ZEOLI TES :AND ‘THEI R USE | N SEPARATI ON OF GASEQUS M XTURES Thi s invention
refates to type X zeolites, their preparation,.and their use in separation
of gaseous. m xtures and nore particularly to nitrogen selective lithium
and trival ent ion-exchanged type X zeolites having inproved thermal
stability, their preparation, and their use to the separation of nitrogen
fromless strongly adsorbed gases. The separation of nitrogen from other
gases, such as oxygen, argon and hydrogen, is of considerable industrial

I nportance. When the separation is conducted on a | arge scale, fractional
distillation is often enployed. Distillation is quite expensive, however,
because of the large initial capital cos§1qf equi pnent and the consi derabl e
energy requirenent involved. In recent tinmes other separation nethods have
been investigated in efforts to reduce the overall cost of such
separations. An alternative to distillation that has been used to separate
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The separation of nitrogen from other gases, such as oxygen, argon and
hydrogen, is of considerable industrial importance. When the separation is
conducted on a large scale, fractional distillation is often employed. Distillation
is quite expensive, hoWever, because of the large initial capital cost of
equipmeni and the considerable energy requirement involved. In recent times
other éeparation meéthods have been investigated in efforts to reduce the overall

cost of such separations.

An alternative to distillation that has been used to se_parate'nitrogen from other
gases is adsorption. For example, sodium X zeolite, described in
US-A-2,882,244, has been used with some success for the adsorptive
separation of nitrogen from oxygen. A disadvantage of the use of sodium X
zeolite for the separation of nitrogen from oxygen is that'it has low separation

efficiency for nitrogen separation.

According to McKee, US-A-3,140,933, an.improvement in nitrogen adsorption -
results when some of the base sodium ions are replaced with lithium ions. This
patent d?scloseé that type X zeolite having base ions replaced by lithium ions
can be effectively used to separate nitrogen from oxygen at temperatures up to
30°C. Since the ion-exchange is not exhaustive and the X zeolites were
synthesized using sodium as the templating agent, the partially ion-exchanged

material used is mixed sodium/lithium zeolite.



-2 - Us- A- 4,859, 217 di scl oses that very good adsorptive separation of
n|trogen fron1oxygen can be obtained at tenperatures of 15 to 70[err]C
using a type X zeolite which has nore than 88% of its ions present as
l'ithiumions, particularly when a zeolite having an alumnumto silicon
atomc ratio of 1 to 1.25 is used. Unfortunately, |ithium exchanged type X
zeolite has a very high affinity for water, and adsorbed water, even in
smal | amounts, seriously dimnishes the adsorption capacity of the zeolite.
Accordingly, -to secure optinum adsorption performance, it is necessary to
activate.the zeolite by heating it to tenperatures as high as 600 to
700[err]C to drive off as nuch adsorbed water as possible. Since |ithium
exchanged type X zeolites are not st abl 22at t enper at ures above about
740[err]C activation of these adsorbents nust be carefully controlled to
prevent deterioration of the adsorbent. US-A-5,179,979 asserts that
lithiunal kaline earth netal X zeolites havi,ng lithium al kalipe earth met al
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performance, it is necessary to activate the zeolite by heating it to temperatures
as high as 600 to 700°C to drive off as much adsorbed water as possible.
Since lithium exchanged type X zeolites are not stable at temperatures above
about 740°C activation of these adsorbents must be carefully controlled to

prevent deterioration of the adsorbent.

US-A-5,179,979 asserts that lithium/alkaline earth metal X zeolites having
lithium/alkaline earth metal molar ratios in the range of about 95:5 to 50:50
have thermal stabilities greater than the corresponding pure: lithium zeolites and

good adsorption capacities and selectivities.

US-A-5,152,813 discloses the adsorption of nitrogen from gas mixtures uSing
crystalline X-zeolites having a zeolitic Si/Al ratio <1.5 and at least binary ion
exchange of the exchangeable ion content with between 5 and 95% lithium and
between 5 and 95% of a second ion selected from calcium, strontium and
mixtures of these, the sum of the lithium and second exchangeable ion bging at
least 60%. ' |

Although X-typé zeolites that are highly ion exchanged with lithium ions have
excellent nitrogen adsorption properties they are expensive to produce. There is

a need for adsorbents which have superior thermal stability and nitrogen



-3 « adsorption properties and which can be produced at reasonabl e costs.
The present invention provides a famly of adsorbents having these
characteristics. Accordingly, the present invention provides type X zeolite
whose cations conprise on an equival ents basis about 50 to about 95%
lithium about 4 to about 50%+trival ent ions selected from al um nium -
scandium gallium iron (II1),-chromum (111), indium yttrium single

| ant hani des, m xtures of two or nore |anthani des and ni xtures of these, and
0 to about 15% of residual ions selected fromsodium potassium anmonium
hydr oni um cal cium strontium nagnesium barium zinc, copper (I1) and.

m xtures of theseé. The mininumtotal percentage -of lithiumand trival ent
ions associated with the zeolite as char §e-conpensating cations, on an
equi val ents basis, is preferably 90% The charge-conpensati ng cati ons
present in the zeolite other than lithiumand-the trivalent ions nentioned

above (if any such other cations are present) may be one or nore of the
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cations, or grB&shtTRYerRRn ProVidd<Ls fathinABY a@dorb&RS havildhesed ¥hargetetisfdd. on on
these other cations-is that they nust not adversely affect the utility of

the zeolite as an adsorbent for nitrogen, or otherw se adversely affect the

zeoli te. Thegg.oiigh, 5 bl TeriBnRi6788S 1 R3eBUNhoddeddngbout 15% of

the total of charg corrpensatl ng cati ons, an ggw val ents basis. In nost
preferred erasseiriggrarsanequivalentsbasisi about t5IQet0rﬁhﬂU % éthient abeutot td i t hi um

and trival eng,, hfgg OQIE.I?IQ ighs {ar%cr F&Wﬁﬂ'ﬁﬁhhpchﬁétgﬂng?%émgﬁ'&?\ ghypi cal

separ ations 1 nc e separa rogen rom-t onents of
air, such ashoomiyem (lahdrﬁdwmavgoun, sinigleulanthesites, mixtuteseof, tvest or, morePr eferred-

separ at i ons IbAKRLREEs BRE nRERAAL RBs8  ardd 618 4BBuT § 89 S %dflalbnd s8bred
from sodium, potassium, ammonium, hydronium, calcium, strontium,

magnesium, barium, zinc, copper (ll} and mixtures of these.

The minimum total percentage of lithium and trivalent ions associated with the
zeolite as charge-compensating catioh_s, on an equivalents basis, is preferably
80%. The charge-compensating cations present in the zeolite other than lithium
and the trivalent ions mentioned above (if any such other cations are present)
may be one or more of the above-mentioned residual ions, or they may be one
or more of any other cations, or they may be mixtures of any of these. The
only restriction on these other cations is that they must not adversely affect the
utility of the zeolite as an adsorbent for nitrogen, or otherwise adversely affect
the zeolite. These other cations may be present in an amount up to about 15%
of the total of charge-compensating cations, on an equivalents basis. In most
preferred embodiments of the invention, the minimum percentage of lithium and

trivalent ions serving as charge-compensating cations is 95%.

Typical separations include the separation of nitrogen from the other
components of air, such as oxygen and/or argon, helium, neon, hydrogen, etc. -

Preferred separations include the separation of nitrogen from oxygen or argon.



-4 « In a preferred enbodi nent the zeolite is one in which, on an
equi val ents basis, about 70 to about 95% of the charge-conpensating cations
are lithiumions, about 5 to about 30%are trivalent ions, and 0 to about
10% are residual ions. In another preferred enbodi nent the residual ions
are selected fromcalcium strontium nagnesium zinc.and m xtures of

t hese, and these nay be present in amobunts | ess than about 5% based on the
total nunber of charge-conpensating ions associated with the zeolite. In a
nost preferred enbodi nent, the charge-conpensating cations consi st
substantially ordy of Fithiumand one or nore of the above-nentioned
trivalent ions. In other words, the zeoli4e contains no nore than about 1 %
resi dual .i ons as charge-conpensating cations. According to a second aspect
of the invention, the above-described zeolite is used as an adsorbent to
separate nitrogen froma gas m xture. Suitable | anthani de series ions

i ncl ude | ant meapraferred iemhodimersathd yeblite)is wae dty mhich, ooramequivalentsdmasis; | um
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In a most preferred embodiment, the charge-compensating cations consist
s_ubstantially only of lithium and one or more of the above-mentioned trivalent
ions. [n other words, the zeolite contains no more than about 1% residual ions

as charge-compensating cations.

