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( )Li-X zeolite SirAls1.0 is currently the best sorbent for use in the separation of air
by adsorption processes. Sil®er is also known to strongly affect the adsorpti®e properties
of zeolites and thermal ®acuum dehydration of sil®er zeolites leads to the formation of
sil®er clusters within the zeolite. In this work we synthesized type X zeolites containing
®arying mixtures of Li and Ag. Adding ®ery small amounts of Ag at the proper dehydra-
tion conditions formed sil®er clusters and enhanced adsorpti®e characteristics and ener-
getic heterogeneity, as compared to those of the near fully exchanged Liq-zeolites. The
performance for air separation by the best of these sorbents, containing, on a®erage,
only one Ag per unit cell, was compared to that of the near fully Liq-exchanged zeolite
using a standard PSA cycle by numerical simulation. The results show that the new

( )sorbent pro®ides a significantly higher )10% product throughput at the same prod-
uct purity and reco®ery when compared to that of the near fully Liq-exchanged zeolite.

Introduction
The separation of air for the production of nitrogen and

oxygen is a very important operation in the chemical process-
ing industries. Historically, this separation has been done
predominately by cryogenic distillation; though, as adsorption
systems have become more efficient and new, more effective
sorbents have been synthesized, separation by adsorption

Ž Ž .processes such as pressure swing adsorption PSA and vac-
Ž ..uum swing adsorption VSA have become increasingly com-

petitive and are already favorable for small-to-medium scale
Ž .operations Yang, 1997a . Currently, approximately 20% of

air separations are accomplished using adsorption technolo-
Ž .gies Rege and Yang, 1997 .

Since their introduction in the 1950s, synthetic zeolites have
been used in numerous applications such as catalysis, ion ex-
change, drying, and separation by selective adsorption. In the
separation of air, zeolites of type A and X have typically been
used. The A and X type zeolites are composed of silica and
alumina tetrahedra, which are joined together to form the
truncated octahedral or sodalite structure. These sodalite
units are connected with tertiary units to form the structured
zeolite unit cell. While the SiO groups are electroneutral,2

Ž .ythe AlO groups are not, and thus introduce a negative2
charge to the structure which is offset by the presence of a

Correspondence concerning this article should be addressed to R. T. Yang.

Ž qcharge compensating, nonframework cation such as Na ,
q 2q .Li , Ca . Type X zeolites contain between 77 and 96 Al

per unit cell. The unit cell, including cation sites, for type X
zeolite is shown in Figure 1.

It is known that the extra-framework cations in the zeolite
are largely responsible for the nitrogen selectivity of these

( )Figure 1. Unit cell of faujasite-type X and Y zeolites in-
cluding cation sites.
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Ž .materials Barrer, 1978; Breck, 1984 . These zeolites adsorb
Žnitrogen preferentially to oxygen usually at a ratio of about

.4:1 due primarily to the interaction between the charge com-
pensating cations of the zeolite and the quadrupole moment

Ž .of the adsorbing gas N or O . The quadrupole moment of2 2
N is approximately four times that of O . Because the2 2
extra-framework cations so significantly influence the adsorp-
tion properties of the zeolites, numerous attempts have been

Ž .made to optimize these properties by: 1 increasing the num-
Ž .ber of cation sites the cation exchange capacity or CEC by

Ž .creating zeolites with high aluminum content; 2 by synthe-
sizing zeolites containing various combinations of alkaline and
alkaline earth cations.

Ž .Kuhl 1987 reported a procedure for the synthesis of low
Ž .silica X-type zeolite LSX . This material is an aluminum sat-

Žurated X-type zeolite with a silica-to-alumina ratio of 2.0 or
.SirAls1.0 . Commercial X-zeolite, which is typically avail-

q Ž .able as the Na form known commercially as 13X , is not
aluminum saturated and contains 86 aluminum atoms per unit
cell, while the low silica X zeolite contains 96 aluminum atoms
per unit cell.

While it has long been known that Liq is among the
Žstrongest cations, with respect to its interaction with N Mc-2

.Kee, 1964 , its use was greatly increased with two recent ad-
vances. First, it was found that Liq ion-exchange in X-type
zeolite must exceed an approximate 70% threshold before
the Liq has any effect on the adsorptive properties of the

Žmaterial Chao, 1989; Chao et al., 1992; Coe et al., 1992,
.1995 . Secondly, a significant increase in the N adsorption2

capacity was seen in the Liq ion-exchanged low silica X-type
Žzeolites over that of the typical commercial material SirAls

. Ž .1.25 . Because of these advances, Li-X SirAls1.0 is now
the best sorbent in industrial use for separation of air by ad-

Ž .sorption processes Yang, 1997b; Rege and Yang, 1997 .
Ž .Coe et al. 1992 reported the use of a binary exchanged

X-zeolite having lithium and calcium andror lithium and
strontium ions in a ratio of 5% to 50% calcium andror stron-
tium and 50% to 95% lithium. This material provided for
enhanced nitrogen adsorption over those of the Na-X, Li-X,

Ž .and Ca-X zeolites. Chao et al. 1992 reported the use of
mixed ion-exchanged A and X zeolites with lithium and an

Ž 2q 2q .alkaline earth metal such as Ca , Sr . In this case the
zeolite contained lithium and the alkaline earth cations in a
mixture of 10% to 70% alkaline earth and 30% to 90%
lithium. These mixed cation zeolites provided high adsorp-

Ž .tion capacity and high thermal stability. Fitch et al. 1995
reported good N rO selectivity and N capacity with mixed2 2 2

Ž 3qLi Al -X zeolite that is, using Ag as the nonframeworkx y
.charge-compensating cation .

