
Thermochimica Acta 409 (2004) 177–187

Zinc ions and zinc sulfide particles in sol–gel zirconium phosphate
synthesis, thermal behavior and X-ray characterization
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Abstract

Zinc ions can be exchanged in sol–gel zirconium phosphate by using the batch or hydrothermal method. The zinc materials obtained that
undergo thermal treatment after complete dehydration, can rehydrate fully or partially depending on whether half or all the zinc ions are
exchanged. At high temperature syntherization is evident. By flowing sulfide acid over the zinc forms, zinc sulfide particles are formed and
their amount depends on the length of time of the gas flow and on the state of hydration of the original material. This is not the case in
the half exchanged zinc zirconium phosphate material. The decomposition temperature of the ZnS particles depends on their position in the
exchanger: whether on the surface or between the layers of the host matrix. The XRD patterns of the materials obtained are similar to those
of the sol–gel zirconium phosphate. The presence of ZnS particles is evident.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There is a growing interest in acid phosphates of tetrava-
lent elements because of their properties both to exchange
ions [1] and to intercalate molecules[2], complexes[3],
and long chain surfactants[4]. An inorganic ion-exchanger
�-zirconium phosphate [�-Zr(HPO4)2·H2O: �-ZrP], is
known to have a layered structure with interlayer spacing
d of 7.56 Å [5]. This allows the intercalation processes to
take place between the layers. The intercalation compounds
derived are of increasing importance in producing nanocom-
posite multifunctional materials, which can enhance cat-
alytic activity [6], adsorptive capacity[7] or as a support for
quantum-well particles[8a]. As in the case of zeolites[9],
the dimension of the zirconium phosphate host matrix can
be modulated to accept quantum size particles such as CdS
or ZnS [8a]. The semiconductors ZnS and CdS are used
widely in solar cellar technology as an optical coatings and
as a display devices[9]. Furthermore these semiconductors
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are of photoconductive, luminescent and piezoelectric. IR
window and lens, a photoconductor, a solar cell and a light
emitting diode material are some of the potential applica-
tions of ZnS[9]. This paper describes the synthesis and
characterization of�-ZrP, synthesized with the sol–gel (SG)
method. The procedure adopted was similar to that used
in previous works involving CdS in the same host matrix
[8b].

2. Experimental procedure

2.1. Chemicals

Zinc acetate dihydrate, zinc nitrate tetrahydrate and iron
sulfide were purchased as pure grade reagents from Aldrich
and used without any further purification. All the other
reagents used were Merck pro analyze products.

2.2. Materials

Crystalline sol–gel zirconium phosphate (SGZrP) was
synthesized as reported in the literature[10]. The zinc sol–
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gel zirconium phosphate (SGZrPZn) was prepared by ion-
exchange, using both: the batch and hydrothermal methods.

The zinc sulfide zirconium phosphate (SGZrPZnS) mate-
rials were obtained by flowing anhydrous H2S over the par-
tially or fully dehydrate zinc forms, for varying lengths of
time and at different dehydration temperatures.

2.3. Physical measurements and chemical analysis

A GBC 903 A.A. spectrophotometer was used to analyze
the zinc solutions ions before and after the batch contact with
the ion-exchanger. The phosphate content was determined
colorimetrically[11].

Fig. 1. TG-DTA curves of: (a) SGZrP; (b) SGZrPZn0.50; (c) SGZrPZn.

The water content and thermal behavior of the materials
obtained were examined using a simultaneous TG-DTA
Stanton Redcroft 1500 thermoanalyzer, Pt crucibles,
heat ranging from 10◦C min−1 up to 1100◦C in an air
flow.

In order to study the phase changes that the materials
underwent a Philips diffractometer X-ray powder diffrac-
tion (model PW 1130/00) with Ni-filtered Cu K�radiation
(λ = 1.541 Å) was used to monitor thed reflection and its
harmonics.

