Journal of Thermal Analysis and Calorimetry, Vol. 81 (2005) 67—74

THERMAL BEHAVIOR OF ZINC y-ZIRCONIUM PHOSPHATE
INTERCALATION COMPOUNDS
Synthesis and X-ray characterization
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The layered ion-exchangers y-zirconium phosphate and y-zirconium phosphate containing intercalated diamines, obtained by ex-
changing zinc ions, have been synthesized and characterized. Zinc ions are able to form coordination compounds between the layers
of the host matrix and consequently form zinc complexes formed in situ. The zinc ions uptake, the thermal behavior and the struc-
tural characterization of the compounds obtained have also been examined. The thermal stability and X-ray spectra of these com-
pounds depend on the type of isomeric diamine precursor. The zinc fully exchanged y-zirconium phosphate is able to form ZnS par-
ticles in the host matrix. The X-ray spectra of this obtained material matched those of the initial y-zirconium phosphate precursor.
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Introduction

Only in the last few years the inorganic ion-
exchangers of the dihydrogen phosphates class of
tetravalent elements (Zr, Ti, Sn, Ge, etc.) with a lay-
ered structure have revealed their potentiality both as
ion-exchangers and as an intercalating support. The
host matrix intercalates organic bases that in turn act
as ligands with transition metal ions, forming coordi-
nation compounds in situ between the layers [1].
These molecular intercalates are ‘new’ [3-5] inclu-
sion compounds. Due to their non-rigid structure like
in the case of three-dimensional zeolites compounds,
these ion-exchangers have an interlayer distance d
that can be adjusted according to the nature of the in-
tercalated species. The gamma phase of zirconium
dihydrogen phosphate [y-Zr(PO,)(H,PO4)-2H,0, de-
noted as y-ZrP], one of the most studied ion-
exchanger, has renewed researcher’s interest in the
intercalation of organic and inorganic molecules
[2, 6] because of its chemical and thermal stability
and its wider d with respect to its analogue o-phase
(12.27 vs. 7.60 A respectively). In this paper we de-
scribe the well-defined compounds obtained from the
intercalation into y-ZrP of aromatic diamines (L), iso-
meric as far as is concerned the nitrogen position in
their molecule and their complexes formed in situ
with the zinc ions. The materials thus obtained can be
utilized in heterogeneous catalysis such as in oxida-
tive reactions. Like in the case of sol—gel (SG) zirco-
nium phosphate with the encapsulated ZnS [9] we
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also wanted to study the y-ZrP host with encapsulated
particles of the semiconductor ZnS. Many methods
have been applied to prepare semiconductor clusters
and the best method for the formation of this semicon-
ductor is the encapsulation in zeolites [10] because of
the three-dimensional structure of the host matrix.
The advantages of semiconductor clusters encapsu-
lated in zeolites is their homogeneity and stability.
The insertion in a two dimensional structure such as
layered y-ZrP is of increasing importance as a way of
controlling the structure of chemical reactions.

Experimental
Chemicals

The zinc acetate, iron sulfide and isomeric diamines
were purchased reagent grade from Aldrich and used
without further purification. All the other reagents
were Merck pro analyze products.

Materials

y-zirconium phosphate was prepared as indicated
in [11]. The intercalation compounds obtained with
the isomeric diamines: 2,2’-bipyridyl (2,2’-bipy);
2,4’-bipyridyl (2,4’-bipy); 4,4’-bipyridyl (4,4’-bipy)
were prepared by batch as indicated in [12] choosing
the solvent ratio ethanol:water=1:2 for their solution,
and the exchanger:diamine=1:1 for their intercalation
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in the host matrix. The zinc diamine complexes were
prepared in situ by ion-exchange, by equilibrating the
diamine intercalation compounds with zinc acetate
solution. All the batches were thermostatted at 45°C
for a week; the suspensions were then filtered and the
solutions analyzed for metal content and final pH.
The solids were washed with distilled water and air
dried. Zinc y-zirconium phosphate was prepared by
ion-exchange, following two methods: the batch pro-
cedure [1] and the hydrothermal synthesis method, by
putting a sample of y-ZrP phase sealed in a Pyrex tube
with a zinc acetate solution so as to obtain a fully ex-
changed form. The tube was put into a hydrothermal
bomb and heated in a oven at 120°C for 72 h. The zinc
sulfide y-ZrP material was obtained by flowing anhy-
drous H,S [6-9] over the anhydrous (420°C) zinc
y-zirconium phosphate, for a week.