According to a second aspect of the invention, the above-described zeolite is
used as an adsorbent to separate nitrogen from a gas mixture. Suitable
lanthanide series ions include lanthanum, cerium, praseodymium, neodymium,
bromethium, samarium, europium, gadolinium, terbium, dysprosium, holmium,
erbium, thulium, ytterbium, and lutetium ions. Mixtures of any two or more of
the above trivalent ions can also be used to make the adsorbent of the
invention. Preferred trivalent cations include aluminum, cerium, lanthanum and '
lanthanide mixtures in which the combined concentrations of lanthanum, cerium,
praseodymium and neodymium totals on a molar basis at I_east about 50%, and
preferably at least about 75% of the total number of lanthanide ions in the
mixtures. The separation is effected by passing the gas mixture through at Ieaét
one adsorption zane containing the adsorbent theréby preferentially adsorbing .

nitrogen from said gas mixture.

In a preferred embodiment of this aspect of the invention, the adsorption

process is cyclical and comprises the_ above-described adsorption step and the



progess is cyclical and conprises the above-described adsorption step and
t he -5- step of desorbino nitrogen fromthe adsorption zone(s).
Preferred cyclical processes include pressure swing adsorption, tenperature
swi ng adsorption and conbi nati ons of these. Wen the adsorption process is
pressure swi ng adsorption, the adsorbent is generally regenerated at an
absol:ute pressure in the range-of about 100 to about 5000 mllibar, and
when it is tenmperature swing adsorption is generally regenerated at a
tenperature in the range of about 0 to about 300[err]C. In other preferred
enbodi nents the adsorption step is carried out at a tenperature in the
range of about -20 to about 50[err]C and eg_absolute pressure in the range
of about 0.8 to 10 bar. In a nost preferred enbodi nent of the invention,

t he adsorption’ process is used for separating nitrogen froma gas m xture
conprising nitrogen and one or nore of oxygen argon, helium neon and
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regenerated at a temperature in the range of about 0 to about 300°C.

In other preferred embodiments the adsorption step is carried out at a
temperature in the range of about -20 to about 5§0°C and an absolute pressure in

the range of about 0.8 to 10 bar.

In a most preferred embodiment of the invention, the adsorption process is used
for separating nitrogen from a gas mixture comprising nitrogen and one or more

of oxygen, argon, helium, neon and hydrogen.

In other preferred embodiments of the ’invention the adsorption bed regeneration
step is effected by vacuum means er by purging the bed with one or more of an
inert gas, the nonadsorbed gas product.from the adsorption system, or by
combinations of vacuum and purge regeneration; and bed repressurization is at

ieast partly effected using the nonadsorbed gas from the adsorption system

Type X zeolite is crystalline aluminosilicate having a silicon to aluminum atomic
ratio of 1.5 or less. The ratio of silicon to aluminum in type X zeolite varies
from a theoretical minimum of 1.0 to about 1.5, however due to defects in the
structure of the zeolite, impurities, such és.occluded alumina and/or alnminates,
errors in measurement and defects in the structure, apparent silicon to aluminum
ratios of type X zeolites as low as 0.9 have been measured. For purposes of

this discussion, it is assumed that the minimum silicon to aluminum ratio of type



ratios of type X zeolites as |ow as 0.9 have been neasured. For purposes of
this discussion, it is assunmed that the mninmumsilicon to alumnumratio
of type :6 - X zeolite is 0.9. Apreferred type X zeolite for use in
preparing the novel adsorbents of the invention is that having a silicon to
alum numatomic ratio | ess than about 1.25. The npbst preferred type X
zeolite is that having a silicon to alumnumratio of about 0.9 to about 1
.10, which is commonly referred to as low silicon X (LSX) zeolite. The
adsorbents of the invention are generally made froma base type X zeolite
whi ch usually originally has sodium and/ or potassiumions as the charge-
conpensating cattons, i.e. ions which congensate the negative charge of the
alum nosilicate lattice. It may be desirabl'e to convert all of the cations
to a single cation species, preferably the sodiumor anmmoniumion form
prior to preparation of the adsorbents of the invention. The residual ions

may be prese as.a.result of the procedure used to manufacture the cation
exchanged ty:}éz%‘@@(ﬁ St , Aprefariagd &ﬁ?ggéeqhﬁ? t‘fsﬁdalﬂrﬁpqr'ﬁﬂrtbalﬁ’%ﬂl into the

zeolite to fuidsbafentddf the inlentindB Rl Bfving 8 3Ricoh It aldrfiRuieftofHid katicoess Wi | |
be sodi um potassium anmmoni um hydroni um cal ci um. nmagnesi um i gns or
m xtures of tthaR@boyh1ISeThamest prefersgd bepegh Zrplits|is thad hayingR §licemto

cations, suchuy@RindRIARR SiMboke 0% tWrebsht PR, WRicH R ddioriyterepfedcer (1)
ions as part or all of the residual 1ons, since dival ent ion-exchanged type

X zeol ite hadowetilicon Rilk$Ngzaelitedsor pti on properties than do the sodi um and
potassiumion fornms of this type X zeolite. As noted above it is preferred
tolimt the presence of divalent cations to | ess than about 5% of the
total char ge-Theosdserkents af theainventipn are generally made from a base type X zeolite

which usually originally has sodium and/or potassium ions as the charge-
compensating cations, i.e. ions which compensate the negative charge of the
aluminosilicate lattice. It may be desirable to convert all of the cations to a
s_ingle-cation species, preferably the sodium or ammonium ion form, prior to

preparation of the adsorbents of the invention.

The residual ions may be present as a result of the procedure used to
manufacture the cation exchanged type X zeolité, or they may be intentionally
introduced-into the zeolite to further modify its properties. Generally, the

- residual ions will be sodium, potassium, ammonium, hydronium, calcium,
magnesium ions or mixtures of these. In some cases it may be desirable to use
divalent cations, such as magnesium., calcium, strontium, barium, zinc or
copper (1) ions as part or all of the residual ions, since divalent ion-exchanged
type X zeolite has better nitrogen adsorption properties than do the sodium and
potassium ion forms of this type X zeolite. As noted above it is preferred to
limit the presence of divalent cations to less than about 5% of the total charge-

compensating cations.

‘The novel adsorbents of the invention can be prepared, for example, by cation.
exchanging the adsorbent with a solution 6f_ lithium compounds and solutions of
compounds 6f the above-mentioned trivalent ions. It is preferable, aithough not
absolutely necessary, to use aqueous solutions of the exchange ions.' Any

water-soluble compound of the exchanging ions can be used. The preferred



The novel adsorbents of the invention can be prepared, for exanple, by
cation. exchanging the adsorbent with a solution of |ithium conpounds and
sol uti ons of conpounds of the above-nentioned trivalent ions. It is
preferabl e, although not absolutely necessary, to use aqueous sol utions of
t he exchange ions. Any water-sol ubl e conpound of the exchanging ions can be
used.. The preferred -7- wat.er sol uble conmpounds of the ions are the
salts, particularly the chlorides, sulphates and nitrates. The nost
preferred salts are the chlorides because of their high solubilities and
ready availability. One preparative procedure is first to exchange the base
adsorbent with lithiumTons and then to eg;hange the Iithi um exchanged
adsorbent with one or nore trivalent ions. In a second procedure it may be
desi-rable first to cation exchange the trivalent ion to the desired
exchange |l evel, then optionally calcine the partly exchanged zeolite, and

t hen -conduct t 5N . . .S .S to
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the partly exchanged zeolite, and then conduct the lithium exchange. A third
method is simultaneously to exchange the base adsorbent with lithium ions and
the desired one or more trivalent ions. Although the order of cation exchange is
not critical, the first preparative procedure is preferred because we have found

that lithium ions are surprisingly easier to exchange than the trivalent ions.

