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Crystals of millimetric dimensions of layered a-
Zxr(HPO,), - H,O start to lose hydration water at temperatures
higher than 270°C when heated at rates of 2—-50°C/min. This
allowed the observation, at about 143 and 257°C, of two new
reversible phase transitions of monohydrate zirconium phos-
phate. The connected enthalpic effects were 3.8 +0.2 and
2.7 £ 0.1 kJ/mol, respectively. Measurements of the thickness of
the crystal, along the perpendicular to the layers, were also
performed as a function of the temperature. At temperatures
very close to those of the two-phase transitions, the thickness of
the crystal decreased by 0.69% and by a further 0.44% of its
initial value. A thermal behavior very similar to that found
for large crystals was observed when microcrystalline o-
Zr(HPO,), - H,O (average crystal size 1-10 pm) was analyzed
at very high heating rates (i.e., 50°C/min). X-ray powder diffrac-
tion analysis revealed that the phase transitions involve a discon-
tinuous decrease of the interlayer distance from 7.56 to 7.50 Aat
134°C, and to 7.43 A at 257°C, in agreement with dilatometric
data. Finally, some structural aspects involving the new phases
and the possible relations with those already reported are
diSCUSSCd. © 1997 Academic Press

INTRODUCTION

Zirconium bis(monohydrogen phosphate) monohydrate,
a-Zr(HPO,), -H,O (hereafter referred to as o-ZrP-H,0),
has been extensively studied in the past as a cation ex-
changer, an intercalating agent of polar species, and a het-
erogeneous catalyst; moreover it is the parent compound of
a wide and emerging class of materials, the metal(IV) phos-
phates and phosphonates (1-3).

The crystal structure of «-ZrP was first determined in
1969 (4). Subsequent refinement (5) showed that the com-
pound is monoclinic, with space group P2, /n, cell dimen-
sions a = 9.060 A, b = 5297 &, ¢ = 15414 A, p = 101.71 A,
Z =4,

1To whom correspondence should be addressed.

Each layer is formed by an intermediate Zr atom plane in
which each Zr atom is surrounded by a slightly distorted
octahedron of oxygens belonging to six different phosphate
groups. The acidic OH group of each phosphate is directed
toward a neighboring layer. Owing to the stacking of the
layers in the ¢ direction, zeolitic cavities are formed, one per
each zirconium atom. The hydration water molecules are
located in these cavities. They interact with three adjacent
phosphate groups, accepting two hydrogen bonds and giv-
ing a third one (6). In such a situation no hydrogen bonds
are formed between the layers, which are held together only
by van der Waals forces. The interlayer water is retained
over phosphorus pentoxide, but it is completely lost on
prolonged heating at 110°C. The loss of condensation water
of monohydrogenphosphates to pyrophosphates occurs at
450-550°C.

As pointed out by several authors, the shape of the ther-
moanalytical (TG-DTA) curves and hence the starting and
ending temperatures, as well as the extensions of thermal
effects associated with the above-described transformations,
are affected by external parameters, such as the heating rate,
the crystallinity degree, and the particle size of the investi-
gated sample (7-13).

However, to our knowledge, studies in the literature deal
with thermal behavior of amorphous, semicrystalline, and
microcrystalline samples of «-ZrP-H,O by using heating
rates of 10°C/min or below.

This paper describes the thermal behavior, in the
2-50°C/min heating rate range, of large crystals of o-
ZrP-H,O of millimetric dimensions, prepared by the
method proposed by Alberti et al. in 1980 (14). Such behav-
ior is quite different from that already described for micro-
crystalline powders, and new phase transitions of the
monohydrate «-ZrP have been observed. Surprisingly,
a thermal behavior very close to that found for large crystals
was observed on microcrystalline samples when heated at
high heating rates ( >20°C/min).
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EXPERIMENTAL

Microcrystalline powder of a-ZrP-H,O (average dimen-
sions: 1-10 um) was obtained as described in (15). Large
crystals of a-ZrP-H,O (0.5-2 mm of dimensions) were pre-
pared by the slow thermal decomposition of zirconium
fluorocomplexes in the presence of phosphoric acid, as
reported in (14).

