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Abstract We have synthesized lead and lead sulfide
nanoparticles embedded in a natural zeolite (clinoptilolite)
matrix by a simple hydrothermal process. The process steps
involve the partial removing of the natural cations in
clinoptilolite, the ion-exchange process to enclose Pb ions
and nanoparticles and finally a sulfuration process at dif-
ferent temperatures to obtain lead sulfide phases in the
zeolite matrix. The samples were studied by X-ray dif-
fraction, diffuse reflectance spectroscopy, energy disper-
sive X-ray spectroscopy, X-ray photon spectroscopy and
transmission electron microscopy. The experimental results
show the inclusion of three Pb species with different
valence states after the Pb ion-exchange step, namely Pb>™,
Pb4+, and Pb’. At the end of the process, two simultaneous
lead sulfide crystalline phases, PbS (Galena) and PbS,
(tetragonal) were synthesized in the clinoptilolite matrix.
The optical absorption spectra of the samples show the
exciton absorption peaks typical of colloidal PbS nano-
particles. The average size of the PbS nanoparticles was
about 10 nm and their crystalline structure was determined
from diffraction electron patterns. The high-pressure phase
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PbS, was also identified and its formation was attributed to
the influence of the special conditions of clinoptilolite
matrix as crystallization media to induce some selective
nucleation process of this crystalline phase.

Introduction

Zeolites are crystalline aluminosilicates whose framework
consists of SiO4 and AlO, tetrahedra joined by sharing
oxygen atoms to form a highly regular three dimen-
sional structure of cages and channels. The negative
charges of AlO,4 units are compensated by the presence of
exchangeable cations, mainly elements of groups IA and
ITA. Perhaps the most commercially valuable and dynamic
property of zeolites is their cation exchange capability.
They also act as molecular sieves, because depending
on the size and shape, some molecules can pass through,
and others are either excluded or broken down by zeo-
lites. Because of their unique porous properties and ion
exchange capability, zeolites are extensively used in a
variety of applications in petrochemicals, water purifica-
tion, agriculture, animal husbandry, and construction.
Nowadays most of zeolites employed in industry are syn-
thetic, although natural zeolites are abundant in the earth
surface. Clinoptilolite is one of the most abundant and
widespread natural zeolite in the world. It is a high Si/Al
ratio zeolite with high thermal stability, resistance against
radiation and stable in a large range of pH. Being a natu-
rally occurring mineral, the precise chemical composition
of clinoptilolite is subject to a degree of variation depend-
ing on its origin region. However, approximate empirical
formulas have been developed, being (Ca, Fe, K, Mg,
Na)3_Si30Al07,2-24H,0 a typical one. Clinoptilolite from
several regions in the world have shown great capability
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for heavy metal cations interchange including Pb*", Cd*™,
Zn2+, Ni2+, Ag+, As3+, etc., and radioactive isotopes of
Cs* and Sr°* [1-5].

The porous structure and ion exchange capability prop-
erties of zeolites have been widely exploited to enclose a
variety of materials in their nanometric cavities. In par-
ticular, semiconductor clusters enclosed in the zeolite
cages following the same three dimensional array exhibit
very interesting properties [6-9]. Most of the research has
been done employing synthetic zeolites as templates,
however, some recent papers have been focused on natural
zeolites templates for the inclusion of diverse types of
semiconductors [10-15]. The reduced size of the cavities is
in many cases the upper limit for the semiconductor clus-
ters size. In some other cases, depending on the availability
of the precursor ions during the synthesis process, the
cluster size can exceed the cavity dimensions. Even in
these cases, the effect of the zeolite matrix on the growth of
semiconductor clusters is important to stabilize their size at
nanometric dimensions [16—18]. For this, it is very impor-
tant to control the synthesis parameters. The reduction in
the size of semiconductor particles to dimensions smaller
than the exciton Bohr diameter yields to materials with size
dependent of optical, electronic and chemical properties. In
the case of the compound semiconductor PbS with a bulk
energy bandgap of 0.41 eV [19] and a large exciton Bohr
diameter of 18 nm [20], the strong confinement regime, as
described by Efros and Efros [21], has been attained in
nanoparticles hosted in several types of matrixes such as
silicate glasses [22], conducting polymers [23-25], poly-
vinyl alcohol [26], 1-thioglycerol/dithioglycerol [27], and
zeolites [6, 18, 28, 29]. We have also found that crystalline
spherical-shaped PbS nanoparticles can be synthesized in
zeolite Na-A and Na-X. The behavior of the crystalline PbS
nanoparticles with cubic structure (Galena) in these matrix
is very similar to that of colloidal PbS nanoparticles sta-
bilized with polyvinyl alcohol (PVA) [26, 30], with size in
the strong quantum confinement regime which is mani-
fested through excitonic absorption bands in the absorption
spectra at energies much higher than the energy band gap
of bulk PbS.

