1“RENMOVAL OF CARBON DI OXI DE FROM GAS STREAMS FIELD OF THE | NVENTEGRAR0I §92—3
invention relates to the renoval of carbon dioxide from gas streanfﬂ' 49 cop

- nmore particularly to the prepurification of air by the renmoval of Carbon %?/
dioxide fromair prior to air separation. 5 BACKGROUND OF THE | NVENTI ON

Gases that occur in nature or which are produced in industrial processes 10
often contain carbon dioxide in small anounts. For exanple atnospheric air
general | y contains about 250 parts per mllion (ppn) carbon dioxide.

Because of certain process constraints or a particular end use that the gas

is intended for, it my sonetines be desirable or necessary to renove the
carbon di oxide fromthe gas. For exanple, air that is separated into

vari ous conponent products by 15 cryogeni ¢ separation techniques
(cryogenic air separation), such as cryogenic distillation or cryogenic
adsorption, nust be substantially free of both carbon 2 di oxi de and

noi sture, because these operations are carried out at tenperatures bel ow

the freezing point of these conpounds; consequently, if they are not

removed they will freeze i REMGVAYORICARBDN DIORDEFROMGASSSIHEAMS ON process
-equi pnent. 5 Small ampunts of carbon dioxide and noisture are renoved from

gas streans by various techniques, such as condensation, reversing heat
exchange freezing and ' .

EIELD OF THE INVENTION

This invention relates to the removal of carbon dioxide from gas streamé, and
more particularly to the prepurification of air by the removal of carbon dioxide from

air prior to air separation.

Gases that occur in nature or which are produced in industrial processes

10 ~ often contain carbon dioxide in small amounts. For example atmospheric air
generally contains about 250 parts per million (ppm) carbon dioxide. Because of

certain process constréints or a particular end 'use that the gas is intended for, it

may sometimes be desirable or necessary to remove the carbon dioxide from the

gas. For example, air that is separéted into various component products by

15 - .cryogenic separation techniques (cryogenic air separation), such as cryogenic
distillation or cryogenic' adsorption, must be substantially free of both carbon



adsorption. A particularly preferred nmethod is adsorption using an .

adsor bent which adsorbs carbon dioxide (and water vapor) nore strongly than
it adsorbs other. 10 conponents of the gas stream For exanple, it is
comon to renove carbon dioxide froman air streamthat is to be

cryogeni cal ly separated, by passing the gas streamthrough a bed of zeolite .
13X. U S. Patent No. 3,885,927, issued to Sherman et al. on May 27, 1975,
di scl oses the use of type X zeolite containing at |east 90 equival ent
percent bariumcations for the renpoval of carbon dioxide from 15 gas
streans contai ning not nore than 1000 ppm carbon di oxi de, at. tenperatures
of -40 te 1 [err] U S. Patent No. 4,775,396, issued to Rastelli et al. on
COct ober 4, 1988, discloses the adsorption of carbon dioxide from gas
streans by pressure swi ng adsorption at tenperatures of -50 to [err], the
adsorbent having a [err] molar ratio of frpm2 to 100 and .containing at

| east 20 equi-valhent (210 percent of one or nore cations selected from
zinc, rare eart r.oge ni um cati ons. and

equi val ent per cent %f“dﬁl R§W°'WFQFD8PSG $hesq PRFAESF AFF ?r%rf'%q)ogt %tr%lngg'g

1 3X efficiently rbapwethesinedzingapoirandfsthese campmundsti cnnse@e(nslv»dlfwaeemrezaot
vapor) fromair sty mda{he%retmg l‘?taHEI nfu hgnﬁ%r &t Weparafidn pRREs

[err] or |ower, because strongl y se conponents than it
adsor bs ni trogen esweeentor ar gon. However, the car bon di oxi de adsorption
capacity of geolite 13X dim nishes rapidly as the tenperature of the gas

bei ng separated increases, and the separat process beco I nf easi bl e at
t enper at ures above. 30 Sma"amabfe}af’?‘{aé%”?'°* ﬁﬁ‘e Ristresre '?r%?’?%g?rgfn \H8sV e
oft en consi der abl y bpharises tdehniguesf mchedcdrﬁems]atlaﬂsmeMnmat ercpengetftaesing énst

exanpl e anbi ent t ek ;ﬁ on! ﬁ%aR{quaﬁy ﬁrLferred ﬁ'aethod is adsorption using an adsorbent which-
adsorbs carbon dioxide (and water vapor) more strongly than it adsorbs other

10 components of the gas stream. For example, it is common to remove carbon
. dioxide from an air stream that is to be cryogenically separated, by passing the gas
stream through a bed of zeolite 13X. U. S. Patent No. 3,885,927, issued to

Sherman et al. on May 27, 1975, discloses fhe use of type X zeolite containing at

least 90 equivalent percent barium cations for the removal of carbon dioxide from

15 gas streams containing not more than 1000 ppm carbon dioxide, at temperatures
of -40 to 120°F. U. S. Patent No. 4,775,396, issued to Rastelli et al. on October

4, 1988, discloses the adsorption of carbon dioxide from gas streams by pressure -

swing adsorption at temperatures of -50 te 100°C, the adsorbent having a
Si0,/Al,0, molar ratio of from 2 to 100 and containing at least 20 equivalent

20 percent of one or more cations selected from zinc, rare earth, hydrogen and
ammonium cations and not more than 80 equivalent percent of alkali metal or

alkaline earth metal cations.

Zeolite 13X efficiently removee small amounts of carbon dioxide {and water

25 vapor) from air streams at low temperatures, i.e. temperatures of about 5°C or
lower, because it ‘more strongly adsdrbs these components than it adsorbs