Coupled thermogravimetric analysis (TG) and differential
thermal analysis (DTA) curves were obtained by a Stanton
Redcroft STA781 thermoanalyzer at various heating rates
(static atmosphere). For DTA measurements, alumina was
used as the reference material.

Differential scanning calorimetry (DSC) measurements
were performed by using a computer-controlled Mettler
DSC 12E instrument that was previously calibrated with
indium, tin, and lead standards. Samples of about 10 mg
were encapsulated in aluminium sample pans and DSC
curves were obtained at selected heating rates in the range
1°-20°C/min. Micrographs of the surface of the crystals
before and after heating were taken by Tesla BS 340 scann-
ing electron microscope (SEM).

The thermal changes of the thickness of the a-ZrP crystals
were measured along the perpendicular to the layers in the
30-500°C temperature range. This thermomechanical anal-
ysis (TMA) was carried out with a TMA CXO03R dilato-
meter. The analysis is based on the changes of the distance
between two pistons of the sample holder with a differential
capacitance displacement probe detector. The resolution of
the dilatometer is about 10 nm. The force applied on the
crystal was 50 mN. The heating rates used ranged from 0.1
to 50°C/min.

X-ray powder diffraction (XRD) patterns at different
temperatures were obtained with an Anton Paar HTK
camera mounted on a Philips PW1710 diffractometer. The
patterns were collected by a step scanning procedure using
a step of 0.02° 26 and a counting time which ranged from
1 to 10 s per step, depending on the situation. The radiation
used was CuKo, and the generator was operated at 40 kV,
30 mA.

The XRD powder patterns were indexed using the
TREOR program (16).

RESULTS AND DISCUSSION
Thermal Behavior of Large Crystals of a-ZrP- H,O

For the sake of clarity, typical TG and DTA curves (Figs.
la and 2a, respectively) of a sample of microcrystalline
a-ZrP-H,0, taken at the heating rate 5°C/min, will be
discussed first. The curves are in fairly good agreement with
those described earlier (7, 8).

Hydration water loss starts at about 100°C. The DTA
curve shows two partially overlapped endothermic effects,
one sharp and the other broad, ascribed to the formation of
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FIG. 1. TG curves of: (a) microcrystalline a-ZrP - H,O. Heating rate:

5°C/min; (b) large crystals of a-ZrP-H,0O. Heating rate: 5°C/min; (c)
microcrystalline o-ZrP - H,O. Heating rate: 50°C/min.

the anhydrous phase «-ZrP, according to the reaction
a-ZrP-H,0(7.56) — a-ZrP(7.41) + H,O0,

in which the interlayer distances in angstroms are also
indicated in parentheses.

A second sharp endothermic peak is then observed at
about 220°C (9,10) due to the following reversible phase
transition:

2-ZrP(7.41) = a-ZrP(6.8).

Further heating leads to the formation of zirconium pyro-
phosphate with the loss of an additional mole of water per
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FIG. 2. DTA curves of: (a) microcrystalline a-ZrP - H,O. Heating rate:
5°C/min; (b) large crystals of a-ZrP-H,O. Heating rate: 5°C/min; (c)
microcrystalline o-ZrP - H,O. Heating rate: 50°C/min.
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mole of Zr:
o-Zr(HPO,),(6.8) —» ZrP,0,(6.1) + H,O.

The transformation of the previously formed layered zirco-
nium pyrophosphate (9) to the cubic one is observed as an
exothermic sharp peak around 850-900°C.

TG and DTA curves obtained by heating one crystal of
a-ZrP-H,0, of approximate dimensions 1 x 0.8 x 0.5 mm
and weight ~ 10 mg, are shown in Figs. 1b and 2b, respec-
tively. The heating rate was 5°C/min, the same used for the
microcrystal samples.