Physical measurements and chemical analysis

Zinc ions were analyzed on a GBC 903 A.A.
spectrophotometer by studying the concentration
changes which took place in the supernatant solu-
tions, before and after contact, with the exchangers.
The phosphate content was determined colorimetri-
cally [13]. The contents of water and of diamines and
the thermal behavior were determined with a simulta-
neous TG-DTA Stanton Redcroft 1500 thermo-
analyzer, Pt crucibles, heating rate 10 K min "', heated
up to 1100°C to constant mass in an air flow. An
X-ray powder diffractometer was used to study phase
changes in the materials. This was done by monitor-
ing the d reflection and its harmonics. A Philips
diffractometer (model PW 1130/00) was used with
Ni-filtered CuK,, radiation (A=1.541 A). The content
of sulfur, carbon, nitrogen and hydrogen in the mate-
rials was determined using a Fisions 1108 elemental
microanalyser.

Results and discussion
Zinc materials derived by y-ZrP

By using the batch method, samples of 1 mmol of
v-ZrP were contacted with an appropriate volume of
4.5-102 mol dm > of zinc acetate solution, at 45°C, for
a week, in order to obtain the fully exchanged
v-ZrZn(PO,),-4H,0, denoted as y-ZrPZn. The solid
was recovered by centrifugation and air dried. The
fully exchanged zinc form was only obtained by re-
newing the acetate solution for three times or by mod-
ifying the starting pH [6-9] as ascertained by A.
Clearfield et al. [14], due to the relationship between
the pH of the zinc acetate solution and the ion-ex-
change with the y-ZrP. Besides the fully exchanged
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Table 1 Chemical composition and interlayer distance d (A)
of the intercalated compounds y-ZrPL and y-ZrPLZn

Intercalated compounds d/A

y-Z1(PO,4)(H>P0,)2,2-bipyo 30 1.42H,0 14.25
'Y-ZI'(PO4)(H1 _46PO4)2,2 ’ -bipy0427Zn0_27' 1 65H20 16.24
'Y—ZI'(PO4)(H2PO4)2,4’—blpyO23 147H20 14.21
'Y-ZI'(PO4)(H1'70PO4)2,4,-bip}70.152[10}15‘ 1 78H20 13.61
'Y-ZI'(PO4)(H2PO4)4,47-bipyO_16‘ 1 35H20 12.28
'Y—ZI'(PO4)(H1 _74PO4)4,4 ’ —blpyO 13Zn0_ 13 1 70H20 12.28

material was obtained by performing the synthesis us-
ing the hydrothermal method, as in the case of SG [9],
by contacting 1 mmol of y-ZrP and 22 mL of
4.5-10 mol dm™ zinc acetate solution, at 120°C for
three days. All the characterizations were performed
on the zinc material obtained using the hydrothermal
synthesis because this method is faster and easier. A
form with 50% of Zn>" exchanged was been also pre-
pared by contacting 1 mmol of y-ZrP and 11 mL of
4.5-10 mol dm zinc acetate solution, with the hyd-

rothermal method. Its chemical formula is
"{—ZI‘ZHO‘S()(HPO4) (PO4)2H20, denoted as
y-ZrPZny 5.
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Fig. 1 TG-DTA curves of: y-ZrP; y-ZrPZn, 50; y-ZrPZn
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Fig. 2 TG-DTA of the y-ZrPZn material (heated at
250-450-520°C), after the rehydration