nitrogen, oxygen or argon. However,'the carbon dioxide adsorpfion capacity of

zeolite 13X diminishes rapidly as the temperature of the gas being separated

increases, and the separation process becomes infeasible at temperaturee above

30 about 20°C. Since ambient temperatures are often considerably above the

preferred 5°C adsorption temperature, for example ambient temperatures of 40°C



hlgher are sonetines encountered, and since, because of the heat of
adsorptlon and the heat of gas conpression, there is a tendency for
adsorption bed tenperatures to increase considerably during the course of
an adsorption process, it is usually necessary to cool air fed to a
adsorption-based air prepurification plant 5 by neans of external
refrigeration to maintain the gas at tenperatures below [err]. This reduces
the overall efficiency of the air separation process, since energy nust be
consuned to provide the necessary refrigeration. It would be very '
advant ageous to conpletely elimnate the need for 10 refrlgeratlon or
to significantly reduce the anmpunt of refrigeration required in comerci al
air separation adsorption-based prepurification procedures, since that
woul d enhance the overall econom c attractsveness of the air separation
process. The present invention provides a novel carbon di oxi de adsorption
process whi ch .provid an _advant a
According to the i nvg'rﬁhfr 10 s°meé'3‘§s §‘E°°8%ﬁmef’sa"&fﬂcf ' 80°b e?fEEe ?eWENq 9§]pon
carbon 20 diandi the meraomftm AP Esiona thdy npassemd}nphdogadsrspmgamd
through a bed of ty I V, i 0
in the range of abc}gﬁp%‘aéﬁg 1 Ea?greg?e éoﬂ%déalﬁ* Ebrﬁ%ﬂh& g‘r’%’%ﬂrmeﬂrgr?st@p %UF g’r?éé’sts
about -50 to about -iBio upustly peceprarytoseegis f%sirmtar@sprmembwﬁ arprenyaficasion Plapt
purify any ggs thatbyln&ahe&%xﬁma%frtgbaﬂommmaﬂIu%sieat%@be\f\huﬁbbgs\ntz@was
carbon di oxi de as urity at partial pressures up to aboyt 25 25

mbar or rmore. Typic fs refuchLbB everptatficiensy ‘hﬁﬁf’ iSPPaH ’?T‘Féspsr‘?fééggrgéﬂf““ﬁﬁe
invention are air, beiconaged,to prylgenhe micgaary fefriecsgien, hel i um net hane, etc.

The adsorbent may be sodium X zeolite, i.e. it may have as substantially
all its exchangeable cations sodiumions, or it may have as exchangeabl e
cations one 30  dt weyldebefveryt hédvaptageaigstrsaeisteinteliminaie tbgtnesd for

trivalent igps sel ?QF:SQathnOJF ngalﬁ rebble IRE alblAt 8f réigerBRsd Adufed Bb! €,

| ant hani de series ions, chromum(ll1l) i1on, iron
commercial air separation adsorptxon-based prepurification procedures, since that

- would enhance the overall economic attractiveness of the air separation process.
The present invention provides a novel carbon dioxide adsorption process which
. , provides such an advantage.
15

SUMMARY OF THE INVENTION

According to the invention, a gas stream is purified by the removal of carbon

20 dioxide from the gas stream by passing the gas stream through a bed of type X
zeolite having a silicon-to-aluminum atomic ratio in the range of about 1.0 to about

1.15 at atemperature in the range of about -50 to about 80°C. The process of the

‘invention can be used to purify any gas that is less polar than'carbon dioxide and

which contains carbon dioxide as an impurity at partial pressures up to about 25
25 mbar or more. Typical of gases that can be purified by the process of the invention

are air, nitrogen, oxygen, argon, hydrogen, helium, methane, etc.

The adsorbent may be sodium X zeolite, i.e. it may have as substantially all
its exchangeable cations sodium ions, or it may have as exchangeable cations one
30 or more of: the various monovalent, divalent or trivalent ions selected from Groups

1A, 1A a_nd lllA of the Periodic Table, lanthanide series ions, chromium (lll) ion, iron



4:-(111) ion, zinc (Il) ion and copper (11) ion. Preferred adsorbents are X
zeol ite having as exchangeabl e cations one or nore of sodium potassium
~lithium calcium magnesium barium strontium alum num scandi um
gallium indium yttrium |anthanum cerium praseodym um and neodym um
ions. The nost preferred 5 cations are sodium Ilithium calcium
magnesi um al um num cerium.and | anthanumand m xtures of these. In a
preferred enbodi nent of the invention, the type X zeolite has a
silicon-to-alumnumatomc ratio of about 1 .0 to about 1 . 1, an in the
nost preferred 10 - enmbodinent it has a silicon-to-alum num aton ¢ _
rati o of about 1.0. The adsorption step of the process of the invention is
beneficially carried out at tenperatures in the range of about 20 to about
[err]. Very good results are obtained whem the adsorption step is carrled
out at a tenperature in the range of 15 about 30 to about [err]. The
carbon dioxide purification is preferably carried out by a cyclic process,
"nore preferable as pressure sw ng adsorption (PSA), tenperature sw ng

adsorption (TSA), (i) i&D r{@& '?Iﬂt|$rpé}i% &gpérgﬁ’)si% bratdri2@ aHP&BerRE 8feX pé¥iite havmg

enbodi ment, the process rocess. The carbon.ﬁJOX|d
preferably presentas pxehgeaaghle @G'P'@aﬁﬁ%t" EI?FR:%P?‘?A‘E’POH%“M fthwm. 58 fum,

partial pressure i mabki@ivedDafitrheeMdMRAS NMin@HCoRAdBRY Wallidl, iMathm, yisriumr e

r ef er abl resent, at concenfration ch t t artial
ﬁot 25 y.p e)s(cee BoYP iﬁlu%d::rasegqﬁrldvrg ?ﬂ@s?eo'gyr% aqbn:sy pI?e; gﬁﬁf&%fg%gs

concentrati s suckatichasreisbdiumAithiura) capnlw's.snaggesmmtdwmga@- eeripecand nthanyot
exceed about 5 nba{m14$ﬁh@§8ﬁﬁa§ of ‘the invention can conprise the single
operation of carbo

In a preferred embodiment of the invention, the type X zeolite has a
silicon-to-aluminum atomic ratio of about 1.0 to about 1.1, anin the most preferred

10 embodiment it has a silicon-to-aluminum atomic ratio of about 1.0.

The adsorption step of the process of the invention is beneficially carried out
at temperatures in the range of about 20 to about 80°C. Very good results are
obtained when the adsorption step is carried out at a temperature in the range of

15 about 30 to about 60°C.

The carbon dioxide purification is preferably carried out by a cyclic process,
more preferable as pressure swing adsorption (PSA), temperature swing adsorption.
(TSA), or combinations of these. In the most preferred embodiment, the process

20 is a TSA process.

The carbon dioxide fs preferably present in the gas stream at concentrations
such that its partial pressure in the gas stream does not exceed about 25 mbar, is
more preférably present at concentrations such that its partial pressure does not

25 exceed about 10 mbar, and is most preferably present at concentrations such that

its partial pressure in the gas stream does not exceed about 5 mbar.

