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1 . S NI'TROGEN- SELECTI VE ZEQLI TI C ADSORBENT FOR USE
I N Al:R SEPARATI ON PROCESS" FI ELD The
present invention relates in general to use of a-novel zeolitic adsorbent
in air separation processes to selectlvely adsorb nitrogen and, nore
particularly, to the use in such processes of a nitrogen-selective

adsor bent contai ni ng zebNITROGENaSERECAIVE aZBODIRISI APSORBENTrati o of 2.0
to 2.4 and having a catio t ' ' Xchange sites
conprising from60 to 8-9%%}9 WA i (i'fi%déﬁése m 10 to 40
equi val ent percent Na[err] ions and fromzero to 10 equival ent percent
Klerr] ions and wherein the total catiodI&E® val ency contributed by
Ca[err], Na[err] and Klerr] cations is at |east 90 percent.
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ef fl uent prodatt ishseafremhanced 40 equivalent percent Na* ions and from

zero to 10 equivalent percent K' ions and wherein the total

cation equivalency contributed by Ca**, Na* and K' cations is
at least 90 percent. '

BACKGROUND

The separation of air into its two principal constitu-
ents, nitrogen and oxygen, is an important commercial opera-
tion which produces several hundred billion cubic feet of
each material every year. Where large quantities of either
constituent are required, as, for example, oxygen in the
manufacture of steel, the large capital costs of cryogenic
systems can be justified, and cryogenic procedures are
generally employed. For operations with smaller require-
ments, oxygen and nitrogen can also be produced by pressure-
swing adsorption (PSA) processes. In PSA processes, com-

' pressed air is pumped through a fixed bed of an adsorbent
exhibiting an adsorptive preference for one of the main '
constituents whereby an effluent product stream enhanced in
the non-adsorbed (or lesser adsorbed) constituent is
obtained. Compared to the cyrogenic processes, PSA air
separation processes require relatively simple equipment and
are relatively easy to maintain. PSA processes, however,




the non-adsorbed (or |esser adsorbed) constituent is obtained. Conpared to
t he.cyrogeni c processes, PSA air separation processes require relatively
sinpl-e equi prent and are relatively easy to na|nta|n PSA processes,
however, have | ower product recovery
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st udi es, thiThe &kﬂamawenhwuaasheé thm:varlous alka11 metal cation forms
' of zeolites, including zeolite X, were discussed in US-A-

3140933. In US-A-4557736, a binary ion-exchanged form of
zeolite X was taught as a preferred adsorbent for the
adsorption of niﬁrogen from air. In US-A-4481018, a set of
activation conditions which substantially avoids both frame
work and cation hydrolysis in polyvalent cation forms of
faujasite is disclosed. These compositions, particularly in
the Mg**, Ca?*, Sr?*, and/or Ba?** cation forms, are alleged to
be superior adsorbents for the separation of nitrogen from
air. Based on selectivity values for N,/0, obtained from
gas chromatographic studies, this ‘018 patent teaches that
the higher the dégree of Ca?* exchange the greater the
selectivity and capacity of the faujasite-type adsorbent for
the separation of nitrogen from air. The minimum calcium
content disclosed is\so% and the preferred adsorbents '
contain greater than 80 equivalent percent calcium cations.
In sum, calcium, strontium and lithium cations are viewed by
the prior art as desirable constituents of zeolitic
adsorbents for use in nitrogen separation. Other cations
such as sodium are viewed as less desirable.



the higher the degree of Ca[err] exchange the greater the selectivity and
capacity of the faujasite-type adsorbent for the separation of nitrogen

from-air. The m ni mum cal ci um content disclosed is 50% and the preferred
adsorbents contain greater than 80 eqw \al ent per cent calciumcations. In
sum cal cium strontium aBRI DESER OFr THE BWINGSt he prior art as

desirabl e constituents of zeolitic adsorbents for use in nitrogen
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Fig. 3 plots nitrogen operational selectivity of
CaNax2.0 as a function of calcium exchange level at 40°C,
20°C and 0°C, respectively.

Figs. 4, 5, and 6 plot nitrogen residual loading, delta
loading, and operational selectivity of CaNaX2.3 as a
function of calcium exchange level at 40°C, 20°C and 0°C,
respectively.

Figs. 7, 8, and 9 plot nitrogen residual loading, delta
loading, and operational selectivity of CaNaX2.5 as a
function ‘of calcium exchange level at 40°C, 20°C and 0°,
respectively.

Fig. 10 gives desorption rate of CaX2.0 (97% Ca) at
22°C. '

Fig. 11 gives desorption rate of CaNaX2.0 (75% Ca) at
22°C.

Fig. 12 gives desorption rate of CaXx2.3 (97% Ca) at
22°C.



respééiLver. Figs. 7, 8 and 9 plot nitrogen residual |oading,
delta | oadi ng, and operational selectivity of CaNaxXx2.5 as a function of
cal ¢irum exchange level at 40[err]C, 20[err]C and O[err], respectively.

Fig. 10 gives desorption rate of CaX2.0 (97% Ca) at 22[err]C. Fi g.
11 gives desorption rate of CaNaxX2.0 (75% Ca) at 22[err]C. Fig. 12
gi ves desorption e 79 at_22[err

4 Fig. 13 P:gl?i/'esﬂ(cj orp ?%éngqorﬁ% {%ﬁ%ﬁ 51?%)’7’%'(%1)(-5{* 23kt C.
Fig. 14 give&®‘®sorption rate of CaX2.5 (97% Ca) at 22[err]C. Fig.