Silver is also known to have very strong effects on the ad-
Žsorption characteristics of zeolites Habgood, 1964; Huang,

. Ž .1974 . Yang et al. 1996 reported the synthesis of a mixed
Ž . Žlithium-silver 80r20 ion-exchanged X-type zeolite SirAls

. q .1.25 with approximately 17 Ag per unit cell , and discussed
its possible superior properties for air separation. This sor-
bent utilized the very strong adsorptive properties of the Agq

ion which provided for increased capacity over that of the
Li-X while maintaining some degree of the advantageous
isotherm linearity that is seen with Li-X. Ab initio molecular
orbital calculations showed the adsorption of nitrogen was

Ženhanced by weak chemical interaction through a classical
. qp-complexation bond with the Ag cation on the zeolite

Ž .framework Chen and Yang, 1996 .
Numerous attempts have been made to reduce transition

metal ions in zeolites for the purpose of forming highly dis-
persed metallic clusters for use as catalysts. These attempts
have typically been completed via treatment at elevated tem-

Žperatures andror in reducing atmospheres such as sodium
.vapor, hydrogen gas, carbon monoxide gas . However, color

changes upon vacuum dehydration of silver-exchanged A-type
zeolites were found to be related to the formation of metallic
clusters within the sodalite cage or the 6-prism of the zeolite
Ž .Kim and Seff, 1978a,b; Jacobs et al., 1979 . Using volumetric
sorption techniques and temperature programmed desorp-

Ž .tion, Jacobs et al. 1979 were able to relate these color
changes to an autoreductive process involving framework
oxygen.

Autoreduction is the reduction of the transition metal ion
and the oxidation of water or lattice oxygen; this has been
observed for both Agq and Cu2q ions in zeolites A, X and
Y, and has been shown to take place by two mechanisms in

Žtwo clearly defined temperature regions Jacobs et al., 1979;
.Baker et al., 1985

Ž .i autoreduction in the presence of zeolite water
Ž .25]2508C

2 Agq-Z-Oy qH O™2Ag0 q 1r2 O q2Z-OH 1Ž . Ž . Ž .2 2

Ž .and ii autoreduction by oxygen from the zeolite lattice
Ž .127]3808C

2 Agq-Z-Oy ™2Ag0 q 1r2 O qZ-OyqZq 2Ž . Ž . Ž .2

Ž .Kim and Seff 1978a,b proposed the formation of octahe-
dral hexasilver metal clusters stabilized by coordination to six

ŽŽ q. Ž .6.silver ions Ag Ag from x-ray structural determina-6
tions of a dehydrated silver-exchanged zeolite A. However,

Ž .Jacobs et al. 1979 suggested that the formation of such large
metal clusters is improbable since color changes are seen even
at low temperatures and low silver loadings where extensive
migration of neutral silver atoms and subsequent sintering
into Ag metal clusters is highly unlikely. Alternatively, Ja-6

Ž .cobs et al. 1979 suggested, based on structural studies of
Ž .2qAg-A zeolites, the formation of linear Ag charged clus-3

Ž q 0 q .ters Ag -Ag -Ag upon thermal dehydration of the zeolite.
Ž .Gellens et al. 1981a,b, 1983 followed color changes and

concomitant silver cluster formation in A, X, and Y zeolites
Ž .using X-ray diffraction XRD techniques. They found that

the number of clusters increases with framework Al content.
It was also noted that in synthetic analogs of the faujasite

Ž .zeolite types X and Y the dehydrated zeolites displayed a
yellow color which increased in intensity with the number of
clusters, while silver-exchanged A zeolites took a yellow color
with dehydration at low temperatures, eventually becoming
brick red after treatment at higher temperatures.

In this work we have synthesized type X zeolites containing
varying amounts of Li and Ag. We have treated these materi-
als in a way which promotes the formation of intracrystalline
silver clusters, and we have evaluated the resulting adsorptive
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characteristics with respect to the gases which are of primary
interest in the separation of air: N , O , and Ar. The per-2 2
formance of the best of these materials was compared to that
of the fully Liq-exchanged zeolite using a numerical simula-

Žtion of a standard five-step PSA cycle that is used in indus-
.try . The results are given below. A broader range of mixed-

cation zeolites as well as their applications are given else-
Ž .where Yang and Hutson, 1998 .

Experimental Studies
Materials

Two type-X zeolites, differing only by the SirAl ratio, were
Ž .used in this work. These were: 1 X-type zeolite with a SirAl

Žof 1.0 Praxair, No. 16193-42, sometimes referred to as LSX,
. Ž .low silica X-zeolite ; 2 X-type zeolite with a SirAl of 1.25

Ž .Linde, lot 945084060002 . Both of these materials were
binderless, hydrated powders.

Ž . Ž .Helium 99.995%, prepurified , oxygen 99.6%, extra dry ,
Ž . Žnitrogen 99.998%, prepurified , and argon 99.998% prepu-

.rified were obtained from Cryogenic Gases. All water used
was deionized.

Cation exchange
Since the sodium form of the zeolite exchanges more read-

ily with most cations in consideration, all zeolites were first
ion exchanged with a solution of sodium chloride in order to
convert to the Naq form. A dilute NaOH solution was used
to keep the NaCl solution at pHf9. This helps to prevent
hydrolysis and breakdown of the zeolite crystal structure dur-
ing the ion-exchange process. The resultant Naq-zeolite was
then used as the starting material for all other syntheses.

Preparation of Li-zeolites
The lithium zeolites were prepared by five consecutive

Žstatic ion exchanges using a 6.3-fold excess over that neces-
.sary for full ion exchange of a 2.2 M solution of LiCl. This

was done in a 0.01 M solution of LiOH at a pHf9. The
lithium ion-exchange solution was heated to a mild boil and
then allowed to cool and settle. The solution was decanted, a
fresh 6.3X LiCl solution was added, and the procedure was
repeated for a total of five exchanges. After the final ion ex-
change, the material was vacuum filtered and washed with
copious amounts of deionized water until no free ions were

Žpresent in the filter water that is, no precipitation upon
q.treatment with Ag . The resulting lithium exchanged zeo-

lites were dried overnight at 1008C in a conventional oven
before being dehydrated in ®acuo prior to measurement of
adsorption isotherms.