Zinc materials derived by y-ZrPdiamines

Samples of 1 mmol of vy-ZrPdiamines:
Y-ZT(PO4)(H2PO4)2,2’—bipyO':;()' 1 42H20,

Y-ZT(PO4) (H2P04)2,4’-bipy0'28' 1 47H20 and
v-Zr(PO4) (H,PO4)4,4°-bipyg16'1.35H,0, denoted as
v-ZrP2,2°-bipy; y-ZrP2.4’-bipy and y-ZrP4,4’-bipy
respectively, were contacted with an amount of
45107 mol dm” zinc acetate solution so that
[Zn®"]:[intercalated diamine]=1:1. The 1:1 molar ra-
tio was chosen in order to favor the 1:1=LZn complex
species between the layers of the exchanger. Table 1
reports the chemical composition of the zinc materials
and their d compared with those of their precursors. It
can be stated that the total amount of the zinc ex-
changed in the y-ZrPL is in the order of
v-ZrP2,2’-bipy>y-ZrP2,4’-bipy>y-ZrP4,4’-bipy. The
zinc exchanged compounds obtained are due to the
—N- position between the layers of the host matrix
forming N-Zn bonds. In the case of y-ZrP2,4’-bipy
and y-ZrP4,4’-bipy the unfavorable position of —N—
between the layers of the host matrix to form N-Zn
bonds, gives rise to a competition between the Zn*"
exchange and the diamines present hindrance. The re-
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Fig. 3 XRPD of: y-ZrP; y-ZrPZn, 50; y-ZrPZn

sult is a diamine elution and a lower Zn*" uptake dur-
ing the process. As far as the y-ZrP2,2’-bipy material
is concerned that the two —N— positions are more fa-
vorable, the competition is negligible and the forma-
tion of the y-ZrP2,2’-bipyZn complex is easier.

Thermal behavior and XRPD of y-ZrPZn

The fully exchanged y-ZrPZn material submitted to
thermal analysis shows in the TG curve mass losses,
in three distinct stages, between 25-520°C, related to
the water (Fig. 1). As in the case of the SG zinc zirco-
nium phosphate (SGZrPZn) [9] the maximum water
loss is evident between 25-250°C, where 3.25 mole-
cules of the coordination water are lost in two subse-
quent steps: 25-150°C (2H,O) and 150-250°C
(1.25H,0). A third small loss slowly occurs between
250-520°C (0.75H,0). The DTA curve is in accor-
dance with the TG data showing the endothermic
peaks, related to the water losses. At 1000°C a sharp
endothermic peak, without mass variation, due to the
phase transition (syntherization) [9] is evident. The
material, submitted to thermal treatment up to 520°C,
rehydrates in air in two days: ~100-85% (for the
y-ZrPZn material heated from 150 up to 350°C);
~80-70% (from 400 up to 480°C); ~30% (at 520°C)
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Fig. 4 XRPD of the y-ZrPZn at various temperatures

(Fig. 2). When the material is heated at T°>520°C the
water loss is not recouped.

In the case of the y-ZrPZny 50 (Fig. 1) the thermal
behavior is similar to that of the fully exchanged ma-
terial: 1.20H,O 1is lost between 25-130°C and
0.60H,O between 130-350°C. From 350°C up to
600°C, the loss of the second coordination water
overlaps with the water derived from the condensa-
tion of the phosphate groups, not involved in the zinc
ion-exchange, giving pyrophosphates.

The XRPD pattern of the y-ZrPZn is similar to
that reported in [14]. Unlike the case of SGZrPZn [9],
there is a little decrease in d, with respect to the pre-
cursor y-ZrP (11.50A vs.12.30A) (Fig. 3). This
diffractogram is maintained up to~150°C. At 250 and
350°C (in correspondence with water losses) a small
decrease in d is evident (9.82 and 9.61 A respectively)
and the diffractograms are different one from the
other. All the XRPD spectra of the material heated
from 350 up to 730°C are the same. It can be affirmed
that the material maintains a layered structure up to
730°C. From 730 up to 1000°C the XRPD spectra are
the same with reflection related to the Zn zirconium
double phosphate [15]. At 1100°C, when the salt
syntherization is evident, the diffractogram is similar
to the previous one (heated from 730 up to 1000°C)
but a shift of 1° or 0.5° is shown, between 29=24/34,
as in the case of SGZrPZn [9] (Fig. 4). The material
heated from 150 up to 450°C and left in air to
rehydrate for two days, shows that X-rays pattern re-
sembles the original one and are similar to that of the
material recorded at room temperature (7). The mate-
rial heated at 520°C, left in air for two days, maintains
the diffractogram with amorphization of the first re-
flection (Fig. 5). Even if the TG-DTA curves show
rehydration (see above) the X-ray diffractogram is
different showing a greater degree of amorphization
and does not change. As regards y-ZrPZngs, the
diffractogram is very similar to that of the fully ex-
changed material. Some differences take place in the
range 20=20-30 and the first reflection appears more
intense and crystalline with respect to the fully ex-
changed form (Fig. 3). At higher temperatures,
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Fig. 5 XRPD of y-ZrPZn [dehydration (left)-rehydration (right)]
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Table 2 C(%) and N(%) of the intercalated compounds y-ZrPL at the appropriate temperature of mass loss

y-Z1P2,2’-bipy

y-ZrP2.4’-bipy y-ZrP4.,4’-bipy

7/°C
C N C N C N

11.24 231 9.82 2.33 5.03 1.26
180 (0.30) (0.28) (0.16)

