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Abstract

The comparison of data of thermal analysis partly with XRD and/or analytical results per-
mits determination of the exact quantity of crystal water of the investigated samples having
quite different behaviour. The compositions of the samples were determined from the results
of thermal analysis. Furthermore, the data help elucidate the behaviour of various crystalline
materials and also their intercalates during heat treatment.
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Introduction

The results of thermoanalytical investigations of silica-containing zirconium
phosphate, the y-crystalline form of ZrP are presented in this paper. In the middle
of the 1980s new vistas were opened by Alberti and coworkers [1, 2] with the
preparation and investigation of an o-layered zirconium salt with two different
pendant groups. Some structural and intercalation characteristics of zirconium
phosphate-phosphite (ZrPP) have been investigated in our laboratory [3, 4]. The
results of thermal analysis of these materials and their intercalates and/or organic
derivatives are presented in this paper.

Experimental
Preparation

1 - silica-containing «-ZrP was prepared as follows: freshly prepared (via
fluoro-complex) o-ZrP was mixed, in the presence of acelale buffer, with
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stoichiometric quantity of sodium metasilicate (Na,SiOs) solution at 25£1°C
with continuous stirring. The resulting gel was treated with the appropriate quan-
tity of 0.1 mol HCI solution to exchange sodium ions for protons in another ex-
periment Na” ions were not exchanged; in this way the sodium salt (with various Na
contents) or silica-containing ZrP was obtained. After this, thc matcrial was
washed with distilled water to pH=4, then heated to 180°C and kept at this tem-
perature for 24 h. The final product was stored in a dessicator over P,Os [5]. Silica-
containing ZrPP was synthesized in a similar way with the exception that the fi-
nal product was stored over saturated NaCl solution [6].

it — the y-crystalline form of ZrP (y-ZrP) was prepared using the method de-
scribed by Clearfield [7].

iii — zirconium phosphate-phosphite (ZrPP) was prepared in the way pro-
posed by Alberti et al. [2], with the exception that various drying methods were
used [3].

iiii — the intercalates and/or organic derivatives of the investigated materials
were prepared as described earlier by Costantino and also by us [8—15].

The methods used for identification of the prepared samples were described
in a paper published earlier [16].

Results and discussion

1. Silica-containing ZrP also has t-layered structure as it was found by XRD
analysis, but it has a slightly distorted configuration in comparison with o-ZrP
[17,18]. InFig. I are shown the DTA curves of various samples. As can be seen, the
sample (ZrPSi-180) contains the characteristic peaks of both silica and a-ZrP, but at
the same time the peaks belonging to the crystalline phase transition are missing
from the DTA curves. This phenomenon is in agreement with the XRD data [11]
which showed that silica-containing o-ZrP is a one-phase system at the end of
preparation. For the Na-containing samples, depending on the amount of wash
solution, various NaPO4/HPOQ, ratios were found. By comparison of analytical
and weight loss (TG) data, the original materials could be described as:

Zr[(HPO4)2(5i01 )2, sOH]-2H20 and
Zr[(NaPO)x(HPO4)1-x(8102)2 sOH]-2ZH20

respectively.

This first endothermic process usually means the loss of crystal water. In the
case of silica containing samples this peak is broader due to the relatively small
quantity of crystal water and dehydration of silanol OH groups of silica gel oc-
curring at about 170-200°C.

The second endothermic process can be assigned to the loss of structural
water, while the exothermic process, without weight loss is connected with the
change of crystalline phase of ZrO, at about 1000°C [19].
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Fig. 1 DTA curves of silica gel(1), o-ZrP(2) and SiZrP(3)

For the sample not treated with HCI solution another exothermic peak was
found at about 600°C. In agreement with literature data [20], this process could
be identified as the formation of NaZr,(PO4)s.

Silica-containing ZrPP showed similar thermal behaviour to that of silica-
containing o-ZrP, while silica-containing y-ZrP was not found at all. From ther-
moanalytical and XRD data it was concluded that this material is changed into
the o-form during the preparation process [6].

2.y-ZrP also has layered structure but different from o-ZrP, as proved by
XRD analysis. Its lattice parameters were found to be ¢=0.538 nm, $=0.664 nm,
c=2.459 nm, and $=94.2° and basal spacing (d)=1.22 nm. Another difference
from the o-form was identified by means of IR spectrophotometric method,
namely that the phosphate is present in the material in the form of H,PO, and
PO} in equal quantities. Thermal analysis provided information about the quan-
tity of crystal water and about the thermal behaviour of this kind of material.