The zeolites of the present invention can have a variety of physical forms, and
the exact physical form of the product may affect its utility i'n PSA processes.
When the zeolites of the present invention are to be used in industrial
adsorbers, it may be preferred to aggregate (e.g. pelletize) the zeolite to control
the macropore diffusion, or else in an industrial size adsorption column _
pulverulent zeolite may compact, thereby blocking, or at least significantly
reducing flow through, the column. Those skilled in molecular sieve technology
are aware of conventional techniques for aggregating molecular sieves; such’
techniques usually involve mixing the molecular sieve with a binder, which is
typically a clay, forming the mixture into an aggregate, typically by extrusion
or bead formation, and heating the formed molecular sieve/binder mixture to a
temperature of about 600 -700°C to convert the green aggregate into one
which is resistant to crushing. The binders used to aggregate the zeolites may
include clays, silicas, aluminas, metal oxides and mixtures thereof. In addition,
the zeolites may be fofmed with materials such as silica-alumina, silica

magnesia, silica-zirconia, silica-thoria, silica-beryllia, and silica-ti;ania, as well as



are- aware of conventi-onal techniques for aggregating nol ecul ar sieves; such
techni ques usually involve mxing the nol ecul ar sieve with a binder, which
is typically a clay, formng the m xture into an aggregate, typically by
extrusi on or bead formation, and heating the formed nol ecul ar sieve/ bi nder -
mxture to a tenperature of about 600 -700[err]C to convert the green
aggregate into one which is resistant to crushing. The binders used to
aggregate the zeolites may include clays, silicas, alum nas, netal oxides
and m xtures thereof. In addition, the zeolites may be formed with
material s such as silica-alumna, silica magnesia, silica-zirconia,
silica-thoria, silica- beryllla and silica-titania, as well as - 8-
ternary conpositions, such as silica- al unf fa- thori a, :
silica-alum na-zirconia and clays present as binders. The relative
proportions of the above materials and the zeolites may vary w dely. Were
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as starting matérial has been activated durl ngf t he a?gre at1on process.
. zeolite whlch is already in aggregate form. In general, the latter is preferred,

since sodium X zeolite is more thermally stable than the lithium/trivalent metal
z_eoiites of the present invention and hence less susceptible to damage from the
high temperatures used in the aggregation process. However, it should be noted
that activation of the lithium/trivalent metal zeolite is required even if the sodium
zeolite used as starting material has been activated during the aggregation

‘process.

The temperature at which the adsorption step of the adsorption process is
carried out depends upon a number of factors, such as the particular gases
being separated, .the' particular adsorbent being used, and the pressure at which
the adsorption is carried out. In general, the adsorption step is carried out at a
temperature of at 'least about -190°C, preferably at a temperature of at least

~ about -20°C, and most preferably at a temperature of at least about 15°C. The

: adsbrption is generally carried out at temperatures not greater than about 70°C,
and preferably not greater tha.n about 50°C, and i'nost'preferably not greater .
than about 35°C.
The adsbrption step of the process of the inventio_n can be carried out at any of
the usual and well known pressures employed for gas phase temperature swing
adsorption and pressure swing adsorption processes. Typically the minimum
absolute pressure at which the adsorption step is carried out is generally about



The: tenperature at which the adsorption step of the adsorption process .is
carried out depends upon a nunber of factors, such as the particul ar gases
bei ng separated, the particul ar adsorbent being used, and the pressure at
whi ch the adsorption is carried out. In gegeral, the adsorption step is
carried out at a tenperature of at.least about -1 90[err]C, preferably at a
tenperature of at |east about -20[err]C, and nost preferably at a
tenperature of at |east about 1 5[err]C The adsorption is generally
carried out alp ¥ @apretdisiny aBelt Grae%r%notﬁlégt é\*é%#&bl?%@[«{ b® bandhereferably
not greater than about 50[err]C, and nost preferably not greater than about
35[err] C. The adaerptiphiipaergrally earried @uppbpeassuEs nokgreateeien ahouhSihar,
carried qut afanéfeb\‘ef‘éfaélmo{l%}é%'ter%gn blit X624h a‘?qu'ﬁéé&rﬁ'rﬁfe‘?ém%%? QrdaRér 92S
phase tenperature swn tion and pressure sw ng adsorption~processes.
Typically t he thamebauh b8l ut e pressure at which the adsorption step is
carried out is generally about 9 - 0.7 bar, preferably about 0.8 bar and
nost preferably about 0.9 bar. The adsorption.is generally carried out at
pressures not V@m@atr@radslwmt'quces_s 5 Rk, thamdegsued durifig therregengratiorestephan
about 10 bar, t I I t he
oo pt onpr 6£BAGERE ) 85 3R laksote BeBalETn AR oedyP oo R |
reduced, usualS0p0tmilldraradebpreferaplydtssan absotute _hveesrsaregle tbé ramgeuof amntWSabout
5000 mllibar, apd: f er t ess a of about
175 to about 30800 1900 Aok o Mt BB et B eh Rl ihed 2P
the range of asrmetof2ddut @0Sbmuabalit TA@ONMmilkbdpaiWhethtre adsermdmoprpcemsprocess

is TSA, the bei.g rature | r ai sed dre era

egener at on 15y DB RS SRR ek T b it b e gk R G The T ReT M bent
begi ns to temperature can be any temperature below which the adsorbent begins to
degenerate, In generél, the temperature of the adsorbent is usually raised

during regeneration to a value in. the range of about O to about 300°C, is

preferably raised to a value in the range of about 25 to about 250°C, and is
most preferably raised to a value in the range of about 70 to about 180°C. The
regeneration procedure may be a combination of PSA and TSA, in which case
both the pressure and temperature used during regeneration will be varied within

the above-stated ranges.

The invention is further illustrated in the following examples wherein, unless

otherwise stated, paris, percentages, and ratios are on a volume basis.

EXAMPLE 1
Preparation of trivalent ion, lithium LSX and X

Low silicon X (LSX) was synthesized with a Si/Al atomic ratic of 1.0 according '
to the procedures described by G. H. Kuhl in GB-A-1,680,928. Sodium LSX
zeolite was then prepared by ion-exchange of the synthetic sodium, potassium

LSX zeolite using four static exchangés with 20 ml of 1.0 N NaCl solution per g



S
degenerate, In general, the tenperature of the adsorbent is usually raised
during regeneration to a value in the range of about O to about 300[err]C,
is preferably raised to a value in the reﬁge of about 25 to about
250[err]C, and is nost preferably raised'to a value in the range of about
70 to about 1 80[err]C. The regenerati on procedure nmay be a conbi nati on of
PSA and TSA, in which case both the pressure and tenperature used during

regenerati on th| abo st at nges., The invention
S OFurtner 1o RSl O G, A EghD sl latsl S RABBR PE RIS IS AEREE i <
stated, par tNaOﬁeomnNagem, reauriting abdmm asx Wwas enadelintodatasiosy pelldVBYE 1

Preparation of-trivalent .ion. lithju andXLOWSI|I LSX) was
synt hesi zed Y3PRACHOB; Rld’%lf"(’m??:u"r%h"?eéf °‘583(Pc\,’oﬁrﬂ?}}‘f?f? f'ﬁ‘é’"ér’Bcedures
descri bed by2@s40hnedfusike.i TBX%S&ZlHE&Och&ercSQCBeUMeDSXNEtRQhIatpﬁrdolafﬁateh_en