Preparation of Ag-zeolites
The silver zeolites were prepared by two consecutive ion

exchanges using a 0.05 M solution of AgNO . Each silver so-3
lution contained a cation content which was double that re-
quired for 100% exchange. The silver ion-exchange solution
was heated to a mild boil and immediately allowed to cool
and settle. As with the lithium ion exchange, the solution was
decanted, fresh AgNO solution was added, and the proce-3

dure was repeated for a total of two exchanges. After the
second ion exchange, the material was vacuum filtered and
washed with copious amounts of deionized water until no free

Žions were present in the filter water no precipitation upon
y.treatment with Cl . The silver exchanged materials were

dried at room temperature and atmospheric conditions in a
dark area. The resulting materials were then stored in a dark
area until they were dehydrated in ®acuo prior to analysis.

Preparation of Li Ag -zeolitesx y

ŽThe Li Ag -zeolites which may more accurately be re-x y
ferred to as Li Na Ag -zeolites since ion exchange is rarelyx y z
exhaustive and there is almost always some residual Naq

.present in the starting Li-zeolite were prepared by ion ex-
Ž .change of a Li-zeolite prepared as described above with a

0.05 M solution of AgNO . This silver solution contained a3
cation content which was equivalent to the targeted amount.
This is possible with silver ion exchange, because the silver

Ž .cation is quickly and easily exchanged Breck, 1984 . The sil-
ver ion-exchange solution was heated to a mild boil and im-
mediately allowed to cool and settle. The resulting material
was vacuum filtered and washed with copious amounts of
deionized water. Complete incorporation of the targeted sil-
ver ions was verified when no precipitation was observed in
the filtered water on treatment with Cly. These mixed cation
zeolites were then dried at room temperature and atmo-
spheric conditions in a dark area and were stored in a dark
area until they were dehydrated in ®acuo prior to analysis.

Dehydration
Prior to measurement of the adsorption isotherms or up-

take rates, it is necessary to dehydrate the zeolite sample.
Zeolites have a strong affinity for water, and some molecules
are tenaciously held. The presence of water in the zeolite
significantly affects the validity of the adsorption measure-
ment. Prior to analysis, all samples were heated in order to

Ž .remove water. Differential thermal analysis DTA of zeolite
X has shown a continuous loss of water over a broad range of
temperatures, starting at slightly above room temperature up

Ž .to 3508C with a maximum at about 2508C Breck, 1984 . Spe-
cific dehydration conditions varied and are given for each
sample.

Characterization
The samples were compositionally characterized using

Ž .neutron activation analysis NAA in the research nuclear re-
actor of the Phoenix Memorial Laboratory at the University
of Michigan. The samples were irradiated sequentially for one
minute at a core-face location with an average thermal neu-
tron flux of 2=1012 nrcm2rs. Two separate gamma-ray spec-
tra were then collected for each sample with a high resolu-
tion germanium detector: one after a 13 min decay to deter-
mine the concentrations of Al and Ag, and a second after a 1
h and 56 min decay to analyze for Na and K; both were for

Ž500 s real time. Four replicates of NBS-SRM-1633a coal fly
.ash and silver foil were used as standard reference materials

and check standards.
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Table 1. Elemental Composition of Li Ag -X-1.0 Zeolite SamplesU
x y

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6

Comp. wt. % qry wt. % qry wt. % qry wt. % qry wt. % qry wt. % qry

Al 21.38 0.88 21.19 0.87 20.80 0.85 19.45 0.81 18.37 0.75 11.91 0.49
Ag 0.00 } 0.93 0.06 3.04 0.06 9.57 0.16 15.64 0.12 55.49 0.27
Na 0.28 0.02 0.14 0.01 0.10 0.01 0.11 0.01 0.22 0.01 0.03 0.01
Li 5.59 } 5.21 } 4.99 } 4.76 } 3.85 } 0.00 }

U Ž . Ž .Lithium was measured by inductively coupled plasma-mass spectroscopy ICP-MS ; all others were measured by neutron activation analysis NAA .

The samples were also analyzed for Li content using an
Žinductively coupled plasma mass spectrometer ICP-MS,

.Hewlett Packard HP 4500 . The samples were first digested
in concentrated nitric acid solution at 1008C for 20 min. At
the end of digestion, the samples were further diluted and
filtered before the ICP-MS analyses.

The adsorption isotherms were measured using a static vol-
Ž .umetric system Micromeritics ASAP-2010 . Additions of the

analysis gas were made at volumes required to achieve a tar-
geted set of pressures. A minimum equilibrium interval of 9 s

Žwith a tolerance of 5% of the target pressure or 0.007 atm,
.whichever is smaller was used to determine equilibrium for

each measurement point. The pressure transducers in the
ASAP-2010 are accurate to -0.2% for the pressure range of
0]1 atm. The sample weights were obtained using a digital
laboratory balance which is accurate to "0.01 g. The isotherm
measurements and the samples themselves were found to be
highly reproducible.

Results and Discussion
All samples are identified according to the type of zeolite,

Ž .the number of charge compensating cation s present in a unit
cell, and the SirAl ratio. For example, Li -X-1.25 refers to86
an X-type zeolite with SirAls1.25 which has been fully ex-
changed to contain 86 Liq cations per unit cell. The sample
Li Na Ag -X-1.0 refers to an X-type zeolite with SirAl94.2 0.7 1.1
s1.0 which contains, on average, 94.2 Liq, 0.7 Naq, and 1.1

q Ž .Ag or other forms of Ag per unit cell, as determined from
Ž .the neutron activation NA and ICP-MS analyses.

Analytical characterization
As mentioned earlier, the samples were compositionally

Ž .characterized using neutron activation analysis NAA and
Ž .inductively coupled plasma mass spectroscopy ICP-MS . Re-

sults of these analyses are given in Table 1. The unit cell
compositions for those analyzed samples are given in Table 2.

