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Abstract

This work studied the ion exchange of Cu®*, Ni**, Pb** and Zn?* into an analcime (ANA) in the temperature range 298-333 K.
The analcime was produced from an economically available Thai perlite, The selectivity sequence for ions entering analcime in its as-
synthesized sodium form was Pb?* > Cu®* > Zn®" > Ni?*, as indicated by values of AG®. The results demonstrated that the enthalpy
of cation hydration determined the selectivity of the zeolite. AS® values were related to changes in water content. A comparison of

the selectivity series for Pb, Cu, Ni, and Zn cation uptake into analcime to those of other zeolites shows similar trends.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The analcime (ANA) structure is made up of linked
tetrahedral units proscribing three non-connected chan-
nels [1]. Small pore zeolites, such as analcime, can consti-
tute a basis for possible future technical innovations in
selective adsorption and heterogeneous catalysis [2].
Analcime has pore openings of 2.6 A and maximum cat-
ion exchange capacity 4.9 meq g~ ' [3]. Barrer and Town-
send found that, when transition metals exchange intc
the sodium zeolites A, X and Y, the more siliceous the
zeolite the less favoured is exchange of the sodium by
Co®*, Ni**, Cu** and Zn>" [4]. In an exchange of a pair
of ions, the larger cation is preferred by the zeolite with
lower framework charge (high Si/Al} and the smaller cat-
ion by a framework with higher charge (low Si/Al) [5].
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Ion exchange isotherms in analcime have been re-
ported for K, Tl, Rb, NH, and Ag, by Barrer and Hinds
[6]. Barrer also noted that the very small Li* cation did
not readily exchange due to its high energy of hydration
in solution [7]. Balgord and Roy [8] reported that Na-
analcime can be completely exchanged by K*, Ag",
TI*, NH} and Rb" cations at elevated temperatures,
whereas only small amounts of Sr, Mg, Ni and Co move
into anaicime.

In this work, analcime synthesized from Thai perlite
was examined for its potential use as an ion exchanger
forzzemoval of the toxic metals Cu®*, Ni*, Pb*" and
Zn*",

2. Experimental
2.1. Synthesis

Analcime was synthesized from economically avail-
able perlite (volcanic glass) collected from Lopburi
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2. Experimental
2.1. Synthesis

Analcime was synthesized from perlite collected from
Lopburi Province in central Thailand. Perlite was
ground to pass through a 230 mesh and then reacted
with 3M NaOH (w/v of 1:5 solid to liquid), at 413K
for 24h in a 500ml high-pressure/high-temperature stir-
red reactor (Parr Instruments). After hydrothermal
treatment, the products were filtered, washed with
deionised water, and dried for 6h at 393K,

2.2. Characterisation of analcime

The chemical compositions (Table 1) of raw perlite
and its analcime product were determined by wave-
length dispersive X-ray fluorescence spectrophotometer
(XRF), (Model Negitive Magix Pro, Phillips).

The analcime was further characterized by X-ray dif-
fraction (XRD) using a Bruker, D5005 instrument. Sili-
con-aluminum ordering was characterized by MAS
NMR using a Varian Unity Inova spectrometer, at a fre-
quency of 59.58MHz, and used to calculate the Si/Al
ratio in the normal way (D. Appetley, University of
Durham, UK). The spectra were recorded with a spin-
ning rate of 6kHz in a Varian 5.0mm MAS probe, at
ambient temperature. XRD, *°Si MAS NMR traces
and the SEM (Model JSM6400, JEOL) of the analcime
are presented in Fig. 1.

Water content and thermal stability of the analcime
were examined by heating 10mg of analcime at 10K/
min, in a flow of dry nitrogen, using a thermal analyser
(TGA-DTA), SDT 2960. Particle size analysis was car-
ried out, after grinding in an agate mortar, using a
laser particle size analyzer Malvern Instruments Master-
sizer S.

Determination of the cation exchange capacity (CEC)
was carried out by isotope dilution analysis. Analcime
samples (0.1g) were weighed into plastic containers,
and equilibrated with 20ml 0.01 M **Na nitrate (sup-

Table 1

Chemical composition {wt%) of raw perlite and synthetic analcime
Oxide Perlite Analcime
8i0, 70.63 52.44
Al 13.10 24.30
K0 4.7 0.34
Na O 236 12.53
CaQ 0.48 0.28
Fex 03 1.49 1.61
MgO 0.90 -

TiO, 0.24 -

MHOZ 0.03 —

H0 3.5 8.5
Total 95.5 100
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Fig. 1. Characterisation of synthetic analcime prepared from Thai
peilite (a) XRD diffractrogram, (b) *Si MAS NMR spectra and (c)
SEM photograph,

plied by Amersham International, UK) in a thermostat-
ically controlled air oven until equilibrium was reached
(two days). The activities in the liquid phase were meas-
ured before and after equilibration by liquid scintillation
counting. BET nitrogen surface areas were determined
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Table 2
Properties of raw perlite and synthetic analcime

Perlite Analcime
BET surface area 15.85m¥g 18.92m%g
CEC - 4.16meqg!
Si/Al (MAS NMR) - 1.97
Particle diameter 3.20pm 7.75um

by using a Micrometrics model ASAP 2010, Table 2
summatizes the results of these measurements,

Fully exchanged forms of analcime were also pre-
pared by using Cu, Ni, Pb and Zn 0.5M nitrate solu-
tions (Merck analytical grade). Duplicate exchanges
were carried out, changing solutions twice a day for
seven days. X-ray powder diffraction was used to con-
firm the retention of crystallinity in the solid phase after
exchange.