9.07 1.91 10.55 2.32 5.76 1.24
400 (0.23) (0.27) (0.14)

3.85 0.89 4.12 0.99 3.34 0.68
630 (0.099) (0.104) (0.076)

*dark numbers are diamines content at established temperatures

1100°C, mixed phases of zirconium pyrophosphate
and zinc zirconium double phosphate phases are evi-
dent (Fig. 6a).

Thermal behavior and XRPD of y-ZrPLZn

Figure 7 shows the TG-DTA curves of the y-ZrPLZn
materials compared to those of their precursors. Ta-
bles 2, 3 show the ligand content at set temperatures
for the y-ZrPL and y-ZrPLZn materials. From the
TG-DTA curves of both the y-ZrPLZn materials and
of those of their precursors, it can be seen that: a) the
zinc presence stabilizes the ligand in the host matrix
and so the organic combustion occurs at a higher tem-
perature; b) the pyrophosphate formation occurs at a
lower temperature; c¢) the syntherization is evident.
The TG-DTA curves of the y-ZrPL materials show
losses related to the hydration water (25-280°C), to
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Fig. 6 XRPD at 1100°C of: a. y-ZrPZn 5, and c. y-ZrPZn;
b. zirconium pyrophosphate for comparison
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the ligand combustion and to the water derived from
the phosphate condensation (280-600°C). The ther-
mal behavior is similar both in the case of
y-ZrP2,2’-bipy and y-ZrP2,4’-bipy, whereas in the
case of y-ZrP4,4’-bipy the ligand combustion occurs
at a temperature increased by ~50°C. In the case of
y-ZrPLZn the TG-DTA curves of y-ZrP2,2’-bipyZn
and y-ZrP2,4’-bipyZn show losses related to water
(25-280°C). The ligand combustion occurs at ~600°C
with a sharp or broad peak respectively. The loss of
water due to phosphate condensation is also present.
At 820 and 900°C respectively, a very sharp peak due
to the last ligand loss and to the pyrophosphate forma-
tion is evident. At 1000°C it can be noted the endo-
thermic peak due to the syntherization. In the case of
y-ZrP4,4’-bipyZn the thermal behavior is similar to
that of its precursor, the only differences being the
sharp peak at 870°C (last ligand combustion and
pyrophosphate formation) and the endothermic peak
at 1000°C (see above). From the microanalysis values
in Table 2 is shown that at 400°C the stability of the
materials  y-ZrPL is in  the order of
v-Z1P2,4’-bipy>y-ZrP4,4’-bipy>y-ZrP2,2’-bipy  the
loss of ligands being 3.5-12,5-23% respectively. At
650°C the thermal stability is in the order of
4,4°-bipy>2,4’-bipy=2,2’-bipy the loss of ligands be-
ing 46-61-61% respectively. These facts are clearly
evident from both the TG and the DTA curves. In Ta-
ble 3 (microanalyses values and the ligand content of
the y-ZrPLZn at set temperatures) is shown a ligand
stability at 400°C for all the y-ZrPLZn; at 650°C for
ZrP2,4’-bipyZn and y-ZrP4,4’-bipyZn.

In the XRPD it is evident that in the case of
y-ZrPLZn compounds the d increases only for
y-ZrP2,2’-bipyZn (16.24 A vs. 14.25 A). For all the
other materials listed in Table 1 there is no variation
of the d value (Fig. 8).