15 gives desorption rate of CaNaX2.5 (77% Ca) at

Fig. 14 gives desorption rate of CaX2.5 (97% Ca) at
22°C. '

Fig. 15 gives desorption rate of CaNaX2.5 (77% Ca) at
22°C.

SUMMARY

) It has now surprisingly been found that zeolite X,
particularly those forms having a Si/Al, molar ratio of from
2.0 to 2.4, which contains a charge-balancing cation
population comprising from 60 to 89, pfeferably 60 to 80,
equivalent percent Ca®™ cations, from 10 to 40 equivalent
percent N@f cations and from zero to 10 equivalent percent X'
cations, and wherein the total cation equivalency contributed
by ca*, Na® and K' is at least 90 percent, is significantly
more effective as an adsorbent for the separation of air in a
pressure-swing adsorption process in the temperature range of
50°0 -20°% at pressures in the range of 5 to 506.5 kPa

(0.05 to 5.0 atmospheres) than is the same zeolite X that has
been calcium exchanged to a greater or a lesser extent.

Accordingly, the present invention resides in a cyclic
process for separating nitrogen from a mixture thereof with
~oxygen which comprises (a) providing an adsorption bed
containing as an adsorbent a zeolite having the crystal
structure of faujasite, a framework sioz/iuzo, molar ratio of
from 2.0 to 2.4 and containing from 60 to 89 equivalent



22[err] C. SUMVARY It has now surprisingly
been found that zeolite X, particularly those forns having a Si/Al[err]
nolar ratio of from2.0 to 2.4, which contains a charge-bal ancing cation
popul ation conprising from60 to 89, preferably 60 to 80, equivalent .
percent Ca[err] cations, from10 to 40 equival ent percent Na[err] cations
and from zepertentOCatiuicatiimns ,pefivomtl K[ter 40 eapiival entnpeademt Na*he
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pressure to a final desorption pressure within the range of
101.4 to 0.7 kPa (14.7 to 0.1 psia) to desorb the adsorbed
nitrogen and discharge desorbed nitrogen from the bed.

In a particularly preferred embodiment of the present
invention, the zeolite X adsorbent has a s:i.oz/Alzo3 molar
ratio of from 2.0 to 2.35 and its cation population
comprising from 65 to 80% calcium and 20 to 35% sodium
cations and is substantially free of potassium cations.

DETAILED DESCRIPTION

It is well known that nitrogen has a quadrupole moment
of 0.31 A% and for that reason interacts more strongly with
zeolitic cations than does oxygen which has a quadrupole
moment of only about 0.10 A’. Being more strongly adsorbed,
nitrogen is selectively adsorbed on zeolites from mixtures of
nitrogen and oxygen in accordance with thermodynamic
principles. This selectivity for nitrogen adsorption is the
basis for the numerous air separation processes utilizing
fixed-bed pressure-swing adsorption-desorption cycles. The



the total cation equivalency contributed by Ca[err], NaJerr] and K[err]
bei'ng at | east 90 percent; (b) passing said m xture of nitrogen and oxygen
into said adsorption bed at a tenperajure of from-20[err]Cto 50[err]C
until an internal bed pressure rises to the range of 13.8 to 506.8 kPa (2
to 73.5 psia) and nitrogen is selectively adsorbed on said zeolite
adsorbent; (c) dis- chargi ng unadsorbed oxygen as a product fromthe
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the fact that the ca1c1um and other polyvalent metal cations
‘'of the zeolite X employed are predominantly in the
dehydrated/dehydroxylated state. In view of these
teachings, it is the general understanding by those skilled
in the art that where a particular metal cation form of
zeolite exhibits good adsorptive properties with respect to
nitrogen; the higher the content of that particular metal

cation the better the performance in air separation.



6 propertles of the zeolite cations are the nost inportant factors which
bear on the selectivity and capacity for nitrogen adsorption. Lithiumand
cafciumas zeolitic cations have been shown to exhibit particularly strong
affinities for nitrogen. In the ase of cal ci umexchanged forns of
zeolite X, the effect of increasing calciumcontent has been reported in
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if the si0,/A1,0, ratio of X zeolite is in the range of 2.0 to
2.4. '

_ While not wanting to be bound by any particular theory
or theories, it is believed that too much reliance has
heretofore been piaced on the charge density of the calcium
cation without due regard for other factors. At least with
respect to calcium-exchanged forms of zeolite X, hereinafter
designated CaNaX, the nitrogen selectivity and capacity are
complex functions of cation composition ard zeoclite structure
as well as the temperature and pressure conditions under
which the adsorbent and the nitrogen containing gas are
brought into contact.

The nitrogen selectivities of CaNaX compositions
reported in the literature are often measured with ,
chromatographic techniques, with the nitrogen pressure over
the adsorbent being quite low. " Since the nitrogen
selectivity of CaNaX is sensitive to pressure, the high
selectivity values reported are not applicable to higher
nitrogen pressures. The present invention is based at least
in part upon the discovery that, depending upon the level of
calcium exchange, the nitrogen selectivity of CaNaX can drop



maxi murm, but rather when the degree of cal ciumexchange is in the range of
60 'to 89 equival ent percent, especially in the range of 65 to 80 equival ent
percént. It is even nore surprising to find that the inprovenent caused by
t he reduced cal ci um exchange | evel results in an effective adsorbent only
if the SiJerr]/Al[err]O[err] ratio of X zeolite is in the range of 2.0 to
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8 . time interval must be achieved, so that the adsorbent can be
regenerated with minimal use of a vacuum pump or the oxygen
_éroduct. - In other words, in order to have an'efficient
desorption step in a PSA air separation process it is
necessary for the adsorbent to have a low nitrogen affinity
at the desorption or purge pressure. Since the nitrogen
pressure in a chromatographic measurement is well within the
desorption pressure of a PSA process, a high nitrogen
selectivity observed chromatographically suggeéts that such
an adsorbent will have poor desorption characteristics in a
PSA process. | ' |