2.3. Diffusion experiments

The analcime was pre-labeled with a known activity
of ¥*Na. Diffusion of heavy metal cations into analcime
was studied by contacting 0.1g of **Na analcime with
5ml 0.01M solution of the in-going cation in plastic
vials. The vials were rotated about their horizontal axes,
in a thermostatically controlled air oven, for various
times between 0.5 and 24h. At the end of appropriate
time periods the plastic containers were taken from the
oven and immediately centrifuged. The extents of heavy
metal cation diffusion into analcime were measured
from the release of **Na into solution, as determined
by liquid scintillation counting. Kinetic plots were con-
structed at 298, 313 and 333K.

2.4, Diffusion kinetics

Barrer et al. [11] suggest the following equation for
the estimation of diffusion coefficients (D), taken to be
independent of the concentration and in the absence of
surface barriers, for crystals of uniform size and approx-
imated as spheres of radius ry:

[ _wN\y, %
Iy = . 1 e dt""lSD 1)

where I, is the area between the asymptote and the ki-
netic curve, W, and W, are, respectively, the extents
of exchange at time ¢ =, and ¢ = oco.

The activation energy can be evaluated by using the
Arrhenius equation:

D = Doe /% (2)

where £, is the activation energy; and R the gas con-
stant. A plot of InD against reciprocal temperature T
(K™ yields a straight line of slope—E,/R. The entropy

of activation can be calculated from Eq. (3), which is
taken from Refs. [5,12]:

Dy = 2.72(kTd? /1) exp{AS® /R) (3)

where & and k are the Boltzmann and Planck constants,
respectively; d is the inter-ionic jump distance between
adjacent sites. This was assumed to be 0.76nm [5]. Dy
is a pre-exponential factor representing the hypothetical
diffusion coefficient at absolute zero. Other thermody-
namic parameters were calculated in the normal manner
(note, E, = AH* + RT).

3. Results and discussion
3.1. Characterisation

The analcime XRD pattern (Fig. 1) matched that of
literature values, and confirmed it to be essentially pure.
XRF and MAS NMR confirmed an empirical formula
close to that of natural analcimes [13]. MAS NMR spec-
tra obtained at both a 5s and a 60s recycle were consist-
ent. Relatively intense spinning side bands were noted
(not shown). These, with the relatively broader centre
band signals, can be accounted for by the known iron
content (Table 1). The surface area was similar to previ-
ous measurements on a synthetic analcime [14]. The
SEM showed the analcime crystallites to have the typi-
cal icositetrahedral habit of this zeclite, Concerning
the particle site distribution see Fig. 2.

Thermograms of the synthetic analcime are shown in
Fig. 3. The zeolite had a total mass loss of 8.5%, like the
value of 8.4% due to water loss quoted in previous work
[15]. DTA showed the typical endothermic dehydration
curve of analcime in the range 473673 K. The trace also
showed that the structure of analcime was stable to at
least 1073K.
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Fig. 2. Particle size distribution of analcime crystallites.
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Fig. 3. TGA-DTA thermograms of a synthetic analcime sample,

The XRD d-spacings of the fully exchanged analci-
mes, prepared separately, showed minor variations cou-
pled with small intensities changes. These were to be
expected from ingress of cations with differing X-ray
absorption coefficients and sizes. The baselines of their
XRD patterns, however, remained almost linear. Fig.
3a shows a plot of percentage crystallinity against cation
radius. Taking into account the possible loss in pattern
intensity cansed by the presence of metals other than so-
dium, several treatments with 0.5M excess of in-going
cations resulted in only a 2-10% decrease in observed
crystallinity. This confirmed that the structure of analc-
ime will remain unchanged during diffusion studies car-
ried out using 0.01 M solutions.

3.2. Diffusion measurements

The habit of the analcime crystallites is sufficiently
close to spherical to justify the use of Eq. (1), but the
particle size distribution is clearly bimodal (Fig. 2). This
means that the D-values observed are average values,
but can be used to compare the performance of the
analeime synthesized from the natural perlite source.

The W/ W, plots for diffusion processes are shown in
Figs, 4-7. Their shapes and the evident large tempera-
ture coefficients suggest that the kinetics are controlled
by intracrystalline diffusion, and are not affected by
the presence of surface barrier layers. Plots of InD
against 1/T were of good linearity {Figs. 8 and 9).