Thermal analysis revealed four endothermic processes (three of them involv-
ing mass loss) and one exothermic process. Taking into consideration the results
of other analytical methods the first and the third endothermic peaks were iden-
tified as the loss of crystal water, while the fourth as the loss of structural water.
The endothermic process without mass loss is due to the crystalline phase transi-
tion taking place during the loss of part of the crystal water, while the exothermic
process is the change of ZrO, from cubic to monoclinic form [19].

Analysis of the DTA and TG curves (Fig. 2) reveals that the material contains
two moles of crystal water per molecule unit, and these water molecules are
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bonded in different ways. Taking into consideration the XRD data (measured at
elevated temperature) it can be proposed that one mole of crystal water is situated
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Fig. 2 DTA curves of ¢-ZrP(1)* and y-ZrP(2) *prepared via fluora-complex
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Fig. 3 DTA curve of zirconium phosphate-phosphite (ZrPP) 1-0-ZrP, 2-ZrPP (dried above
sat. NaCl sol.), 3-ZrPP (dried under IR lamp on air)
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near the metal (Zr) sheets and it is easily lost at a relatively low temperature. As
aresult of such dehydration, the interlayer distance is decreased from 1.22 nm to
0.95 nm, giving a new crystalline phase as shown by the second endothermic
peak in the DTA curve. The second mole of water is lost at a relatively high tem-
perature showing that it had some bonding role between the layeres. The third
mole of water lost is the structural water coming from the decomposition of
phosphate groups.

Combining the above results with analytical data, the material can be de-
scribed by the formula Zr[(H,PO,)-(PO4)]-2H,0 and its thermal decomposition
can be characterized as follows:

Zr[(HaPOg)(PO4)]2H20 —H:0 Zr[(HyPO4)(PO4)[H20 phase trans.
—_ . 7 _phase trans.
r[(HaPO4)(PO4 2 op 10 90°C 2P04)(PO4)1H2 50— 150°C
Zt{(H;PO(PORTH0 e ZH{(HLPODPOY)] e 26220
r[(Ho2PO4)(PO4)IH2 55 soce ZH(H2PO, D] gzr——msa ZtP20r

3. Different modes of drying of the ZrPP resulted different DTA curves of the
products, while the total mass loss for both samples was found to be 10%. From
the TG curves, taking also the analytical, XRD and IR data into consideration,
two different compositions were assumed: one with ‘high’ (dried above saturated
NaCl solution) and another with ‘low’ (dried under IR lamp in air) phosphite
content. Accordingly, the samples can be described by the chemical formulae
Zr(HPO4)o 7(HPO,), 3-0.5H,0 and Zr(HPO,), s(HPO;3)o.,-H,0, respectively.

The endothermic processes (Fig. 3) in order to characterize the loss of crystal
water (up to 130°C), the phase transition (without mass loss) and the loss of
structural water. In the case of the sample dried under IR lamp in air practically
the same DTA curve was obtained as that of a-ZrP. In accordance with this, the
thermal decomposition of the samples may be described as follows:

=,

Zr[(1IPOa)o.7(11PO3)1.30.5H20] Z1[(HPO4)o.7(HPO3)1 3]

-H
upto 130°C

phase trans. and — H,O Z:[(PO PO~ - 0.5H,0
120 - 240°C 240-340°C ZTIPOerPOa] - s
2:(POs)y, —2202 4 0
(P03 (o To0°c ZP20s

For the sample with low phosphite content the thermal decomposition pro-
ceeds practically in the same way as in the case of o-ZrP (see in previous paper

[16]).
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4. Thermal analysis of various intercalates and/or organic derivatives of o-,y-
ZrP, mixed o(Zr, T1)P and also ZrPP was carried out under the same conditions as
described for the original (host) materials. The results of these investigations are
collected in Tables 1—4 and shown in Figs 4-9.