Table 2. Unit Cell Composition for Each of the Li Ag -x y
X-1.0 Samples

1 2 3 4 5 6
Comp. atmruc atmruc atmruc atmruc atmruc atmruc

Al 96.0 96.0 96.0 96.0 96.0 96.0
Ag 0.0 1.1 3.5 11.5 21.0 95.7
Na 1.5 0.7 0.5 0.6 1.2 0.3
Si 96.0 96.0 96.0 96.0 96.0 96.0
Li 94.5 94.2 92.0 83.9 73.8 0.0
O 384.0 384.0 384.0 384.0 384.0 384.0

Adsorption isotherms for fully exchanged Li and Ag zeolites
Figure 2 shows the N , O and Ar adsorption isotherms,2 2

measured at 258C, for Li Na -X-1.0 after vacuum dehy-94.5 1.5
dration at 3508C. This zeolite is used in adsorptive air separa-
tion because of its very high N capacity and very favorable2

Ž .N :O selectivity approximately 6:1 at 1 atm , as well as its2 2
N isotherm linearity. Figure 3 shows the enchancement in2
the N adsorptive capacity for Li Na -X-1.0 over that of2 94.5 1.5
Li Na -X-1.25.77 9

Figure 4 shows N , O and Ar adsorption isotherms for2 2
Ag Na -X-1.0, all measured at 258C, after vacuum dehy-95.7 0.3
dration at 4508C for a minimum of 4 h. These samples were
all initially gray in color, but, after vacuum dehydration,
turned to a deep golden yellow, indicating the formation of
silver clusters. Figure 5 shows the enhancement in the N2
adsorption capacity for Ag Na -X-1.0 over that of the95.7 0.3
Ag Na -X-1.25. While the near fully exchanged Ag-85.7 0.3
zeolites, like their Li-zeolite analogs, have very high N ca-2
pacity and favorable N :O selectivity, they are not favorable2 2
for use in adsorption-based separations. Because of the strong
adsorption of N at low pressure, creating a low-pressure2
‘‘knee’’ in the adsorption isotherm shown in Figure 4, the

Žworking capacity that is, the DQ, the change in the adsorp-
tive capacity from the typically used adsorption pressure of

.1.0 to a desorptive pressure of 0.33 atm is very small, and
the material must be exposed to very low-pressure conditions
in order to increase that working capacity.

Figure 2. Adsorption isotherms for N , O and Ar mea-2 2
sured at 258C for Li Na -X-1.0 dehydrated94.5 1.5
in vacuo at 3508C.
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Figure 3. N adsorption isotherms, measured at 258C,2
( ) ( )for a Li Na -X-1.25 and b Li Na -X-77 9 94.5 1.5

1.0.
Both materials were dehydrated in ®acuo at 3508C.

Some Ag-zeolites have been shown to have a selectivity for
Ž .Ar over O Knaebel and Kandybin, 1993 , and, in our work,2

the Ag-zeolites which had been dehydrated in ®acuo at 3508C
also showed a selectivity for Ar over O . However, the Ag-2
zeolites which had been dehydrated in ®acuo at 4508C had
approximately the same adsorption capacity for Ar and O2
Ž .as shown in Figure 4 . This is probably due to increased in-
teraction between the charged Ag-clusters and the quad-

Žrupole moment of the O molecule whereas, the Ar has no2
.quadrupole moment .

( )Adsorption isotherms for mixed cation Li Ag zeolitesx y

The N adsorption isotherms, measured at 258C, for2
Li Ag -X-1.0 zeolites after vacuum dehydration at 4508C forx y
a minimum of 4 h are shown in Figure 6. These zeolites con-
tained varying amounts of Ag per unit cell ranging from zero

Figure 4. Adsorption isotherms measured at 258C for
N , O and Ar on Ag Na -X-1.0 dehydra-2 2 95.7 0.3
ted in vacuo at 4508C.

Figure 5. N adsorption isotherms, measured at 258C,2
( ) ( )for a Ag Na -X-1.25 and b Ag Na -85.7 0.3 95.7 0.3

X-1.0.
Both materials were dehydrated in ®acuo at 4508C.

Ž .that is, the near fully exchanged Li Na -X-1.0 sample to94.5 1.5
Ž .21 the Li Na Ag -X-1.0 sample . This plot reveals that73.8 1.2 21

the incorporation of only a small amount of silver changes
the adsorptive properties of the near fully exchanged
Li Na -X-1.0 zeolite. With increasing additions of Agq

94.5 1.5
Ž q q.and corresponding removal of Li and Na , the adsorp-
tion isotherms begin to take on more of the characteristics of

Žthe near fully exchanged Ag Na -X-1.0 material that is,95.3 0.3
.the high ‘‘knee’’ at low pressures .

Dehydration and formation of Ag-clusters
As mentioned earlier, zeolites have a strong affinity for wa-

ter, and some molecules are held tenaciously. The materials

Figure 6. N adsorption isotherm, measured at 258C, for2
Li Ag -X-1.0 zeolites dehydrated in vacuo atx y
4508C.
This shows that the addition of increasing amounts of Ag
results in a change in the general aspect of isotherm toward
that of the near fully Agq-exchanged material.
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Figure 7. N adsorption isotherm, measured at 258C, for2
( )Li Na -X-1.0 top and Ag Na -X-1.094.5 1.5 95.7 0.3

( )bottom .
Ž . Ž .Materials were dehydrated in ®acuo at a 3508C and b

4508C.

must be completely dehydrated prior to measurement of the
adsorption isotherms to guarantee the validity of the result.
Further, the dehydration conditions have a significant effect

Žon the formation silver clusters Kim and Seff, 1978a,b; Gel-
.lens et al., 1981a,b with the atmosphere and temperature of

the dehydration being the most important. Figure 7 shows N2
Ž .adsorption isotherms for Li Na -X-1.0 top and94.5 1.5

Ž .Ag Na -X-1.0 bottom , both after vacuum dehydration95.7 0.3
at 3508C and 4508C. For the near fully exchanged Li material,

Žthere is no significant increase in the N capacity or in the2
.shape of the adsorption isotherm for the material dehy-

drated at 4508C over that dehydrated at 3508C. This is ex-
pected as the majority of zeolitic water is easily removed
by 2508C, and most tenaciously held water molecules are

Ž .removed by 3508C Breck, 1984 . However, the near fully
exchanged Ag Na -X-1.0 sample does show an increase95.7 0.3
in N capacity after dehydration at 4508c over that of2
the same sample dehydrated at 3508C. This increase cannot
be attributed a loss of water since all but the most tena-
ciously held water is removed by 3508C, and there is no

Ž q qincrease in the N capacity for other zeolite forms Li , Na ,2
q .K , and so on with dehydration at temperatures beyond

3508C. This increase, therefore, was the result of the forma-
tion of charged silver clusters in the zeolite with dehydration
at high temperature.

