbs the
waakly adsorbing gas from the adserbent As in all steps of the process, heat and
mass transfer zones are formed in the reactor tubes 202 which move along the length
of the reactor. Condensation of the HTF vapor in the sheils 204 provides the energy for
desorbing the weakly adsorbing fluld with the pro&uct gas. When the product gas

mass transfer zane exits the reaction tubes, port 111 i closed and the pressure in the
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reactar tubes is allowed to Increase to the reaction presssure with the product gas. At
this point the rageneration cycia is complete and the reactor is ready for the

reaction cycle.

Several fluids capable of phase change under reaction condiions are
commaticially available and can be selected by one of ordinary skill in the art without
undue experimentation. Examples of such fluids include () Syltherm 800 from Dow
Chermical Company (highly stable polydimethy!silaxane), (i) Dowtherm A from Dow
Chemica! Company (a eutectic mixture of biphenyl oxide and diphenyl oxide)snd
{il)) Therminol VP-1 from Monsanto Company (eutectic mixture of 28.5% biphenyl oxida
and 73.5% diphenyl oxide). These HTFs are capable of operating with film
famperaturas in excess of 425°C. For lower temperature operation, steam may ba
used as the phase change fluid which is capable of phase change. The maximum
temperature for using steam in this application is about 300°C.

Applicants’ eyclic process which draws its heating and cooling requirethem: via
inM heat exchange with a fluid ¢capable of phase change under process operating
conditions offers several advantages over prior art bacause (i) the condensing HTF
vapor providss heat to the moving RMTZ allowing the SER reactor o operate
isothermally, (i) the zones behind and ahead of the RMTZ do not overheat, eiininating
prodlems associated with tube or catalyat overheating, (i) the inventory and circulation
cf heat {ranster fiuid is significantly reduced compared with canventional heat exchange

whera no phase change occurs.
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Applicants have identified reactions which are particularly suited far operation
using thelr claimed p;ocess. Praferred reactions inciude the reverse water gas shift
raaction for producing carbon moncxide, the steam-methane reforming reaction for
producing hydrogen, and methane refonning with carbon dicedde to produce carbon
manoxide and hydrogen. The general embodiment of this invention can be used to
operate each of thesa reactions by simply substituting the proper feedstock, adsarbent,
catalyst, the relative proportion of catalyst and adsorbent residing in the reacter, the
reaction conditions and purge fiulds to provide tha desired products. For example, the
raverse wator gas shift reaction for producing carbon monaxide contemplates reacting a
feedstock of carhon dioxide and hydrogen to produce carbon monoxide and water,
The more adsorbable product with respect to the adsarbent is water such that the less
adsorbable product, carbon monaxide, can be collacted at feedsiock pressure.

Suitabls adsorbents for conducting the reverse water gas shift reaction to the
prasent invention Includa zeclites such as X, A, Y and the mordenites, siica gel, and
aluminas such as Alcan AA300 and AA230 which are commercially available from
Alcan Corporation, Claveland, Ohlo. Suitable catalysts include conventional water gas
shift catalysts such as the iron-chromium high temperature shift catalyst from ICI
Corporation, Oakbrook Terrace, {liinois, K6-10 and K6-11 catalysts available from BASF
Corparation, Geismar, Louisiana, and low and medium temperature shift catalysts such
as R3-11 and K3-110 catalysts which are also commercially available from BASF
Corporation, Geismer, Louisiana. Reaction conditions include a temperature ranging
from 200° to 800°C, the first pressure which ranges fram 2 to 50 bar and the second
prassure which ranges from 0.05 bar to 2 bar. The waakly adsorbing purge fluid Is
selected from the group consisting of methane, hydrogen, nitrogen and carbon dioxide.



The feedstack for the steam-methane reforming reaction comprises water and
methane in a stoichiomatrie ratio of water to methane ranging from 1.5 to 30 when the
more adsorbable preduct is primarily carbon dioxide and from 1 to 1.5 when the more
adsorbable product is primarily carbon monoxide. The less adsorbable product is
hydrogen in both cases. Reaction conditions include a temperature ranging from 200°
t0 600°C, the first pressure which ranges from 2 to 50 bar and the second pregsurs
which ranges from 0.05 bar to 2 bar. The weakly adsorbing purge fiuid is selectsd fram
@ group consisting of mathane, steam, hydrogen and nitrogen.

