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Zeolite ZnY catalysts prepared by solid-state ion exchange
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Zeolites ZnY with various overall zinc contents were prepared from mixtures of zeolite NH4Y and crystalline zinc chloride by solid-
state ion exchange. The obtained materials were investigated with carbon monoxide, xenon, and nitrogen adsorption as well as with
129Xe NMR and XRF spectroscopy. From the results of these measurements, the zinc cation distributions between the different types
of cages of the faujasite framework as well as between the crystallographic positions SIII and SII within the large voids (supercages)
were quantitatively determined. The concentrations of zinc cations in the supercages of the presently prepared zeolites are considerably
higher than in materials obtained from NaY by conventional wet ion exchange using aqueous zinc salt solutions. Experimental evidence
is provided for salt inclusion under certain conditions of preparation.
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1. Introduction

Low-coordination transition metal cations stabilized in
the voids of zeolites are known to exhibit Lewis-acid prop-
erties and are believed to be the active sites for a variety of
catalytic conversions [1]. Zeolites ZSM-5 containing zinc
cations have been reported to catalyze the dehydrogenation
of small paraffins such as ethane, as well as the subsequent
aromatization of the in situ generated ethylene [2,3]. This
catalytic reaction opens an interesting pathway for the pro-
duction of BTX aromatics from a low-value raw material.

Remarkably, catalytic activity with respect to ethane
aromatization has not been observed so far for zinc-
exchanged zeolites of the faujasite type (X and Y), al-
though these materials should offer several advantages over
Zn/ZSM-5. First, with faujasites smaller Si/Al ratios and
thus higher total zinc cation concentrations can be achieved.
Second, the rather large pore openings of these aluminosil-
icates should facilitate the transport of the reactant mole-
cules towards and of the products from the active sites,
and so improve the overall kinetics of the catalytic con-
version. However, Zn2+ cations in ZnY catalysts prepared
in the conventional way by contact of NaY with aqueous
zinc salt solutions are known to have strong preference for
positions in the small zeolite voids (β-cages, hexagonal
prisms) [4–10], which are not accessible to molecules with
kinetic diameters greater than 0.3 nm. Significant concen-
trations of Zn2+ cations at the crystallographic sites SIII
in the supercages, considered liable for catalytic activity,
are only observed at sufficiently high ion exchange lev-
els [4–6]. The conventional preparation of materials with
such high zinc content requires economically and ecolog-
ically unfavourable process conditions like high ion ex-
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change temperatures and repeated renewal of the aqueous
transition metal solution [4,6].

A promising alternative for introducing transition metal
cations into extra-framework positions of zeolites is the
solid-state ion exchange technique. This method, first ap-
plied by Clearfield et al. [11], has attracted broad attention
since about one decade. The state of the art has been re-
viewed recently by Karge [12]. Surprisingly, detailed in-
vestigations of the cation distributions in transition-metal-
exchanged zeolites prepared this way do not seem to have
been reported. The present contribution aims at elucidat-
ing this subject for the case of zinc exchange in zeolite Y.
The characterization of the catalysts is performed with a
combined technique of adsorption and NMR spectroscopy
using carbon monoxide and xenon as probes. This analyt-
ical procedure has proven useful for the quantitative study
of cation distributions in zinc- and cadmium-exchanged ze-
olites [4–6,13–16].

2. Experimental

NH4Y was obtained from commercially available zeolite
NH4NaY (Y64, UOP, Si : Al = 2.4, NH4 : Al = 0.85) by
repeated ion exchange with 1 mol dm−3 aqueous NH4Cl so-
lution under reflux conditions and subsequent washing with
bidistilled water. The residual sodium content of NH4Y
was determined by 23Na NMR spectroscopy to correspond
to Na+ : Al < 0.05.

Mixtures of NH4Y and crystalline ZnCl2 with differ-
ent mass ratios were prepared in an agate mortar and then
transferred into glass tubes which were connected to a high
vacuum and gas handling line. After evacuation at ambient
temperature (10−1 Pa), the samples were heated at a rate
of 20 K/h to 120 ◦C maintained for 5 h, and subsequently
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at 40 K/h to 420 ◦C held for 24 h. The final vacuum was
p 6 10−3 Pa. Samples prepared this way are designated
Zn(α)HY, where α is two times the percental molar ratio
of salt and framework aluminium in the precursor mixture.
This definition implies that α is identical with the percent-
age of zinc for ammonium exchange in the event that Zn2+

from the salt is completely ion-exchanged into the zeolite.
Zeolite Zn(135)HY was rehydrated at ambient at-

mosphere (7 days), washed repeatedly with bidistilled wa-
ter at ambient temperature, and finally dehydrated again by
heating in vacuo (p 6 10−3 Pa) at 400 ◦C (16 h). The
designation of the resulting material is Zn(135)HYW.