The prdcess of the invention can comprise the single operation of carbon
dioxide adsorption, or it may comprise a combination of purification operations,
30 ihcluding carbon dioxide adsorption and one or more of air separation, hydrogen

oxidation, carbon monoxide oxidation, etc. In a preferred procedure carbon dioxide



di oxi'de adsorption, or it may conprise a conbination of purification

operations, 30 I ncl udi ng car bon di oxi de adsorption and one or nore of
air separation, hydrogen oxidation, carbon nonoxide oxidation, etc. In a
preferred procedure carbon di oxide 5 is renmoved fromair by the

above-descri bed adsorption. nethod and the purified air is separated by
cryogenic distillation into nitrogen, oxygen, argon or conbinations of two

or nore of these. 5 . " The carbon di oxi de adsorption step with the
type X adsorbent can also be used to renove noisture fromthe gas stream
If present. |In a preferred enbodi nent, noisture is renoved prior to carbon

di oxi de adsorption by passing the gas streamthrough a desiccant,
preferably one of the various types of alumna, silica gel or zeolites, or
m xtures of these. 10 DETAI LED DESCRI PTI ONs OF THE | NVENTI ON The process of
the invention is particularly useful for renoving carbon 15 . di oxi de
at |ow concentrations i.e.. parts per mllion (ppn) |evels, fromgas streans
at tenperatures above about [err]. Although the process can be successfully

used to renove carpon di oxi de fromgas sire i,n ich the ¢ on.dioxi de
is present at part lséFm’b‘fegé‘:‘,’m%%ngﬁhé baye- ﬁ%[ﬁggﬂgiﬂrp 'Pr%}é {fa?f\%?gurﬁfgegtaw
effective for renvisisageratad bperyogedic digtilléticornta njegestaxyaen. aren aritembmetions

di oxide is present jn 20 the gas stream at concentrations such that
its parti al pressu?ﬁﬁwﬁfﬁqmgeﬁggwg?rean1is not greater than about 25 nbar,

~as discussed above. The adsorbents useful in the process of the invention
are the typeg X zeol it eghbgybéidiskibé §@rdtidn dtdaWithitReatly fEXCadsérbbtcaR Glso be
greater than about 1.15, i.e those : .
used to remove moisture from the gas stream, if present. In a preferred
_embodiment, moisture is removed prior to carbon dioxide adsorption by passing the
gas stream through a desiccant, p're'ferably one of the various types of alumina,
silica gel or zeolites, or mixtures of these.

10

DETAILED DESCRIPTION OF THE INVENTION

The process of the invention is particularly useful for removing carbon

15 dioxide at low concentrations i.e. parts per million {ppm) levels, from gas streams
at temperatures above about 20°C. Although the process can be successfully

used to remove carbon dioxide from gas streams in which the carbon dioxide is

| present at partial pressures greafer than about 25 mbar, it is most effective for
removing carbon dioxide from a gas stream when the carbon dioxide is present in

20 the gas stream at concentrations such that its partial pressure in the gas stream is

not greater than about 25 mbar, as discussed above.

‘The adsorbents useful in the procéss of the invention are the type X zeolites
having silicon-to-aluminum atomic ratios not greater than about 1.15, i.e those
25 having silicon-to-aluminum atomic ratios in the ‘range of 1.0 to about 1.15.
Preferred adsorbents fpr use in the invention are the type X zeolites having
silicon-to-aluminum atomic ratios in the range of about 1.0 to 1.1, and the most
preferred adsorbents are those having silicon-to-aluminum atomic ratios of about
1.0,'comtﬁonly referred to as low silicon X or LSX zeolites. Due to defects in the

30 structure of the zeolite; impurities, such as occluded alumina and/or aluminates and

errors in measurement, apparent silicon to aluminum ratios of type X zeolites as



25 havi ng-silicon-to-alum numatomc ratios in the range of 1.0 to
about 1.15. Preferred adsorbents for use in the invention are the type X
zeolites having silicon-to-alum numatomc ratios in the range of about 1.0
to 1.1, and the nost preferred adsorbents are those having

silicon-to-alum numatom c ratios of about 1.0, commonly referred to as | ow
silicon X or LSX zeolites. Due to defects-in the 30 structure of the
zeolite, inpurities, such as occluded alum na and/or alum nates and errors
i n measur.ement, apparent silicon to alumnumratios of type X zeolites as

6 low as 0.9 have been reported. However, the theoretical m ninmm
silicon-to- alumnumatomc ratio is 1.0, and this theoretical mninumis
used herein, and it.is intended that type X zeolites of the | owest possible
silicon-to- alunlnun1aton1c ratio be includdd within the scope of this

invention. 5 The zeolites may be "sodium X' zeolites, i.e. those whose
exchangeabl e cations are substantially all sodiumions, or they may be any
of the many known ion exchanged type X zeolites, i.e. type X zeolites

havi ng as exchangel®sy @s ©9 ihayes bpesneperters rHaweyer.stba ithearefast mini@dmasiiseg-tehe

i ons t hat may OC CURYmiEDABSRNLi®is110, and thisGREdreticab Mifihuflis &&é@ HeYdd€ afd it
zeolite are ions of . Go eriodic able

o e O iU na oK Shohinot s liasbreseiie fikpr Syl Sogi5per
(11) ion, chrom unratiolbe)indheded withimthe kd¢dge ofchis itveatianmoni umion, the -
hydr oni umlog or mxtures of two or nore ions fromany of these cat egori es.
Preferred Goup I Aions are sodi um pot assiumand lithiumions; preferred
Group |1 A ions are magibepenlitesirsay be "sodium X" zaplites.rienthasenverege Bxgtianseablens:

preferred Goup || tdficgodrel Jubﬁahtﬂﬂ? a@E@duﬁH’: {HsN B Mhey Ay Ble WY of BHel thaHP kol UM
and yttrium and plrogfesél'\raﬁgedt tryllzé/ Q zeOQItes, R en tt?;?e”)'( geeolllteosmavmg as exchangeable cations
ions other than sodium. Included among the ions that may occupy exchangeable
10 cation sites on-the'type X zeolite are ions of Groups A, HlA, IlIA, 1IIB of the periodic
table, trivalent ions of the lanthanide series of elements, zinc (Il) ion, copper (i) ion,
chromium (li) ion,. iron (Ill) ion, the ammonium ion, the hydronium ion or mixtures
of two or more ions from any of these categories. Preferred Group |A ions are
sodium, potassium and lithium ions.; preferred Group llA ions are magnesium,
15 calcium, strontium and barium ions: preferred Group Il1A and II1B ions are aluminum,
scandium, gallium, indium and yttrium; and preferred trivalent lanthanide ions are
lanthanum, cerium, praseodymium and neodymium. The most preferred type X
zeolites are those having as exchangeable cations one or more ions selected from:
sodium, lithium, calcium, magnesium, aluminum, cerium, lanthanum, praseodymium

20 " and neodymium ions.