In this study, we have explored the feasibility to employ
clinoptilolite as the matrix to enclose PbS nanoparticles,
taking advantage on its affinity to interchange Pb*" cat-
ions. We investigated the properties of lead and lead sulfide
nanoparticles which were stabilized in the natural zeolite
clinoptilolite matrix by means of a hydrothermal process.
We describe the synthesis process and the properties of the
resulting samples. Pb nanoparticles embedded in the clin-
optilolite matrix were obtained as an intermediate product
of the process. Among the interesting features about the
properties of the lead sulfide nanoparticles in the clinop-
tilolite are their crystalline structure and stoichiometry: it
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was determined that they coexist in two crystalline phases,
PbS (Galena) and PbS, (tetragonal) structures.

Experimental details

We synthesized lead and lead sulfide nanoparticles into the
clinoptilolite matrix, taking advantage on the -cation
exchange capability of this material, which can be descri-
bed by the formula (NaKMgCaFe) [(Si0O;);0(Al0;)s]:
2H,0. The amounts of the cations in the natural zeolite
determined by energy dispersive X-ray spectroscopy (EDS)
were 0.85, 1.86, 3.07, 1.37 and 1.62 wt% for Na, K, Mg,
Ca, and Fe, respectively. This zeolite was obtained from a
deposit in the state of Sonora in northern Mexico. The
synthesis process was performed in three steps:

1. Removing of clinoptilolite cations: this step consisted
in an exchange process of NH,* ions from an aqueous
solution by the natural zeolite cations. Particularly,
clinoptilolite is well known by its ability to exchange
cation sites by NH," ions from ammonia sources [31].
Whereas the NH, " ions decompose in NH; (gas) plus
H™' ions which remain bonded to the active sites,
replacing the removed cations. This ion exchange was
accomplished by refluxing the zeolite in a 0.1 M
solution of NH4NO5; for 3 h. After this time, the
mixture was separated by filtration. Then the prod-
uct was successively rinsed in deionised water, HCl
solution (0.06 M), NaOH solution (0.06 M), and
deionised water again. Finally, the material was vac-
uum dried at room temperature. From this first step we
obtained clinoptilolite—-H* in powder form. After this
process the chemical composition of the zeolite was
determined from EDS again and the contents of cations
were 0.83, 1.02, 0.12, 0.82, and 1.07 wt% for Na, K,
Mg, Ca, and Fe, respectively. Although the natural
cations in the natural zeolite were not completely
removed, the total amount of cations was considerably
reduced after this step.

2. Cation exchange: the H" ions bonded within the
zeolite structure can be removed either by dissociation
in solution or by direct replacement with other positive
ions. We used an aqueous lead solution to exchange
H™* by Pb ions. For this purpose, 1 g of clinoptilolite—
H* powder was magnetically stirred in a 0.1 M
solution of 20 mL of lead acetate, Pb(CH;0O0H),, at
50 © C for 30 min. This product was extensively rinsed
several times in deionised water. From this step we
expected to obtain the product clinoptilolite—Pb.