Chemical analysis of the prepared samples with respect
to their zinc and chloride content was performed with the
aid of X-ray fluorescence spectroscopy (XRF) using the
framework aluminium as an internal standard. The intensi-
ties of the K-lines of Zn, Cl, and Al served for the deter-
mination of Zn : Al and Cl : Al which were calibrated with
standard samples of known atomic ratios.

Adsorption isotherms of nitrogen (−196 ◦C), carbon
monoxide (25.0 ◦C), and xenon (25.0 ◦C) were measured
volumetrically using all-steel devices. From the low-
temperature N2 adsorption isotherms the saturation capac-
ities, ns(N2), were determined and the pore volumes, Vp,
calculated according to Gurvitch’s rule [17].

The 129Xe NMR spectra of the encaged xenon atoms
were measured at ambient temperature with an FT NMR
spectrometer (CXP 100, Bruker, Karlsruhe, Germany) op-
erating at the resonance frequency ω/2π = 21.4 MHz. De-
pending on xenon loading, 500–50,000 FIDs were accumu-
lated after π/2 pulse (3 µs) excitation with 1 s recycle delay
before Fourier transformation was performed. Each of the
measured spectra consisted of a single symmetric resonance
line of full width at half height in the range of 3–8 ppm.
The chemical shifts are quoted as δ = 106(ωprobe−ωref)/ωref

with xenon gas at vanishing pressure used as the external
reference.

3. Results

In table 1 are collected for each of the investigated sam-
ples (column 1) the concentration equivalents N (ZnCl2) of
the salt contained in the precursor mixtures (column 2) as

Table 1
Chemical composition of samples and their precursor mixtures.

Sample N (ZnCl2) N (Zn)a N (Cl)a

(uc−1) (uc−1) (uc−1)

Zn(0)HY 0 0 0
Zn(25)HY 7 8 0b

Zn(50)HY 14 13 0b

Zn(75)HY 21 22 0b

Zn(100)HY 28 28 0b

Zn(135)HY 38 38 25

Zn(135)HYW 38 28 0b

a Estimated uncertainty: ±10%. b Below detection limit.

Figure 1. Micropore volume (•) and Cl content (◦) of samples Zn(α)HY.

well as the concentrationsN (J) (J = Zn and Cl) determined
by XRF (columns 3 and 4). The concentrations are defined
to be the number of species per unit cell (uc) of the zeo-
lite. It is recognized that within the range of experimental
error, the values of N (Zn) agree well with the figures of
N (ZnCl2). The only exception is sample Zn(135)HYW,
where N (Zn) is dinstinctly lower than N (ZnCl2).

Figure 1 shows the micropore volume, Vp, and the con-
centration N (Cl) of the samples Zn(α)HY as function of
the zinc chloride content of the corresponding precursor
mixtures, α. The micropore volume is found to be nearly
independent of α up to α = 100, but significantly decreases
when ZnCl2 is applied in excess (α = 135). Concomitantly,
the Cl content of the samples is zero at α 6 100, but steeply
increases to about 25 uc−1 (uc = unit cell) at α = 135. Re-
markably, N (Cl) is zero again after the washing procedure
has been performed (table 1).

Figure 2 (a)–(c) shows the adsorption isotherms of car-
bon monoxide, the adsorption isotherms of xenon, and the
129Xe NMR chemical shifts δ of sorbed xenon, respectively,
measured for zeolites Zn(α)HY (α = 0–100). The sample
Zn(0)HY exhibits almost negligible CO adsorption, a lin-
ear adsorption isotherm of xenon, and a linear chemical
shift versus pressure curve. In contrast, for α > 0, the
adsorption isotherms of both CO and Xe as well as the
chemical shift curves show distinctly non-linear behaviour.
Initially, the adsorption isotherms rise more or less steeply,
and subsequently follow almost straight lines with slopes
quite similar to those of the isotherms of Zn(0)HY. The
chemical shift curves are displaced distinctly downfield (to
higher δ) from Zn(0)HY, and in each case decrease with
increasing pressure running through flat minima at some
higher value of p. The adsorbed amounts of both CO and
Xe, as well as the chemical shifts, increase monotonously
with α within the whole pressure range investigated.