The process of the invention may be carried out in a single adsorption vessel
or a battery of two or more beds arranged in parallel and adapted to be operated
in a cyclic process comprising adsorption and desorption. In such systems the

25 ' beds are cycled out of phase to assure a pseudo-continuous flow of purified gas
from the adsorption system.

" The process of the invention is generally practiced as a cyclical process,
such as temperature swing adsorptaon, pressure swing adsorption, vacuum swing
30 adsorption, or combinations of these. The process is particularly useful for

temoving small amounts of carbon dioxide from air by temperature swing



| ant hanum cerium praseodym um and neodym um The nost preferred type X
zeolites are those having as exchangeabl e cati ons one or nore ions selected
“from sodium Ilithium calcium magnesium alum num cerium |anthanum
praseodym um 20 and neodym umions.. The process of the invention may
be carried out in a single adsorption vessel or a battery of two or nore
beds arranged in parallel and adapted to be operated in a cyclic process
conpri sing adsorption and desorption. In such systens the 25 beds are
cycl ed out of phase to assure a pseudo-continuous flow of purified gas from
t he adsorption system The process of the invention is generally practiced
as a cyclical process, such as tenperature sw ng adsorption, pressure sw ng

adsor ption, vacuum sw ng 30 ~adsorption, or conbinations of these. The
process is particularly useful for renoving smal.l anpunts of carbon dioxide
fromair by tenperature sw ng 7 adsorption. The carbon di oxi de renova

process is ideally coupled with an air separation process, such as
cryogenic distillation of air, to produce high purity nitrogen, oxygen,

argon or conbinatiogns qf t o[ r ' ' F ¢ r w5
The tenperature at aeﬁ?fpgﬁ"t \rll\ﬁjeac sr%gr?'p ?’gé\e Fse[']'gb%gll E?og%rs Blyéd(fg gyutg éLrﬁrjxlat‘a;l? ‘\C))_g?l?“%r"om a
i ni num t enper at ur eepafatiabquecepsraubh @y ceyogenis distilasion M Al 1 Bfadycy high Prityeen

di scovered that thﬁit,taéaﬁ%&§géaf. algBR of EXHRIHAtRAs bPtWOBEIMERI I thése IMhepuaity badi ent
at tenperatures greatér than about [err] than correspondi ng processes using

10 convent i oR®EYH8sor bent s, particularly when the gas stream bei ng
purified congains

The temperature at which the adsorption step is carried out may vary from '

a minimum temperature of about -50°C to a maximum of about 80°C. It has been
discovered that the process of the invention is considerable more efficient at
temperatures greater than about 20°C than corresponding processes using

10 conventional adsorbénts, particularly when the gas stream being purified contains
carbon dioxide at concentrations such that its partial pressure in the gas stream
does not exceed about 25 mbar. This feature makes the process advantageous for
use in warm wéather climates where the temperature during the adsorption step
is above about 20°C, or even above about 30°C. Although the adsorption process

15 can be carried out at temperatures up to -about 80O°C, it is preferable that the
temperature not exceed about 60°C and most preferable that it not exceed about
50°C.

The pressures at which the adsorpﬂon step is carried out .génerally ranges
20 from about 0.2 to about 20 bar, and preferably from about 1 to 10 bar for pressure
swing adsorption cycles, and is usually about atmospheric or above for temperature

swing adsorption cycles.

When the .adsorption process is PSA the regeneration step is generally

25 carried out at temperatures in the neighborhood of the temperature at which the
-adsorption step is carried out and at an absolute pressure lower than the adsorption

pressure. The pressure during the regeneration step of PSA cycles is usually in the

range of about 20 to about 5000 millibar, and préferably in the range of about 100

to about 2000 millibar. When the adsorption process is TSA, bed regeneration is

30 "carried out at a temperature higher than the adsorptién temperature, usually in the
range of about 50 to about 250° C, and preferably in the range of about 100 to



carbon di oxi de at concentrations such that its partial pressure in the gas
stream does not exceed about 25 nbar. This feature nmakes the process

advant ageous for use in warm weat her climates where the tenperature during
t he adsorption step is above about [err] or even above about [err].

Al't hough the adsorptlon process 15 can be carried out at tenperatures
up to about [err], it is preferable that the tenperature not exceed about
[err] and nost preferable that it not exceed about -[err]. The pressures at
whi ch the adsorption step is carried out generally ranges 20 from
about 0.2 to about 20 bar, and preferably fromabout 1 to 10 bar for.
pressure swi ng adsorption cycles, and is usually about atnospheric or above
for tenperature swi ng adsorption cycles. Wien the adsorption process is PSA
the regeneration step is generally 25 . carried out at tenperatures in
t he nei ghborhood of the tenperature at which the adsorption step is carried
out- and at an absolute pressure |ower than the adsorption pressure. The

pressure during theopegenewrén 8ombRBtisH of EAA Gindl ESA isSusuaﬂumbltympératdneamange

f about 20 to about 500 d preler ab i
100" o about 2000 TFFBLR B R treehieBarrne piptant Tl Biechln P ik

regeneration i s 30 they are dodng thegdsanptiomtstep.t enper at ure hi gher than the
adsorption tenperature, usually in the range of about 50 to about [err] C,
and preferably in the range of about 100 to 8 [err] C

conbi nation 8 PSA and IFskeriing 3 evaiical peoceeshpreprsing @ taﬁd“'ﬁ?%meegﬁfaw#geq he

bed regeneration sStsgardfRmWIEEEarsddhid a9 to b@eaﬁmul.yairyducwm arhegotien
during the adsorptio rocess

according to the i H\?%ﬁ‘fff’?iﬁa'"‘f‘ﬂé bedafdhe. a%‘@’@d“e"t'°"e‘pa&°%"l 38/1nD 52 Baes

through the bed of adsorbent carbon dioxide is adsorbed and a substantially carbon
dioxide-free nonadsorbed product gas passes out of the adsorption vessel through

10 the nonadsorbed gaé outlet. As the 'adsorptibn step proceeds a carbon dioxide
' front forms in the adsorbent bed and slowly moves toward the nonadsorbed gas
outlet end of the bed. When the adsorbed carbon dioxide front traveling through

the adsorption vessel(s) in which the adsorption step is being carried out reaches

the desired point in the vessel(s), the adsorption process in these vessel(s) is

15 terminated and these vessels enter the regeneration mode. During regeneration,
the carbon dioxide-loaded vessels are depressurized, if the adsorption cycle is

pressure swing adsorption, or heated, if a temperature swing adsorption cycle is

employed, or both depressurized and heated, if a combination process is used.