A series of N adsorption isotherms was measured for2
Ag Na -X-1.0 and Li Na Ag -X-1.0 after partial or95.7 0.3 73.8 1.2 21
full dehydration in vacuum at various temperatures. The re-
sults for both zeolites showed a continual increase in the N2

Ž .adsorption capacity at 1 atm with increasing dehydration

temperature up to 450]5008C. Materials which had been de-
hydrated in vacuum at 5508C and 6008C had N capacities2
which were considerably lower than those dehydrated in vac-
uum at 450]5008C.

It is obvious that the ultimate adsorptive characteristics of
the silver-containing zeolites are very dependent upon the
formation of silver clusters and, therefore, on the dehydra-
tion conditions. We have found that best results are given
when the silver-containing zeolites are dried at room temper-
ature before being completely dehydrated in vacuum at a
temperature of at least 4508C, but no greater than 5008C.
The zeolites should be held at the dehydration temperature
for a minimum of 4 h.

Heat of adsorption and energetic heterogeneity
Heterogeneity in zeolites may result from a number of

causes including a mixed population of charge compensating
cations. If the intracrystalline cation composition is mixed,
sites in the vicinity of a cation will differ for each cation
whether or not they occupy equivalent crystallographic posi-
tions. Further, in a mixed cation population the proportion of
one cation to another may vary from one cavity to another so
that the behavior of the cavities as multiple sorption sites

Ž .may vary throughout the crystal Barrer, 1978 .
The presence of energetic heterogeneity of a system can be

determined by plotting the isosteric heat of adsorption vs. the
amount adsorbed. Energetic heterogeneity of the system will
result in a decrease in the isosteric heat of adsorption as the
amount sorbed increases. For small uptakes, the isosteric heat
may decrease rather strongly with the amount adsorbed. This
would be an indication that there are some local intracrys-
talline positions where the guest molecules are preferentially
sorbed more exothermally than in the rest of the intracrys-
talline volume. At intermediate uptakes, the slope of this plot
will usually decrease and become nearly constant.

The measurement of adsorption isotherms at different
temperatures permits the calculation of the heat of adsorp-
tion as a function of surface coverage. When experimental
data are reported as a set of adsorption isotherms for a par-
ticular gas-adsorbent system, the isosteric heat of adsorption

Ž .is usually calculated Bajusz and Goodwin, 1997 . The iso-
steric heat of adsorption can be calculated from a series of
isotherms by application of the Clausius-Clapeyron equation
as follows

d ln P
D H s R 3Ž .ads ž /d 1rTŽ . n

Using the data from nitrogen and oxygen adsorption
isotherms measured at 508C, 258C, and 08C, the isosteric heats
of adsorption were determined by evaluating the slope of a

Ž . Ž .plot of ln P vs. 1rT at several coverages. The plots of ln
Ž . Ž . Ž .P vs. 1rT at several coverages for Li Na -X-1.0 topN2 94.5 1.5

Ž .and Li Na Ag -X-1.0 bottom are shown in Figure 8.94.2 0.7 1.1
The isosteric heats of adsorption at different coverages were
calculated for each of these materials and are shown in Fig-
ure 9. A similar analysis was also done for the oxygen and
argon data, but these results are not shown. From the plots
of the heats of nitrogen adsorption, shown in Figure 9, one

April 1999 Vol. 45, No. 4AIChE Journal 729



( )Figure 8. ln P vs. 1 /////T at different coverages for
( )Li Na -X-1.0 top and Li Na Ag -X-94.5 1.5 94.2 0.7 1.1

( )1.0 bottom .

can see that the isosteric heat of adsorption for N on2
Ž .Li Na Ag -X-1.0 is quite high f8 kcalrmol at low94.2 0.7 1.1

coverages, but immediately drops sharply to become nearly
horizontal. This indicates the presence of local intracrys-
talline sites where the N is preferentially sorbed more2
strongly than at other sites within the intracrystalline volume.
A comparison with the same plot of the isosteric heat of ad-
sorption for N for Li Na -X-1.0, which is essentially hor-2 94.5 1.5
izontal, shows that the energetic heterogeneity of the
Li Na Ag -X-1.0 zeolite is due entirely to the incorpo-94.2 0.7 1.1

Figure 9. Isosteric heats of adsorption of N for2
Li Na -X-1.0 and Li Na Ag -X-1.0.94.5 1.5 94.2 0.7 1.1

ration of the approximately one Ag per unit cell. The plots of
the heats of adsorption for O and Ar were horizontal with2
coverage, indicating the interaction between the silver clus-
ters and these guest molecules is much less than with the N .2
The approximate constant heat of adsorption with increasing
coverage for the Li Na -X-1.0 is consistent with previ-94.5 1.5

Ž .ously reported results Bajusz and Goodwin, 1997 , and likely
indicates an energetically homogeneous surface.