The TG curve does not show any water loss from 20 to
270°C. On the other hand, in this range of temperatures, the
DTA curve clearly shows two well-resolved endothermic
effects, with a maximum at about 143 and 257°C, respect-
ively. The two-phase transitions are reversible, as demon-
strated by performing several heating and cooling cycles in
the 20—-270°C temperature range. Figure 3 shows the DTA
profile of one heating—cooling—heating cycle as a function
of the time. The two successive heatings produced almost
identical endothermic effects; the corresponding exothermic
effects in the cooling trace are broad and shifted at lower
temperatures, probably because of kinetic effects. It seems
that the reverse processes are slower than the forward ones,
and the compound exhibits a significant inertia to come
back to the lower temperature phases. Just after the second
endothermic transition has been completed, dehydration
starts and proceeds in two steps, each of which corresponds
to the loss of one water molecule per formula unit, probably
due to dehydration and condensation of hydrogenphos-
phates to pyrophosphate, respectively. At the end of the
analysis the sample was ground and the XRD powder
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FIG. 3. DTA curve of large crystals of «-ZrP - H,O as a function of the
time during a heating-cooling-heating cycle. The temperature curve is
reported on the bottom.

pattern was found to be that of cubic ZrP,O-. The experi-
mental (11.7%) and calculated (11.96%) weight losses were
in good agreement.

DSC measurements were carried out in the 25-400°C
temperature range at different heating rates. In all cases the
endothermic effects, already observed in the DTA curves,
were well marked. Figure 4 shows a typical DSC curve
obtained at a heating rate of 5°C/min. The temperatures of
peak maxima are 142.5 and 254.5°C (T,neee = 137.5 and
247.2°C) respectively; the enthalpy of transitions are
3.8 +£0.2 and 2.7 +0.1 kJ/mol, respectively. The shape of the
TG-DTA curves seems to be independent of the heating
rate. However, an unexpected phenomenon occurs at heat-
ing rates less than 2°C/min. When the crystal starts to lose
water, at about 270°C, it often explodes, jumping out of the
sample holder, and making the completion of the analysis
rather difficult.

This effect can be explained if we suppose that dehydra-
tion occurs by diffusion of water only between the layers. In
this case, the time needed for dehydration should be ex-
tremely long for crystals of such dimensions, so that even at
the lowest heating rates, a very small fraction of water is lost
before the temperature reaches a critical value. However, if
the heating rate is very low, dehydration can occur close to
the border of the crystal, allowing the formation of the
anhydrous a-ZrP(7.41) phase in this region, with the result
of blocking further escape of water. The pressure of water
vapor at the high temperatures could then break the crystal
and produce the observed explosion. Figure 5 shows SEM
micrographs of the same crystal before and after thermal
treatment at 300°C (heating rate: 0.2°C/min). Fracture lines,
which appear on the surface of the crystal heated up to
300°C, may be due to the effect of the explosion.

Dilatometric experiments were then carried out on
crystals shaped similarly to those used for TG-DTA

Trnax =254.5°C
Tonset = 247.2°C
AH = 2.7 +0.1 kd/mol
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FIG. 4. DSC curve of large crystals of «-ZrP-H,0. Heating rate:
5°C/min.
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FIG. 5. SEM micrograph of a large crystal of a-ZrP-H,O before (a) and after (b) heating to 300°C. Heating rate: 0.2°C/min.

experiments, and the thickness along the perpendicular
to the layers was measured as a function of the temper-
ature.

Figure 6 shows a typical TMA curve of «-ZrP-H,O
taken at 0.2°C/min. The expansion of the first part of the
plot (Fig. 6b) shows two discontinuities: the first, occurring
at about 140°C, in which the thickness is decreased by
0.69% of its initial value, and the second one, at about
250°C, with a further 0.44% decrease in thickness. Owing to
this, if we assume that the interlayer distance at room
temperature is 7.56 A, we can calculate that the first phase
transition involves a decrease of the interlayer distance to
about 7.50 A, and the second involves a decrease to 7.47 A.
TMA measurements also confirmed the reversibility of such
phase transitions.

