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ABSTRACT 

The thermal behaviour of crystalline titanium or zirconium bis(monohydro- 
gen orthophosphate) dihydrate, Ti(HP0,)2 - 2H,O (y-titanium phosphate) and 
Zr(HPO,), - 2Hz0 (y-zirconium phosphate) and their sodium- and strontium- 
exchanged forms have been investigated. TG and DTA curves are given. The X-ray 
diffraction patterns of the various phases obtained during the thermal treatment 
(taken with a high-temperature camera) are also reported. 

Some interesting similarities are found in the thermal behaviour of the hydrogen 
forms of y-titanium and y-zirconium phosphate. Furthermore, the discontinuous 
decrease in the first ci-value in their respective X-ray diffraction patterns during the 
dehydration processes, suggests that these two exchangers possess a layered structure, 
as do the corresponding u-compounds (Ti(HP0,)2 - H,O and Zr(HP0,)2 - HzO). 

Comparisons are made between tl- and y-compounds, in hydrogen, sodium 
and strontium form. Although they have an identical chemical composition, the two 
series of compounds have different structural arrangements which persist over a 
wide temperature range. Only at high temperatures (800-900°C) do the y-compounds 
give the same phases as obtained from the K-forms. 

INTRODUCTION 

As part of a study concerning the preparation of inorganic ion exchangers by 
hydrothermal treatment’, we were able to obtain a new crystalline exchanging phase 
of titanium phosphate, with formula Ti(HP0,)2 - 2Hz0 *_ We have cahed this new 
material y-titanium phosphate in analogy with another crystalline inorganic ion- 
exchanger prepared by Clearfield et aL3 having the formula ZrfHPO,), - 2Hz0 and 
called y-zirconium phosphate. 

The structure of the y-phases is still not known (although Clearfield et al’. 
proposed a structure for y-zirconium phosphate) because crystals of suitable size 
for X-ray structure determination have not yet been obtained. However, much 



242 

experimental evidence, such as the discontinuous change of the first &valuz in the 
X-ray powder patterns durin g the ion-exchange processes’ or during the intercalation 
of organic molecules” suggests that these compounds also possess a layered structure 
as do the corresponding g-phases Ti(HPO,), * H,O and Zr(HP0.+)2 - HzO. This 
layered structure probably differs from that of the x-phases in the stacking of the 
layers and/or in the structure of the layers themselves, as has been recently proposed 
by Alberti et aLs. Taking this as an assumption, the interlayer distances for 
Ti(HPO,), - 2H,O and Zr(HPO,), - 2H,O can be derived, as for clays’ and the 
same a-phases 6? from the first &value of their X-ray powder patterns and are 11.55 

and 12.2 A, respectively. 
In a previous paper’ the ion-exchange properties of Ti(HP0,)2 - 2HZ0 towards 

sodium and strontium ions were reported and compared with those of Zr(HPO,), - 

2H20, Ti(HPO,), - HZ0 and Zr(HPO,)? - H?O. Some important similarities were 
found between the y-phases, while appreciable differences could be observed between 
the r- and y-compounds. 

In this paper the thermal behaviour of the hydrogen, sodium and strontium 
forms of y-titanium phosphate is reported and compared with that of the corre- 
sponding y-zirconium phosphate compounds. The solid phases occurring at the 

different temperatures have been characterized by their composition and X-ray 

powder patterns_ To obtain additional information on y-phases, comparisons were 
also made with the thermal behaviour of the hydrogen and ion-exchanged m-phases. 

EXPERIMENTAL 

All reagents were Merck “pro analysi” except TiCI, which was an Erba RP 
product. 

Prcparafioa qf materials 

(1) Ti(HPO,), * 2Hz0 or r-Tip% - 2H,O*: 5 g of amorphous titanium phos- 
phate or the same amount of crystalline monohydrated form Ti(HPO,), - H,O 

- (r-Tip% * HzO)’ were sealed in a Pyrex tube with 10 M H,PO, (70% filling) and 
hydrothermally treated at 300°C for 24 h. After cooling, the materia1 was filtered, 
washed with distilled water to pH = 4 and air conditioned. 

-- (2) y-TiPH r.sNao.5 - Hz0 was obtained by simply contacting y-TiPK - 2H,O 
with 0.1 N NaCl solution. 

(3) y-TiPHNa - 3H20 and y-TiPNa? - 2H,O were prepared by contacting 
y-Tip6 - 2H,O with a fixed volume of 0.1 N (NaCI f NaOH) solution with NaOH 
in the appropriate amounts for half and full conversion of the exchanger in sodium 
ion2. 

* The different phases will be hereafter indicated with a Greek letter followed by the symbol of the 
exchanger, their counterions under a bar and water (if present) composition. 
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(4) y-TiPHSro.5 - 3H20 was prepared in the same way as y-TiPHNa - 3H,O 
by employing 0.1 N (S&I, f SI-(OH)~) solution2. 