Figure 3 (a)–(c) shows the adsorption isotherms of CO
and Xe as well as the 129Xe NMR chemical shifts of the
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Figure 2. Adsorption isotherms of CO (a) and Xe (b) as well as 129Xe NMR chemical shifts (c) of sorbed xenon in zeolites Zn(α)HY: α =0 (×),
25 (N), 50 (�), 75 (�), 100 (•). Measuring temperature is 25 ◦C. The solid lines are fits as described in the text.

Figure 3. Adsorption isotherms of CO (a) and Xe (b) as well as 129Xe NMR chemical shifts (c) of sorbed xenon in zeolites Zn(135)HY (∗) and
Zn(135)HYW (+). Measuring temperature is 25 ◦C. The solid lines are fits as described in the text.

encaged xenon atoms, respectively, obtained for the zeo-
lites Zn(135)HY and Zn(135)HYW. The measured data lie
on curves of similar character as observed for the materials
with α 6 100 (figure 2 (a)–(c)). A closer inspection re-
veals that the adsorption isotherms and chemical shifts of
sample Zn(135)HYW are in the vicinity of the correspond-
ing curves of Zn(100)HY, whereas the non-washed zeolite
Zn(135)HY exhibits significantly smaller CO and Xe ad-
sorption as well as lower 129Xe NMR chemical shifts.

4. Discussion

4.1. Inferences from chemical analysis

The results of the XRF analysis presented in table 1
enable us to draw several conclusions concerning the solid-
state exchange process. The observation that in the case
of the samples Zn(α)HY with α 6 100 the concentration

of Cl, N (Cl), is zero, and the concentration of Zn, N (Zn),
is just the same as N (ZnCl2) of the precursor mixture, is
clear evidence that the solid-state reaction

2NH+
4 (zeolite) + ZnCl2 (cryst.) −→

Zn2+(zeolite) + 2NH3 (gas)↑+ 2HCl (gas)↑ (1)

has taken place till complete consumption of the applied
salt. These results also indicate that a conceivable escape
of ZnCl2 by sublimation (equilibrium vapour pressure of
ZnCl2 at 420 ◦C is 170 Pa [18]) cannot have occurred to an
appreciable extent since otherwise the agreement of N (Zn)
with N (ZnCl2) (table 1) could not be explained.

Turning to sample Zn(135)HY it is reasonable to assume
that, as in the case of Zn(100)HY, reaction (1) has pro-
ceeded to complete conversion of the zeolitic NH+

4 cations.
This assumption implies that the observed XRF signal of Cl
is due to unreacted ZnCl2 residing either within the micro-
pores or at the outer surface of the zeolite crystallites. In



216 A. Seidel et al. / Zeolite ZnY from solid-state ion exchange

either case, the concentration of the residual salt should cor-
respond to (1/2)N (Cl), i.e., to about 13 ZnCl2/uc (table 1).
Since the overall zinc concentration of zeolite Zn(135)HY
detected by XRF is N (Zn) = 38 Zn/uc (table 1), the con-
centration of Zn2+ incorporated into extraframework sites
in this material should be 25 Zn2+/uc. Within experimental
error, this figure agrees with N (Zn) of sample Zn(100)HY
(table 1) verifying the a priori introduced suggestion of a
complete consumption of NH+

4 .
The washing process leading to sample Zn(135)HYW

is expected to remove the surplus ZnCl2 completely, both
from the outer surface of the zeolite crystallites as well as
from the supercages [19,20]. In any case, by washing of
sample Zn(135)HY the concentrations N (Zn) and N (Cl)
should be reduced to about 25 Zn/uc and 0 Cl/uc, respec-
tively, which, in fact, is observed (table 1). At least part
of the residual salt contained in sample Zn(135)HY must
be considered to reside in the supercages because other-
wise the reduction of pore volume (figure 1) could not be
understood.

From the discussion carried out so far, the picture
emerges that heating NH4Y/ZnCl2 mixtures at 420 ◦C under
high vacuum transfers quantitatively the zinc cations from
the salt into the zeolite as far as ammonium ions or protons
(if NH+

4 is decomposed prior to the reaction with ZnCl2)
are available for exchange. Surplus zinc chloride contained
in the precursor mixture is, at least in part, incorporated in
the supercages of the zeolite structure. The interesting and
most important question with respect to catalytic applica-
tion concerns the distribution of the zinc cations in the so
prepared samples between the small and large cages, and
between the crystallographic sites SIII and SII in the lat-
ter.