Usi ng. four” SERUTS SUAL TR YS! abL et pobTenrn gt 1€ areshiboncpuasg -
10- of zeol ijsedads the[REE kéolitéfbca f@raisdt range anGdvaléritgors anmlbim Xasateasifed Wi th
aqueous NaOH (0,01 N), The resulting sodium LSX was made into | aboratory

pellets by c‘c‘fﬁb&c’f‘Yﬁm'q"n a die (without a binder) follaowed by crushing and
sieving to 20-40 nesh size. 1 3X PSO2 HP a commer ci al zeolite X (with an
approximate zeolitic Si/A ratig of 1.25) supplied by UOP Inc. as 8 x 10
nmesh beads wWH® s fermsepf )E)QSEsfe‘ﬁF‘iet@a%rb‘/aP‘F'ﬁR'f‘%é‘?“’Tfa'ﬁ‘gﬁé‘cB‘Fseﬁrq val ent

ion, |ithiun 8oMpLrdisslutioRf(adjiétdd it \WEpi vale J\*‘@ vsh’cﬁ DoWINohes tHFBugy e or LSX
were made by punping four-fol'd excesses of 0.0 Lid solution (adjusted"

to a pH val (R#sgfsodiugp iof forromeligiscver @rrRasgs qfh7a2 hours at 80°C. In the case of
the commercial X pellets 2 further exchanges with 4 - fold excesses of LiCl

were required to achieve the desired exchange level of >97% of the base _
| sodium ions. The resulting lithium ion-exchanged sa.mples were filtered but not
water washed to limit hydronium ion exchange. Cerium or lanthanum, lithium
LSX samples were prepared by contacting said LiLSX sample with 0.1 N
aqueous solutions of the appropriate lanthanide chlorides (with pH values in the
range 5.5- 6.5) containing the stoichiometric quantities of the trivalent ion
necessary to achieve the desired level of exchange of the trivalent ion. For the
trivalent ion exchah_ges the effluent from the column was continuously recycled
back to the vessel containing the exchange solution and the exchange was
carried out at ambient temperature for 24 to 30 hours. The procedure for
preparing cerium or lanthanum, lithium X was identical except that longer
contact times were required (45 -72 hours). Aluminum, lithium X and LSX
samples were prepared using the same procedure except that 0.04 N aqueous
aluminum sulphate (with a pH value in the range 3.9 - 5) was used and the

exchange was carried out at 70°C for a period of 20 to 24 hours.

The compositions of trivalent ion, lithium X and LSX samples prepared according

to the procedures of this Example are given in Table 1, where the measured



base sodiumion formpellets over a period of 72 hours at 80[err]C. 1In the
case of the comercial X pellets 2 further exchanges with 4 - fold excesses
of LiCl were required to achieve the desired exchange | evel of > 97% of the
base sodiumions. The resulting lithiumion-exchanged sanples were filtered
but hot water washed to limt hydroniumion exchange. Cerium or |anthanum
l'ithium LSX sanpl es were prepared by contacting said LiLSX sanple with 0.1
N aqueous sol utions of the appropriate |anthanide chlorides (wth pH val ues
in the range 5.5- 6.5) containing the stoichionetric quantities of the
trivalent ion necessary to achieve the desired | evel of exchange of the
trivalent ion. For- thes.trivalent ion exchanges the effluent fromthe col um
was contlnuously recycled back to the vesgg contai ni ng the exchange
solution and the exchange was cdrried out 'at anbient tenperature for 24 to
30 hours. The procedure for preparing ceriumor |anthanum 1lithium X was

i dentical except that |onger contact tinmes were required (45 - 72 hours).

Aluminum it n ocedur e
except that 0SIVRERRTS BT P RAR SRR BB A Rhithiad B baY JIPR PAC T ange
3.9 - 5 was sis@aas arnmlsame dam:bang:wmddanemmjofoﬂrte ratloﬁeﬂéhcﬁmaleatspﬂrthad of
20 to 24 hour's. _The..c Q ﬁ' of .tr K‘h# n){r Q 'E%umx a d LSX

sanpl es prepaF@Bs'érfgd? 1"(9 g SCBF'SB% ar Wﬁf'% W@oﬁ g| ven in
Table 1, where the neasured : equivalents of ion exchangeable cations
are normal i zed, t o un A sh e essed in
terns of the ?9 ol "éﬂ'&l%ﬁgﬁgé’yolf‘ ?‘fﬂ%’erﬁeg 8‘&9‘?%&1‘ 5 ﬁ B¥'@"cati ons
to the franmewspécttdsedby WOFCABSEDSiIng EHARLABDI @ SeybsmiahICH yaadrdmyetenduct i vel y
Coupl ed Pl asma Atom ¢ Em ssion Spectroscopy (I CP-AES) using an ARL-3510
Sequential | CP spectroneter.

In the case of the sample labelled RELILSX (81%:15%) NC, NaLSX was first
exchanged with a commercial mixed rare earth chloride solution supplied by
Moly Corp., inc., (with composition approximately 67% LaCl,, 23% NdCl,, 9%
PrCl,, 1% CeCl;) and thec lithium exchanged to the final product without an

intermediate calcination steb.



In the case of the sanpl e | abell ed RELi LSX (81% 15% NC, NaLSX was first
m xed rare earth chloride solution supplied by

exchanged with a conmmerci al

Moly Corp.,

trivatent ion,

Tr[err] cati on
equi val ent fraction

0.04
0.92

I nc.

Li + cation

0. 02 Li CeLSX(84% 16%

Li Al LSX(83% 15%

- 12- TABLE 1:'Nor nali-zed Corrp05|t|on of f._;.ji_i_:;.'.--'_-_-'.f-:-

(with conposition approximtely 67%[err] 23% NdCl 3,
Prc 3, 1.%.[ert] and then ]ithium exchanged to the final
i nt er nedi-at-e" cal cihation-step.
| ithium X and LSX sanples of this invention.
Na cation equival ent

9%
product w thout an

Saimple .
equi val ent

fraction Li CeX(93:4%

fraction
0.93 0.03 Li %X(gz% 6%
0.02 Li Al X(77% 29% ©0.20
0. 16 0.84
0. 15 0.83

0. 06
0.77
<0. 003
0.02

RELI | LSX{ 811% @‘ﬁ.ﬁ_}_ Norma@ze&&lomposmon of trnval@nt&%n, fithium X and L$X Qﬁn;hg J?ABLE 1A

Conposi tion of
Sanpl e

equi val ent rat
Li CeX(93% 4% .
Li CeX(92% 6%

Li Al X(77% 20%

trival ent ion, I i t hi umiginagliohSX sanpl es of this invention.
Tr 3+/ Al , -IAJerr] _ [err] [err]
QT eUELHplecTT T @t ey A T [ FgtiGh COPT VREEBinophat 110
. 0.04 eunra@Kt equi\gl equiv
9- 99 'f&sﬁtz’rl\ frar.‘?;ioﬂ’zl fra&g)95
LiCeX(93:4%) - 0.04 7 0.93 ° 0.03"
LiCeX(92%:6%]) 0.06 - 0.92 0.02
LiIAIX{77 %:26%) 0.20 0.77 0.02
[TiCeLSX(84%:16%) 0.16 —0.84 <0.003
LIAILSX({83%:15%) 0.15 0.8:§ 0.02
REL{ILSX({81%:15%) 0.15 0.81 0.04
NC
JABLE 1A
Composition of trivalent ion, lithium X and LSX samples of thié invention.
Sample TrY/Al, Li7Al, Na“/Al, HY/A,

_ equivalent ratio | equivalent ratio | equivalent ratio | equivalent ratio
LiCeX({93%:4%) 0.04 0.87 0.03 0.06
LiCeX(92%:6%) 0.06 - 0.87 0.02 0.05
LIAIX(77%:20%) 0.18~ 0.70- 0.02 0.10

LiCeLSX(84%:16%) 0.14 0.79 <0.003 0.07

LIAILSX(83%:15%) 0.14 0.75 0.02 0.10

RELILSX(81%:15%) 0.15 0.81 0.04 0.01
NC '




Li CeLSX(84% 16% 0. 14 0.79 <0. 003 0.07

Li Al LSX(83% 15% 0.14 0.75 0.02 0.10

RELi LSX(81% 15% 0. 15 : 0.81 ' 0.04 0.01 NC

-13- EXAMPLE 2 Adsorption isotherns for nitrogen [err] and oxygen (02) on
trivalent ion, lithiumLSX and X sanpl es were neasured gravinetrically

using a Cahn 2000 Series m crobal ance enclosed in a stainless steel vacuum
| pressure system Pressure neasurenents in the range 1 -10000 nbar -were
made using a MKS Baratron. About 100 ng of the sanple was carefully
evacuated and its temperature increased to 4500C at a.rate of 1-20C per

m nute. The adsorption isothernms for nitrggen and oxygen were neasured at
250C in the pressure range 20 - 6600 nmbar for nitrogen and 20 - 2000 nbar
for oxygen and the data fitted to a single or multiple site Langmuir

I sotherm nodel. The fits to the nitrogen data were used to cal cul ate the
nitrogen capacities of the sanples at gxagmpppphere, and their effective
capacities for nitrogen at 25[err]C. The effective nitrogen capacity

defined as thadsérbtiBh PstfiRerRs W%réd& (N,f érQQSiE*ygfe@lp@;) by tibaldrd36n MRARUNAND
that at 250 nbar gives a i ndi cation of the capacity_of the adsorbent

in a PSA prockSX aggef &?@Bg%ét’méﬁe%%%q QWH“QBWI’V 15?'@% §l§4¥’§' 200Q Fedes ange.