20 The method of régeneration of the adsorption beds depends upon the type
of adsorption process employed. In the case of pressure swing adsorption, the
regeneration phase generally includes a countercurrent depressurization step during
which the beds are vented countercurrently until they attain the desired lower
pressure. If desifed the pressure in the beds may be reduced to subatmospheric

25 pressure by means of a vacuum inducing device, such as a vacuum pump.

In some cases, in addition to the coun't_efcurrent depressurization step{s), it
may be desirable to countercurrently purge the bed with the nonadsorbed product
gas stream exiting the adsorbent bed(s). In this case the bed(s) may be

30 _ coun;ercurrently purged with nonadsorbed gas, and the purgé step is usually

initiated towards the end of the countercurrent depressurization step, or



stream from whi ch carbon dioxide is to be renoved is introduced into an
adsorption vessel containing a bed of the above-nenti oned adsorbent. As the
gas passes through the bed of adsorbent carbon dioxide is adsorbed and a
substantially carbon di oxi de-free nonadsorbed product gas passes out of the
adsor ption vessel through 10 t he nonadsorbed gas- outlet. As the
adsorption step proceeds a carbon dioxide front fornms in the adsorbent bed
and slowy noves toward the nonadsorbed gas outlet end of the bed. Wen the
adsor bed carbon dioxide front traveling through the adsorption vessel(s) in
whi ch the adsorption step is being carried out reaches the desired point in
the vessel (s), the adsorption process in these vessel(s) is 15
term nated and these vessels enter the regenerati on node. During
regeneration, the carbon dioxide-| oaded vessels are depressurized, if the
adsorption cycle is pressure swing adsorption, or heated, if a tenperature
swi ng adsor pt.ion cycle is enployed,” or both depressurized and heated, if a
conbi nation process is used. 20 ) . - The nethod of regenerat;ion of
the adsorption bed&URpERENGShersign Duriea thisRures S‘SB';%F ﬁPﬁgﬁﬂaﬁFB’gggg‘"@ﬁﬁ‘fW%‘&.
I'n It hg case of pr eswmomugﬂgaeadw Rhi iﬁt_"e;méchaers&g@gerfadnmnwﬁmm gas(;oewt&hl y
i ncl udes a countercurrent depressurization ste uri Lch t s are
~vented countercurr éﬁtfr{) ﬁ?ﬁ?ﬁ"ige? ﬁesyngé& tagf%gﬁrhgr ed P Q%ﬂfbﬁgsror%errgggﬁfse{nﬁ‘fe
desired the pressurdsarptionhghdsed svhemthé eds@ptiore dystemserdraprises phidtiple adSorbers

: pressure by geans g{ra@ﬁgﬁk}#ﬁylgg&lgégg{eg%{ gpphégych as a vacuum punp. In

" sone cases, In additl countercurrent pressurization step(s), it
may be desirable to countercurrently purge the bed with the nonadsorbed

product gas stream exi tﬂhﬂ@dﬁ?ﬁti&\%@l@@ﬁgkopﬁﬁ(s‘iéps otthd? thaH the Emeh@l 165K s)

may be 30 : counterpurrentléggurg% mnth.nonadz@rbed gas, aqg t he purge

step i s usual |y i nP¥SCERtoR 2pd iagetrration: Fapgragiple, Ranay R RAupRIagsoLs o depressurize

depressuri zati on sthemadsérbtion bed in multiple steps, with the first depressurization product being - -
10 used to bartially pressurize anothef bed in the‘adsorption system. This will further

reduce the amount of gaseous impurities in the nonadsorbed product gas.

According to a preferred embodiment of the invention, a gas stream, such
_ as air, is introduced into an adsorption vessel containing a low silicon X zeolite of
15 the type described above. The gas stream may be at a temperature as low as
.-50_°C, or less, or as high as 80°C. Provided that the. concentration of carbon
dioxide in the gas stream is not so great that its partial pressure significantly
exceeds about 25 mbar, substantially all of the carbon dioxide will be removed
from the gas stream, and the substantially carbon dioxide-free product gas will
20 issue from the nonadsorbed product gas outlet of the adsorption vessel. When the
carbon dioxide adsorption front reaches a predetermined point in the adsorption
vessel, usually near the nonadsorbed prod_uct gas outlet, the adsoyption process in

the vessel is terminated, and the adsorbent bed contained in the vessel is ._
. regenerated in one of the methods described above. If the adsorption plant is a
25 multiple bed system adsorption will immediately begin in a second bed, so that the
continuity of the purification process will not be interrupted. - The purified gas can
be subjected to further processing. For example, in cryogenic air separation
operations, the prepurified air is sent to a cryogenic distillation (or adsorption) plant
_ - for fractionation into one or more high purity gases, e.g. 80% pure oxygen,
. 30 nitrogen or argon). lf desired, a waste gas stream from the air separation plant can

be recycled to the prepurification plant for use a purge gas during bed regeneration.