The content of sulfur and hydrogen ions present in the
materials, was determined with a Fisions 1108 elemental
microanalyzer.
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3. Results and discussion

3.1. Zinc materials derived by SGZrP

In previous work [12], the zinc zirconium phosphate
material was prepared by the batch method, using a
sodium ion-containing phase, at room temperature (r.t.).
In this experiment, the material is prepared by contacting
samples of 1 mmol of SGZrP with volumes of 22 ml of
4.5 × 10−2 mol dm−3 of a zinc acetate solution, or nitrate
solution, for a week, at 45◦C. The aim was to obtain a fully
exchanged SGZrPZn phase. The solid is separated from the
solution by centrifugation and dried by exposing it to r.t. Us-
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Fig. 2. XRDP of: (a) SGZrP; (b) SGZrPZn0.50; (c) SGZrPZn.

ing a zinc acetate solution the exchange is 100%, whereas us-
ing a zinc nitrate solution the exchange is very poor (∼27%).

The typical procedure to obtain the exchanged ma-
terials by hydrothermal synthesis is by contacting sam-
ples of 1 mmol of SGZrP with volumes of 22 ml of
4.5 × 10−2 mol dm−3 of zinc acetate solution. The solid
solution is put into a sealed and charged Pyrex tube and
placed in a hydrothermal bomb and heated in an oven, for
3 days, thermostatted to ±10 ◦C, at 120 ◦C. After cooling,
the bomb is opened and the solid is filtered and dried by
exposing it to r.t. The exchange between the zinc ions and
the hydrogen of the POH groups is 100%. A complete
exchange cannot be achieved in fewer than 3 days or at
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a temperature below 80 ◦C. The chemical formula of the
fully exchanged zinc form obtained using the two methods
is SGZr(PO4)2Zn·4H2O (SGZrPZn).

A half exchanged zinc form is also prepared by con-
tacting sample of 1 mmol of SGZrP with a volume of
11 ml of 4.5 × 10−2 mol dm−3 of a zinc acetate solu-
tion. The chemical formula of the material obtained is
SGZrZn0.50(H0.50PO4)2·2H2O (SGZrPZn0.50).

3.2. Thermal behavior of the zinc materials

The materials obtained underwent thermal treatment.
Fig. 1 shows the simultaneous TG-DTA curves of the
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Fig. 3. XRDP of SGZrPZn at various temperature: (a) r.t.; (b) 220 ◦C; (c) 450 ◦C; (d) 850 ◦C; (e) 1100 ◦C.

SGZrPZn0.50 and SGZrPZn materials compared to that of
SGZrP. In the case of a fully exchanged material, it is evident
from the TG curve that the four water molecules are lost in
three distinct stages between 25 and 450 ◦C. The amount of
loss varies: loss of 1.30H2O, 1.70H2O and H2O and occur,
respectively, between 25 and 80 ◦C, 80 and 220 ◦C, and 220
and 450 ◦C. The first two losses occur in a relatively short
time and consecutively, whereas the last one is more grad-
ual and occurs at a higher temperature. The material fully
dehydrated at 450 ◦C rehydrates up to 77% when exposed to
r.t. for 1 day. The DTA curve confirms the TG data showing
three endothermic peaks which represent water loss. Be-
tween 950 and 1050 ◦C, on the DTA curve, an endothermic



C. Ferragina et al. / Thermochimica Acta 409 (2004) 177–187 181

sharp peak is evident, without a correspondent weight loss
on the TG curve: this is due to a transition phase (synther-
ization). In fact at 1100 ◦C the residual material is like glass.

As regards SGZrPZn0.50, on the TG curve, between 25
and 450 ◦C, three weight losses are shown at the same tem-
perature ranges as above, but the amount of loss is differ-
ent: 0.54H2O, H2O and 0.46H2O. This is due to the water
co-ordination. Between 450 and 650 ◦C, there is also a fur-
ther loss due to the water from the condensation of the
POH groups, not involved in the Zn2+ ions exchange. The
DTA curve is in accordance with the TG data showing four
endothermic peaks indicating a loss of water. An exother-
mic peak at 750 ◦C, related to the pyrophosphate formation
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Fig. 4. XRDP of SGZrPZn0.50 at various temperature: (a) r.t.; (b) 420 ◦C; (c) 700 ◦C; (d) 1100 ◦C; (e) SGZrP cubic pyrophosphate 1100 ◦C.