Table 1 Composition, total mass loss and interlayer distances of o- and y-ZrP complexes

] o-ZrP Composition
Intercaleted host/ ZoP
molecules  interlayer dist.  mass loss/ ~ DOstguest Y-4r
nm % mmol/mmol

1 2 3 4 2 3 4
MetOH 0.93 39.8 2 1.30 61.1 2
EtOH 1.42 34.6 2 1.54 54.8 2
PropOH 1.66 26.2 2 1.78 44.7 2
BuOH 1.87 26.6 2 2.02 44.8 2.
PenOH 2.13 23.1 2 2.26 43.1 2
MetA 1.28 327 1 1.37 52.3 2
EtA 1.47 26.3 1 1.58 46.8 2
PropA 1.69 19.6 1 1.77 429 2
BuA 1.88 19.2 1 1.97 42.6 2
PenA 2.09 19.0 1 2.18 422 2
D.EG 1.05 28.8 1.5 1.47 334 1.4
Benzyl
OH 2.10 41.31 1 2.27 57.26 1
Benzyl A 1.90 22.13 1 2.30 43.11 2
p-nitro
benzoic - - - - - -
acid
hippuric _ _ _ _ _
acid B
phenyl
phosph. 1.47 48.6 0.8 - - -
acid

Data for n-alkanols are presented in Fig. 4. The a-ZrP-alkanol intercalates (a)
lost their crystal water practically together with the alkanol, except the case of
ethyl alcohol. In this case the alcohol is lost in a rapid process followed by the
loss of crystal water up to 340°C. The next endothermic process with a peak at
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about 600°C is the loss of structural water, while the exothermic process found
between 900—1000°C is connected with the crystalline phase transition of ZrO,.
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Fig. 4 DTA curves of n-alcohol intercalates of o-ZrP(a) and y-ZrP(b); 1-methyl-, 2-ethyl-,
3-propyl-, 4-butyl-, 5-pentylalcohol

In contrast, for y-ZrP-n-alkanol intercalates (b} these two processes (loss of
the alkanol and crystal water) are well separated. The further part of the DTA
curves showed no diftference from those found for o-ZrP intercalates. The ther-
mal decomposition of these kinds of material can be described, in general, as fol-
lows:

i1-for o -ZrP
. _ —2alkanol,H.O - H.0O
Zr[(HPOu4)y(n-alkanol)z]-H,O = Zr(HPOy4)
upto430°C
P _— .
ZrP>07 900°C Z1r02-P20O5
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ii-for y-ZrP
— 2 alkanol
Zr[(HoPO4)(PO4)(n-alkanol)y]- 2Hy0  ————————— Zr(H,P04)(PO4)-
up to 110°C
2,0 —220 1000 POy —22 .+ 7p,0 710,-P;0
2H0 T Tasgre ArHPONRPOY) fr—cioe 4Pa07 —geee 2102P20s

The intercalation behaviour of mixed Zr, Ti phosphates was controlled using
ethyl alcohol, n-propylamine, n#-butylamine and cthylenediamine (E.D.A) as
guest molecules. The DTA curves or various mixed compounds (complexes) are
shown in Fig. 8 (a,b,c).

Table 2 Composition, total mass loss and interlayer distances mixed (Zr, Ti) P-complexes

Host mat. EtOH n-propyl-amine n-butyl-amine ED.A
Zr, o Tiy ,P 0.84 0.82 0.85 0.86 composition
Zr, Tiy P 0.66 0.72 0.56 0.63° host/lg/uest ,
Z1, iy ;P 0.56 0.63 0.56 - melmme
Zs, . Tiy ,P 21.4 36.3 30.2 33.6°

co total mass
Zr, sTiy sP 345 48.2 39.7 475 loss / %

Zr, ,Tiy P 337 48.5 333 -
ZrygTig P 1.40 1.59 1.84 2.05* _

&0 interlayer
Zry sTi, P 1.35 1.55 1.79 1.98 dist. in nm
Zry,Tiy P 1.38 1.57 1.83 -

*o-ZrP

Thermoanalytical data indicated lower amounts of intercalated EtOH than
those found for pure a-ZrP and the amount changed with the Ti content of the
sample (0.56 mol/mol ZrP for Zr, sTio s and 0.84 mol/mol for Zrg 1 Tioo). It was
also found that, differing from pure ZrP(EtOH), in this case ethyl alcohol was
lost relatively rapidly together with crystal water. At higher temperatures the
character of the curves are similar to that of the pure o-ZrP(-EtOH) complex.
The thermal decomposition of complexes with various compositions can be de-
scribed as follows:

— nEtOH, mH,0O

ZrxTi 1 x(HPO4)2(EtOH)p-m HoO ——ey
Iy Tix( 4)2( nm Hy up 10 180°C

ZrxTi1 x(HPO4)

-H,0

370-600°C (Zr,Ti1-x)P207; where n<l and m=0.5-1

J. Thermal Anal., 53, 1998
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Fig. 5 DTA curves of n-monoalkylamine intercalates of o.-ZrP(a) and y-ZrP(b); 1-methyl-,
2-ethyl-, 3-propyl-, 4-butyl-, 5-pentylamine

Data for n-monoalkylamines (MAA) are collected in Table 1 and shown in
Fig. 5. No characteristic difference appears between the DTA curves of a- and y-
ZrP intercalates. This result was expected since XRD analysis showed that y-ZrP
and a-ZrP had similar structures (see above). In both cases crystal water (one
mole/molecule unit) was lost first followed by the decomposition of the monoal-
kylamine. This was followed by the loss of structural water coming from the de-
composition of phosphate groups. For y-type materials the crystal water was lost
in two steps (for C4 and Cs amines overlapping with amine decomposition, re-
sulting a running character, without sharp peaks in the DTA curve. On the other
hand, the temperature of the third peak was about 50-60°C higher than for the o-
complex. The exothermic process near 1000°C is connected with the crystalline
phase change of ZrO,.

Based on the data, the following mechanism of thermal decomposition of
MAA intercalates can be proposed:

J. Thermal Anal, 53, 1998
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o -type

-H»,O

Zr[(HPO4)> MMA]-H,O m’

Zr[(HPO4)» MMA]

MMA_ oo “H,0
Too_2s0°c. ZHHPO2 e 00°C

ZrP>0y

Y-type

Zr[(HgPO4)(PO4)vMMA]‘2H20~500i:

Zi[(H2POg)(PO4)-MMA]-H>O

-H,0 -MMA

up to 110°C Zr[(H2PO2)(POs) MMA] ——o—rtmsms Zil(HPO4)(PO4)]

-H>;0O o
Sso-eso’c L

In addition, for n-monoalkylamines it was found that the intercalation pro-
cess has a stepwise character owing to the protonation of MAA and the interac-
tion of ammonium ion with negatively charged species. The heat effects of these
processes were determined by means of microcalorimetric method; for n-butyl-
amine they are 14.67 kJ mol™ and 1.37 kJ mol ™", respectively [21]. The interca-
lates of mixed metal phosphates showed different thermal behaviour compared
with the MAA complexes of pure ZrP (both ot and yforms, see Table 2). A char-
acteristic difference was found in the release of crystal water. In this case it was
lost in several closely following steps. A close correlation was found between
this phenomenon and the Ti content of the sample. We assumed that the differ-
ence was due to the difference in the structure (in comparison with pure materi-
als) of these complexes.

The structures of the investigated organic derivatives of o~ and y-ZrP are
similar (as determined by XRD analysis), the only difference being the location
of —P—OH groups which are replaced by —-P—OR groups [3, 22]. Since these ma-
terials may be regarded as organic-inorganic ion exchangers, it was important to
know their thermal behaviour. All the prepared organic derivatives were crystal-
line with layered structure, having different interlayer distances (Table 1), as
shown by XRD analysis.

The DTA curves are shown in Fig. 6. For the benzylalcohol derivative we
found three and four endothermic processes with mass loss for o- and y-ZrP, re-
spectively. They are due to the loss of crystal water (for y-ZrP in two steps), the
decomposition of the organic molecule, and loss of structural water from the de-

J. Thermal Anal., 53, 1998
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Fig. 6 DTA curves various aromatic intercalates of o-ZrP (a) and y-Z1P (b). 1 — benzylalco-
hol, 2 — benzylamine, 3 - diethyleneglycol

composition of phosphate groups. The higher degree of compactness of the y-
form results higher peak tcmpcraturcs for the mentioned processes.

In the case of benzylamine four endothermic processes were found, of which
one occurred without mass loss. The processes can be ascribed to the loss of crys-
tal water and NH, group (they are lost together); these processes are finished at
about 180°C, and are followed by ring scission. The next process is the decompo-
sition of the organic molecule and at last follows the loss of structural water (for
the y-form at a lower temperature because of the faster decomposition of the
H,PO; groups).