9 subsequent thereto. During this purge step, the purge gas can be
introduced into the adsorbent bed froman intermedi ate storage facility
when the adsorption system conprises a single adsorber; or from another .
adsorber that is in the adsorption phase, when the adsorption system
conprises nultiple adsorbers 5 arranged in parallel and operated out
of phase. The adsorption cycle nmay contain steps other than the fundanental
steps of ~adsorption and regeneration. For exanple, it may be advant ageous
to depressurize the adsorption bed in nultiple steps, with the first
depressuri zation product being 10 - used to partially pressurize
anot her bed in the adsorption system This will further reduce the anount
of gaseous inpurities in the nonadsorbed product gas. According to a
preferred enbodi nent of the invention, a gas stream such as air, is
i ntroduced into an adsorption vessel containing a low silicon X zeolite of
15 the.type descri bed above. The ga °streanynay be at a tenperature
as low as [err] or less, or as high as [err]. Provided that the .
concentration of carbon dioxide in the gas streamis not so great that its
partial pressure significantly exceeds about 25 nbar, substantially all of
t he carbon dioxidecwill be re d r : : : :
substantially car b-(I).rr’le -a?%’ iptﬁ%c-eglr) é%n %;r éﬁ'{?g%{agaegﬁaw rﬂy fggga "%gﬁn'lwggedgdforf 5%3{ he
nonadsor bed pr oducsingsthe effedtiveness o the adsdsptioptprasesswilnet be sybstantizily adugrprin
di oxi de adsor pt i ONafry by G&MAESFe RERHEoBlARG aiidthe aBsdBoragisédat | on
vessel, usually near the nonadsorbed product gasS outlet, the adsorption
process in the vessel is term nated, and the adsorbent bed contained in the
vgssel isr mﬁener at ed itwillibe appretiBRdIRIthOR withas thieisaspk abhereseht intiention to
adsorption plant is.a 25 . nmul.ti pl.e bed.system.adsorption w |/l
medi at el y begi n 18 cBaysgren, ERPRE iR SpotRL ne ATl sFolie the flow of
purification procegasesmithintbeé system sd that itipérebe fulysutpmatefd te dumyerntiouguslydn an
subjected to furthgﬁthQﬁgﬁﬁﬁng. For exanple, 'in cryogenic air separation
operations, the préepurified air . is sent to a cryogenic distillation (or
~adsor ption) plant
' 10 The invention is further illustrated by the following example in which, unless

otherwise indicated, parts, percentages and ratios are on a volume basis.

15 | EXAMPLE 1

. Equilibrium adsorption isotherms for carbon dioxide were measured using a

Cahn microbalance at a series of pressures in the range of 2 to 300 mbar at
temperatures of 5°C, 35°C and 50°C for a conventional sodium X zeolite (Na X)

20 having a silicon;to-aluminum atomic ratio of 1.25 and for the sodium form of type
X zeoiite having a silicon-to-aluminum atomic ratio of 1.02 (Na LSX). Each sample

" of adsorbent (about 60 mg) was activated by being evacuated at 350°C for 1.5

hours beforé the first run and between the isotherms taken at each ten‘iperature.

Each test was conduéted until equilibrium was achieved, which required upto 3

25 hours for the lowest partial pressures of carbon dioxide. In addition to the NaX and
NaLSX runs, runs were conducted using lithium- and rare earth-exchanged type X

* zeolite and lithium- and calcium-exchanged type X zeolite at 35°C for each of the

stated pressures. The results of the experiments are recorded in the table.



for fractionation into one or nore high purity gases, e.g. 80% pure oxygen,
30 nitrogen or argon). If desired, a waste gas streamfromthe air
separation plant can be recycled to the prepurification plant for use a
purge gas during bed regeneration. 10 The above process can be conducted
efficiently for an indefinite period of time, since the effectiveness of
the adsorption process will not be substantially adversely .affected by
tenperature increases occurring during the adsorption process. 5

[t will be appreciated that it is within the scope of the present invention
to utilize conventional equipnment to nonitor and automatically regul ate the
. flow of gases wthin the systemso that it can be fully automated to run
continuously in an efficient manner. 10 " The invention is further
illustrated by the follow ng exanple in whijch, unless otherw se indicated,
parts, percentages and ratios are on a volune basis. 15

EXAMPLE 1 Equilibrium adsorption isothernms for carbon dioxide were neasured
using a Cahn-mcrobal ance at a series of pressures in the range of 2 to 300
nbar at tenperatures of [err] [err] and [err] for a conventional sodium X
zeolite (Na X) 20 . having a silicon-to-alumnumatomc ratio of 1.25
and for the sodiumformof type X zeolite having a silicon-to-al um num
atomic ratio of 1.02 (Na LSX). Each sanpl e gadsor bent (about 60 ng) was
activated by being evacuated at [err] for 1.5 hours before the first run
‘and bet ween the isotherns t aken at each tenperature. Each test was

conducted ungdil lesblrn gm was aqhr gved, g V\gl Gld rleqsy r gd gép—{o‘gq 2b 2300

hours for the Io al__presdures lof carbon ldi oxi nladditlon tlo

the NaX and NaLSX Auzsrbenr un&emsa,roe condugdni piesibé1gprdke,inkbhdWin ofabrbiedy €

eart h- exchanged t X :

: ' NaX 5 124 | 180 | 2.23 | 292 | 353 | 411 |479
NaLSX 5 244 | 289 | 3.36 | 4.21 | 4.94 | 558 | 6.23
NaX 35 | 045 | 087 ]| 126 | 1.82 | 2.26 | 278 | 3.73

10 NalSX 35 150 | 205 | 2.41 | 2.89 | 3.38 | 4.01 | 5.16

Li, RE LSX 35 174 | 244 | 2.85 | 3.29 | 363 | 4.02 | 4.68
Li, Ca LSX 35 1.78 | 258 | 3.06 | 3.56 | 3.92 | 4.33 | 5.03
NaX . 50 0.25 | 055 | 0.87 | 1.41 | 1.83 | 227 | 314
NaLSX | s0 '1.01 | 161 ] 203 | 251 | 289 | 3.39 [ 4.45