Suitable catalysts far conducting the steam-methane reforrming reaction
include conventional steam-methane reforming and prereforming catalysts such as
nickel-alumina, nickel-magnesium alumina and the nobla metal catalysts. The
&dsorbent can be selected to adsorb carbon monaxide, carbon dioxide or 3 mixture of
carbon monaxde and carbon divxide. For example, preferential adsorbents for caérbon
dicxide include the metal oxides and mixed metal oxides of magnesium, manganese,
lanthanum and calcium and the dlays minerals such as sepiolite and dolomite.
Adsorbents which are selective toward carbon monoxide include Cu™ on silica-alumina
and Ag"' on sllica-aluming as described in U.S. Patents 4,019,878 and 4,019,880,

Applicants have discovered two new classes of materals described herain as
modified double layered hydroxides and non-modified and modiflad spinels which are
capabie of salactively adsothing CO; fram coz-c:;n!aining strearmns containing moisture
ievels above stoichiometric with respect to CO; and as high as 10 atmospheres of water

vapor and which possess ufility at temperatures ranﬁtng from 200°C to 500°C, and
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possible higher temperatures, The kiterature is not believad to teach adsorbents of the
follawing types which ara capable of selectively adsorbing COj in the presence of large
amounts of water under operating temperatures ranging from 200°C to 500°C and
which are capable of being regenerated by purging with inert gas at such

elevated temperatures.

The modifiad double layered hydroxides which pessess ulility as CO;
adsorbents under the above-referenced conditions are reprasentad by the

genaral forrnula:
M" (1M "(OH)2] [C™ Tz ® ¥ H20 & ZM'z4.sM"A, wherein

M =LI", Ne*, K", Cr*or Rb". and mixtuces thersof;
M" = Mg®, Ca™, Mn®, Fe®, Co®, N* ar Zn™*, and mixtures thersaf:
M® s Mg®, Ca*, 87, Ba™, Zn*
M* = A, CF, Mn™, Co™, N™ or La™, and mixturas thereof;
C™ = NOs", 80,*, GO, CHsCO;', CI', Br, F or I and
A = O* or COs™: whersin

n=12

x = 0,01 t0 0.99;

y=0tw4

z2=001t07; and -

r=Qto1.



Prefarrad modified doubla layered hydroxides are represented by the formula:

Mgox Al (OH)JICOMw @ ¥ HO o ZM3COs
wherein 0.09 <x < 0.40
0sy<350<z<35and
M =Na or i

The modifled and non-modified spinels which possess utility as CO. adsorbents

undar the _above-mforonud conditions are represenied by the generi¢ formula:

D"M E‘?p D%, E"'M Oy Mam MJA ' .

in which “Td" indicates cation occupation of tetrahedrai lattice site and "oh®
indicatas cation occupation of octahgdral latlice site,

D™ and D" are matal cations or 2 combination of metal cations chosen from
groups FA, ii-A, It-A, IV-A, V-A, 1B, ILB, IV-B, V-B, VI8, VI8 and VIl of the periodic
table of the elements:

E™ and E™ are Individually selected metal cations selected from groups l-A,
l-A, (V-A, V-A, |-B, |I-B, IV-B, V-B, Vi-B, VII-B, Vil of tha periodic table of the elements:

such that the 'value of the cctahedral to tatrahedral bond iength ratio, R, of the
metal cations D™, E™, D and E™ falls within the range of 1.155 > R > 0.886, wherein

M'= U*, Na*, K*, Cs*, Rb”

M'= Mg™, Ca™ sr'?, 20 Ba™

X=OWhA=0%CO andY=0tg7.



-33.

Prafamed spinels which are suitable for use as CO, adsorbent under high
tamperatures in the prasenca of large amounts of water are represaented by
e formula Mg [ALIO« » y KGO, wherein 0 <y <3.5.

Mgthane can be reformead with carbon diaxide to produce carbon monoxide
and hydrogen. Thus, the feedstock comprises carbon dioxide and methane, the catalyst
comprises a methane reforming or prersforming catalyst such as nickel-alumina, nickel-
magnesium alumina and the noble metal catalysts such as rhodium, nithenium and
irfidium. Suitable adsorbents for hydrogen inciude the hydrogen-matal allays such as
palladium, palladium-silver, magnesiumenickel, iron-fitanium and lanthanum-nickel, and
the like. Sultable adsarbents for carbon monoxide include Cu® and Ag” salts. The more
adsorbabla product with respect to the adsorbent may be hydrogen and the less
adsorbable product may be carbon monoxide. Altematively, the more adsorbable
product may be carbon monaxide and the less adsorbable product may ba hydrogen.
Reaction conditions comprise a temperature ranging from 200° to @00°C, the first
pressure which ranges from 2 to 50 bar and the second pressure which ranges from
0.05 to 2 bar. The weakly adsorbing purge fluld [s selected from the group consisting of