Just after the latter phase transition, the dilatometric plot
shows a sharp increase in the thickness of the crystal, corres-
ponding to the above-mentioned explosion, observed by
TG measurements. TMA data showed that this effect disap-
pears at heating rates higher than 10°C/min. The relatively
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FIG. 6. TMA curve of a large crystal of a-ZrP-H,O heating rate:
0.2°C/min. An expansion of the first part of the curve is shown (b).

slow increase of the crystal thickness observed above 280°C
is probably caused by a further “splitting” of the layers.

Thermal Behavior of Microcrystals of a-ZrP - H,O
at High Heating Rates

If microcrystalline samples are heated very rapidly, hy-
dration water loss starts at temperatures much higher than
those observed for the 5°C/min heating rate ( ~100°C) and
it has been possible to detect the phase transitions of the
hydrate phase, described above for large crystals, at heating
rates as low as 20°C/min. However, the higher the heating
rates are, the sharper the thermal effect becomes.

The TG and DTA curves, obtained at a heating rate of
50°C/min, of a microcrystalline sample of a-ZrP-H,O are
shown in Figs. 1¢c and 2c, respectively. Such behavior is very
different from that observed for heating rates equal to or
lower than 5°C/min (Figs. 1a and 2a), and, as expected, it
resembles closely the behavior already discussed for large
crystals (Figs. 1b and 2b). The positions of the two sharp
endothermic effects (150 and 255°C) are shifted at temper-
atures higher than those observed for large crystals, prob-
ably due to the higher heating rate.

The first water loss starts at about 220°C. When the
second phase transition has been completed, at about
260°C, the total weight loss is only 0.3%, corresponding to
about 0.07 mol of water per formula weight. If the heating is
stopped at 260°C, the weight loss rate becomes extremely
low. Therefore, the composition of the sample remains vir-
tually unchanged for some time, and it is practically the
same as the starting material. Under these conditions, an
X-ray powder diffraction analysis can be performed. On the
other hand, if the heating is stopped before the above-
mentioned phase transition is finished, the rate of water loss
is high, and a fast dehydration of the sample is observed.

Note that our experimental data and previous literature
data (7,10,11) seem to exclude the formation of partially
dehydrated phases during heating. The thermal behavior of
microcrystalline powders of a-ZrP as a function of heating
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rate can be described by two limiting sequences of events.
For heating rates equal to or lower than ~5°C/min, the
sequence is that of Figs. 1a and 2a; for heating rates higher
than ~20°C/min the behavior is that shown in Figs. 1c and
2¢. When heating rates between 5 and 20°C/min were used,
an overlapping of the two above-mentioned reaction paths
was observed.

X-ray Powder Diffraction Studies: Some Structural
Considerations

The XRD patterns of samples of microcrystalline o-
ZrP-H,0 heated at a rate of 50°C/min were taken at
different temperatures.

As a consequence of the relatively high rate of dehydra-
tion, the pattern taken at 160°C was observed to change
quickly over time, and it was impossible to obtain accurate
data. However, a rapidly collected pattern taken at 170°C is
reported in Fig. 7b. The pattern is markedly different from
that taken at room temperature (Fig. 7a), the first peak
being at d = 7.50 A, showing that the following phase
transition occurred:

0-ZrP - H,0(7.56) = a-ZrP - H,0(7.50).

A first attempt to index the pattern gave a monoclinic cell
with the a and b parameters typical of a-phases, ie.,
a=936A,b=5304, c=15452 A, B = 102.95°.

The second phase transition was better studied. A more
accurate X-ray powder pattern was collected at 250°C, and
it is reported in Fig. 7c. The interlayer distance is 7.45 A, so
the process can be expressed as follows:

a-ZrP-H,0(7.50) == a-ZrP - H,0(7.45).
Note that the interlayer distances of the above phases are in

fairly good agreement with those calculated on the basis of
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FIG. 7. XRD powder patterns of microcrystalline «-ZrP-H,O taken
at the indicated temperatures. Heating rate: 50°C/min. The peaks marked
with an asterisk belong to the platinum sample-holder.

dilatometric experiments on large crystals (7.50 and 7.47 A,
respectively).