[5c], and an endothermic peak, at 980 ◦C, related to the syn-
therization of the zinc phosphate obtained, are evident. The
condensation of the POH groups, necessary to give py-
rophosphate, in this material occurs at a lower temperature
than that of SGZrP (Fig. 1a), whereas the water loss result-
ing from the condensation of the POH groups occurs at the
same temperature. The dehydrate material rehydrates almost
100% (92%) when exposed to r.t. for 1 day.

3.3. XRD pattern of the zinc materials

In Fig. 2, comparison between the XRD patterns of SGZr-
PZn, SGZrPZn0.5 and SGZrP is reported. An increase in d
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Table 1
mass% S and mass% H of the zinc materials submitted to the H2S gas over the timea

Materials 8 h 15 h 25 h 50 h Approximate
chemical formula

mass% S mass% H mass% S mass% H mass% S mass% H mass% S mass% H

SGZrPZnS220 2.99
(0.29ZnS)

0.92
(0.29ZnS)

4.35
(0.43ZnS)

0.92
(0.43ZnS)

4.22
(0.43ZnS)

0.93
(0.43ZnS)

5.38
(0.57ZnS)

0.94
(0.57ZnS)

Zr(H0.57PO4)2Zn0.43

(ZnS)0.57·1.21H2O

SGZrPZnS450 1.74
(0.16ZnS)

0.85
(0.16ZnS)

2.38
(0.23ZnS)

0.98
(0.23ZnS)

3.0
(0.36ZnS)

1.11
(0.36ZnS)

7.05
(0.79ZnS)

0.76
(0.79ZnS)

Zr(H0.79PO4)2Zn0.21

(ZnS)0.79·1.65H2O

SGZrPZn0.50

(after H2S gas flow)
0 1.07 0 1.04 0 0.98 0 0.94 Zr(H0.50PO4)2Zn0.50·

1.65H2O
a The values in brackets represents mol ZnS/mol exchanger SGZrP.
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Fig. 5. TG-DTA curves of the SGZrPZnS450 at different length of time of flowing H2S: (a) 8 h; (b) 15 h; (c) 25 h; (d) 50 h.
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Table 2
mass% S and mass% H (for SGZrPZnS450) present after the first and second surfactant lossa,b

Material 380 ◦C 450 ◦C 580 ◦C

mass% S mass% H mass% S mass% H mass% S mass% H

SGZrPZnS450 6.12 (0.66ZnS)
[0.13ZnS]

1.04 (0.66ZnS)
[0.13ZnS]

2.41 (0.23ZnS)
[0.43ZnS]

1.67 (0.23ZnS)
[0.43ZnS]

0 (0)
[0.23ZnS]

0.94 (0)
[0.23ZnS]

a The values in round brackets represent ZnS particles present at 380 and 450 ◦C in the SGZrP.
b The values in square brackets represent ZnS particles lost.

in the fully exchanged material with respect to that of its
precursor SGZrP (9.56 vs. 7.56 Å) is evident. The result-
ing diffractogram is similar but less crystalline than that re-
ported in literature [12]. The spectra of SGZrPZn performed
at r.t. (Fig. 3a) and at the dehydration temperatures (Fig. 3b
and c) before and after syntherization (Fig. 3d and e) show
that there is no variation up to the first stage of water loss
(this spectrum is equal to that recorded at r.t.), whereas at
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Fig. 6. TG-DTA curves of SGZrPZn0.50 (a) and SGZrPZn0.50 after gas flow (b) for comparison.

the second stage of water loss at 220 ◦C a decrease in d
(8.07 Å) is noted and a different diffractogram is evident.
At 450 ◦C, when dehydration is complete, the diffractogram
becomes more amorphous with a double phase 7.76–7.37Å
(a little different from the value reported in the literature
[12]). This rehydrated material shows a spectrum exactly the
same as that recorded at r.t. At 700 ◦C, the formation of zinc
zirconium double phosphate [12,13] is evident. At 800 ◦C,
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some changes in the pattern occur at 2θ angles between 24◦
and 45◦, indicating the presence of zinc zirconium double
phosphate and the beginning of syntherization. At 1100 ◦C,
when the material is fully synthesized, only a few changes
are evident.