Idéally, for PSA air separation, an adsorbent
should exhibit a low nitrogen affinity at low pressures
and a high nitrogen affinity at high pressures. 1In theory,
and confirmed by actual experience, it is not possible to
have such a nitrogen adsorbent. The next best thing
is an adsorbent whose nitrogen selectivity does not
decline steeply as the adsorbate pressufe increases.



significantly as pressure increases. Furthernore, pressure used in the
adsorption step of a practical commercial scale air separation process is
substantially higher than the nitrogen pressure in a chromatographic
measurement. Therefore, the selectivi®y as determ ned by chr omat ogr aphi c
nmet hod has very little relevancy to the adsorptlon step in a conmerci al
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adsor bat e pigsértantl¢} catcthe desorption pressure the nitrogen is
easily desorbed from the moderately exchanged CaNaX, thus
Bignificantly facilitating the regeneration of the adsorbent.
As a result the overall performance of the particular CaNaX
compositions employed in this invention is significantly
better than that of the more highly exchanged CaX.

To evaluate the potential of a material as a PSA air
separation adsorbent, the following three criteria should be
considered: 1. Residual nitrogen loading which is the nitro-
gen loading at the desorption pressure. A good PSA air
adsorbent should have low residual nitrogen loading. 2. The
nitrogen delta loading which is the difference between the
loading at adsorption pressure and the loading at the desorp-
tion pressure. A good PSA air adsorbent should have a high
nitrogen delta loading. 3. The operational selectivity which
is defined as the nitrogen delta loading divided by the
oxygen delta loading. A good air separation adsorbent should
have a high operational selectivity for nitrogen.



9 ", In accordance with the present invention it has been found that for
CaNaX adsorbents, the decrease in nitrogen affinity with increasing
nitrogen pressure is, to-a significantigdegree, dependent upon the |evel of
cal ciumion exchange. For highly calciumX i.e., 90 equival ent percent or
greater, the decrease in nitrogen affinity is steep. For CaNaX having a 60
to 89% Ca[err] level, the affinity for nitro- gen at very |ow pressures is
not very high and it does not decrease rapidly when pressure increases. As
a result, the operational nitrogen selectivity of noderately cal cium
exchanged CaNaX The btempépature ratn whiath dfhéippodess it ibepaarariteldy, at
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heat front. A portion of the heat front may leave the column
with the product gas. The remaining portion of the front is
pushed back into the column during the desorption stage of
the process cycle. During the desorption, kinetic energy is
consuned to free nitrogen from the adsorbent and thus reduces
the temperature of nitrogen and the adsorbent. The heat of
desorption creates a cold front in the bed, a portion of
which leaves the bed along with the waste gases. The remain-
ing portion of the cold front is pushed backward through the
column by the feed gas during the next adsorption step.

After many adsorption-desorption cycles a steady state
will be reached. At the steady state, some portion of the
bed can be significantly cooler than ambient. It is, there-
fore, imperative to utilize an adsorbent whose adsorptive
properties are not unduly impaired by such temperature chang-
es. The present invention is based in part upon the determi-
nation that the adsorptive properties of highly calcium
exchanged forms of zeolite X are easily impaired by a drop in

-
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10 . The tenperature at which the process is to be carried out is
al-so an inportant factor in the performance of adsorbents in air
separations. Industrial PSA air separaion vessels are usually |arge and
process cycle tines are short relative to the time needed to heat up or
cool down the massive ampbunt of adsorbent involved. As a consequence t he
process cycle is c€rr eg gug upder adiab%;§gfor Bﬁar adi abatjc conditions.
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portion of wémpérataresdarbp drdhighnga¥ thanhhenweaNaxgases. The remain- ing
portion of the cold front is pushed backward through the colum by the feed
gas during the next adsorption step. After many
adsorptlon desorpni anP8icair aenccauioatprocnssb tber produatinityhofst eady
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adsorptive qroperli 5006 £180' ¥1£2' KAYY' a higher production rate. The
cycle time is determined by how rapidly the adsorbent can be
regenerated and made ready for the next adsorption step. It
has been found that nitrogen desorbs much faster from a

moderately exchanged CaNaX than from a highly exchanged CaX.

In éﬁn, after taking PSA air separation conditions into
consideration, it has been found that moderately calcium
exchanged CaNaX is a superior adsorbent to highly exchanged
CaX.

The present invention is illustrated and exemplified by
the data shown in tabular form in TABLES I through V and in
the graphs of Figures 1 through 15 of the drawings. The
following adsorbent compositions, the methods for their
preparation and the testing procedures were utilized in
obtaining the aforesaid data:



exchanged forns of zeolite X are easily inpaired by a drop in
tenperature but in the case of the noderately exchanged CaNaX are not so
i npai red. Even a noderate decrease of adsorption tenperature can greatly
i ncrease the residual nitrogen |oad- i¥y and decrease the nitrogen
operational selectivity of a highly cal ciumexchanged X zeolite. Qur
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separation process, the productivity of adsorbent is determ ned not only by
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al so by | ength of \%cl e ti rre adsor bent ™ which function jn a shorter
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agents. As initially crystallized, the NaKX2.0 contained
about 25 equivalent percent K' cations with the remainder
being Na*® cations. The K' cgtions were substantially all
removed and replaced by Na‘’ cations by a thorough ion ex-
change using an aqueous NaCl solution.