The sel ecti vi H.fabaénééﬂsnaam RS $1@Inidbslst O SACONR!/ YRS swem Prédsufe>00
nbar. and 25[err]C were derived fromthe pure gas isothernms for nitrogen and

oxygen usi ng Wgaguraments ioi thg renged - RRAPO nebay wereimada esing affiKRBaratgn) ,
(1983), p69l- ?Q‘Qt16@%#3ﬁﬂ4e SthbIBIvhdsCBrb Rty 26hEH kY ah A8 mpeRAure e & the

select|V|ty( I's glv
increased to 450°C at a rate of 1-2°C per minute. The adsorptlon isotherms for

nitrogen and oxygen were measured at 25°C in the pressure range 20 - 6600
mbar for nitrogen and 20 - 2000 mbar for oxygen and the data fitted to a single
or multiple site Langmuir isotherm model. The fits to the nitrogen data were
used to calculate thé nitrogen capacities of the samples at 1 atmosphere, and
their effective capacities for nitrogen at 25°C. The effective nitrogen capacity
defined as the difference between the nitrogen capacity at 1250 mbar and that
at 250 mbar gives a good indication of the capacity of the adsorbent in a PSA
process operated between upper and lower pressures in this range. The
selectivities of the samples fb_r nitrogen over oxygen in air at 1500 mbar and
25°C were derived from the pure gas isotherms for .nitroge'n and oxygen using
Langmuir mixing rules (Ref. e.g. A.L. Myers: AIChE: 29({4), {1983), p691-693).
The usual definition for sglectivity w'as used, where the selectivity (S) is given
by: ‘

S = {xn2 / ¥Yn2) /{X02/V¥02)

where x y, and x g, are the mole fractions of nitrogen and oxygen, p'espedt_ively;
in the adsorbed phase, and y y, and v ,, are the mole fractions of nitrogen and
oxygen, respectively, in the gas phase. ' .
The adsorption resuits for the trivaient ion, lithium X and LSX samples of

Example 1 are given in Table 2. -



S =.[err] where x N2 and x 02 are the nole fractions of nitrogen and
oxygen, respectively, in the adsorbed phase, and Y [err] and y [err] are
the nole fractions of nitrogen and oxygen, respectively, in the gas phase.

The adsorption results for the trivalent ion, lithiumX and LSX sanpl es of
Exanple 1 are given in Table 2. - 14- TABLE 2 Adsorption Data for
trivalent, lithium X and LSX sanples of this invention Sanple N2
Upt ake Ef fective N2 Selectivity 1 atm ~ Upt ake N2/-
02 1250- 250 1500 nmbar mmol | g nmbar (air) mol | g
Li CeX(93: 4% 0.81 _ 0. 57 8.3 Li CeX(92: 6%

0.82 - 0.58 8.6 LiAl XS'??% 20% 0. 65

0. 46 . 8.3 Li CeLSX(84% 16% -14- 0.84 0.62

9.3 Li Al LSX(83% 15% 1.09 - 0.81 . 10.4

RELi SX(81% 15% 1.03 0.77 9.3 NC EXAMPLE 3
Thermal Stability of trivalent, lithiumLSX and X Differential Thernal

Anal ysis (DTA) was performed on the trilARl&a2 ion, 1ithiumX and LSX
sanples in air UysBphtRnBUtREZ HivakAt MRl XeIRNLS R sarhpfisBY this invention

Sample N, Upté_ke . Effective N, Selectivity
' 1 atm. Uptake N,/0,
1250-250 1500 mbar
mmol / g mbar {air)
' | mmol / g
LiCeX(93:4%) 0.81 0.57 8.3
LiCeX(92:6%] 0.82 T 0.58 8.6
_ LiAIX{77%:20%) 0.65 0.46 8.3
LiCeLSX(84%:16%) 0.84 0.62 - 9.3
LIAILSX({83%:15%) - 1.09 0.81 10.4
RELISX(81%:15%) 1.03 0.77 9.3
NC
EXAMPLE 3

Thermal Stability of trivalent, lithium LSX and X -

Differential Thermal Anal\)sis (DTA) was performed on the trivalent ion, lithium

X and LSX samples in air using a Shimadzu DTA-50 Differential Thermal

Analyzer. A heating rate of 20 °C / min from ambient temperature to 1200 °C,
| a purge gas flow rate of 100 mi/min and sample weights in the range 2 to 3.1.

mg were used.

The results for the trivalent ion, lithium X and LSX samples of Example 1 are

given in Table 3.



Anal yzér. A heating rate of 20 [err]C/ min fromanbient tenperature to
1200 [err]C, a purge gas flowrate of 100 mM/mn and sanple weights in the

range 2 to-3.1. ng were used. The results for thetrivalent ion, lithiumX
and LSX sanpl es of Exanple 1 are given in Table 3. 15- TABLE 3 Thermal
St abi.I. lt_IeS of“trival ent- iron1ithi um X and LSX sanpl és--of- this |nvent|on
Sanple ™" “Peak No. 1° . Peak No. 2" - Peak No. 3 [err]C C
[err]C [err] C Li CeX(93% 4% 784 814

Li CeX(92% 6% 788 Li Al X(77% 20% 802 991

Li CeLSX(84% 16% 805 855 Li Al LSX(83% 15% 786

844 RELi SX(81% 15% 794 863 942 NC EXAMPLE 4

I sotherng of conparative trivalent ion, sodiumX and LSX Conparative cerium
or alum num sodium LSX sanples were prepared by follow ng the procedures
outlined in Exanple 1 except that in thes&Scases the base sodiumfornms of X
and LSX were not |ithiumexchanged prior to the exchange wth identi cal
quantities of the trivalent ions. The adsorption data for these sanples is

given in Table 4. :
_ TABLE 3

Thermal Stabilities of trivalent ion, lithium X and LSX samples of this invention.

Sample Peak No. 1 Peak No.2 Peak No. 3

°C °C oC
LiCeX{93%:4%) 784 814 -
LiCeX(92%:6%) 788 . -
LIAIX(77%:20%) | 802 991 -
LiCeLSX(84%:16%) 805 855 - _ -
LIAILSX(83%:15%) 786 844 .

RELISX(81%:15%) 794 863 942

NC ' :
EXAMPLE 4

Isotherms of comparative trivalent ion, sodium X and LSX

Comparative cerium or aluminum, sodium LSX sambles were prepared by
following the procedures outlined in Example 1 except that in these cases the
base sodium forms of X and LSX were not lithium exchanged prior to the

exchange with identical quantities of the trivalent ions.

The adsorption data for these samples is given in Table 4.



-16 - TABLE 4 Adsor ption Data (250C) for conparative trivalent ion, sodium

X and LSX Sanples of prior art Sanple N2 Upt ake Effective N2
Selectivity 1 atm Upt ake N2 / 02 1250- 250 1500 nbar
mol | g nmbar (air) mmol / g Commerci al - 13X 0. 35
0.33 3.7 Zeolite NaCeX 0.31 0. 37

3.5 NaAl X : 0.24 . 0.23° 3.3 Li CeX(93% 4%
0.81. ' 0. 57 8.3 Li CeX(92% 6% 0.82 0.58
8.6 Li Al X(77% 20% 0. 65 - 0.46 _ 8.3 LSX(42%

0.41 0. 39 4.2 NaCeLSX : 0. 28 0. 26
2.4 Li CeLSX(84%46% - -- - 0.84 0.62 9. 3 Li Al LSX(83%
15% .1.09 0.81 1Q. /¢ RELi LSX(810% 15% 1.03
0.77 9.3 NC - 17 - ) '

IABLE 4

Adsorption Data (25°C) for cdmparative trivalent ion, sodium X and
LSX Samples of prior art .