In the case of D.E.G. both the ¢~ and y-form ZrP derivatives showed similar
thermal decomposition character with the exception that y-[ZrP-D.E.G.] lost its
2 moles of crystal water in one step up to 160°C. This process was followed by
the esterification and decomposition of the organic part of the material. At last,
up to 600°C decomposed the phosphate groups are decomposed involving re-
lease of the structural water which is lost at the same temperature. It must be
mentioned that an exothermic process with a peak at 700—750°C without mass
loss was observed in all cases. As mentioned earlier, this process can be ascribed
to the formation of zirconium pyrophosphate.

The E.D.A. complex of mixed phosphate exhibited similar thermal decompo-
sition as the pure o-ZrP-complex. Namely, they lost their crystal water in a long
continuous process, combined with the decomposition of the organic molecule
and the loss of amino groups too, followed by the loss of structural water (peak
at about 550°C).

J. Thermal Anal., 53, 1998
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The character of the DTA curve changed with increasing Ti content: the crystal
water was lost in a more distinct process with a peak at about 100°C and it was fol-
lowed by the destruction of the organic molecule accompanied by an endothermic
peak at about 360°C. The thermal decomposition can be characterized as follows:

a/ sample with lower Ti content

(-H20 + EDA)

7z Tip33(HPO4):0.86EDA]-H,0 ——m8M8 ————
[Zr0.66Ti0.33(HPO4)2 ' up to450°C

Zro.66110.33(HPO4)

-H,0

450—5500(:. (Zr0.66T10.33)P207

b/ sample with lower Zr content

. -H,0
[Zro33Ti0.66(HPO4)20.86EDA]-H20

—_— 7 Ti HPO4),0.86
ip to 120°C r0.33Ti0.66( 4)2

086D TioesHPO)y —— 2 Zr0.33Tio.66)P20
s0-a50°C £X033 i0.66( 02 e eaote (Zro 33Tip.66)P207

The amount of crystal water was determined from TA data (for the samples
one mole was found per molecule unit). It was also found that the thermal decom-
position in both cases was finished by the formation of the pyrophosphate of
mixed metals.

Aromatic compounds (benzylalcohol, benzylamine, benzoic acid, hippuric
acid, and phenylphosphonic acid) as intercalates of o- and y-ZrP and ZrPP were
also investigated. It was found that the o-ZrP intercalates are similar to the ani-
line derivatives, but the interlayer distances of the final products are different,
depending on the route of intercalation (Table 1).

Table 3 Composition, total mass loss and interlayer distance of intercalation complexes

Host material Benzyl alcohol Benzyl amine Hippuric acid
a a a composition

02'% Oé% 8:éb hist/gIU}cst |

A mmole/mmole
21t POy H,0 27.3" 273 27.1°
[o-ZrP] 2328 2;'41, 25.6° total mass loss/%
0.99* 0.98* 1.01° interlayer dist./
1.00° 1.87° 1.85° nm

2 preparation via a-ZrPEtOH complex
preparation via back titration of 4-propylamine complex of o-ZrP

J. Thermal Anal., 53, 1998
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Fig. 7 Typical DTA and TG curves of various intercalates of ZrP type matrix. a — Bronsted-
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Table 4 Composition, total mass loss and interlayer distance of ZrPP-intercalated complexes

p-nitro- . . Phenyl-
Host material Benzyl Beqzy] benzoic Hlppurxc phosphonic
alcohol amine . acid .
acid acid
1P 0.3° 0.4° 0.3° 0.5" ﬁomposmon
c S ¢ c ¢ ost/guest
1 2 1 1 1
mmol/mmol
o-Zr(HPOQ,), ,(HPO,), 4-0.5H,0
[a-Z1PP] 543 477 41 344 ere [otalmass
loss / %
2.42° - - 1.01* interlayer

1.73¢ 1.70° 1.76° 1.69° 1.81¢ dist. / nm

b preparation via back titration of 4-propylamine complex of ¢-ZrP
¢ directly reacted from conc. solution
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Fig. 9 DTA curves of aromatic intercalates of ZrPP. 1 - benzylalcohol, 2 — benzylamine,
3 — hippuric acid, 4 — p-nitrobenzoic acid, 5 — phenylphosphonic acid

When the preparation went through the [ZrP-(EtOH);] complex the interlayer
distance of the product was referred to an arrangement in which the aromatic
rings are oriented parallel to the zirconium planes of ZrP, forming monolayers of
intercalated molecules [14]. The same situation was observed for v-7rP, too [23].
The composition of intercalated complexes was determined partly by thermal
analysis. Data are collected in Table 3. The host/guest ratio was found to be
0.1-0.2 mole of intercalated aromatics per mole of ZrP.