Certain of the test procedures reported hereafter were
performed on pure, i.e., unbonded, zeolite samples, and in
others bonded agglomerates were utilized. In the latter
case, the'binding agent was an attapulgite-type clay avail-
able from the Floridin Company under the trademark Minugel.
The agglomerates, in the form of beads and extruded pellets,
were prepared by conventional methods well known in the art.

To prepare partially calcium exchanged adsorbents, a
batch exchange technique was used. The zeolite, either in
powder or aggregate form, was immersed in a calcium chloride
solution at 80 to 95°C with constant agitation. Typically
this operation lasted 1 to 2 hours. The calcium exchange
level was controlled by the quantity of zeolite and calcium
chloride used. To_prepare high calcium exchanged zeolite X
powder, a technigue of repeated batch exchange with great
excess of calcium chloride was used. To prepare high calcium



the graphs of Figures 1 through 15 of the drawi ngs. The follow ng adsorbent
conpositions, the nethods for their preparation and the testing procedures
were utilized in obtaining the aforesaig dat a:

12 Preparation of the Starting Zeolitea~X Conpositions: Sanpl es of
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an aqueous NaCl sol ution. Certain of the test procedures reported

hereafter were perfornmed on pure, i.e., unbonded, zeolite sanples, and in
ot hers bondexlampbé oyerates were utilized. In the latter case, the binding
agent was an attapul gite- type clay avail- able fromthe Floridin Conpany
under the trademark M nu The aggl onerates, in the formof beads and

extruded pel | et sInyehis 89&?&8 B?ec§ﬁP€§tF@n§h3n§Fﬁ§G§aﬁéPn-kﬁQﬂPOBﬁ'the

art. tion and adsorption properties of those CaNaX compositions in

- which the Si/Al, framework ratio is 2.0. These compositions
are denominated CaNaX2.0. The CaNaX2.0 samples were prepared
by batch ion-exchanging NaX2.0 clay-bonded agglomerates in
the form of 8xl12 beads. In general, 50 grams of starting
NaX2.0 beads (dry weight) were added to 1 to 2 liters of
aqueous 0.15M to 1M CacCl, solution adjusted to a pH of 5.0
using Ca(OH),. In each instance the exact quantity and
concentration of the CaCl, solution were selected in viev of
the targeted degree of Ca™ ion-exchange to be achieved.

- Where necessary, multiple batch exchange procedures were used
to obtain a product of the desired degree of ion-exchange.
In each batch exchange the zeolite~containing beads were

stirred in the CaCl, solution while the solution was heated
from ambient room temperature up to 90°C and thereafter the
stirring continued for one hour. The exchanged beads were
recovered by filtration in a Buchner funnel and rinsed with
500 ml of hot water at a pH of 9.0 adjusted by the addition
of Ca(OH),. Thereafter the beads were stirred in 1 liter of

* water at 90°C and a Ca(OH),-adjusted pH of 9.0 for 30 min-
utes, recovered by filtration and dried in air. 1In all,
seven CaNaX2.0 samples, denominated hereinafter as la. through



To prepare partially cal cium exchanged adsorbents, a batch exchange

t echni que was used. The zeolite, either in powder or aggregate form was
i mrer.sed in a cal cium chloride sol utIOi‘_I at 80 to 95[err]C with constant
agitation. Typically this operation Ias?ed 1 to 2 hours. The cal cium
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exchanged sodi um or potassiumions. Further details of the I on- exchange
proce- durﬁﬁ?ﬁ 2. n the nunbered Exanples, below.  Exanple 1. _ In
this Exanple are reported the preparation, conposi- tion and adsorption
properties of those CaNaX conpositions in which the Si/Al[err] framework
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i nstance the exact
ion-exchange me ium which was 95°C in these preparations

instead of the 90°C temperature used in Example 1. The
details of the ion-exchange procedures and the chemical
composition of the ion-exchanged products, denominated as
samples 2a through 2h, are set forth below in Table I and
Table IXI, respectively.

Example 3 .

Using an as-synthesized sodium zeolite X having a si/al,
molar ratio of 2.5, clay-bonded 8 x 12 beads were ion-
exchanged with Ca* ions. Four samples, denominated 3a
through 3d, respectively, were prepared. Samples 3a and 3b
were ion exchanged using the batch technique of Examples 1
and 2, and samples 3c and 3d were ion-exchanged using the
column technique wherein an aqueous CaCl, solution is passed
through a heated column containing the zeolite-containing
beads. Details of the ion-exchange procedures and the
chemical compositions of the exchanged products are set forth
in Table I and Table II, respectively.



concentration of the CaCl[err] solution were selected in view of the
targeted degree of Ca[err] ion-exchange to be achieved. \Were necessary,
mul'ti pl e batch exchange procedures merﬁ used to obtain a product of the
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activation procedure. In the measurement of the nitrogen
and oxygen isotherms the temperature of each test sample was
éontrolled by placing the sample chamber in a constant
temperature bath or a tube furnace, as appropriate. Between
0 to 506.7 kPa (zero psia to 73.5 psia), 13 data points were
taken. The nitrogen loadings at exactly 10.7 to 101.4 Kpa
(1.55 and 14.7 psia) were determined by intrapolation. The
difference of the two values is the nitrogen delta loading.
The oxygen loadings at 25.5 kPa (3.7 psia) were also
determined by intrapolation. The nitrogen delta loading
divided by the oxygen delta loading between 25.5 kPa'(3.7
psia) and 0 kPa (zero psia) gives what is termed the
operational selectivity. Values of residual loading, delta
loading and operational selectivity are listed in Table III
below, and plotted in Figures 1, 2 and 3 of the drawings.