staam, mathane, carbon dioxite, carbon monoxide, nitrogen, and hydrogen, |

While removing the more adsorbable product from the reactor immediately as it
is formed does net change the equilibrium constant for the particulsr cquilibﬁu'n'l‘
cantrolied reaction, substantially increased reactor throughput is achieved by practicing
the combined steps of the process. In ordar to effect this objective, two key
requirements must be met: First, the adsorbent must be active at the reaction
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conditions meaning that such the adsorbent must retain its capacity and seloctivity for
the more adsorbable product. Second, the adsorbent must be chemically neutral and

must not act as a catalyst for the desired squilibcium controlled reaction.

The ratio by weight of catalyst and adsorbent can be widely varied depending
upon the particular requiremants of a particular catalyzed equilibrium cantrolied reaction
to be operated undaer the present invention. As stated earller in the Specification, the
general and aitemate embodiments of the present invention are suitable for cperaling
equibrium controlled reactions which are capabie of being cperated in the absence of
a catalyst. No special techniques are requirad to prepare the admixture of catalyst and
adsorbent to be placed in each reactor. The catalyst and adsarbent are simply mixed
together by conventional means in order to disperse the catalyst and adsorbent. The
catalyst and adsorbent to be mixed should desirably possess compatible average
particie sizes aucﬁ that the catalyst and adscrbent do not segregate inte domains

during operation of the process.

The term, weakly adsorbing fluid, 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 desorbad by the less adsorbing product sueh that
subsequent process cycles can be conducted in each reactor. One of ardinary skl in
the art can readily select one or a mixture of weakly adsorbing fluids suitable for use in

the daimed invention.

The general and aitemnate embadimants of the present invention can be

Operated using conventional hardwara. For example, suitabla reactors Inciude any



-35-

vassal which Is capable of being subjected to the reacion conditions raquired to
practice a particular equilibrium controlled pracess such as shell and tube reactors. |
Moreaver, the separators enumeratad in the procass are readily selected by one of
ordinary skill in the art based upon considerations such as the particular mixtures to be
separated, the volume of fluids to be saparated and the like.

The following examplas are provided to further illustrate Applicants’ process for
operating equilibrium controlled reactions. The examples are fllustrative and ara not
intended to limit the scope of the appended claims.

N

BEVERSE WATER-GAS SHIFT REACTION
R PRODUCING CARRQO!

The reverse water-gas shift reaction for manufacturing carbon monoxide was

thecratically evaluated in arder to test Applicants' process for controliing equilibtium
controlled reactions. The procass is represented by the reaction '

CO;+Hs & CO+H0
and is especially of interest because the reaction s typically performed at a high

temperature (>800°C) because # results in low equilibrium conversions at iower

temperaturas (especially at <500°C). The procass is furthar complicated by side

raactions at high tamperaturas which result in the formation of carbon which deactivates

the catalyst. Calculations performed using temperature versus thermodynamic

equilibdum canstant data found in the literaturs indicate that if an adsorbent such as



" NaX zeclite couid be used to remave 98.9% of the water formed In the reaction zone,

conversions of greater than 80% would be possibie at about 300°C.

Applicants experdmentally testad the ganaral smbodiment of their invention
using the reverse water gas shift reacton as a reprasentative equilibrium controlfted
raaction. The process was gperated under the following condiions: Reaction
Tempaeratura = 275°C; Reaction Pressure = 57 psig: Ha flow rate = 100 ce/min; CO, flow
rate = 400 co/mim; 1:1 (by weight) physicatly admixed low temperature shift catalyst and
NaX zsociite adsorbent peliets; Gas in reactor prior to admission of reactants = CO at 57
psig and 275°C; Total moles CO In resetor system prior to introduction of reactants =

0.17 gram mola.

In the first step of the process, the feedstack was introduced into the reactor
which was pre-saturated with one of the praduct geses, carbon monoxide, at 275°C and
57 psig. The process was camied out under tha above-mentioned conditions. For the
st 70 minutes, the effusnt sirsam consistad of CO anly. FIG. 2 lustrates the CO
conceantration profiis in reactor affluent versus tme for the reversa water gas shift
reaction. The hatched area of the diagram represents the carbon monaxide efflusnt
fram the reactor which is equivalent to the quantty of carban monoxide presentin the
reactor at the start of the process. This amount of carben moncxdde left the reactor in
the first 38 minutes of the operation. Furthermore, the diagram lllustrates that |
essentially pura carbon monoxide was produced from the reactor during the time span
between about 38 minutes and 78 minutes, This .ossenﬂaliy pure carbon monoxide

affiuent, which requires minimal cleanup to remove the small amount of impurities in the
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sffiuant, was the net essentially pure carbon monoxide produced by the concept of the

Jresent invention. This product CO Is produced at the faedstack pressure of 57 psig.