Sample - N, Uptake Effective N, Seleétivity
1 atm. Uptake _ N, /0,
, 1250-250 1500 mbar
mmol / g mbar (air)
mmol / g
Commercial 33X 0.35 0.33 3.7
Zeolite _
NaCeXx 0.31 0.37 3.5
“NaAIX 0.24 0.23 33
LiCeX(93%:4%) | 0.8 — 0.57 8.3
LiCeX(92%:6 %) 0.82 0.58 8.6
T LIAIX(77 %:20%) 0.65 0.46 8.3
LSX(42%) 0.41 . . 0.39 4.2
NaCeLSX 0.28 0.26 2.4
LiCeLSX(84%:16%) 0.84 0.62 9.3
T LAILSX(83%:15%) 1.09 0.81 10.4
RELILSX(81%:15%) ~1.03 077 9.3
' NC




The.trivalent ion, lithium X or LSX sanples of this invention (rows 4 to 6
and 9 to 11, respectively of Table 4) have significantly greater

"ef fective" nitrogen capacities and nitrogen/oxygen selectivities than
trivalent ion, sodiumsanples of the prior art with equivalent trival ent
ion levels. EXAMPLE 5. Isothernms and Thermal Stabilities of conparative
lithium sodium X and LSX LiLSX and Li X were prepared using the ion
exchanged procedures ‘described in detailqb?_Exanple 1 but in which the
final trivalent ion exchange step was omtted. Sanples with reduced |ithium
exchange | evel s were nmade by reducing the quantity of LiCl passed through
the base NaLSX*or commercial 1 3X zeolite. The conpositions of the
conparat Lve | 4¢hj i i in Tab T

adsor pt i on dars FRREHI TRAATR dr TSP SiRbEE ofthls Hukiflon haWios fo g
stability dat® 1h reapéaively of Taldlg 4) havdkignHicahty geaapersieffestise bhittdgen

[+ oat on ArREHE 3 e Oy SoFRTRIER 48N Wiy don sy GGl

fraction of thearrior ant Wit eg@Bjent trivaleratrien deietsct ed 0.68
0.32 conparative ex. LiX (85% . none detected 0. 85
0. 15 conparative ex. LiX(94% none detected 0.94 ' 0. 06

conparative ex. EXAMPLE 5.
Isotherms and Thermal Stabilities of comparative lithium sodium X and LSX

LiLSX and LiX were prepared using the ion exchanged brocedures described in

detail in Example 1 but in which the final trivalent ion exchange step was
 omitted. Samples with reduced lithium exchange levels were made by reducing
the quantity of LiCl passed through the base NaLSX or commercial 13X zeolite.

PR —

The compositions of the comparative lithium sodium X and LSX samples are
given in Table 5. The adsorption data for these samples are given in Table 6 and
the thermal stability data in Table 7.



Li ).«97% none detected 0.97 0.03 conparative ex. LSX

none detected .none detected >0. 99 conparat.ive ex. LLLSX(79%
none det ect-ed 0.79 ' 0. 21 conparative ex. LiLSX(99% _
none detected. >0. 99 <0. 003 conparative ex. -19- TABLE 6 -
Adsorption Data (25[err]C) for conparatiyg .lithium sodium X and LSX sanpl es
of prior art Sanple : N2 Upt ake latm Effective N2 Upt ake
Sel ectivity [err] nmol/gm 1250- 250 nbar 1500 nbar (air) mmol/g
Commercial 13X 0.35 ' 0. 33 3.7 zeolite Li X (68%
0. 27 0. 25 3. 41 ABYE 6859 ~0.50
0. 39 - 5.5 Li X (94% 0.63 0. 47 7.6
Li X (979 0.82 - 0.58 10.2 LiCeX (93% 4% -
0.81 s %. 60
0. 58 Thegedhposiigns ot te 2%%553 QUG Colilhn X ibx camples 4
LSX 0.41 _ 4.2 LiLSX (79% 0. 56
0. 49 é 9 3 - : - '
_ ample . Tr** cation Li* cation .Na* cation
equivalent fraction equivalent ~ equivalent
) . fraction fraction
LiX (68%) none detected 0.68 0.32
comparative ex.
LiX (85%) none detected 0.85 0.15
: cqmparative ex. : .
', TLiX(94%) none detécted 0.94 0.06
! comparative ex. ' '
: LiX(97 %) none detected 0.97 0.03
compar_ative ex.
LSX _ none detected none detected >0.99
comparative ex.
LILSX(79%) none detected 0.79 0.21
comparative ex. '
LILSX(99%) none detected >0.99 <0.003
comparative ex. - '




N :
Li LSX (99% 1.19 0. 89 9.7 Li CeLSX 0. 84

0. 62 . 9.3 (84% 16% Li Al SX (83% 15% 1.09 0.81
10. 4 RELi LSX 1.03 _01.ng7_7 _ 9.3 (81% 15%9 NC The
ni trogen sorption capacities of the X- d LSX- based sanples of this

invention (rows 6.to 8 and 12 to 14, respectively of Table 6) exceed those
of the prior art adsorbents with equivalent Iithiumcontent and approach

Separati on 1 AAHHEE A ERE BRE @%‘@" fir cohi gje%" Pt ke,

hi gher than those for the prior ar es f equi val ent |ithium cation

content and _'r..hey_ar_e_as_m%_as_t_hai_i.m prior_art LI LSX _adsor bent
(Iine 11 of |Y¥pPle 6). -{Ple Uptaigs tatm Th(thﬁ%ﬂ“V%NaMpFaﬁ SglectiyityHYa{ffa sofdi uim X
and LSX sanpl es of the pri|Bim@m sanpl e {1250-250 mbak Nq150 mbar (aipeak| No. 2
Peak No. 3 € [err]C mmoligerr] C Connerci al 13X '
874 . Commareial 48X | 10.351 X (087 0.33 773 3.7 922 LT X(97%
766 Li CeX( 98%ufty) 784 ) 814 Li CeX( 92% 6% 788
Li Al X(77% 2 802 00,
- (779% 208 %) 1027 025 34 -

LiX (85%) 0.50 0.39 5.5

(iX (94%) 0.63 (047 76

LiX (97%) : 0.82 ' 0.58 10.2

LiCeX (93%:4%) 0.81 0.57 ' 8.3

LiCeX (92%:6%) 0.82 - ~10.58 8.6

LIAIX (77%:20%) |0.65 - 1046 8.3

LSX 0.41 0.39 4.2

LiLSX (79%) 0.56 _ | 0.49 5.9

LILSX (99%) 119 0.89 | 9.7

LiCelLSX 0.84 0.62 9.3

(84%:16%) |

LIAISX (83%:15%) |[1.09 0.81 10.4

RELILSX 1.03 0.77 . 9.3

(81%:15%) NC

The nitrogen sorption capacities of the X- and LSX- based samples of this
invention {rows 6 to 8 and 12 to 14, respectively of Table 6) exceed those of
the'prior art adsorbents with equivalent lithiﬁm content and approach that of the
best prior art LILSX sample (line 11 of Table 6). The separation factors of the
samples of this invention are significantly higher than those for the prior art
samples with equivalent lithium cation content and they are as high as that for

. the best prior art LiLSX adsorbent { line 11 of table 6}.
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thermal stabilities of the X- and LSX - based adsorbents of this invention
(rows 4 to 6 and 9 to 11, respecti.vely ofgoglable 7) are inproved conpared to
those of the Na, Li sanples of the prior art with equal Li |evels. :