Example S.

Following the procedure described in Example 4, supra,
the nitrogen residual loading, nitrogen delta loading and the
nitrogen operation selectivity of NaX2.3 and CaNaX2.3 samples
of 2a through 2h, respectively, of Example 2 were determined.
The results are tabulated in Table IV. All of these samples



i nstead of the 90[err]C tenperature used in Exanple 1. The details of the
I on-exchange procedures and the chem cal conposition of the ion-exchanged
products, denom nated as sanples 2a through 2h, rare set forth below in
Table | and Table I, respectively. Ex@nple 3. Usi ng an

as-synt hesi zed sodium zeolite X having a Si/Aferr] nolar ratio of 2.5,
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Exanpl e 4. di&mPr%Tﬁg nitrogen and oxygen isotherns of activated sanples |a

through 1g and the NaX2.0 startlng material of Exanple 1 were detern1ned at
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sanpl es were actlvat In a system equl o
di ffusi on p&he aiFregen residual loading, nitrogen delta loading and the

nitrogen operation selectivity of NaX2.5 and CaNaX2.5 samples
3a, 3b and 3c of Example 3 were determined. The results are
tabulated in Table V. Figures 7, 8 and 9 of the drawings
disclose residual loadings and operational selectivity data
as a function of calcium exchange levels and adsorption
temperatures.

Example 7.

To evaluate the desorption time needed for an adsorbent
in a PSA cycle, the nitrogen desorption rate was measured
with a Ssartorius balance. The activated adsorbent was first
brought into contact with nitrogen at a pressure of 101.3 kPa

one atmosphere). After adsorption equilibrium was reached, the gas

was rapidly evacuated by a vacuum pump. The pump down step was

terminated when pressure reached 1.4 kPa (0.2 psia). It
required about 10 seconds to reach that pressure. The
adsorbent was then allowed to reach its equilibrium and the
vweight loss of the adsorbent was continuously monitored. The
final pressure in the Sartorius balance is a function of
adsorption capacities of the adsorbent. For CaNaX of various
silica to alumina ratios and different calcium exchange



i quid nitrogen trap by heating from anbi ent roomtenperature up to
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(a) The nitrogen desorption curve for sample 1g of

Example 1, a highly calcium exchanged (97%) zeolite X having

a Si/Al, molar ratio of 2.0, is shown in Fig. 10 of the drawings.
To obtain the data, the vacuum-activated sample was first equilibrated

in the Sartorius balance with nitrogen at 112.4 kPa (16.3 psia).
The balance was then rapidly evacuated to 1.38 kPa (0.2 psia) and
the sample allowed to reach equilibrium with a consequent rise in
pressure to 2.62 kPa (0.38) psia). Also shown in Fig. 10 are the
expected equilibrium nitrogen loadings at 2.62 kPa (0.38 psia)
for the temperatures 20°C, ,0°C and -20°C as determined by extrapola-
tion from 10.3 to 2.62 kPa (1.5 to 0.38 psia). It appears from

these data that the desorption in the Sartorius balance

likely chilled the zeolite sample temperature to about 0°C.

(b) Using essentially the same procedure as in part
(a) above, the nitrogen desorption curve for Sample 1d of
Example 1 containing 75 equivalent percent calcium cations
was determined. These data are set forth in Fig. 11. The
final nitrogen pressure in the balance was 1.72 kPa (0.25 psia) and
the residual loading about 0.09 mmol/gram. From inspection of the expected
equilibrium nitrogen loadings at 1.72 kPa (0.25 psia)



are unbonded, i.e., they do not contain clay, zeolite powder. Figs. 4, 5
and. 6 of the draw ngs disclose residual |oadings and operational
selectivity data as functions of calci exchange | evel s and adsorption
t enper at ur es. Exanpl e 6. Fol T owi ng the procedure described in
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cal ci um excha
respectively, also shown in Fig. 12, were determined by

extrapolation fram 10.34 to 2.55 kPa (1.5 psia to 0.37 psia). The sample
appears to have been chilled during desorption to a temperature
of about 3°c. ’

(d). Using the same procedure as in part (a) above, the
nitrogen desorption curve for sample 2g of Example 2 contain-
ing 77 equivalent percent calcium cations was determined.
These data are set forth in Fig. 13. The final nitrogen pres-
sure in the balance was 1.93 kPa (0.28 psia) and the residual load-
ing was about 0.07 mmol/gram. The expected equilibrium
nitrogen loadings at 1.93 kPa (0.28 psia) at 20°C, 0°C and -20°,
respectively, determined by ektrapolation from10.34 to 1.93 kPa

. (1.5 psia to 0.28 psia), are also shown in Fig. 13. From these data the
sample appears to have been chilled during desorption to a
temperature of about 5°C.