The XRD pattern of SGZrPZn0.50 shows peaks both
of SGZrPZn and SGZrP (Fig. 4a). After dehydration at
420 ◦C (Fig. 4b) a double phase is present with peaks at
7.83 and 7.37 Å. The rehydrated material shows a diffrac-
togram similar to that obtained at r.t. At 700 ◦C and
at 1100 ◦C, both zinc zirconium double phosphate salt
(Fig. 3e) and cubic pyrophosphate (Fig. 4e) are evident
[5c].
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Fig. 7. XRDP of: (a) SGZrP; (b) SGZrPZnS450; (c) SGZrPZn heated at 450 ◦C.

3.4. Zinc sulfide materials derived by SGZrPZn

The general procedure to produce ZnS particles in SGZr-
PZn (SGZrPZnS) can be summarized as follows: anhydrous
H2S is made to flow for varying lengths of time (1–50 h) at
r.t. over samples of 1 mmol of SGZrPZn calcinated at 220 or
450 ◦C (SGZrPZnS220, SGZrPZnS450), respectively, when
partially (two water molecules still present) or completely
dehydrated. The anhydrous H2S was obtained by reacting
FeS with HCl and by dehydrating the gas over two columns
containing H2SO4 and CaSO4. The aim was to establish the
importance of the presence of water in SGZrPZn in pro-
ducing ZnS. As has already been noted (see before) after
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dehydration of SGZrPZn, there is a decrease in d (9.56 vs.
8.07 Å, 9.56 vs. 7.76–7.37 Å) in material heated at 220 and
450 ◦C, respectively. The incoming gas reacts with the zinc
ions of the phosphate groups to obtain ZnS particles because
of an ion-exchange between the H+ of the H2S and Zn2+
ions of the phosphate groups. Unlike in the case of the CdS
[8b], the color of the material remains white. Table 1 reports
the ZnS content in SGZrPZn220 and SGZrPZn450. It is ev-
ident that in both materials not all the Zn2+ previously ex-
changed was utilized to obtain ZnS. The microanalysis data
show that the sulfur content increases due to an increase in
the length of time of the gas flow and a decrease in the water
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Fig. 8. XRDP of SGZrPZnS450 at various sets of time flowing H2S: (a) 15 h; (b) 25 h; (c) 50 h (see Fig. 5).

co-ordination. The thermal behavior and the XRD patterns
of the resulting materials also depend on the length of time
of the gas flow (Figs. 5 and 7, respectively).

An experiment with H2S was also performed on the
SGZrPZn0.50 material, calcinated at 450 ◦C. The aim was
to find out what would be the difference in results in pro-
ducing ZnS in a half exchanged material (with less steric
hindrance of zinc ions). As reported in Table 1, no ZnS
formation is evident in this case. In fact it is difficult, for
H2S gas flow, to exchange Zn2+ ions to produce ZnS in
a matrix where there is a fair number of H+ ions (not ex-
changed with the Zn2+ ions). The ion-exchange H+ (from
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H2S)/Zn2+ (from host matrix) does not occur in an acid
environment.

3.5. Thermal behavior of SGZrPZnS

The TG curve of SGZrPZnS450 (Fig. 5d) shows a weight
loss due to dehydration and to S2− combustion, respec-
tively, at two distinct stages. The first stage occurs between
25 and 220 ◦C and the second between 220 and 700 ◦C. Wa-
ter is lost at two stages, 0.56H2O (25–80◦C) and 1.09H2O
(80–220◦C), in accordance with the two endothermic peaks
on the DTA curve. S2− elimination occurs at three dif-
ferent temperatures: 380–450–580◦C. The corresponding
exothermic peaks are evident. This fact could be related
to the different position of the ZnS particles in the SGZrP
as was the case of CdS in the same host matrix [8b]. This
is confirmed by the microanalysis measurements of the
sulfur ions in the SGZrPZnS450 materials heated at 380,
450, 580 ◦C which show a S2− decrease as reported in
Table 2. Note that at the above mentioned temperatures the
decrease of S2− eliminated is 0.13 (16.45%), 0.43 (54.43%)
and 0.23 (29.12%) of the particles of the original num-
ber of ZnS. Few ZnS particles are on the surface of the
SGZrP host matrix where lower temperature is sufficient
to eliminate sulfur. The TG curve confirms these data. At
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Fig. 9. XRDP of SGZrPZn0.50 (a) and SGZrPZn0.50 after gas flow (b) for comparison.