3. Sulfuration: PbS was finally obtained by reaction of
the product clinoptilolite—Pb in an aqueous sulfur
source. One gram of clinoptilolite-Pb powder was
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magnetically stirred in 40 mL of 0.1 M thiourea
(CS(NH,),) for 45 min. Three different samples were
prepared at three different reaction temperatures: 20,
35 and 55 °C. Then, the samples were extensively
rinsed and collected by filtration. They were pow-
ders with lackluster white color which presented no
changes at ambient conditions. The crystalline struc-
ture of the samples was studied by X-ray diffraction
(XRD) measurements performed in a Rigaku D/max-
2100 diffractometer. Optical absorption spectra were
obtained from diffuse reflectance spectroscopy mea-
surements using the Kubelka—Munk theory. These
measurements were obtained with a Perkin Elmer
Lambda 19 spectrophotometer. The size of lead sulfur
particles was determined from transmission electron
microscopy (TEM) measurements made in a JEOL
2010 microscope. Also, X-ray photoelectron spectros-
copy (XPS) measurements in a RIBER; CAMAC-3
spectrometer were done to investigate the valence-state
of lead ions enclosed in the zeolite cavities prior to the
sulfidation process and surface composition of Al, Si,
O, and Pb of the studied samples.

Results and discussion

The X-ray diffraction patterns of the clinoptilolite samples
after each steps of the synthesis process are shown in
Fig. 1. For comparison it was also included the pattern of
the clinoptilolite sample previous to processing, where the
diffraction peaks are labeled according to the correspond-
ing crystalline phases identified in the sample. As can be
seen, most of the peaks, including those with highest
intensity, are related with the clinoptilolite—Ca crystalline
phase (JCPDS # 039-1383). Some other peaks with lower
intensity can be related with clinoptilolite-Na (JCPDS #
079-1461) and heulandite-Ca (JCPDS # 041-1357) phases.
Thus, our natural zeolite clinoptilolite has some amount of
huelandite which is frequently observed in natural zeolite
tuffs. Since the XRD patterns of these two natural zeolites
of the same family are quite similar, one of the criteria [32,
33] to identify them is by the intensity of the (020) and
(004) diffraction peaks at about 10° and 22°, respectively;
for clinoptilolite the (004) is the most intense peak in the
pattern, which is our case, meanwhile, the (020) is the most
intense diffraction peak observed in the pattern of heu-
landite. The pattern of the clinoptilolite—H sample after the
first step of the synthesis process displays the same dif-
fraction peaks than the clinoptilolite pattern with different
peaks intensities associated mainly to differences in nature,
amount and position of extraframework species in the
clinoptilolite pores and channels [31, 34]. On the other
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Fig. 1 XRD patterns of the clinoptilolite samples after each one of
the steps of the synthesis process. At the bottom it is included the
pattern of the unprocessed clinoptilolite

hand, the patterns of the clinoptilolite samples loaded with
Pb and PbS display most of the diffraction peaks of
clinoptilolite with lower intensity. The clinoptilolite—PbS
sample corresponds to that sulfurized at 50 °C. Neither Pb
nor PbS diffraction peaks were observed in these patterns.
In the case of clinoptilolite—Pb sample, this is because the
amorphous nature of Pb enclosed in the zeolite as discussed
below in the analysis of electron diffraction measurements
and in the case of clinoptilolite-PbS sample because its
PbS content is below the detection limit of XRD technique.
The essential diffraction peaks displayed in the upper
pattern (clinoptilolite sample) appear at the same positions
as the diffraction peaks from the products of the different
steps with different intensities, which as mentioned is
consequence of the removing and reordering of the dif-
ferent cations species in the zeolite matrix and also due to
the inclusion of Pb and PbS. Therefore, the basic clinop-
tilolite structure is not affected throughout the synthesis
process.