Si gni fi cant advantages accrue fromtrival ent ion exchange at >5%in terns
of significant inprovenents in thermal stability without any loss in
adsor ption perfornmance. 21 - EXA I rul at ed PSA performance of
trivalent ion,-lithiumX and LSX. The PSA sinul ation procedure utilized in

this Exanpl e ri gorérsdl SraimQUoTtIRhiLBT sédiemEX aht LGN semplébBtiecpricitares of the

adsor bent and the mass bal ances of the gas corrponents under i sot her mal
condi tions. n¥ T feeqd——c rdt Péa‘l% ATBL RTNGTTE T pur ge
conposi tion, the pr o aouct and purge, g w ra aqad‘5 1l ow pr&ssure product
flow rate anfl_conposition arle calculated Thl s_allous 1 he direct -
cal cul ati on pf Cpemndrciabtd¥erli es add4pr odudti on P82 a gijven process cycle
tinme, and thg cal cidolite on of} the specific jpower using grbitrary mach|ne
ef ficiencies ||r?‘_b@ (Gaggyarnom pr res|are rghpanty jused to rank |he
rel ati ve PSA| per orrrances off devel opnent ddsorbents ver{sus reference
adsor bents (phose PSA _perfodnances are-wel i ; i~eh
process or th i nie%t973ak e 766 - - |
LiCeX{93%:4%) 784 814
" LiCeX(92%:6%) 788 : :
% LiAIX{77%:20%) 802 991
LSX 884 973 -
LILSX(97%) 770 gag -
LiCeLSX(84%:16%) 805 855 =
LIAILSX(83%:15%]) 786 844 -
RELILSX({81%:15%) 794 863 942
NC

The thermal stabilities of the X- and LSX - based adsorbents.of this invention
(rows 4 to 6 and 9 to 11, respectively of Table 7) are improved co'mpared to
those of the Na, Li samples of the prior art with equal Li levels. Significant
advantages accrue from trivalent ion exchange at > 5% in terms of significant .

improvements in thermal stability without any loss in adsorption performanbe. '



the trends in performance of adsorbents as a function of changes in process
vari-abl es. The results in Table 8 show exanples of sinulations of a PSA
process operated between absolute pressures of 1.25 atnospheres and 0. 25
atmospheres in which air is fed to the adsorbent at 25[err]C, and the
oxygen enriched product containing 2%residual nitrogen is partly used as a
purge. The good PSA performance of the adsgrbents of this invention are

clearly denonstrated in these sinulations. 21- _ 22 . TABLE 8 Sinul ated PSA
performance of the trivalent ion, lithium X and LSX sanples of this

I nvention and conparative sanples. Sanple Rel ative [err]
Recovery Rel ative [err]- Rel ati ve Poyer duction Usage
Commercial 13X 100 10&‘%&&él 100 Zeolite

Commerci al CaA 120 105 ' 82 Zeol ite CeX (13 %
94

49 S:mulai%leIS_ﬁ)pe(f@g@(?nce of tnvalggt aog\ I:t@um X and LS§5

115 Li X (85% 120 118 82 Li X (94%

135 72 Li X (97%

219 The P% spt&t)@r( g’g&;@ﬁl%e utilizgqdy in this Example rlgorougj_\oaccounts for

67 - the equilibrium characteristics of the adsorbent and the mass balances of the

gas components under isothermal conditions. For a given feed composition and
flow rate, and product / purge composition, the product and purge flow rates,
and the low pressure product flow rate and composition are calculated. This
allows the direct calculation of O, recoveries and production for a given process
cycle time, and the calculation of the specific power using arbitrary machine

efficiencies.

These simulation procedures are reliably used to rank the relatlve PSA
performances of development adsorbents versus reference adsorbents (whose
PSA performances are well characterized) in a given process or to investigate
the trends in performance of adsorbents as a function of changes in process

variables.

The results in Table 8 show examples of simulations of a PSA process operated
between absolute pressures of 1.25 atmospheres and 0.25 atmospheres in
which air is fed to the adsorbent at 25°C, and the oxygen enriched product
containing 2% residual nitrogen is partly used as a purge. The good PSA
performance of the adsorbents of this invention are clearly demonstrated in

these simulations.



Li oex (92% 6% 144 ' 215 66 Li Al X (77% 20%

136. . 167 71 LSX 111
125 90 CelSX (42% 72 46
143 Li LSX (79% 130 140 75 LiLSX (99%
159 | 328 . 59 LiCeLSX (84% 16% 148
225 64 Li Al LSX (83% 15% 158 301
64 RELi LSX (81% 15% 154 280 61 NC - 23 -

The above exanpl es show that the adsorbergs.of the i nventi on possess
significantly better adsorption capacities for nitrogen conpared to lithium
X and lithium-LSX with equivalent [ithiumcation contents. The exanpl es
further show that the adsorbents of the invention have higher separation
factors for nitrogen - oxygen m xturesJaBpgaged with lithium X and lithium
LSX with equivalent lithiumcation contents. These separation factors are’
as hi gh as t swnalated PEAGddehdnéel oDt vaint ior, ighilinOX @Bl LISXSSdrhpies bf t hi um

- cation conttﬁllt.nvém@n mm&?%vgﬂs@ngmanpl es al so show that the
adsorbents of the invention exhibit inproved ther rral stabl lity conpar ed to

the. corresporg 6 et T avwer 7V T nough
the inventi ol b,gyu&,(, ref ere Q)%aé; 0 specific
exper| nment S, 8-5-Gia el - nr.al \l Ayc\mﬂ Y \1 Af__tlh Nyuygntian 2o d
vari ations afePreBsicid :Fét ed1%Ror exarrpl e, [19R adsor pt | oj‘ﬁ?ocess can
i ncl ude vari (&R %dsorption |steps. Similarlly the adsorbents of the invehtion
can conpri se|Commercial CaA 120 108 82
: Zeolite

CeX (13%) 94 165 107

AIX {24%) 84 R LY:) 121

LiX (68%) 88 55 _ 115

LiX (85%) 120 118 82

LiX (94%) 135 159 B 72

LiX (97 %) 148 219 65

LiCeX (93%:4%) 143 210 67

LiCeX (92%:6%) 144 215 - |66

LIAIX (77%:20%) 136 167 71

LSX 111 : 125 920

CelSX (42%) 72 46 : 1143

LiLSX (79%) 130 140 75

LiLSX (99%] 169 328 59

LiCelSX (84%:16%){148 ' {225 64

LIAILSX (83%:15%) {158 : 301 84

RELILSX (81%:15%) {154 280 61

NC . :




ot.her conbi nati ons of conponents than those illustrated in the exanples,
and. the adsorbents can be prepared by other techniques, such as solid state
i on exchange.. Furthernore, the adsorbents of the invention can be used to
separate nitrogen fromevari ous other gases, such as nethane and carbon
tetrafluoride. The scope of the inventie3s limted only by the breadth of
t he appended cl ai ns. - 24 - CLAIMS 1 Type X zeolite whose cations
conprise on an equivalents basis 50 to 95% lithium 4 to 50%trivalent ions
selected from al um num scandium gallium iron (111), chromum(Il1),
indium yttrium single |anthanides, mxtures of two or nore | anthanides
and mi xt ur es The abree @xampipseshoyy tegothe adsarbantsl ofithe investier pessgssom sodi um

pot assium a H ' : uTee? f ' - hary

D e, ~copper o anuy Beftep albTbup ophailios tr AU BT 10 I 8FY, i
1, wherei n shthiurodtSX mdthceayivalen lizbiurrpcatbon tontemtsnThe exampiesofufthenshpw
trivalent io % ' [ o it 0 ing to
claim1l or Cﬂgalt‘%ﬂg ,a%\ﬁﬁ'g’re Je‘%ngﬁ?ees.ig{{%ﬁl%b%ei @E%Tr sgp?rfngé}h?fégbg ﬁﬁl%m%ﬁ%n t he
zeol i t e 1 att pyygérsmipaurescsprap@echmdthllithiim X and ithivew LEXewitle eguirialegtt o any

one of the Pgseflidatef] s MR idosAkbnlshl A §Ales'iiES aFosiElFGhed 7 om

alum num cerium Tanthanum m xture mor e ani des. i n which
t he total | ahiSXnadsgorientiwith tie higbestypassiblafithiume o dgtiorucontents ipr.ebeat in t he

m Xt ur e conpgig t le ' le % of, th | lant hani .0 and
T xtur s of " PRECeT R exdins BitolERo%, el ent eqrbdts o 3 IABhfign 8RB AT
cl ai ms, wher ihprotvlae thermal stability compared to the ¢orresponding trivalent metal free, -

lithium exchanged samples.