F1G. 3 lllustrates the reactor effluent flow rate varsus time for the reverse water
gas shift reaction of Example 1. The effluent flow rate was relatively constant during
the period of 38 (o 78 minutas when tha carbon monoxide praduct is produced. The
initial step may be caried on for varying amounts of time: the reaction step is
preferably stopped after 71,7 minutes to provide a product stream cantaining 98%
carbon monoxide ar 78.3 minutes ta abtain a praduct stream containing 97% carbon
monoxdde. In the second step the reactor was countercurrently depressurized to 10 psig
to relesse a mixture of CO, CO,, Hz and HyO. In the third step the bed was
countercurrently purged with a weakly adsorbing purge fluid, methane, at275C, ata
prassure of 10 psig and a ﬂaw rate of 1600 ce/min. in order to desorb the remalning
water from the adsorbent-catalyst admixture. In the fourth step of the process, the
rasctor was cogntércmunﬂy purged with wbon manoxida to desorh the weakiy
adsarbing purge fluid and other fluids remaining in the reactor. Finally, in the ﬁ"fth step,
the reactor was countercurrently pressurized ta 57 psig with carbon monaxide.

Tha usable conversion of carbon dioxide to carbon morioxide was 60.6% for
reactor effiuent containing 87% carbon maonoxide and §6.0% for reactor effluent
contalning 98% purity.
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EXAMPLE 2 (COMPARATIVE)
AELIT R STIM R
o) 0 A IFY N

EOR PRODUCING CARBON MONQXIDE
Equilibrium conversion was estimated based on thermodynamic data for a

conventianal raverse water gas shift reaction at differant reaction temperatures. The
caiculations show that at the reaction temperature of 275°C according to Example 1,
the equilibrium conversion in the absanca of the adsorbent is only 11.0%. In orderto
achiave conversion of 50.0% according to Example 1, the reaction would need to be
carmied out st 1150°C. This points to the significant reduction in reaction temparature
achieved In practicing the process of the presant invention.

An additional major advantage of the present invention is that CO is obtained
&$ an essentiglly pure praduct as in Example 1. In conventional reverse water gas shift
reactions, operated at & temperature of 275°C, the praduct compasition would be:
§.5% CO, 5.5% H.0, 44.5% H: and 44.5% CO,. Forreactions at 1000" and 1150°C,
the compositions are ()28% CO, 26% Hz0, 22% My and 22% CO; and () 30.3% CO,
30.3% H;0, 18.7% H; and 19.7%.CO;, respectively. Thus, the gas mixture would need
ta be separated by PSA/VSA tachnclogy, for example, to obtain 2 pure CO product.

Yat another major advantaga of the present invention is that CQ is obtained at
feedstack pressure {eg. 57 psig in Exampie 1). With conventional PSANVSA
technalagy, the CO would be recovered at uuvse to atmocphara precsiine and would

nava to be recomprassead for use.
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FEECT OF ¥ P c E
Wi 8H CTIO
FOR PRODUCING CARBON MONOXIDE

This example demonstrates the effact of varying the type of fluid used in the fourth
and fifth steps of Applicants' procass described in Exampie 1 on raactor operation,
sonversion of CO; to CO and p-roduct purily. The experiments were carmiad out at the
tallowing conditions: Reaction Temperature = 250°C; Raaction Pressure = §Q psig; Hz
fiow rate = 100 co/min; CO; flow rate = 100 co/min; Catalyst and zagiite peliets
empioyed in Example 1 were physically admixed (1:1 ratio by weight): Gas in reactor
ptior to admission of reactants s CO or CO: or H; at 80 psig. FIGS. 4, 5 and 6 illustrate
tha different results obtained when carbon moncxide, carbon diaxidae, or hydregen were

used as the purge and prassurization fluids, respectvely.