Information about the chemical state of Pb ions within
the zeolite network after the second synthesis step was
provided by XPS measurements. In Fig. 2 it is shown the
spectrum in the Pb 4f region for one clinoptilolite—Pb
sample. The dotted line corresponds to the experimental
data and the thick solid line is the best fit to three Gaussian
peaks, whose deconvoluted plots are shown as thin solid
lines in the graph. The electron binding energies corre-
sponding to each band can be associated to the three lead
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Fig. 2 XPS spectrum in the Pb 4f region for one clinoptilolite—Pb
sample

valence states Pb>" (138.9 eV), Pb** (137.7 eV) [35], and
Pb® (136.5 eV) in the form of lead nanoparticles in a close
agreement with Liu et al. [36] in PtPb/C catalysts. There-
fore, after the second step of the synthesis process, Pb
species with stable valence sates of 0, +2 and +4 [37] were
included in the clinoptilolite matrix. The intensity of the
bands is related with the abundance of the Pb species in the
sample, being the bands associated with Pb®" ions the most
intense ones. The presence of Pb*" jons (which is ther-
modynamically less stable than Pb*" ions) at 137.7 eV,
could be explained by a partial re-oxidation process in the
clinoptilolite surface due to the presence of OH™ groups in
order to form Pb(OH), species. Interesting is the presence
of neutral Pb® as metallic nanoparticles evidencing the
precipitation of metallic Pb in the clinoptilolite matrix,
which was addressed by TEM images measurements, as
shown below. The elemental analysis of the clinoptilolite—

Fig. 3 TEM image of a i
clinoptilolite crystal with
embedded Pb nanoparticles
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Pb sample was also performed from XPS measurements.
This analysis was done by using a method proposed by
Soto et al. [38]. The result shows that the amount of Pb in
this sample is 10 wt%.

In Fig. 3 it is shown the image of a clinoptilolite crystal
with embedded nanometric-sized Pb particles. Spherical-
shaped nanoparticles are observed on the surface of clin-
optilolite crystal with an average size of about 5 nm. The
diffraction electron measurements to determine the crys-
talline structure of the observed nanoparticles did not show
any crystalline pattern, which indicated their amorphous
nature. Furthermore, the precipitation of Pb® nanoparticles
in the clinoptilolite matrix was also inferred from the
absorption spectrum of the clinoptilolite—Pb sample, shown
as dotted line in Fig. 4. An intense broad absorption band is
observed in the UV region centered at about 213 nm. In
addition, a clear shoulder appears at about 230 nm and
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Fig. 4 Absorption spectra of the clinoptilolite—Pb sample
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other less evident peak is located at about 205 nm. Since
all the absorption spectra were measured taking as refer-
ence the clinoptilolite—H sample, it can be inferred that the
absorption features in Fig. 4 are completely produced by
the Pb species included in the sample after the Pb
exchanging process. The experimental absorption spectrum
was fitted to three Gaussian peaks represented by the solid
line which lies upon the dotted one. Each one of the
Gaussian peaks contributing to the wide absorption signal,
centered at about 205, 214 and 230 nm, respectively, are
also plotted in this graph. The absorption band at about
205 nm can be assigned to the absorption of Pb”" ions. A
very similar absorption band centered at 207 nm has been
observed for Pb>* ions in solutions of Pb(Cl10,), contain-
ing 2-propanol and (poly)ethyleneimine (PEI) as polymer
stabilizer [39]. Furthermore, the reduction of Pb>* ions by
y irradiation in these solutions produced stable Pb colloidal
nanoparticles with size about 10 nm which originate an
absorption band at 218 nm, related with surface plasmon
oscillations in the Pb nanoparticles. The wavelength at
which this band appears in this spectrum is very close to
the one expected for surface plasmon in lead and it has also
been observed in other reports [40, 41]. Therefore, in our
case, the absorption band at about 214 nm can be assigned
to surface plasmon oscillations in Pb nanoparticles in the
clinoptilolite matrix. These results show that the behavior
of Pb>" ions and Pb nanoparticles in the clinoptilolite
matrix is similar to that of colloidal species stabilized in
solutions. The TEM image of the Pb nanoparticles in the
clinoptilolite matrix (Fig. 3) resembles colloidal particles
in solution. Taking into account that Pb*" ions are also
present in the clinoptilolite matrix, the origin of the
absorption band at 230 nm could be associated to the
optical absorption by these ions. There is not much infor-
mation about the optical absorption of Pb*" jons in liter-
ature. Thus, the information provided by optical absorption
spectroscopy about clinoptilolite—Pb samples would be
quite consistent with the above XPS analysis.