The pattern of the latter phase was well indexed by an
hexagonal cell: a = 5.366(4) A, ¢ = 22.21(2) A, M(14) = 89.

All the reflection indices satisfied the condition
—h +k +1 = 3n. Furthermore, the pattern exhibits a strong
analogy with that of a-ZrP - 1/2H,0, heated over 70°C. The
structure of the hemihydrate phase was recently solved by
X-ray powder methods (17). The compound presented a
phase transition at about 70°C, without water loss, which
leads to a trigonal hemihydrate phase, space group R3,
having cell parameters a = 5.3743 A, ¢=21.982A, close
to those found in the present study. The transition to the
rhombohedral modification produces a sort of stabilization
of the interlayer water, since water loss occurs at temper-
atures much higher than 100°C (17). This behavior is very
similar to that observed for the monohydrate phase ob-
tained at 250°C, which loses water at a very slow rate.

In conclusion we can assume that the structure of «-
ZrP-H,0(7.45), which is generated after rapid heating to
250°C, is closely related to that of «-ZrP-1/2H,0(7.30),
present over 70°C.

Figure 8 shows the hypothetical structure of o-
ZrP-H,0(7.45). For the sake of comparison, the structure
of a-ZrP-H,0O(7.56) at room temperature is also given. The
transition at 250°C produces a slight changes in the atomic
positions, which leads to a higher symmetry. The layers are
shifted in relation to each other by 2/3a and 1/3b, generating
an ABC-type stacking and the P-OH groups are perpendicu-
lar to the layer plane, whereas they are slightly tilted in the
room temperature phase. The water molecules are located at
the center of the hexagonal zeolitic cage formed by six OH
groups belonging to faced layers and lying almost on the
same plane. These OH groups are about 3.25 A apart and are
slightly more interpenetrated than in the original phase.
These modest structural changes may explain the stabiliz-
ation of the hydration water after the phase transition.

Unfortunately the geometry and constructional peculiar-
ity of the high-temperature X-ray camera cannot provide
the accuracy required for more detailed structural studies.

A scheme of the reactions that summarizes previous and
new results on the o-ZrP system, when heated at various
temperatures, with different heating rates, is shown in Fig. 9.
This scheme also takes into account previous studies of the
hemihydrate phase.

Note that the sequence of events occurring during
the heating of «-ZrP-H,0O(7.56) may be described by
two heating paths: a “high-rate” path, similar to that
observed for large crystals, that involves the transitions of
the monohydrate, and a “low-rate” path observed when
microcrystalline powder is heated at rates equal to or lower
than 5°C/min. Until now, it has not been possible to con-
vert the monohydrate into the hemihydrate phase by ther-
mal treatment.
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FIG. 8. Schematic structure of o-ZrP-H,0(7.45) at 250°C (right), drawn on the basis of that of a-ZrP-1/2H,0(7.30) (17). The structure of
o-ZrP-H,O at room temperature, taken from ref. 5 is also reported for comparison (left).

CONCLUSION

By means of this and previous works, a deeper knowledge
of this complex and fascinating system has been achieved.
The structure of some of the phases shown in Fig. 9 have
already been solved, while others are still being studied.
More detailed structural investigation is therefore desirable
to fully understand the crystallochemistry of the system.

>100°C
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a-ZrPHy0(7.56) 0-ZrP-1/2HyO(7.41)

140‘% \iOT H J0°C
>110°C

0-ZtPHO(7.5) —— a-ZiP(7.41) 20 o-ZrP-1/2Hy0(7.30)

250°C 220°C
>220°C

o-ZtP-HyO(7.45) —— o-ZrP(6.8)
FIG. 9. Scheme of thermally induced phase transitions of hydrated and
anhydrous phases of a-ZrP.
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