FIG. 4 llustrates the CO concentration profile and the flow rate of the reactor
effiuent for the reverse watsr gas shift reaction when the process Is camisd out using
carbon monoxiie as lhaipurge fivid and prassurizing fluid according to the fourth and
fith staps of the process according to Example 1. Again, the hatehed area of the
diagram represents the carbon monoxide effiuent from the reactor which is equivalent
to the quantity of carbon monoxi;:le present in the reactor at the start of the process.
This amount of carhon monoxide left the reactor in just 38 minutes of the operation.
FIG. 4 demonstrates that the claimed process provides a reactor efffuent which
camprises essentially pura carbon manexide and that the carthon monoxide ¢an be

coaveniently collacted at a constant flowrate.
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FIG. 5 illustrates the CO concentration profile and the fiow rate of the reactor
affluent for the revarse water gas shift raaction when the process is canied out using
carbon dioxide as tha purge fluid and prassurizing fluid acconding to the fourth and fifth
steps of the procass accarding to Example 1, In contrast to the resuits depicted in
FIG. 4 when carbon monoxide was used as the purge fluid, FiG. 5 shows that the
carbon monoxide concentration siowly rises, reaches a maximum and then decraases
with practically no section of constant CO composition and fiowtate when carbon
dicxide was used as the purge fluld in the fourth and (ifth steps of the process
scconding to Example 1. Purthermore FIG. 5 shows that the CO composition of reactor )
effluent never emuﬁs 83% as opposad -ta essantially pure CO effiuert obtained in
FIG. 4 wherein carbon monexide was used as the purge and pressurizaton fluid.

FIG. § illustratas the CO concentration profile and the flow rate of the reactor
effluent for the reverse water gas shift reaction when the process is carried out using
hydrogen as the purge fluid and prassurizing fluid according to the fourth and fifth steps
of the process according lo Example 1. In contrast to the results dapictad in FIQ, 4
whan carbon monoxide was used as the purge fluid, FIG. 6 shows that the carbon
monaxide concentration slowly rises, reaches a maximum and decreases with
practically no section of constant CO component and flowrate when hydrogen was used
as the purge fluid in the fourth and fifth steps of the process according to E::émple 1.
Further, FIG, 8 shows that the CO composition of the effluent gas never exceeds 85%
a3 opposed to essentially pure CO affluent of FIG. 4.
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Sevaral absarvations can be made upon reviewing the resuits depicted in
FIGS. 4, § and 6. Pure COin the product stream is surpﬁsi;‘lgly observed only in the
casa whare carbon monoxide is used as the purge and pressure fluid of steps 4 and §
cf the general embadiment This result does not occur when carbon dioxide or
hydrogen is used as the purge and pressurization fluid. As evidenced in FIGS. § and 6,
a maximurn carbon monoxide concentration of only about 80-85% is achieved when H;
or GO, :m'empioyed as the purge fluid in the fourth and fifth steps of the process
according to Example 1. Thus, if a high purity CO product is desired without further
separation, the reactor must be pre-gaturated with the less adsorbable product,

carbon monoxide.

Three samples of a potassium carbonate modified double layered hydroxide
were prepared respectively by impregnaticn of 0.5 M, 2.0 M and 5.0 M aqueous
solutions of K2CQOg into individual 3g samples of HTC_hydrotalcil:e powder (HTC)
supplied by La Roche Comperty, Baton Rouga, Louisiana, The HTC was activated at
400°C for 4 hours prior to impregnation. The carbonate solution was added to test
tubas containing the hydrotaicite fo the point of incipient wetness. After 1 hour, the
excess liquid was decanted and the resulting paste was placed into an oven and dried
at 1205C for 1€ hours. Samples of the modified HTC were activated by heating at 400-
§00°C fer 2 hours prior to measuring their COo ;:a'pacities. Samples _prepéred from the
C.5M, 2.0 M and 5.0 M solutions were characterized by elemental analysis to contain
21.7, §7.3 and 77.0 weight percant KoCO4, respectivaly with Mg to Al ragos of
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approximately 2.1. These materials were analyzed by thermo gravimetric analysis
{TGA) to possass capacities of 0.87, 0.35 and 0.15 mmoei COg/g. respectively, at 400°C
under dry CO2/N cycling conditions {(peQ, = 500 Torr). At 500°C the same matertals
had capacities of 0.82 (.43 and 0.18 mmol COx/g, respectively, under similar

testing conditions.

LOW MEI%

POTASSIUM ATE MODI UBLE LA DROXIDE

A sample was prepared by impregnating HTC powder with 0.5 M K2CO3 as
Jascribed in Example 4. The effect of low moisture levels on the CO2 capacity of this
sample was determined by measuring its COz capacity an the TGA under dry CO»/dry
N2z cycling conditions. These cesuits wera compared with the CO4 capacity measured
under humid CO/dry N3 cycling conditions. The humid CO2 contained 20 Torr of
watar vapor pressure and was generated by saturating the dry CO; stream with room
temperature water vapor. n this manner, the sample was shown to have an ideﬁﬁml
capacity of 0.68 mmol CO4/g whether tested under dry or low hdmidfty conditions at
<00°C. This example demonstra&s that Iowleveis of humidity do not adversely affect
the CO:z capacity of the material at elevated temperatures.