Although the invention has been described with particular reference to specific
experiments, these experiments are merely exemplary of the invention and

variations are contemplated. For example, the adsorption process can include

various adsorption steps. Similarly the adsorbents of the invention can comprise
other'combinations of components than those illustrated in the examples, and
the adsorbents can be prepared' by other techniques, such as solid state ion
exchange. Furthermore, the adsorbents of the invention can be used to
separate nitrogen from various other gases, such as methane and carbon
tetrafluoride. The scope of the invention is limited only by the breadth of the

appended claims.



atomic ratio of silicon to aluminumin the zeolite lattite i s between 0.9

and 1.1. 6. . A nethod of separating nitrogen froma gas 0.
passing sard gas m xture through at |east one adsorptlon rrlmm ﬂ“um!/mm@'“

type X zeolite according to-any one of the preceding.clainms ere
preferentially adsorbing nitrogen fromsaid gas m xture.

process according to claim®6,.wherein the adsorption step is carrl ed out at

a tenperature in the range of -190 to 700C and an absolute pressure in the
range of 0.7 to 15 bar. 8. A process for preparing a |lithium and

trival ent ion-exchanged type X zeolite according to any one of clains 1 to
5 conprising: (a)-  edntacting an aqueous solution of a lithiumsalt with a
type X zeolite having as exchangeabl e c#4 ons sodi umions, potassiumi ons,
ammoni um i ons or mxtures of these until 50 to 95 equival ent percent of the
exchangeabl e cations are replaced with [ithiumions; and (b) contacting
an aqueous solution of a salt of a trivalent ion selected from al um num
scandium gallium iron (111), chrom &kAMS ), indium yttrium single

| ant hani des, m xtures of two or nore | ant hanides and m xtures of these with
the I'i thi um exchanged product of step (a), thereby producing an at | east

bi nary- exchdngedType& 2¢olitsoivhbee catidrsi ccimlg’is@mrt an equivglentsdbasin 5@do cent

i | ons and ol Ruifin8Yh 43 Wy IERCER! sLELXALEM ol g scandheff 0C€S

for preparing a ange
gallium, iron {lll), chromium (Il}}, lndlum, yttrium, smgle lanthanides,

mixtures of two or more lanthanides and mixtures of these; and O to 15%
of residual ions selected from sodium, potassium, ammonium, hydronium,
calcium, strontiury, magnesium, barium, zinc, copper (ll} and mixtures of

these.

2. . A zeolite according to claim 1, wherein said cations comprisé 70 to 95%
lithium, 5 to 30% of said trivalent ions and O to 10% of said other ions.
3. A zeolite according to claim 1 or claim 2, wherein the atomic ratio of

silicon to aluminum in the zeolite lattice is between 0.9 and 1.25.

4. A zeolite according to any one of the preceding claims, wherein said
trivalent ions are selected frorr} aluminum, cerium, lanthanum, mixtures of
two or more lanthanides in which the total lahthanum, cerium,
praseodymium and neodymium ions present in the mixture comprises at

least 50 mole % of the total lanthanide ions, and mixtures of thesé.

5. A zeolite according to any one of the preceding claims, wherein the

atomic ratio of silicon to alumijnum in the zeolite lattice is between 0.9
and 1.1.

6. A method of separating nitrogen from a gas mixture comprising passing
said gas mixture through at least one adsorption zone containing a type X
zeolite according to any one of the preceding.claims, thereby

preferentially adsorbing nitrogen from said gas mixture.

ot ¢ im o e e——————rmttes e g s o s 4 e



zeolite according to any one of claimi1 to 5, conprising: (ay——contacting

an -aqueous solution of a salt of a trivalent ion selected f
scandium gallium iron (111), chromium (l111), indium ytt mmm Fﬂl ll!l ‘

| ant hani des, m xtures of two or nore | anthani.des and mxtures o

a type X zeolite having as exchangeabl e cations sodi umions, potassium

i ons, anmoniumions or m xtur.es of -26 - these until 4 to 50 equi val ent
percent of the exchangeable cations are replaced with one or nore of said
trivalent ions; and (b) contacting an aqueous solution of a |ithiumsalt
with the trivalent ion-exchanged product of step (a), thereby producing an
at | east bipnangeexchanged type X zeolite containing 50 to 95 equival ent _
percent.lithiumions and 4 to 50 equivabgnt percent trivalent ions. 10. A
process for preparing a lithium: - and trival ent ion-exchanged type X zeolite
according to any one of claims 1 to 5 conprising contacting an aqueous
solution of a salt of lithiumand a salt of a trivalent ion selected from

al um num srandwmo&a& |abé'67fldnrigrt%rbI£|H 6) whEJ‘UrP{He%HsH'dti&n sthfi'é E8fried [duk i UM
singl e | ant hani des, m xtures of two or nore | anthani des and m xtures of

these with a tyfd axemparsiuge inathierigngss obx ¢ AB G JAGE @nd ani ahesluie aressreons,
potassi um i ons, ;RRRPPAAYE df9 18718 hat ures of these until 50 to 95

equi val-ent percent of the exchangeabl e-cations are replaced with |ithium
ions and 4 to 50 equivalent percent of the exchangeable cations are

repl aced wigh ongy, Rfcegprf& ﬁ%p% fifHhickR! trivaik lcﬂrrl.excl'éngécg xas clained

in any one of clalns el n sal resi dua I ons resent in the
type X zeolite gealiteiaggording:td ahy one of claims 1 to 5 comprising:

(a) contacting an aqueous solution of a lithium salt with a type X
zeolite having as exchangeable cations sodium ions, potassium
“jons, ammonium ions or mixtures of these until .50 to 95 equivalent
percent of the exchangeable cations are replaced with lithium ions;

and

(b}  contacting an aqueous solution of a salt of a trivalent ion selected
from aluminum, scandium, gallium, iron (lll), chromium (l}l}, indium,
yttrium, single lanthanides, mixtures of two or more lanthanides
and mixtures of these with the lithium-exchanged product of step
(a), thereby producing an at least binary-exchanged type X zeolite
containing 50 to 95 equivalent percent lithium ions and 4 to 50

equivalent percent trivalent ions.

9. A process for preparing a lithium- and trivalent ion-exchanged type X

zeolite according to any one of claim 1 to 5, comprising:

{a) - contacting an aqﬁepus solution of a salt of a trivalent ion selected
from aluminum, scandium, gallium, iron {lll), chromium (lll}, indiun,
yttrium, single lanthanides, mixtures of two or more lanthanides
and mixtures of these with a type X zeolite having as exchangeable

cations sodium ions, potassium ions, ammonium ions or mixtures of
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these until 4 to 50 equivalent percent of the exchangeable cations

are replaced with one or more of said trivalent ions; and

(b) contacting an aqueous solution of a lithium salt with the trivalent |
ion-exchanged product of step (a), thereby producing an at least
binary-exchanged typé X zeolite containing 50 to 95 equivalent

percent lithium ions and 4 to 50 equivalent percent trivalent ions.

'10. A process for preparing a lithium- and trivalent ion-exchanged type X
zeolite according to any one of claims 1 to 5, comprising contacting an
aqueous solution of a salt of lithium and a salt of a trivalent ion selected

. frorh aluminum, scandium, gallium, iron {11}, chromium (lil}, indium,
yttrium, single lanthanides, mixtures of two or more lanthanides and
mixtures of these with a type X zeolite having as exchangeable cations
sodium ions, potassium ions, ammonium ions or mixtures of these until
50 to 95 equivalent percent of the exchangeable-cations are replaced

~ with lithium jons and 4 to 50 equivalent percent of the ethangeable

cations are replaced with one or more of said trivalent ions.

11. A process as claimed in any one of claims 8 to 10, wherein said residual

ions are present in the type X zeolite starting material.