(e) Using the same procedure as in part (a) above, the
nitrogen desorption curve for Sample 34 of Example 3 (con-
taining 98 equivalent percent calcium cations) was deter-
mined. These data are set forth in Fig. 14. The final



17 levels, the final pressure is in the range of 1.72 to 2.62 kPa (0.25 to
0.38 psia). Since nitrogen has |arge heat of desorption, a rapid

desorption under adi abatic conditions causes a drop in adsorbent
tenperature. Vacuum desorption in a Sartorius bal ance cl osely approxi mates
an adi abatic process. It is, however, ry difficult to neasure the sanple
tenperature in a Sartorius bal ance directly, and accordingly the
tenperature after desorption was estinmated by a conparison of the residua

| oading with the nitrogen isotherns at 20[err], dJerr] and -20[err]C,
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Exanpl e 1, raitvogery poadssura enc Hdneg deh 1@9ic%) wasoRi 62 kRa hidu B8 psdabiandlfhe r |

ol ar rat'&aOJl&aq 'o%qih,gwwgﬁ aBokt 0 19 n&rtaq/qfragor gg%gemxg%%a the

data, the Vacuumactiva was first equi In gt e<§ar rius

bal ance wi tmimmg@rﬂmleqadéms(am%ﬂpﬁ’%)(o 35 Psial atce2 fas3Q

rapi ?I% eva%@&e gxéﬁ pdLitSion) £rRmd16 ha @@rzpézghl dico BE‘;Ch

equi | i brium a consequent ri pressur, : a

O T bt 5 A6 B4 ot et o B

2.62 kPa (Bbedh w:%ua)lédnrd\tﬂimg desorptios taﬂ[ertdﬁaeﬂ{mn‘d @anboWd[err] C

as detern1n§$ 2¥ extrapola- tion from10.3 to 2.62 kPa (1.5 to 0.38 psia).
*t

It appears hese data that the desorption in the Sartorius bal ance
likely chilled the zeolite sanple tenperature t o about O[err]C
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in Fig. 11inghe7 equivalent percent calcium cations was determined.
These data are set forth in Fig. 15. The final nitrogen pres-
sure in the balance was 56.88 KPa (8.25 psia) and the residual load-
ing was about 0.06 mmol/gram. From inspection of the expect-
ed equilibrium nitrogen loadings at 2.41 kPa (0.35 psia) at 22°¢c and
0°C, also.shown in Fig. 15, the sample appears to have been
chilled during desorption to a temperature of about 3°C. The
expected equilibrium loadings were determined by extrapola-

tion from 10.34 to 1.72 kPa (1.5 psia to 0.25 psia).

The effectiveness of an adsor-
bent for air separation is measured by three parameters,

i.e., nitrogen delta loading, nitrogen operational selectivi-
ty and residual nitrogen loading at the desorption pressure.
Taking these parameters into account, the data of the Tables
of the specification and the Figures of the drawings, includ-
ing the following specific observations, clearly establish
the superiority of the present invention.

The adsorption data of clay-bonded X2.0 samples are
given in Table III. The nitrogen residual loadings are



final :nitrogen pressure in the balance was 1.72 kPa (0.25 psia) and the
resi dual | oading about 0.09 mmol/gram Frominspection of the expected
equilibriumnitrogen |oadings at 1.72 2@Pa (0.25 psi a)
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cy ot X2.0 in more than one way.

Fig. 2 gives the nitrogen delta loading between 101.3 to
10.69 kPa (14.7and 1.55 psia) of CaNaX2.0 as a function of cal-
cium level and adsorption température. Initially as the calcium
content increases the delta loading of nitrogen also increases.
The delta loading reaches a broad maximum and starts to descend.
These data demonstrate that calclum exchange levels higher
than 90% or lower than 60% are desirable.

Fig. 3 gives operational selectivity of X2.0 as a func-
tion of the calcium exchange level and temperature. Here is
a clear example how temperature can override the influeﬂée of
cation. At 40°C, the nitrogen operational selectivity in-
creases as the calcium content increases. It peaks around 85%
ca”™ exchange and then begins to decline. At 20°C, the peak
operational selectivity is in the region of 60 to 80% calcium
content area. At temperatures of 0°C or lower, NaX2.0 has
higher operational selectivity than does CaNaX2.0.



(1.5“p$ia to 0.28 psia), are also shown in Fig. 13. Fromthese data the
sanpl e appears to have been chilled during desorption to a tenperature of
about 5[err]C (e) Using the sgyre procedure as in part (a) above,
the nitrogen desorption curve for Sanple 3d of Exanple 3 (con- taining 98
equi val ent percent cal cium cations) was deter- mned. These data are set
forth in Fi 1450%8e:fibNak tro Card by o .0 i 19

ni t rogen prggsure ig Fﬁg ﬁa gﬂ%gnmgglﬁ?%ﬁvtf%_ %.%ﬁy?é?es “hd the residua

| oadi ng wasSabstanbiadlyindPyer akhamnbhak et ¥aX2e@i | i bri um nitrogen

| oadi ngs at ‘2.41 kPa (0.35 psia) at 22[err]C, 30[err]C and -20[err]C,
determ ned by exj,rapokation.fro 0.3 .62 kPa (1.5 to 0.33 psi g are
al so shown in Fi .eliés gi%ﬁﬁ?%éﬁpﬁéa#g‘%osﬂﬁﬂgéﬁe%ﬁecﬂ?Y?§d§ﬂu§?ﬁ e
desor ption XI¥. a EEgperd; uScand Gbgive - t€§idudl. loadings, (délthsi hgadingsane
procedure ' é@g b , t n rpty r o] 3b
of Exanpl ea%‘%(r)b alé}giﬁaﬁ7€¥gaﬁ|€€gfg¥taggfcgﬂ$§ %é c#gﬂglggt é|‘%né %@maﬁ
det er m ned.ofitRatcinm exFhange levelsiand adsorptipn temperaturesen pres-

sure in thespRd@nEiged@ssifpBés @8 hét 2Soncatn Sldy) h@héfﬁiﬂai&ih?_ada_réng
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samples are parallel to those of X2.0. The use of an X2.3
with 90% or more of its cations in Ca™ form and a process
temperature of 0°C is clearly not desirable. For an ambient
process cycle with significant temperature excursion, a
CaNaX2.3 with a calcium level of at least 60%, and less than
90%, is preferred. Generally, the operational selectivity of
CaNaX2.3 is lowver than that of the CaNaX2.0 adsorbent.