In Fig. 5, are plotted the optical absorption spectra of the
lead sulfide loaded clinoptilolite samples obtained at three
different sulfidation temperatures, namely, 25, 35 and
55 °C. In this graph, the spectrum of the clinoptilolite—Pb
sample was also included for comparison purposes. It does
not show any absorption feature in the visible range. On the
other hand, the spectra of the clinoptilolite-PbS samples
display two broad absorption bands centered at about 600
and 400 nm. The intensity of the absorption bands increases
with the sulfidation temperature, indicating a larger pre-
cipitation of lead sulfide into these samples. Although the
absorption bands are quite broad, they can be related with
the excitonic transitions like the ones observed in the optical
absorption spectra of PbS colloidal nanoparticles in solution
[42—45], polymers [23], Langmuir—Blodget monolayers

4785
0.6+
1) clinoptilolite-Pb

@ 2) clinoptilolite-PbS 20°C
> 3) clinoptilolite-PbS 35°C
= 4) clinoptilolite-PbS 55°C
i
< 044
=z
o
'_
o
c
o
@D
<
a 024
<
S
'_
o
o

0.0

———r ———r

UL B L L B L T
200 300 400 500 600 700 800
WAVELENGHT (nm)

Fig. 5 Optical absorption spectra of the lead sulfide loaded clinop-
tilolite samples obtained at 25, 35 and 55 °C sulfidation temperatures

[46], zeolite A [18], and zeolite X [47]. The spectra of the
clinoptilolite—PbS samples also display the surface plasmon
absorption band located at 214 nm and already attributed to
Pb nanoparticles in the spectrum of Fig. 4, indicating the
presence of unsulfurized Pb in the clinoptilolite matrix for
these samples.

The size and shape of the lead sulfide nanoparticles in the
clinoptilolite matrix can be observed in the TEM image
shown in Fig. 6. The image displays the edge of a clinop-
tilolite crystallite where uniformly embedded nanometric-
sized particles with roughly round shape can be observed.
However, flat faces in some of these nanoparticles can be
noticed. The size distribution of the nanoparticles obtained
from TEM images is shown by the histogram in Fig. 7. The
average size of the nanoparticles in this image is about
10 nm. The crystalline structure of the nanoparticles was

Fig. 6 TEM image of lead sulfide nanoparticles in the clinoptilolite
matrix

@ Springer



4786

J Mater Sci (2009) 44:4781-4788

40

35

30

25

20

15

10 4

NUMBER OF PARTICLES

1 2 3 4 5 6 7 8 9
PARTICLE RADIUS (nm))

Fig. 7 Size distribution of the nanoparticles obtained from TEM
images. The average size of the nanoparticles calculated from this
histogram was 10.2 nm

determined from their electron diffraction (ED) patterns,
shown in Fig. 8a, b for two different nanoparticles in the
clinoptilolite matrix. The bright spots in these figures
indicate their crystalline nature and provide an estimation of
the interplanar distances in the crystalline lattices. The
interplanar distances determined from these patterns are
shown in Table 1 along with those corresponding to the
cubic PbS (galena) (JCPDS # 050592) and tetragonal
p-PbS, (JCPDS # 200596) phases and their corresponding
crystalline planes. It can be seen that the pattern in Fig. 8a
matches well with the cubic PbS crystalline phase, mean-
while that in Fig. 8b matches better with the tetragonal
B-PbS, one. The numbers in the spots indicate the crystal-
line planes of each phase, according to the sequence in
Table 1. Thus, in contrast with PbS nanoparticles with
cubic crystalline structure synthesized in similar conditions
in zeolites A-type and X-type, the nanoparticles embedded
in this clinoptilolite matrix correspond to both phases, cubic
PbS and the so called -PbS, phase with tetragonal struc-
ture. Both, a- (hexagonal) and f-PbS, phases are considered
high pressure phases because they are formed at pressures
higher than 20 Kbar and temperatures above 600 °C [48],
and to our knowledge, no reports exist for PbS, synthesized
at atmospheric pressure [49]. However, there are reports on
the formation of compressed PbS and «-PbS, phases in a
matrix of poly-(ethylene oxide) (PEO) films at normal
conditions (room temperature, 1 atm of pressure). The
synthesis of these novel phases of lead sulfide was based on
the employment of an appropriated polymer matrix to
approach (mimic) the growth mechanisms in biological
matrices, which are capable to synthesize some high-pres-
sure metastable inorganic phases. The explanation to the
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Fig. 8 ED patterns taken from two different nanoparticles in the
clinoptilolite matrix: a pattern of PbS nanopartice and b pattern of
PbS, nanoparticle