EXAMPLE S
PREPA A
POTASSIUM CARBONATE MODIFIED DOUBLE LAYERED HYDROXIDE

Three samples of polsssium carbonate modified HTC were prepared by
treatment of Alcoa HTC (1/8" extruded pellets) with 0.5 M, 2.0 M and 5.0 M aqueous

sciutions of K2CO3 as described in Exampie 4. Samples prepared from these solutions
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were characterized by siemental analysis to contain 2.86, 16.8 and 28.1 weight parcant
KoCO3, raspgcﬁvaly with Mg to Al ratios of approximately 3.0. These materials were
analyzed by TGA t have capacities of 0.28, 0.39 and 0.28 mmol CO2/g, respactively,
&t 400°C undar dry CO/N; cycling conditions (g, = 500 Tor).

Potassium carbonate modified HTC was prepared by impragnation of the

nydrotaicite with 2.0 M K2CO3 as described In Example 4. This sample was loaded into
& call contained in a box fumace. The sampie was activated at 400C for two hours
under a No purge, then saturated by purging with a binary gassous mixture of 10
atmospheres of H20 and 0.3 atmospheres of CO at 400°C for 1 hour. The adsorbed
CO7 and Hy0 were desorbed at 400°C and quantitated by an in-line mass
spacirometar. From this experiment the potassium carbonate madified HTC was |
catarminad to have a capacity of 0.69 mmat CO4/g of adsorbent in the presence of 16
atmospheres of steam. in onder to collect CO2-Mo0 binary isotherm infarmation under
simulated process conditions, the COy capacity was measurad under CO5 partial
Frassures ranging from 0.1 to 1.5 atmospheres while hoiding the water vapar pressure
constant at 10 atnospheres. Under these conditions the capacity ranged from 0.52 to
1.08 mmol COo/g despits the fact that adsorption occurred in a gaseous snvironmant
with g large molar excass of HzO over CO2. The. COt; O binary isctherms are

presanted in FIG, 8,
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Under 1 atmesphere of dry CO9, tha potassium carbonate modified HTC had a
capacity of 0.85 mmel/g. The material had similar capacities for CQ, whether saturated
with 1 atm ot dry CO2 (0.85 mmal CO24g) or with a binary mixture consisting of 1 atm
CCO3 and 10 atm Ho0 (0.89 mmol CO2/g). The presenca of water had no signifieant
effect on the capacity of potassium carbonate modified HTC.

EXAMBLE 8
; ROPE TA

The COy capacitias of La Roche HTC, Alcoa HTC, and KxCOg were determined
by TGA under dry COs/dry Nz cyciing conditians. The La Rache HTC and Alcoa HTC
had capacities of 0.31 and 0.21 mmal CO2/g, respectively, at 400°C. KaCO3, as
described in Example 3, has a'espacily of <0,02 mmol CO»/g under simiiar conditions.
This demonstrates the synergistic atfect that some of the medified hydrotalcites have
with respect to CO2 adsorption (Examplas 4-8) reiative to the adsorptive properties of

the individual components.

MgAl»O4 spinel was identified as ane of the decomposition products formed
during the prolonged treatment of the potassium carbonate modified HTC with high
tamperaturs steam.. This spinel componant is balieved to be rasponsible for the
increased CO, capacify cbserved for samples which had undergone extensive steam
stabliity testing. To conflrm this hypathesis, pure MgAIoQy4 spinel was prepared and
characterized, MgAl,04 was made by the reaction of 3 ground solld mixture of
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magnesium and aluminum acatate in the proper molar ratio at S00°C for 4 hours. X-ray
ditfraction analysis confirmed the formation of a pure spinel product. A partion of this
product was modified by treatment with 2 2.0 M K3CO3 solution and dried at 400°C.
The resulting MgAl2O4 and KoCO3 promoted MgAl,Og4 had capacities of 0.32 and 0.62
mmol/g, respactively, at 400°C under dry CO4 conditions (pco2 = 500 Tor), confirming

that the spinel component was responsible for the observed incraased capacifies.