Table 3 shows the thermodynamic parameters for the
diffusion of cations into Na analcime at different temper-
atures. Exchange diffusion coefficients for Cu®*, Ni%*,
Pb** and Zn** in analime are of the order of
10~""m?s™". This is consistent with previous work that
found sodium and potassium self-diffusion coefficients
in analcime to be 107'%-10""7m?s~! at 293K [16].

The free energies of exchange confirm that similar
processes are being followed for the different cations
and, again, are of the same order of magnitude as those
measured for Na and K self-diffusion in analcime [5]
(Fig. 10).
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Fig. 4. Plots of W/W,, against time (1) for 2?Na/{Cu®* exchange in
analcime, in the range 298-333K.
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Fig. 5. Plots of W/W,, against time () for Na/INi"* exchange in
analcime, in the range 298-333K.

Values for the energies of activation for the cation ex-
changes follow the series Zn < Cu <Pb < Ni, and re-
course to Fig. 11 shows that the value recorded for
lead is lower than expected from its bare ion size. This
reflects the polarisability of the Pb cation, i.e., it can
“squeeze” into the narrow analcime chanmels more
readily than would be expected from its size. The order
of the activation energies for the other cations follows
that of bare cation size, coupied with d electron shells,
so it seems that the waters of hydration are lost prior
to migration into the analcime structure. The activation
energies are, in general, lower than those encountered by
sodium and potassium cations as they move through the
analcime structure, which is in accord with their larger
and less hydrated cations. Similarly entropy changes
for sodium and potassium self-diffusion processes in
analcime are less negative than those measured herein.
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Fig. 6. Kinetic plots of W/W,, against time (f) for “Na/Pb*

exchange in analcime, in the range 298-333K.
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Fig. 7. Kinetic plots of W/W,, against time (f} for ®Na/iZn**

exchange in analcime, in the range 298-333K.

Table 3

Thermodynamic parameters for the diffusion of cations into Na-analcime
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Fig. 8. Arrhenius plots for exchange diffusion of Ni* and Pb** in

analcime, in the range 298-333K.
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Fig, 9. Arrhenius plots for exchange diffusion of Cu®* and Zn®* in

analcime in the range 298-333K.

Cation Temperature (K) E, (kJmol™") AS* (JK~"mol™") AH* (kJmol™) AG* (kJmol™*)
Cu** 298 26.2 -136 237 64.5
313 -137 66.6
333 -138 69.3
NiZ* 298 30.8 122 28.3 64.5
313 -123 66.6
333 ~124 69.3
Pb** 298 28 -132 25.4 65.0
313 —-133 66.0
333 —-134 69.6.
Zn?* 298 17 —169 14.2 64.8
313 —170 67.4
133 -7 70.8
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Fig. 10. Plot of % crystallinity against cation radii for cation
exchanged analcimes.
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Fig. 11. Plot of the activation energy (E,) against cation radii for
diffusion processes.

This reflects the replacement of two monovalent ions by
one divalent ion in the available zeolite cation sites in
this work. The correlation between the activation
energy and activation entropy values illustrates the
“compensation effect” commonly seen in diffusion phe-
nomena. Differences in AS* values could thus reflect sys-
tematic differences in the potential energy terrain
encountered by the diffusing cations in the zeolite {corre-
lation between the height of the energy barrier and the
curvature of the energy at the barrier) [17].

The extents of exchange seen in Figs. 4-7 suggest that
all exchange sites in analcime structure are available to
the in-going cations, in the temperature range studied,
apart from when zinc is considered. Tt seems that, up
to 333K, only sites in two of the three channels are ta-
ken up by zinc. This may arise from a size restriction
caused by zinc moving as a partially hydrated cation
thus hindering its progress into the smallest channel of
the analcime structure. Support for this concept comes

from the relatively lower change in activation entropy
noted in the sodium for zinc exchange (Table 3).

Comparison to thermodynamic diffusional parame-
ters measured for cation exchanges in clinoptilolite [3],
using the BBK (Barrer, Barri and Klinowski) equation,
show that exchanges in this zeolite are more facile
(AG*=29-48 kJmol™' for Na/NH,, K/Na, and
Na/%Ca ion pairs in clinoptilolite). Energy barriers fall
in the range 17-42kJmol™!, and changes in entropy
are much lower than those measured here, as expected
from relatively unhydrated cations moving through the
clinoptilolite framework.

4. Conclusions

Perlite has proved to be a successful source material
for the synthesis of a pure analcime, which acts as a
potentially useful material for the uptake of heavy met-
als from aquecus solution.

The energy barriers to cation movemenis into the
zeolite framework represent movements of bare ions
into analcime, except for zinc, which may ingress as a
partially hydrated moiety. Although lead is the largest
ion studied it is able to enter the narrow analcime struc-
ture, because of its high polarisability.
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