formation of these lead sulfide phases was not the conver-
sion of galena PbS by high pressure exerted by the poly-
meric matrix but a selective nucleation of the compressed
lead sulfide phases within specific places in the polymer.
This nucleation is produced by the special properties of the
polymer as a crystallization media, namely, its relative
order, density, and rigidity. In our case, the properties of the
clinoptilolite matrix fulfill the conditions observed in the
polymeric matrix to induce the nucleation of compressed
lead sulfide phases. In fact, in terms of these properties,
zeolites with their rigid structure constituted by a high
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Table 1 Interplanar distances corresponding to the cubic PbS
(galena) (JCPDS # 050592) and tetragonal -PbS, (JCPDS # 200596)
phases and their corresponding crystalline planes

Interplanar distance A) Interplanar distance A Crystalline planes

Fig. 8a  Fig.8b  c-PbS B-PbS, c-PbS  B-PbS,
3.34 3.54 3.42 373 (111)  (111)
3.01 3.01 2.96 3.07 (200)  (200)
2.15 2.73 2.09 2.83 (2200 (112)
1.77 2.23 1.79 2.17 (222)  (113)
1.72 1.94 171 1.93 (440)  (203)
1.36 1.77 1.36 1.87 (331)  (004)
1.30 1.58 1.32 1.60 420)  (204)
1.25 1.36 121 1.36 422) (420
0.97 1.16 0.98 1.20 (600)  (116)

regular array of pores and channels are much better than
polymers. Therefore, we could expect a similar origin in the
formation of the -PbS, phase crystallized into the clinop-
tilolite matrix. Moreover, as discussed above, previous to
sulfidation, clinoptilolite already contained Pb** ions which
have the appropriate valence state to form the PbS, phase.
Compared to PbS, particles stabilized in PEO films, the
average size of the lead sulfide nanoparticles embedded in
the clinoptilolite matrix is much smaller. This also accounts
for the formation of the PbS, phase in the clinoptilolite
matrix because some pressure phases are more common in
nanocrystals than in bulk materials, due in part, to kinetic
constraints imposed by the strong binding conditions in the
size reduced systems. Thus, we conclude that clinoptilolite
matrix can stabilize nanoparticles of both cubic PbS and
tetragonal f-PbS, crystalline phases.

Conclusions

In this study we have reported the hydrothermal synthesis of
two simultaneous lead sulfides crystalline phases corre-
sponding to Galena PbS and tetragonal -PbS, embedded in
clinoptilolite matrix. Pb nanoparticles were also obtained as
an intermediate product of the synthesis process, some of
which remained after the sulfidation step. The lead sulfide
crystalline nanoparticles with average size of about 10 nm
behave like colloidal particles in solution. Broad excitonic
bands observed in the absorption spectra of the lead sulfide
nanoparticles show that their reduced size produces strong
quantum confinement effects. The special properties of the
clinoptilolite matrix as a crystallization media, account for
the formation at low pressure of nanoparticles with PbS,
crystalline phase. Clinoptilolite is an appropriated crystal-
line matrix to stabilize semiconductor particles at nano-
metric size, such as the ones reported here.
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