4.2. Quantitative 129Xe NMR spectroscopy

It is known that due to their size carbon monoxide and
xenon cannot penetrate into the small cavities of the fau-
jasite (β-cage/hexagonal prism units), which circumstance
makes them ideal probes for the investigation of the chem-
ical properties of the supercages of zeolite Y. In previous
papers, it was demonstrated that the method of quantita-
tive 129Xe NMR spectroscopy, comprising the measure-
ment of the adsorption isotherms of CO and Xe, and of
the 129Xe NMR chemical shifts of encaged xenon atoms,
allows to obtain information about the cation distributions
referred to before [4–6,13–16]. The well-proven model un-
derlying the analysis of the experimental data assumes lo-
calized (Langmuir-type) adsorption of CO and Xe at the
transition-metal cations located at the crystallographic SIII
and SII positions, and non-localized (Henry-type) adsorp-
tion of both probes at the residual internal surface. This
model yields the expressions [4–6,13–16]

NJ =
n1k

J
1p

1 + kJ
1p

+
n2k

J
2p

1 + kJ
2p

+KJ
Hp, (2)

Table 2
Site-characteristic adsorption and NMR parameters (T = 298 K).

i Adsorption site kCO
i kXe

i δi

(×10−2 Pa−1) (×10−2 Pa−1)

1 Zn2+ (SIII) 13 0.023 220–235
2 Zn2+ (SII) 0.74 0.008 130–140

describing the total adsorption of J (CO or Xe), NJ, as
function of the equilibrium pressure p, and

δ =
1
NXe

[
n1k

Xe
1 p

1 + kXe
1 p

δ1 +
n2k

Xe
2 p

1 + kXe
2 p

δ2 +KXe
H pδH

]
+FNXe, (3)

describing the isotropic chemical shift δ of xenon in the
rapid exchange limit. In equations (2) and (3), n1 and n2

are the concentrations of the particular adsorption sites (in-
dex 1: Zn2+ at SIII; index 2: Zn2+ at SII); kJ

i are the
Langmuir adsorption constants of probe J and δi the local
isotropic chemical shift of xenon associated with the corre-
sponding type of site i (i = 1, 2). KJ

H and δH are the Henry
adsorption constant of J and the chemical shift of xenon
at the residual internal zeolite surface, respectively. FNXe

is an empirical term taking into account mutual magnetic
xenon–xenon interactions with the value F = 1.87 ppm
uc which is typical of xenon in faujasite-type materials [4–
6,13–16].

The parameters kJ
i and δi (i = 1, 2; J = CO, Xe) are

considered to be site-specific. Therefore, these quantities
are required to have the same values in the present inves-
tigation of solid-state zinc-exchanged zeolites Y as were
found previously for similar materials prepared by the tech-
niques of wet exchange [4–6] and chemical vapour deposi-
tion [4,13,14]. The site-specific parameters (table 2) were
taken over from [4,5]. The fitting of the experimental data
to equations (2) and (3) requires to find values for the con-
centrations n1 and n2 as well as for KJ

H and δH.
The solid curves in figures 2 and 3 show the optimum

fits obtained with the preset data of table 2 and the values
of the adjustable parameters collected in table 3. The fits
were performed with a trial and error procedure with which
simultaneously best fits of the data sets of the three inde-
pendently measured quantities were achieved. Obviously,
the experimental adsorption data of both CO and Xe, as
well as the chemical shifts of xenon, are very well repro-
duced. It is noted that for the zeolite with the lowest zinc
content, Zn(25)HY, the displayed fitting curves in figure 2
were obtained with kXe

2 = 3×10−5 Pa−1 and δ2 = 80 ppm,
which are significantly lower than the corresponding data
listed in table 2. A comment to this surprising finding will
be given below.

Of the data collected in table 3, the values of the concen-
trations of Zn2+ ions on sites SIII and SII, n1 and n2, are of
most interest, and we will therefore focus the discussion on
them. In figure 4, the values of n1 and n2, as well as of the
total Zn2+ concentrations in the supercages, n1 + n2, are
displayed as function of α. The figure also contains the
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Table 3
Sample-characteristic parameters (T = 298 K).