15

From the table it is clear that at moderately high COZI partial pressures {up

to 300 mbar) that LSX adsorbénts of this invention have CO, capacities in the

range of 30 to 40% higher than that of the com)entionally used sodium X

20 " adsorbent. This is expected partly as a result.of the 12.5% increased ion exchange
capacity of LSX versus conventional X. The unexpected nature of this invention

is exemplified in the results obtained at 25 mbar or less, and is particularly shown

in the 5 mbar run {corresponding to a partial pressure of CO, in typical air at a

pressure of about 15 atmospheres) and at temperatures greater than 20°C. The

25 capacities of the adsorbents of this invention are more than double, and in sbme'
| cases more than four times those of the conventional X adsorbent under the same
conditions. Indeed, inspection of Table 1 shows that the capacities of the

adsorbents of this invention at 50°C are comparable to those of conventional X at



zeolite and lithium and cal ci umexchanged type X zeolite at [err] for each
of the stated pressures. The results of the experinments are recorded in the

t abl e. TABLE 5 Press., nbar 2 5 10 - 25 50
100 300 Adsor bent [err] Car bon Di oxi de Upt ake, nmmol/gm of

adsor bent NaX 5 1.24 1.80 2.23 2.92 3.53 4.11
4.79. NaLSX 5 2.44 2.89 3.36 4.21 4.94 5.58 6. 23
NaX 35 0.45 0.87 1.26 1.82 2.26 2.78 3.73 10
NaLSX 35 1.50 2.05 - 2.41  2.89 3.38 4.01 5.16 LI,
RE LSX 35 1.74 2.44 2.8 3.29 3.63 4.02 4.68 Li, Ca
LSX 35 1.78 2.58 3.06 3.56 3.92 4.33 5.03 NaX :
50 .0.25 0.55 0.87 1.41 © 1.83 2. 27 3. 14 NaLSX : 50

1.01 1.61 2.03 2.51 2.89 3.39 4.46 15 Fromthe table it is
clear that at noderately high [err] partial2 pressures (up to 300 nbar) that
LSX adsorbents of this invention have [err] capacities in the range of 30
to 40% hi gher than that of the conventionally used sodium X 20

-adsorbent. This is expected partly as a result of the 1 2.5% i ncreased ion
exchange capacity itf ndeiaX! operating teropevataiei of 152IC. Xhe Ehpacityet penteatom: XuatE08L -

this invention is.exenplifi i sl t tain . ,
and is particular I'§¥%%Wmt°ib%qish@' %Jmn%ér%'a}rﬂﬁné?ug’%rr@ensapoﬁ%}'ﬁé%togﬂ% gﬁ‘f)gérrtc:agq% L ~
pressure of [err] dioxide piecatlsameasrechatp3a’(ys for dithifmadreisarth exchanged @deerbent

and at tenperat ur 63,0 &a} Ske | 88 mbd HTEE%-L% zpglite u%e%aﬂi‘i%b@ﬁ (Mntéiﬂﬁ%grse

adsorbents of this 1nvention are nore in some cases

‘than four tPnes trewivalsnt O dthiemianstand il equivalensrbaate eaftheionshderiygddrom a
commercial mixed rare earth chloride solution supplied by Moly Corp., Inc., with
composition approximately 67% LaCl;, 23% NdCl3, 8% PrCl3, 1% CeCly), and for
lithium-calcium exchanged adsorbent samples (Lif Ca LSX) made from the LSX
zeolite Osed in Example I {containing 95 equivalent % lithium ions and 5 equivalent.

10 _ % calcium ions).

Although the invention has been described with particular reference to
specific equipment arrangements, to specific adsorption cycles, and to specific
. -.experiments, these features are merely exemplary of the invention and variations
15 are co’ntemp'lated. For example, the adsorption cycle may include more than two |
bed equalization steps, and the purge step and/or the nonadsorbed product backfill
step may be included or eliminated, as desired. Furthermore, the duration of the
individual steps and the operating conditions may be varied. The scope of the
invention is limited only by. the breadth of the appended claims.



conditions. |Indeed, inspection of Table 1 shows that the capacities of the
adsorbents of this invention at [err] are conparable to those of
conventional X at 12 its normal operating tenperature of [err]. The
capacity of conventional X at [err] is too |low to be useful commercially.
Equi | i bri um adsorption isotherns for carbon dioxide were al so neasured at
[err] for lithiumrare earth exchanged adsorbent sanples (Li, RE LSX) made

fromthe LSX zeolite used in Exanple | (containing 86 5 equi val ent %
lithiumions and 12 equivalent %rare earth ions, derived froma conmerci al
m xed rare earth chloride solution supplied by Moly Corp., Inc., with

conposition approximately 67%/[err] 23%NdCI 3, 9% [err] 1 %[err] and for
| ithiumcal ci um exchanged adsor bent saﬂ'ﬂl es (Li, Ca LSX) nade fromthe LSX
zeolite used in Exanple | (containing 95 equivalent %TitThi'umions and 5

equi val ent 10 % cal ciumions). Although the inv j

described with particular reference to specific equi pagmngumqlnﬁmmtlul to
specific adsorption cycles, and to specific experinents* these heatures .are
merely exenpl aMpabis daifeed isyent i on and variations 15 ™ are contenpl at ed.
For exanple, the adsorption cycle may include nore than two bed '

equal i zati on steps, and the purge step and/or 'the nonadsorbed product
backfill step lay BemeHredRfcgmoving| sarhondiexide fronyasgasciiream, FeRRisHr ¥, t he

duration of thearbondiosidltd gabansssPRMr {HaR cBER alokias, cwaiising @DSjectmy saR!
vari ed. The scope of the .invention.is ;(I m,tegl Qn|Z 192/ the breadth of the
appended cl ai 'S stream to adsorption using type zeolite having a silicon to aluminum atomic

ratio in the range of about 1.0 to about 1.15 at a temperature in the range of about
-50 to about 80°C., -

2. The method of claim 1, wherein the adsbrp-tion is part of a process selected
from temperature swing adsorption, pressure swing adsorption, vacuum swing

adsorption and combinations of these.

3. The method of claim 2, wherein said adsorbent is typé X zeolite having a

silicon to aluminum atomic ratio in the range of about 1.0 to 1.1.

4, The method of claim 2, wherein said adsorption step is carried out at a

temperature in the range of about 20 to about 80°C. .

-B. The method of any one of claims 1 to 4, wherein said adsorbent is type X
zeolite whose exchangeable cations are selected from ions of Group 1A, Group 2A,

Group 3A, Group 3B, the lanthanide series and mixtu_res of these,

6. The method of any one of claims 1 to 4, wherein the partial pressure of

carbon dioxide in said gé_s stream is not greater than about 25 mbar

7. The method of any one of claims 1 to 4, wherein said gas stream is oxygen,

nitrogen, argon, hydrogen, helium or mixtures of these.

8. The method of clairh 2, wherein the partial pressure of carbon dioxide in said

gas stream is not greater than about 10 mbar.



13 What is clained is: 1. A et hod of renoving carbon d|0X|de froma gas
stream conprised of carbon dioxide and gases |ess polar than carbon

di oxi de, conprising subjecting said gas streamto adsorption using type X
zeolite having a silicon to alumnumatonic ratio in the range of about 1.0
to about 1.1 5 at a tenperature in the range of about -50 to about [err].