Cation site location
For the X zeolites, the cation site designations are conven-

Ž .tionally designated as SI the center of the hexagonal prism ,
X Ž .SI opposite SI but located in the cubooctahedron , SII

Ž . X Žsingle six-ring in the supercage , SII opposite SII but inside
. Žthe cubooctahedron , and SIII near the four-ring windows in

. Ž .the supercage Breck, 1984 .
Several studies have been employed in order to locate ex-

q Žtra framework Li cations in X, Y and A zeolites Feuerstein
.and Lobo, 1998; Herden et al., 1982 using solid state NMR

and neutron diffraction methods. It was found that the Liq

ions fully occupy all 32 SI’ sites and all 32 SII sites. The SIII
sites were then occupied with the remaining Liq ions, 22 for
Li -X-1.25, and 32 for Li -X-1.0. No occupancy of the SI86 96

Ž .sites was observed. Coe 1995 reported an occupancy
‘‘threshold’’ of 64 cations. Mixed Li Na -X zeolites whichx y
contained less Liq than this threshold amount did not show
any increase in the N adsorption capacity over that of the2
fully Naq-exchanged materials. This indicated that only those
Liq ions located in the SIII cation sites were interacting with
the N molecules. This result is interesting because, even2
though the SI and SI’ sites are sterically inaccessible to the
N molecules, the SII sites are not; other cations, such as2
Ca2q, do interact with N when located in the SII positions.2

Numerous studies have also been undertaken to identify
the location of Agq ions and Ag-clusters, typically by X-ray

Ždiffraction methods Kim and Seff, 1978a,b; Gellens et al.,
. Ž1981a,b and far-infrared spectroscopy Baker et al., 1985;

.Ozin et al., 1984 . It was found that, for dehydrated, fully
q ŽAg -exchanged faujasite-type zeolites, the silver cations or

.ground state atoms were distributed among the six-ring sites
Ž .SI, SI’, and SII for type X and, for samples with high Al

Ž .content, in the SIII locations. Gellens et al. 1981a and Baker
Ž .et al. 1985 showed the simultaneous occupancy of sites SI

Ž q 0 q .and SI’ by linear Ag -Ag -Ag clusters. In general, all
studies seemed to indicate that the Ag cations and atoms
preferred the SI and SI’ sites.

No studies have been conducted to identify the location of
Liq and Agq cations in mixed Li Ag -zeolites. While it hasx y
been shown that the Agq ions prefer the SI and SI’ locations,
it is known that the Liq ions also strongly prefer the SI’ sites.
Both of these sites are sterically inaccessible to the N and2
O molecules; so, the formation of silver clusters in these2
locations may not have a strong effect on the overall adsorp-
tive characteristics of the mixed Li Ag -X zeolites. There-x y
fore, it is expected that the clusters, in these mixed cation
zeolites, are instead formed at the N and O accessible SII2 2
andror SIII locations due to competition with the Liq cations
for the preferred SI and SI’ locations. Logically, Ag-cluster
formation at the SII sites would most enhance the adsorptive
characteristics of mixed Li Ag -X zeolites since these sitesx y
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have been shown to be noninteractive when occupied with
q Ž .Li ions. Kim and Seff 1987 identified the location of Ag in

mixed Na Ag -A zeolites and found that the Ag ions preferx y
Ž .six-ring sites such as the SI, SI’, and SII in the X zeolites .

This may indicate a preference for the SII sites in type X
Žzeolites when the SI and SI’ sites are unavailable due to

q.competition with Li .
Another possibility is that the Ag clusters were formed in

the SI-SI’ sites, and due to the strong field gradient that is
generated by Agq, enhanced interactions with the N2
molecules is still possible. This possibility would account for
the fact that the optimal sorbent contained only, on average,
approximately one Ag per unit cell, because each Ag2q clus-3
ter was shared by three supercage cavities. Further work to

Ž .identify the Ag cluster location s is in progress.

Nature of interaction
The total energy of physical adsorption f is the result ofT

the interactions between adsorbate molecules and interac-
tions between the adsorbate molecules and the zeolite cavity

Ž .wall Razmuz and Hall, 1991 . The f is comprised of dis-T
Ž . Ž . Ž . Ž .persive D , repulsive R , polarization P , field-dipole FD

Ž .interactions, field-quadrupole FQ interactions, and adsorb-
ate energies. These can be written as follows

f sy f yf yf yf yf yf 4Ž .Ž .T D R P FD FQ AA

Ž .The adsorbates of interest in this evaluation N , O , and Ar2 2
do not have permanent dipoles, and the coverages are low.
Therefore, the field-dipole and adsorbate-adsorbate interac-
tions can be ignored and Eq. 4 can be reduced to

f sy f yf yf yf 5Ž .Ž .T D R P FQ

Because the N and O molecules are very similar in size2 2
and have comparable polarizabilities, the dispersive, repul-
sive, and polarization energies between the adsorbate and the
extra framework cations are very similar. The quadrupole
moment of the N molecule is approximately four times that2
of the O molecule and is primarily responsible for the dif-2
ference in the adsorptive capacity for N over that of O .2 2
Argon, which does not have a quadrupole moment, is more
greatly affected by the polarization energies; for most zeo-
lites, the Ar capacity is about the same as that of O .2

The very high heat of binding of the N molecules at very2
low pressures is probably due to very high electrostatic fields
near the exposed charged Ag-clusters and their interaction
with the quadrupole moment of the N molecule. However,2
because there is also an increase in the adsorption of argon,
which does not have a quadrupole moment, these charged
clusters must also contribute to the total energy of physical
adsorption by increased van der Waals and field-induced
dipole energies and could possibly have a higher polarizing
power than that of isolated silver cations.

Physical adsorption, however, is likely not the only contri-
bution to N adsorption in silver-containing zeolites. Yang et2

Ž .al. 1996 , noting the high isosteric heat of adsorption for N2
on Ag -X-1.25 zeolites combined with a relatively slow des-86
orption of N on the same, proposed some degree of weak2

p-complexation. The p-complexation character of the inter-
action was subsequently confirmed by ab inito molecular or-

Žbital calculations using N and an Ag-X cluster model Chen2
.and Yang, 1996 and was referred to as ‘‘weak chemisorp-

tion-assisted adsorption.’’

PSA cycle description
A standard five-step PSA cycle that is presently used in

Ž .industry for air separation Leavitt, 1991 was used in this
Ž .study. The steps involved in each cycle are as follows: step I

Žpressurization with the feed gas, namely, 22% O mixture of2
. Ž .O and Ar and 78% N ; step II high-pressure adsorption2 2

Ž .with the feed gas, or feed step; step III cocurrent depres-
Ž . Ž .surization; step IV countercurrent blowdown; step V

countercurrent low-pressure purge with the product of the
Ž .feed step oxygen .