Sample n1 n2 KCO
H KXe

H δH

(uc−1) (uc−1) (×10−5 uc−1 Pa−1) (×10−4 uc−1 Pa−1)

Zn(0)HY = HY 0 0 3.6 1.43 61
Zn(25)HY 0.0 1.35 3.6 1.41 58
Zn(50)HY 0.1 2.4 4.0 1.38 64
Zn(75)HY 1.4 2.65 3.4 1.40 68
Zn(100)HY 1.95 2.5 3.6 1.48 70
Zn(135)HY 1.0 0.65 3.4 1.37 68

Zn(135)HYW 1.8 2.5 3.6 1.18 71

Figure 4. Concentrations of Zn2+ cations at supercage positions within
samples Zn(α)HY (open symbols) and Zn(α)NaY (closed symbols):

SIII (◦, •), SII (4,N), SIII + SII (�,�).

corresponding data published previously for the zeolites
Zn(α)NaY which were obtained from NaY (Union Car-
bide, LZ-Y52, Si : Al = 2.4) by the conventional wet ion
exchange technique [6]. Here, α is the degree of zinc for
sodium exchange as determined by chemical analysis [6].

Several interesting information can be gained from fig-
ure 4. (i) In both the wet and the solid-state ion-exchanged
samples, the zinc cations show strong preference for the
small cages, i.e., the concentrations n1 +n2 are small com-
pared to the total zinc content of the materials (table 1).
(ii) In the solid-state exchanged zeolites the sites SII be-
come populated almost exclusively up to α = 50, whereas
at higher overall exchange the concentration of Zn2+ on
these sites remains almost constant, and the further increase
of the supercage Zn2+ ions up to α = 100 comes from the
population of sites SIII. These findings are of interest in
view of the presumed catalytic activity of the latter cationic
sites. In the samples obtained by the wet exchange the con-
centration of zinc ions on SIII exhibit a similar behaviour,
but here the expected maximum concentration cannot be

obtained because of the difficulty to achieve complete re-
placement of Na+ by Zn2+ with this exchange technique.
(iii) The drastic reduction of both n1 and n2 in zeolite
Zn(135)HY is certainly due to the zinc chloride occluded in
the supercages at α > 100. Most probably, the salt forms
charged complexes of the type [ZnyCl2y−x]x+ with Zn2+

cations on both SII and SIII positions, so that these cations
are no longer accessible to CO and Xe. Clusters of similar
type, [NayHaly−x]x+, have previously been reported for
zeolite NaY loaded with sodium halides (NaHal) [19,20].
The suggestion of complex formation is corroborated by
the observation that after removal of the salt from the su-
percages (Zn(135)HYW), the values of n1 and n2 as in
Zn(100)HY are almost restored again (table 3).

Finally, we comment on the unusual behaviour of xenon
in sample Zn(25)HY, i.e., the significant deviatons of kXe

2
and δ2 from the standard values to be found in table 2.
First, it is stated that the figures in the table were derived
exclusively from investigations of zeolites Y with degrees
of zinc exchange >50%. A possible explanation of these
findings can be given as follows. The exact position of the
zinc cations, on SII say, is expected to be determined by
electrostatics which depends on the arrangement of the sur-
rounding charges. The positive charge accumulated in the
β-cages due to the preference of the Zn2+ is conceivable
to cause some displacement of the Zn2+ cations at SII to-
wards the supercages at high in comparison to low degree
of ion exchange. For the materials with low Zn2+ con-
tent, this implies a larger cation–xenon distance and, hence,
a smaller Coulomb field at the xenon atom. According to a
recent theoretical study showing that the polarization inter-
action determines both the potential energy and the isotropic
chemical shift of xenon in a cation/xenon complex [21],
the above-mentioned decrease of the Coulomb field should
result in a weaker adsorption of xenon and a smaller chem-
ical shift value. Actually, this is what is experimentally
observed.

5. Conclusion

In the present study, it has been demonstrated that the
zinc cations of crystalline zinc chloride mixed with zeolite
NH4Y can quantitatively be transferred into the alumino–
silicate material up to complete consumption of the am-
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monium ions. Surplus salt in the precursor mixture is
incorporated in the supercages, affecting the accessibility
and, hence, the interaction of the charge compensating zinc
cations with CO and Xe. Most probably, also the access
of reactant molecules of interest for catalytic conversions
becomes restricted. Maximum concentration of accessible
Zn2+ sites is achieved with a salt/zeolite mixture containing
the components in the molar ratio Zn2+ : Al = 1 : 2.
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[21] A. Freitag, Ch. van Wüllen and V. Staemmler, Chem. Phys. 192
(1995) 267.