The adsorption data of bonded X2.5 beads are given in .
Table V. These data along with the residual loadings, delta
loadings and operational selectivities plotted against calci-
um exchange levels in Figs. 7, 8 and 9, provide an outstand-

-ing example that the performance of a PSA adsorbent is not
determined by single structure parameters. Silica-to-alumina
ratio is equally as important as calcium level. The nitrogen
delta loadings of X2.5 increase and the nitrogen operational
selectivities decrease as the calcium levels increase. This
is basically the same pattern observed in the case of X2.0
and X2.3, but with an important difference in detail. The
nitrogen delta loadings of CaNaX2.5 in the 60% to 90% range
are very much lower than their X2.3 and X2.0 counterparts. It
is largely for this reason that CaNaX2.5 is not employed in
the practice of the present invention.



O[err]C, al so shown in Fig. 15, the sanple appears to have been chilled
duri ng desorption to a tenperature of about 3[err]C. The expected

equi li brium | oadi ngs were determ ned by extrapola- tion from10.34 to 1.72
kPa (1.5 psia to 0.25 psia). Th&2ef f ecti veness of an adsor- bent
for air separation is neasured by three paraneters, i.e., nitrogen delta

| oadi ng, nitrogefhepdadiai ofaFigel dctshow-thay thedresigialdbadirgr ogeritiemai ng
at the desorption pressure. Taking these paraneters into account, the data
of the Tabl 9ading: e WOwdkPRj (hSEapsiad ingserisger s8pPbdly has dthei ngtg:lumcl ud-
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equivalent percent the nitrogen residual loadings are 0.46
mmol/gm at 0°C, which is about same as the CaX at 20°C. The
residual loading of CaNaX2.0 at 20°C is 0.25 mmol/gm.
CaNaX2.0 (76%) will be able to function even at 0°C and is,
therefore, much favored.

With reference to Fig. 2, at 0°C the nitrogen delta
loading is at a maximum at a calcium content of 75%. At 20°C
and 40°C, it peaks at a calcium content of about 90%. .Based
on the nitrogen delta loading, the 75% exchanged CaNaX2.0
would have a clear advantage over a 97% exchanged CaX2.0.

In Fig. 3 it is shown that a 76% exchanged CaNaX2.0 has
a higher operational selectivity than a 97% exchanged CaX2.0
at 20°C and 0°C. These data establish that the use of a
CaNaX2.0 provides greater flexibility in choosing process
conditions than is the case with CaX2.0.

With reference to the desorption curves of Fig. 10 and
Fig. 11, it can be seen that one minute into the desorption



cy 6f .X2.0 in nore than one way. Fig. 2 gives the nitrogen delta

| Qadi ng between 101.3 to 10.69 kPa (14.7and 1.55 psia) of CaNaxX2.0 as a .
function of cal- ciumlevel and adsorption tenperature. Initially as the
cal ci um content increases the delta | oBli ng of nitrogen al so increases. The
delta | oadi ng reaches a broad maxi num and starts to descend. These data

or 6 desi T apPEobess’ bl FRAIURIC Yeadinty Hed hanpydd At Gaa 7y 4B 0
func- tion ds six demMM@mmudadGmgﬁdterSW Ji.s Shesear
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the nit rogen operat i onal se ectivit Creas€s as cal ci'um cont ent
i ncreases. Aongexk$imey e&ﬁdhtiﬁéﬂ-%ajﬁ ngediecl i ne.

At | 20 err] th sﬁ%iibr;g:@&idm ti d&Q;tdﬁt' ti‘ﬁdliga%iUiﬁ dﬁ@r@%}gfdgfiﬁ tjg 80%
cal ci um con eratuyre err as
hi gher oper %&g hégh@gfk@nged ma eri may have
21 At -20aCstilgnifiiicantly deiwext |tamemt{izd\l¢lﬁ.r0th‘e sohrst aridextatelyower
t han t hat of e 0 ﬁéi@}l jven in
Table IV. Fit gs éi.ggg ze(?lbit | vea‘(‘rie%md%gﬁoq] gﬁngs %%el ta s%and
oper at | onal PouNds: ithie Pr&i’cl&ﬂtﬁ experienged withy veryc highlyr Q,aa ®Xm
exchange | expahgead foiey RIf Ped19E N BEcALse they are very inefficient

at low temperatures.

The nitrogen desorption curves of CaX2.3 (97% Ca) and the
é;;pected equilibrium adsorption capacities at 2.55 kPa (0.37 psia)
are given in Fig. 12. The desorption curve of CaNaX2.3 (77%
Ca) and its expected equilibrium adsorption capacities at 1.72
kPa (0.25 psia) are given in Fig. 13. The residual loading of

CaX2.3 is about 0.17 mmol/gm, and its estimated temperature
after deéorption is about 3°C. The residual loading of
CaNaX2.3 is about 0.05 mmol/gm, and the estimated temperature
after desorption is about 9°C. Again, the 77% calcium-
exchanged X2.3 is a more efficient adsorbent than is the 97%
exchanged counterpart. . —_—

The nitrogen desorption curve of CaX2.5 (97% Ca) and its
expected equilibrium adsorption capacities at 262 kPa (38 psia)
are given in Fig. 13. The desorption curve of CaNaX2.5 (77% Ca)
and its expected adsorption capacities at 1.72 kPa (0.25 psia) are given
in Fig. 14. The residual loading of CaX2.5 is about 0.17
mmol/gm, and its temperature after desorption is estimated to
be about -13°C. The equilibrium loading of CaNaX2.3 is about