In the case of preparation via the [ZrP(n-propylamine)] complex, both the in-
terlayer distance and the host/guest ratio (it was found 2) were found near that of
the aniline intercalation complex; this fact suggested that the intercalated or-
ganic molecules have formed a double layer between the planes of ZrP. In Fig. 7
typical DTA and TG curves of the named intercalates are shown. The curves have
typical character, namely they show the loss of crystal water, the decomposition
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of organic substance and the loss of structural water. At the same time, the DTA
curves are not so clear as they were in case of the above discussed materials, be-
cause of the continuous evaporation of adsorbed solvent.

Using the so called contact method (contacting a saturated solution of the or-
ganic molecule with ZrP for 4 —6 days at 40°C) similar results were obtained as
in the case of the previous method.

Zirconium phosphate-phosphite (ZrPP) has a structure different from those
of o~ and/or y-ZrP, thus it was interesting to known whether or not it is capable of
intercalating organic molecules and to find a method of intercalation. The DTA
curves of the organic molecules containing COOH and/or NH; groups used are
presented in Fig. 9. The organic/inorganic molecular ratios are collected in Table 3.

In the case of benzylamine and phenylphosphonic acid a ratio of 2 was found.
Of the four endothermic processes — found for the benzylalcohol intercalate —
two are connected with the loss of crystal water and alcohol (the amount of crys-
tal water was determined as 0.5 mole/molecular unit for all the investigated sam-
ples), the third with the destruction of the benzyl ring, and the fourth with the loss
of structural water. The DTA curve of benzylamine intercalate has the same char-
acter with peaks at the same temperature.

In the case of hippuric acid the DTA curve showed endothermic peaks involv-
ing weight loss at 80, 200, 405 and 700°C and also exothermic processes with
peaks at 500 and 900°C without weight loss. The first two endothermic processes
are due to the loss of crystal water and amino groups, respectively. The third is
connected with the liberation of the acid ring, and the fourth to the loss of struc-
tural water. Of the exothermic processes the first is due to the destruction of the
organic molecule.

Practically the same character was found for the DTA curve of the p-nitroben-
zoic acid complex, with the difference that the third endothermic and the first
exothermic peaks are due to ring scission and total decomposition of the organic
molecule.

In the case of the phenylphosphonic acid derivative three endothermic peaks
involving weight loss (80, 510, 700°C) and two exothermic peak without mass
loss (440, 900 °C) were found. The first endothermic process is the loss of crystal
water, the second — together with the first exothermic process — the decomposi-
tion of the phenyl ring while the third the loss of structural water. The second
exothermic process, in all cases, is the formation of pyrophosphate.

Comparison of these data with those of a-ZrP reveals two main differences:

i) — the latter complexes are more stable vs. heat (the analogous peaks are ob-
served at higher temperature);

11) — based on the compilation of thermal and XRD data it was possible to de-
termine that the intercalation went into the phosphate layers [15]. It must be
noted that ZrPP can intercalate organic molecules more easily than o-ZrP to an
extent that even acidic species have been directly intercalated.
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The present investigations provided a comprehensive picture about the ther-
mal behaviour of the materials studied and in many cases the results of thermal
analysis help elucidate the structure of these complexes and also the mechanism
of intercalation processes.

Conclusions

The comparison of data of thermal analysis with XRD and/or analytical
chemistry results permits determination of the exact quantity of crystal water in
the investigated samples with different characters. Beside this, based on the re-
sults of thermal analysis the compositions of the samples were given. Further-
more, the data make clear the behaviour of various crystalline materials and also
their intercalates during heat treatment. It became clear that in all cases the crys-
tal water was first lost as a result of which a new crystalline phase was formed; it
was found that the o- and y-crystalline forms of ZrP had different (well distin-
guished) behaviour during heat treatment. In all cases, the structural water was
lost at last (in the interval 500~700°C) which came from the decomposition of
phosphate groups. Based on these results a complete picture was obtained about
the way of thermal decomposition of the investigated samples representing a
wide variety of crystalline zirconium phosphate compounds.
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