Zinc sulfide materials derived by y-ZrPZn

To obtain the ZnS particles in the y-ZrP the same pro-
cedure was used as in the case of SGZrP [9]. Anhy-
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Fig. 7 TG-DTA of y-ZrPL and y-ZrPLZn for comparison

Table 3 C(%) and N(%) of the intercalated y-ZrPLZn compounds at the appropriate temperature of mass loss

y-ZrP2,2’-bipyZn

y-ZrP2,4’-bipyZn y-ZrP4,4’-bipyZn

T/°C
C N C N C N
180 9.52 2.09 5.99 1.25 5.56 1.11
0.27) (0.15) (0.13)
400 9.25 2.04 5.47 1.08 5.08 1.06
(0.269) 0.14) (0.12)
3.69 0.85 4.87 1.02 4.47 0.93
630 (0.09) 0.12) 0.11)
* numbers in brackets are diamines content at established temperatures
drous H,S was flowed several times (1-30 h), at rz, after  sulfuration, is  y-Zr(ZnS)g67Zn033(POy)

over a sample of 1 mmol of fully anhydrous (420°C)
v-ZrPZn. The best way to obtain a significant number
of ZnS particles was to flow the H,S gas for 30 h. The
chemical composition of the white material obtained,

(H;45P0O4)-2.3 H,0, denoted as y-ZrPZnS (Table 4).
An experiment with H,S was also performed on
y-ZrPZn, 50 material calcinated at 400°C: there is not
evidence of S* ions as in the case of SGZnS [9].

Table 4 S(%) and H(%) of the zinc material submitted to the H,S gas over the time

) 5h 10h 20h 30h
Material
S H S H S H S H
y-ZrPZn 0.55 0.88 1.25 1.03 2.63 1.09 6.19 0.69
(anhydrous at 420°C) (0.05) 0.13) (0.25) (0.67)

* in brackets numbers are ZnS content over the time
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Fig. 9 TG-DTA of y-ZrPZnS

Thermal behavior and XRPD of y-ZrPZnS

The y-ZrPZnS material submitted to thermal treat-
ment with the TG-DTA simultaneous apparatus
(Fig. 9) shows that in the TG curve water loss is evi-
dent between 25-350°C. A big loss occurs between
350-700°C due to the S* elimination. In the DTA
curve, in accordance with the TG curve, endothermic
peaks related to water loss and a couple of exothermic
peak for the S* elimination at 575 and 600°C, are
present. At 1100°C an endothermic sharp peak, with-
out mass loss, indicates syntherization. Figure 10
shows the XRPD of the y-ZrPZnS material compared
with those of the host matrix y-ZrP, the fully ex-
changed form y-ZrPZn and ZnS (from Aldrich). The
v-ZrPZnS diffractogram shows a layered structure
similar to that of the precursor y-ZrP and reflections
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Fig. 10 XRPD of y-ZrP; y-ZrPZnS; ZnS (from Aldrich) and
y-ZrPZn for comparison

(26=27-28.70-33.10) related to the ZnS [16] or to the
ZnS compound from Aldrich. As in the case of CdS
particles inserted in SG zirconium phosphate and
y-ZrP [6, 7] and as in the case of ZnS particles in-
serted in SG zirconium phosphate [9], the ZnS forma-
tion is due to the ion-exchange between the H' of the
H,S gas and Zn”" of the host matrix. The Zn>" com-
bine with the S* ions to form ZnS particles.
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Conclusions

Zinc ions can be fully and half exchanged in y-ZrP and
in y-ZrPL isomeric diamines. The uptake speed of the
Zn*" in y-ZrPL and its content depends on the more or
less favorable —N— position in the diamine molecule.
v-ZrP zinc material that underwent thermal treatment
show a water loss up to 520°C. After dehydration they
can be rehydrated. The y-ZrPLZn materials show both
water loss and ligand combustion whose temperature
increases in the presence of zinc ions. The XRPD pat-
terns of y-ZrPZn show very little decrease in d with re-
spect to its precursor. In the case of y-ZrPLZn d in-
creases only in the case of y-ZrP2,2’-bipyZn. When
H,S is flowed over anhydrous y-ZrPZn, S* combine
with Zn*" to form ZnS particles in the layers of the host
matrix. The diffractogram of the y-ZrPZnS shows a
layered structure almost the same as its precursor y-ZrP
and there is evidence of the presence of ZnS particles,
whereas the half exchanged form does not ‘accept’ the
S*". The y-ZrPZnS material submitted to thermal treat-
ment shows the S* elimination with a couple of exo-
thermic peaks in the DTA curve.
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