The Examples demonstrate that the present invention for operating equilibrium
controlled reactions overcomes problems associaled with prior art processes wherein
product flow rates do not remain ¢onstant and the desired products are present in
unacceptably l[ow concantrations in the reactor effiuent while obtaining high conversion
of the product at lower temperatures. Moreover, Applicants' unique series of steps for
desorting the more adsorbable product from the adsorbent residing in the reactor and
for preparing the raactor for subsequent procaess cycles provides cutstanding process
eificiency and control. Having thus described the present invention, what is now .
deemed appropriate for Lelters Patant is set forth in the following Claims.
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We Claim:

1. A process far operating an equillbrium controlled reaction in a system which
somprisas a pluaniy of reactors cperatad in & predetermined Umed sequence wherein
@ heating and cocling requirements in a moeving reaction mass transfer zone within
aach reactor are providad by indirect heat exchange with a fluld capable of phase
change at temperatures maintained in each reactor during the following cyclic steps:

(a) reacting a faedstock at a first prassura in a first reactor containing an

admixture of an adsorbent and 3 catalyst suitable for conducting the

~ equilibrium controlled reaction under reaction conditions sufficient to convert
the feedstock into a more adsorbable product which s selactively adsorbed
by the adsorbent and a less adsorbable product and withdrawing a stream
which is enriched in the 1ass adsorbable product and depletad in the more
adsorbable product as well as unreacted feedstack:

(b) countercurrently doprassurizinﬁ the first reactor to a second pressure._by
withdrawing a mixture comprising unreacted feadstock, a portion of thé less
adsorbable product and a portion of the mora gadsorbable product;

(c) countercurrently purging the first reactor at the sscond pregsure with a weakly
adsorbing purge fluid with respect to the adsorbent to dasorb the more
adsorbable product from the adsorbent and withdrawing a midure comprising
unreacted feedstock, a paction of the more adsorbable product and a portion
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(d) countercurrently purging the first reactor at the sacond pressure with the (ess
adsorbable product to desorb the weakly adsorbing purge fiuid and
withdrawing a mixture eoniprising the weakly adsorbing purge fluid, a portion

_of the more adsorbabie product and a portion of the l¢ss adsorbabla product;
and

(e) countercurrently pressurizing tha first reactor from the second prassure to e
first pressure with tha Jess adsorbable product prior to commencing another

procass cycle within the first reactor.

2. The pracess of Claim 1 further comprising:

() separating the stream of step (a) which is enrichad in the less adsorbable
product and depleted in the more adsarbable product as well as unreacted
teedstock to form a stream comprising the less adsorbable produet.

3. The process of Claim 1 further comprising:

(D separating the product mixture of step (¢) comprising unreacted feedstock, &

pertian of the moare adsorbable product and a portion of the less adsorbable
product to form a stream ¢comprising the more adsarbable product.
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4. The process cf Claim 1 further comprising the foliowing step which is
canducted between step (a) and step (b): coumercurrently purging the first reactor at
tha first pressure with a weakly adsorbing purge flitid and withdrawing a mixture
comprising unreacted feedstock, a portion of the more adsorbable product and a

portion of the less adsorbable product.

5. The process of Claim 4 further comprising separating the mixture comprising
unreactad feedstock, a portion of the more adsorbable product and 2 portion of the less
sdsorbable product to form a stream comprising unreacted feedstock and recyeling a

portion of the stream comprising unreacted feedstock for use as fesdstock in step (a).

. The pracess of Claim 7 further comprising:

(3) separating the mixture of step (d) comprising the weakly adsorbable purga
fluid, a portion of the mare adsorbable product and a partion of the less
adsorbable product to form a stream comprising the weakly adsorbable purge
fuid and recydling a pertion of the stream for use as the weakly adsorbing

purge fluid in step (¢).

7. The process of Claim 1 wherein the admixture of the adsorbent and the catalyst
comprises from 5% to 85% by weight of the adsorbent and from 95% to 5% by weight

of the catalyst
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8. The process of Claim 1 wherein the feadstock comprises carbon dloxfdo and
hydrogen, the more adsorbable product with respect to the adsorbant is water and the
iess adsorbable product is carbon monoxide.

9. The process of Claim 8 wherain the fiuid capable of phase changa is selectad
fram the group cansisting of a sutetic midure of diphenyt oxide and biphenyl

cxde and steam.

10. The procass of Claim 8 wharein the reaction catalyst comprises a water gas
shift catalyst and the reaction conditions comprise a temperature ranging from 200° to
€00°C, the first pressure which rangas fcom 2 to 5Q bar and the second pfossure which
ranges from 0.05 bar to 2 bar, |

11, Tha process of Claim 8 wherein the adsorbent comprises a zeoiite, atumina o¢
silica gel and the weakly adsorhing purge fluid is selectsd from the group consisting of
methane, hydrogen, nitrogen and carbon dioxida,

12. The procass of Clalm 1 wherein the feedstock comprisas water and mathane
in a ratio of water to mathane ranging from 1.5 to 30, thn more adsorbable product with
respe_ct to the adsorbent is carbon dioxide and the less adsorbable product is hydrogen.