Ž .All the above steps were of equal duration 30 s ; thus, the
time required for the completion of each PSA cycle was 2.5
min. The model assumed only two adsorbable components,

Ž .O and N . The oxygen component 22% was actually a mix-2 2
ture of O and Ar which have very similar adsorption2
isotherms for the sorbents of interest. The product of each
cycle was comprised of a volumetric mixture of the output
stream of the feed step and the cocurrent depressurization
step. A portion of this product stream was used to purge the
bed countercurrently in step V.

In order to compare the performance of the Li Na -X-94.5 1.5
1.0 and the Li Na Ag -X-1.0 sorbent developed in this94.2 0.7 1.1
work, the product throughputs of the two sorbents were stud-
ied under two different cycle conditions using computer sim-
ulations. In order to facilitate a fair comparison of the sor-
bent performance, the cycle conditions were optimized such
that the product purity and product recovery obtained were
the same for both the sorbents in each respective simulation
run. In this work, the product purity, product recovery and
product throughput are defined as follows

product purity

amount of O from steps II and IIIŽ .2
s 6Ž .

amount of N and O from steps II and IIIŽ .2 2

product recovery

O from steps II and III y O used in step VŽ . Ž .2 2
s 7Ž .

O fed in step I and step IIŽ .2

product throughput

amount of O produced per hour kgrhw xŽ .2
s 8Ž .w xamount of adsorbent used in the bed kgŽ .

The mathematical model and the numerical method used
for the PSA simulations in this study have been explained in

Ž .detail in an earlier work Rege and Yang, 1997 . Hence, only
the basic assumptions will be listed here. The model used
assumes the flow of a gaseous mixture of two components in
a fixed bed packed with spherical adsorbent particles. The
bed is considered to be adiabatic and diffusional resistance is
assumed to be negligible since the diffusion of O and N in2 2
the adsorbents is essentially instantaneous, as observed in this
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Table 3. Parameters in the Temperature-Dependent Langmuir Isotherm of N and O for Adsorbents2 2

kk k k yD H31 2 4
y1Ž . Ž . Ž . Ž . Ž .Sorbent Sorbate mmolrg K atm K kcalrmol

y3Li Na -X-1.0 O 1.14 239.2 2.20=10 1,092 2.6694.5 1.5 2
y3Li Na -X-1.0 N 1.69 134.4 1.19=10 1,990 5.1694.5 1.5 2
y3Li Na Ag -X-1.0 O 0.965 196.0 2.25=10 1,212 3.0094.2 0.7 1.1 2
y3Li Na Ag -X-1.0 N 2.12 64.82 7.78=10 1,494 5.3994.2 0.7 1.1 2

study. Thus, there is local equilibrium between the gas and
the solid phase of each gas component. Axial dispersion for
mass and heat transfer is assumed but dispersion in the ra-
dial direction is taken to be negligible. Axial pressure drop is
neglected and ideal gas law is assumed to hold since pres-
sures involved are near atmospheric. Also, the gas is assumed
to have constant viscosity and heat capacity.

The pure component equilibrium amounts adsorbed on the
respective adsorbents were fit using the well-known Lang-
muir isotherm with temperature-dependent terms. The equi-
librium loading under mixture conditions were then pre-
dicted by the extended Langmuir equation in the simulation
model

q b pm k kkUq s ks1, 2 9Ž .mk

1q b pÝ j j
js1

The temperature dependence of the Langmuir parameters is
assumed to be as follows

q s k exp k rT and bs k exp k rT 10Ž .Ž . Ž .m 1 2 3 4

The values of the Langmuir equation terms for Li Na -X-94.5 1.5

Table 4. Adsorption Bed Characteristics and Operating
Conditions for PSA Simulations

Bed length 2.5 m
Diameter of adsorber bed 1.0 m
Bed external porosity 0.40

3Bed density 720 kgrm
Heat capacity of gases 6.87 calrmolrK
Heat capacity of bed 0.28 calrgrK

Ž .Wall temperature 298 K ambient
Feed gas composition 78% N , 22% O2 2
Feed gas temperature 298 K

y3 2Ž .Axial dispersion coefficient D 5=10 m rsax

1.0 and Li Na Ag -X-1.0 sorbents, as well as the heats94.2 0.7 1.1
of adsorption are given in Table 3.

Simulation results
The PSA bed characteristics and the operating conditions

used are summarized in Table 4. The PSA cycle parameters
were chosen as close to industrially acceptable values as pos-
sible. The pressure ratio, which is the ratio of the feed pres-

Ž . Ž .sure P to the desorption pressure P , is an importantH L
operating characteristic, and it has been shown that a value
of 3 suffices for an optimal PSA performance using the Li-X-

Ž .1.0 sorbent Rege and Yang, 1997 . The same pressure ratio
was employed for the comparison of the Li Na -X-1.0 and94.5 1.5
Li Na Ag -X-1.0 sorbents in this work. As can been seen94.2 0.7 1.1
from Table 5, run 1 comprises a feed pressure of 1.0 atm,
while run 2 was carried out at a higher feed pressure of 1.2
atm. The cocurrent depressurization pressure, feed velocity,
and purge velocity were optimized so as to obtain the same
product purity and recovery for both the sorbents. As seen
from the O and N isotherms in Figure 10, the2 2
Li Na Ag -X-1.0 sorbent has a higher capacity for N .94.2 0.7 1.1 2

Ž .From the extended Langmuir isotherm Eq. 9 , it follows that
the higher N loading further suppresses the O loading un-2 2
der mixture conditions and, as a result, the working capacity
of the Li Na Ag -X-1.0 sorbent further increases.94.2 0.7 1.1

ŽHence, the amount of bed utilization or the depth of propa-
.gation of the N wavefront in the bed of the2

Li Na Ag -X-1.0 sorbent was lower than that of the94.2 0.7 1.1
Li Na -X-1.0 sorbent under identical cycle conditions.94.5 1.5
The higher capacity of the Li Na Ag -X-1.0 sorbent94.2 0.7 1.1
could be exploited by employing higher feed throughputs and
lower cocurrent depressurization pressure without signifi-
cantly lowering product purity and recovery. An obvious out-
come of the high capacity of the Li Na Ag -X-1.0 sor-94.2 0.7 1.1
bent was a higher product throughput compared to that of
the Li Na -X-1.0 sorbent when the other performance94.5 1.5

Ž .parameters that is, product purity and recovery were kept
the same. However, the heats of adsorption of the two com-

Table 5. PSA Simulation Operating Conditions and Results

ProductO O2 2
ThroughputProduct Product
ŽP P P U U kg O rhrkgPurity RecoveryH L C D H L 2

Ž . Ž . Ž . Ž . Ž . Ž . Ž . .Sorbent atm atm atm mrs mrs % % Ad.