Si nce 't hese sanples do not contain clay, their |oadings are higher than

COtv respondi ng bonded sanples. Results of X2.3 sanples are parallel to those
of " X2.0. The use of an X2.3 with 90% nore of its cations in CaJerr]
formand a process tenperature of JerrJCis clearly not desirable. For an
anbi ent process cycle with significant tenperature excursion, a CaNaX2.3

ith a cal | d.
w2 ool o |t 6k, hoh°88l BRbeifur AN AR UpkIGH g°T o
t he CaNaX2. estimatednto be ab°“¥he3a630r§Fiéﬁ gurprésipgngedsre thagads are
gi ven in TakdaX2.ShrRae daraszbaal wohaihaeeqasvdmehtl eadl-age,. delokver,

| ovel &7 o' FrsofS onlahest Ribh hheckaBt, thih BRR3cCTn e Py FES

perfor rranceadéotbm ndsatlbeat toscanaxdebeandneadNaxassogl e structure
paraneters. Silica-to-alumna ratio is equally as i-nportant as cal ci um

| evel . The nitrogen delta | oadings of X2.5 increase and the nitrogen
operational selectivities decrease as the calciumlevels increase. This is
basically the sane pattern observed in the case of X2.0 and X2.3, but wth
an inportant difference in detail. The nitrogen delta | oadings of CaNaX2.5
in the 60%to 90% range are very much lower than their X2.3 and X2.0
counterparts. It is largely for this reason that CaNaX2.5 is not enpl oyed
in the practice of the present invention.

22 The data of Fig. 1 show that the residual |oading or nitrogen

| oading at 10.7 kPa (2.55 psia) increases rapidly as the cal cium
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is consistent with the fact
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reRati ve to CaNaxX2.0 and CaNaX2. 3.

IS surprising to see that CaNaX2.5 has a resi dual
PSA adsor bent
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6.07 mmol /gm and its tenperature after desorption is estimated to be
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| oadi ng equivalent to -3[err]C. However
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[err] -, 29 [err] 30 CLAI ME:
1.« An adsorbent for use in a cyclic pressure swi ng adsorption process for
t he separation of nitrogen froma m'xtgge t hereof with oxygen by sel ective
adsorption of nitrogen, which conprise$S®a zeolite X having a framework
Sigerr]/Aferr]O[err] nolar ratio of from2.0 to 2.4 and containing from
60 to 89 equivalent percent Ca[err] -cations, from 10 to 40 equi val ent
percent Na[err] cations and fromzero to 10 percent Klerr] cations, the
total cation equg %= b : d Klerr] being

___________________________________ arel
at | east 90 percg i 1] aracterized in
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P : -
to 35% sodiumcations and is substantially free of potassi ' . .
35 Cyclic process for separating nitrogen froma m xture t,mﬂiﬁammﬂluﬂun
oxygen whi.ch conprises the steps of: (a) providing an sadso
cont ai ni ng the adsorbent defined in C ®m1or daim2; (b) Passing
sai d m'xtur«éL?l&?lgi:trogen and oxygen into said adsorption bed at a

0

t enperat ure rom-20[err]Cto 50[err]C until an internal bed pressure
rises to the rande ofAn3a8lsorbems. dPause tim 738. cypdiia) mreksiute ogeings
sel ectively ed. .0 ' d b ; [ ar gj a%%; e
oxygen as aagrgégggtggﬁ ?ﬁ%%gggr&pﬁﬂcﬁ ggaagég}sl?gntsc%jtl ﬁghgtggtgﬂe.a sor'gtion
pressure; amdxture thergef,cwithg axxaendhy eselestiyen pdsarpraiesr pefon

pressure w hhcRobla, aEcRl cbiprisks G 7zkBRité4 ¥ havind RSi Brahewderorb

t he adsorbeg.nl ropgen _and di schar gesor?t‘)ﬁeg nitrogen f.romthe bed. 4.

Process. accSiariias BRLAT) SAbAB SEnFERB frdt bPe2of APRr CGBHALRINGKSERR i o

air. ' 60 to 89 equivalent percent Ca** cations, from 10 to 40
equivalent percent Na' cations and from zero to 10 percent K*
cations, the total cation equivalency contributed by Ca**, Na*
and K* being at least %0 percent.

2. Adsorbent of Claim 1 further characterized in that
the zeolite X has a S§i0,/Al,0, molar ratio of from 2.0 to 2.35,
its cation population comprising from 65 to 80% calcium and 20
to 35% sodium cations and is substantially free of potassium
cations. _

3. Cyclic process for separating nitrogen from a mixture
thereof with oxygen which comprises the steps of:

(a) providing an adsorption bed containing the adsorbent
defined in Claim 1 or Claim 2;

(b) Passing said mixture of nitrogen and oxygen into
said adsorption bed at a temperature of from -20°C to 50°C
until an internal bed pressure rises to the range of 13.8 to

- 506.8 kPa (2 to 73.5 psia) and nitrogen is selectively
adsorbed on said adsorbent;

(c) discharging unadsorbed oxygen as a product from the
adsorption bed substantially at the adsorption pressure; and,

(d) decreasing the bed pressure to a final desorption
pressure within the range of 101.4 to 0.7 kPa (14.7 to 0.1
psia) to desorb the adsorbed nitrogen and discharge desorbed
nitrogen from the bed. o

4. Process according to Claim 3 wherein the mixture of
nitrogen and oxygen is air.