13. The process of Claim 12 whersin the fluid capable of a phase change is
selacted from the group consisting of a sutectic ﬁmm of bipheny! oxide and diphenyl

oxide and dimethylpolysiloxane.
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14, The process of Claim 12 wherein tha reaction catalyst comprises a steam-
methana reforming catalyst and the reaction coaditions comprise a temperature ranging

from 200° to 600°C, the first pressure which ranges from 2 to 50 bar and the second
preasure which ranges from 0.05 bar to 2 bar.

15. The pracess of Claim 12 wherein the adsorbent comprises a metal oxide ora
potassium madified double iayerad hydroxide and the wealdy adsorbing fiuid is selected

from the group consisting of mathane, steam, hydrogen, nitregen and carbon

manoxide.

18. The process of Claim 1 wherein the feedstock comprises methane and water
in a steichiometric ratio of water to methane ranging from 1 to 1.5, the more
adsorbable product with respect io the adsorbent is carbon monaxide and the Jéss

adsorbable product is hydrogen.

17. The process of Claim 16 wherein fluid capable of phase change Is selected
from the group conslsting of a sutectic mixture of biphenyl oxide and diphenyl 'Oxide
and dimethylpalysiioxane.

18. Tha process of Claim 16 wharein the reaction catalyst comprises a stsam-
mathane refarming catalyst and the reaction conditians comprise a wﬁpefabue ranging
from 200° to 6Q0°C , the first pressura which ranges from 2 %o 50 bar and the sacond
prassure which ranges fram 0.05 barto 2 bar,
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19. The procass of Claim 16 wherein the adsorbent comprises a moncovajant
silver or copper compound which is supported on a high surface arsa substrate and the
weakly adsarbing fluid is selectad from the group consisting of methana, water,
hydrogen, nitrogen and carbon dioxide.

20. The pracass of Claim 1 wherein the feadstock compiises carbon dioxide and
methane, the catalyst comprisas a methane reforming catalyst, the more adsorbable
product with respect to the adsorbant is hydrogan and the less gdsorbable product is

carbon menoxide.

21. The procass of Claim 20 wherein the fiuld capabie of phase change is
selacted from the group consisting of a eutectic mixtura of biphenyl oxide and diphenyi
axide and dimethyipolysiloxane

22. The prozass af Claim 20 whavain the reaction conditians comprisa a
tempaerature ranging from 200° to 600°C, the first pressure which ranges from 2 to 50
bar and the second prassure which ranges from 0.05 to 2 bar.

23. The procass of Claim 20 wherein the adsorbent comprises a hydrogen
complexing metal alioy and the weakly adsarbing fluid is selected from the group
caonsisting of methane, stesm, carbon dioxide, carbon monaxide and nitrogen.
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24. The process of Claim 1 wherein the feedstock comprises carbon dioxide and
methane, the catalyst comprises a methana reforming catalyst, the more adsorbable

product with respect ta the adsorbent is earbon monoxide and the less adsorbable

product is hydrogen.

25. The process of Clsim 24 wherein the fiuid capabie of phase ¢changae is
selectad from the group consisting of a eutectic mixiure of biphenyl oxide and dipheny!
axide and dimethylpolysiioxana.

26. The process of Claim 24 wherein the reaction conditions comprise a
tamperature ranging from 200° to 600°C, the first prassure which ranges from 2 to 50
bar and the second pressure which rangés from 0.05 to 2 bar,

27. The process of Claim 24 wherein the adsarbent comprises a Cu® or Ag” sait
and the weakly adsorbing fluid is selacted from the group consisting of hydrogen,
nitragen, methane, carbon dioxide and steam.



L

) O O

28. An adsarbant capabla of preferentially adsorbing carbon dicxids in a Qgaseous
mixturs containing carbon dicxide and an excess of water at a temperature ranging
from 200°C to S00°C represented by the formula:

MQow Al (OH)JICOsla @ ¥y HO v ZM,C0s
wharein 0.09 < x<0.4Q;
D<y<3s5,
0<z23.5 and
M's Naor K.

29. The adsorbant actording fo claim 28 whersin M' is K

30. An adsorbent capable of preferantially adsorbing carbon dioxide in 2 gaseous
mixhire containing carbon dioxide and an excess of water et a temperature ranging
from 200°C to 500°C represented by the formula Mg [Al]Oe o y K:CO; whersin

O<y<35.

31. The adsorbent according to claim 30 wherein y equais 0.