2. The irethod of claim 1, wherein the adsorption is part of a process

sel ected fromtenperature swing adsorption, pressure sw ng adsorption,
vacuum swi ng adsor ption and conbinations of these. "3-~—~¢he-neLth_gL_cla|m

2, wherein said adsorbent is type X zeolite having M’Eﬂn to al um num

atomc ratio in the range of about 1.0 to 1.1. 4. m”mrlﬂlﬁlmz
wherein said adsorption step is carrieltout at a tenp ange

of about 20 to about [err]. 5. The net hod of anyone of cI arns®1 to 4,
wherein said adsorbent is type X zeolite whose exchangeabl e cations are
sel ected fromions of Group 1 A Goup 2A, Goup 3A, Goup 3B, the

| ant hani de ser-es Hhrimethodefealaiofs, twhesein the ads tietyrsaX deolise paving aof

claims 1 to 4 BRtshimdidlin Ranid Akhicl¥t 88&Utr€o0f carbon di oxide in said gas
streamis not greater than about 25 nbar 7. The met hod of any one of

clains 1 to 4, wherein said gas streamis oxygen, nitrogen, argon,

hydrogen, hel.itgn OThdn¥ihdd 8ciditn 4, hﬁﬁﬁbln&epar{@ﬂﬂ'eméeﬂ:@ﬁorﬁd@hdﬁ iR saidher ei n
the partial pressure of carbon di ox sal d gas streamis not greater

t han about 10 g9p 5jream is pot greater than a out g mbar

11. The method of claim 7, wherein the adsorption step of said process is carried

out at a temperature in the range of about 30 to about 60°C.
12. ~ The method of claim 11, wherein said.gas stream is air.

13. The method of claim 7, additionally comprising, prior to removing carbon
dioxide from said gas stream, removing water vapor from the gas stream by
passing the gas stream through an adsorbent selected from alumina, silica gel,

zeolites, and mixtures of these.

14. A method of separating air comprising the steps:

(a)  prepurifying air by subjecting the air to a temperature swing adsorption
process using as adsorbent a type X zeolite having a silicon to aluminum atomic
ratio not greater than 1.15, thereby adsorbing carbon dioxide from the éir: and

- (b) subjecting - the prepurified air to cryogenic distillation, thereby
producing high purity nitrogen, high purity oxygen or both of these. |

15. The method of claim 14, w_hereiﬁ said adsorbent additionally adsorbs water

vapor from said air.

16. The method of claim 14, additionally comprising, prior to step (a), the step
of removing water vapor from the air by passing the air ‘through an adsorbent

selected from alumina, silica gel, zeolites and mixtures of these.



9. "The nethod of claim8, wherein the adsorbent is type X zeolite having
a silicon-to-alumnumatomc ratio of about 1.0. 10. The nethod of claim
4, wherein the partial pressure of carbon dioxide in said gas streamis not
greater than about 5 nbar. 11.° The nethod of claim7, wherein the
adsorption step of said process is carried out at a tenperature in the
-range of about 30 to about [err]. 12. The nethod of claim1l 1, wherein
said gas streamis air. 13.  The nethod of claim 7, additionally
conprising, prior to renoving carbon dioxide fromsaid gas stream renoving
wat er vapor fromthe gas stream by passing the gas streamthrough an

adsor bent selected fromalumina, silica gel, zeol+t+es,—and m xtures of
these. 14. A method of separating air conprising the steps: (a) N
prepurifying air by subjecting the air to a te’rrperﬂ"ﬂmmﬁmlmlﬂmrtion
process using as adsorbent a type X zeolite having' 4 4 m num
atom c ratio. not greater than 1.15, thggeby adsorbing_carbon di‘oxi*de from
the air; and (b) subjecting the prepurified air to cryogenic distillation,
t hereby producing high purity nitrogen, high purity oxygen or both of
these. 15. The nethod of claim 14, wherein said adsorbent additionally
adsorbs wat er @POIThe hEthsdodf@lafth N4, Wierein THiCadeBiptioklplidse oF e (d)4s carried

additional ly conpr.isin rior.to ste a) .Athe st renovi ng wat er
vapor fromt he°':r§%07t %{7"%8?5‘1"?15‘ ‘1"ﬁé”1§f%°%éﬁ%&8ﬁ°§R°‘§§3§’(§?{3ent sel ected from
alumna, silica gel, zeolites and mxtures of these. - 15 17. The net hod

of claim14, whgreife HilthFSUidh 120 WhBRREHE hartaPPrebéite b c£BSH biBkide in.

said air is not greater than about 25 mbar.

19. The method of claim 17,- wherein said adsorbent is type X zeolite having a

silicon to aluminum atomic ratio in the range of about 1.0 to 1.1.

20. The method of claim 19, wherein the adsorption phase of step (a) is carried

" out at a temperature in the range of about 30 to about 60°C.

21. The method of claim 20, wherein said adsorbent is type X zeolite having a

silicon to aluminum atomic ratio of about 1.0.

22. The method of claim 21, wherein the pértial pressure of carbon dioxide in

said air is not greater than about 5 mbar.



out at a tenperature in the range of about 20 to about [err]. 18. The

nmet hod .of claim 14, wherein the partial pressure of carbon dioxide in said
air is not greater than about 25 nmbar. 19. The nmethod of claim 17, wherein
sai d adsorbent is type X zeolite having a silicon to alum numatomc ratio
in the range of about 1.0 to 1.1. 20. The nethod of claim1 9, wherein the
adsor pti on phase of step (a) i.s carried out at a tenperature in the range
of about 30 to about [err]. 21. The nethod of claim 20, wherein said
adsorbent is type X zeolite having a silicon to alum numatomc ratio of
about 1.0. 22. The nethod of claim 21, wherein the partial pressure of
carbon dioxide in said air is.not greater than about 5 nbar.

18 .

ABSTRACT OF THE DISCLOSURE

Carbon dioxide is removed from gas streams comprised predominantly of
gases that are less polar than carbon dioxide by passing the gas stream through a
bed of type X zeolite having a silicon to aluminum atomic ratio- not greater than -
about 1.15, thereby adsorbing the carbon dioxide from the gas stream. The
préc'ess is particularly advantageous when applied to the removal of low levels of

carbon dioxide from gas streams at temperatures above 20°C.