Run 1
y2Li Na -X-1.0 1.0 0.33 0.70 0.48 0.38 96.11 62.03 4.84=1094.5 1.5
y2Li Na Ag -X-1.0 1.0 0.33 0.69 0.60 0.42 96.42 62.74 5.40=1094.2 0.7 1.1

Run 2
y2Li Na -X-1.0 1.2 0.4 0.70 0.40 0.38 90.68 78.02 6.31=1094.5 1.5
y2Li Na Ag -X-1.0 1.2 0.4 0.71 0.50 0.38 90.83 78.48 7.01=1094.2 0.7 1.1
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Figure 10. N and O isotherms for Li Na Ag -2 2 94.2 0.7 1.1
X-1.0 dehydrated in vacuo at 4508C and for
Li Na -X-1.0 dehydrated in vacuo at94.5 1.5
3508C.
All isotherms were measured at 258C.

ponents on the Li Na Ag -X-1.0 sorbent were also94.2 0.7 1.1
higher than those on the Li Na -X-1.0 sorbent. Severe94.5 1.5
temperature excursions in adsorption-desorption cycles are

Žknown to adversely affect PSA separation performance Yang,
.1997a , this is true to some degree even for air separation

Žwhere the adverse effects are not strong but significant Rege
.and Yang, 1997 . Fast cycling will decrease the effects. A PSA

simulation run is necessary to critically evaluate the impor-
tance of higher N loading and higher heat of adsorption in2
case of Li Na Ag -X-1.0 sorbent and the accompanying94.2 0.7 1.1
heat effects.

The results of the simulation runs are shown in Table 3. It
Ž .can be seen from run 1 feed pressure: 1 atm that the O2

product throughput obtained by using Li Na Ag -X-1.094.2 0.7 1.1
sorbent was 5.4=10y2 kg O rhrkg-sorbent compared to the2
throughput of 4.8=10y2 kg O rhrkg-sorbent offered by2
Li Na -X-1.0 sorbent. The corresponding O product pu-94.5 1.5 2
rity and recovery were approximately 96% and 62%, respec-
tively. There is an improvement of 12.5% in the product
throughput which translates into considerable savings in capi-
tal and operating costs since a higher product throughput im-
plies a smaller bed requirement for the same desired produc-
tion. Another run was done at a different feed pressure of
1.2 atm with the cycle conditions optimized to produce O2
product at 90.7% purity and 78% recovery. In this case as
well, the product throughput of the Li Na Ag -X-1.094.2 0.7 1.1

Ž y2sorbent was found to be higher 7=10 kg O rhrkg sor-2
. Žbent , compared to that of the Li Na -X-1.0 sorbent 6.394.5 1.5
y2 .=10 kg O rhrkg sorbent . Thus, the product throughput2

of the Li Na Ag -X-1.0 sorbent is higher by 11% even94.2 0.7 1.1
at a lower O product purity requirement. The values of the2
throughputs obtained in this study were found to have an
order of magnitude agreement with those published for Li-X-

Ž .1.0 sorbent in literature Leavitt, 1991 . From the simulated
bed profiles, it was observed that temperature deviations from
the feed temperature of 258C due to the adsorption heat ef-
fects were about 178C for the Li Na Ag -X-1.0 sorbent,94.2 0.7 1.1

while it was only 128C for the Li Na -X-1.0 sorbent. How-94.5 1.5
ever, from the results, it appears that the advantage of higher
N loading on the Li Na Ag -X-1.0 more than compen-2 94.2 0.7 1.1
sates the lowering of PSA performance due to higher heat
effects. Hence, it is evident from the previous two examples
that the Li Na Ag -X-1.0 sorbent is superior to the94.2 0.7 1.1
Li Na -X-1.0 sorbent for air separation by PSA.94.5 1.5
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Notation
bsLangmuir parameter, atmy1

D saxial dispersion coefficient in adsorbent particles, m2rsax
D Hsheat of adsorption, kcalrmol

k sLangmuir temperature dependence constant, mmolrg1
k , k sLangmuir temperature dependence constant, K2 4

k sLangmuir temperature dependence constant, atmy1
3
pspartial pressure, atm
P stotal pressure, atm

q sLangmuir parameter, mmolrgratmm
qU sequilibrium adsorbate loading, mmolrg
T stemperature, K
Usinterstitial gas velocity, mrs

Subscripts
CDsIntermediate pressure corresponding to the cocurrent de-

pressurization step
isspecies i

j, ksgas-phase component index
Lslow-pressure corresponding to purge step
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Correction
In the article titled ‘‘Concentration Profile for Linear Driving Force Model for Diffusion

Ž . Ž . Ž .in a Particle’’ January 1999, p. 196 , the two sentences preceding Eq. 9, ‘‘ A t and B t can
be solved from the two boundary conditions . . . ’’ should be replaced by the following:

Ž . Ž . Ž .For A t and B t , B t is first solved such that Eq. 8 leads directly to Glueckauf’s LDF
Ž . Ž .expression for all values of n nG2 . A general expression for A t is given by Eq. 9. The

Ž .solution for A t must satisfy the requirement that the transient volume-average uptake,
Ž .q t , calculated from the concentration profile is always equal to that calculated directlyi

from the LDF expression. As shown below, Eq. 9 satisfies this requirement only when ns2
Ž .and 5. Moreover, an additional requirement for A t is that the negative portion of the

concentration profile near r s0 at short times is minimized.
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