1000 ◦C an endothermic sharp peak, without weight loss,
indicates syntherization. As far as SGZrPZnS220 is con-
cerned, its thermal behavior is similar to that reported in
Fig. 5c: no S2− combustion at 580 ◦C is evident. In the
case of SGZrPZn0.50 (Fig. 6), after the H2S gas flow, the
TG-DTA curves are similar to those of the original material
SGZrPZn0.50 (Fig. 1b) confirming the microanalysis data of
Table 1.

3.6. XRD pattern of SGZrPZnS

As regards SGZrPZnS220 and SGZrPZnS450, the diffrac-
tograms are similar to those of SGZrP with another new peak
at 2θ = 28.50◦ due to the presence of ZnS particles [14], but
different with respect to SGZrPZn material heated at 450 ◦C
before the gas flow (Fig. 7). As far as SGZrPZnS450 is con-
cerned changes in the diffractograms take place gradually
according to the length of time of the gas flow (Fig. 8). The
material heated up to 350 ◦C, shows diffractograms simi-
lar to those of the SGZrP heated at the same temperatures
(Fig. 5c). From 400 to 1100 ◦C, the XRD patterns are similar
to those of SGZrPZn (Fig. 3) at the same temperature. The
only difference between both (SGZrPZn and SGZrPZnS450)
is a shift of 1◦ or 0.5◦ in the peaks in the range 2θ = 25–36◦
for the spectra recorded at 1100 ◦C.
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The diffractogram of SGZrPZn0.50 after the gas flow
(Fig. 9) is similar to that of Fig. 2b, but a little more
amorphous.

4. Conclusions

Zinc ions can be exchanged in SGZrP (the �-zirconium
phosphate synthesized using sol–gel method) by the batch or
hydrothermal method. The fully and half exchanged forms
that underwent the thermal treatment show a water loss due
to the water co-ordination (25–220◦C). A transition phase
(syntherization) exists at 1100 ◦C. After complete dehydra-
tion SGZrPZn and SGZrPZn0.50 materials can be rehydrated
up to 70 or 100%, respectively, if exposed to r.t. The XRD
patterns show an increase in d (9.56 Å) with respect to its
precursor SGZrP (7.56 Å) in the case of a fully exchanged
form or a mixed phase (7.56 and 9.56 Å) in the case of a
half exchanged one.

When anhydrous H2S flows over the zinc materials, the
zinc ions react to give ZnS particles. The number of the
particles obtained depends on the hydration of the original
SGZrPZn and on the length of time of the H2S flow. As
a result of microanalysis measurements, it has been ascer-
tained that 0.79 mol ZnS/mol SGZrP are present in the fully
exchanged form dehydrated at 450 ◦C, whereas the value
for the partially dehydrated form, at 220 ◦C, is 0.57 mol
ZnS/mol SGZrP. The half exchanged form does not “accept”
the sulfur ions. The TG-DTA curves of the SGZrPZnS450
material show water loss up to 220 ◦C. The heavy water
loss at three distinct stages between 220 ◦C and 580 ◦C is
related to the combustion and elimination of sulfur ions ac-
cording to how the ZnS particles are bonded in the SGZrP
host matrix. Maximum combustion occurs at 450 ◦C. As re-
gards SGZrPZnS220 material sulfur elimination occurs at
two stages. The XRD pattern of the SGZrPZnS450 shows
a layered structure almost the same as its precursor SGZrP
at r.t. and with evidence of the presence of ZnS particles at
2θ = 28.50◦. By recording its XRD patterns at various tem-
peratures up to 400 ◦C the spectra are still similar to those

of SGZrP, whereas up to 1100 ◦C the spectra are similar to
those of SGZrPZn with insignificant differences.
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