(5) y-ZrPHz . 2H,O was prepared accordins to Clearfield et aL3. 

(6) y-ZrPHNa - 2.5H10, y-ZrPNaz - 3H20 and y-ZrPHSr0.5 - 3H20 were 
prepared in the same way as the corresponding y-Tip forms2. 

Apparatm ad psocedwes 
DTA curves were obtained by means of a Gebr. Netzsch 404apparatus equipped 

with Pt/lO”/OPt-Rh thermocouples and platinum containers using a heating rate 

of 5°C min-‘. 
TG measurements were performed on a Stanton, Model TG 750, thermo- 

balance. Samples were heated in platinum crucibles in air atmosphere and the heating 
rate ranged from 1 to 5 “C min- ‘. 

X-Ray powder spectra were taken on a Philips diffractometer (Ni filtered 
Cu K, radiation). An Italstructure Model AF 3 high-temperature attachment was 

used when reversible processes, such as the rehydration of some materials or reversible 
phase transitions, could take place. The heatin, u system consisted of an induction 
furnace with hemispherical graphite elements. The sample was held on a platinum 
support, in contact with Pt/lO% Pt-Rh thermocouples. The temperatures at which 
the powder spectra were taken were chosen in correspondence with the inflection 

points and at the end of each definite weight loss in the TG curves or before and after 

a thermal effect in the DTA curves. 

1 2 3 4 5 6 7 0 9 ICI T”CX1G2 
I 1 I I 1 1 1 , I , 

1 2 3 4 5 6 7 8 9 

Fig. 1. DTA and TG curves of y-Ti(HPO& - 2H20 and y-Zr(HPO& - 2HzO. 
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TABLE 1 

X - R A Y  D I F F R A C T I O N  P A T T E R N S  O F  ; . , - T i ( H P O 4 ) - ,  - 2 H ~ O  A N D  ITS  D E R I V A T I V E S  A T  V A R I O U S  T E M P E R A T U R E S  

"/-TiPH--'-2 . 2 H , , O  - , , - T i P ~ .  • H e O  7 -T iPH- ,  " / - T i F ~ ,  
a t  2 5 ~ C  at  6 0 ~ C  at  1 2 0 - 3 0 0 ° C  

at  500  ' C  at  800  ° C  
( ~ . - T i P ~ 0 7 )  

11 .55  v s  11 .47  s 
9 . 2 0  m s  8 . 2 6  m w  

5 . 5 6  m w  5 . 4 8  r n w  5 .21  m 

4 . 2 9  m w  4 . 4 8  w v  4 . 5 1  m 

3 . 8 6  w 3 . 8 5  r n w  3 .91  v s  

3 . 7 9  m s  3 .71  s 

3 . 6 6  w v  3 . 6 5  m 

3 . 4 6  m s  3 . 4 2  s 3 . 5 0  s 

3 . 3 0  w 3 . 2 8  v w  

3 . 1 7  w 3 . 1 3  w 3 . 1 3  w 3 . 1 9  s 

3 . 0 5  w 3 . 0 5  w v  

2 . 8 9  w 2 . 9 9  v w  

2 . 7 8  w 2 . 7 5  w v  

2 . 5 8  w v  

2 . 5 5  w 

2 .41  v w  

2 . 2 9  w 

v s  = v e r y  s t r o n g ;  s ~ s t r o n g ;  rn  ~ m e d i u m ;  w = w e a k ;  v w  = v e r y  w e a k .  

R E S U L T S  A N D  D I S C U S S I O N  

Thermal  behaviour o f  the 7-TiP f o r m s  
7-TiP-H- 2 • 2 H 2 0  (11.55 ~) .  F r o m  the T G  and  D T A  curves repor ted  in Fig. 1, it 

can  be seen tha t  the _," moles  o f  hyd ra t i on  water  are lost in the range 40 -100°C  in two 
steps (1 mole  for  each step). The  subsequent  e n d o t h e r m i c  reac t ion  is connec ted  to 
the condensa t ion  of  the h y d r o g e n  phospha te  groups  to py rophospha t e  wi th  the loss 
o f  1 mole  o f  water  per  mole  o f  exchanger ,  wh ich  occurs  in two steps, the first be tween  
350-500°C,  the second be tween 500-700°C;  ~-TiP20  v s is f o rmed  in the latter range.  

In  Table  1 are repor ted  the X-ray  diffract ion pat terns  of  , ;-TiPH2 - 2HzO at 
r o o m  tempera tu re ,  7-TiPH2" H 2 0  at 60°C,  7-TiPH 2 at 120°C (similar  to tha t  re- 
co rded  at 300°C),  an  u n k n o w n  p h o s p h a t e - p y r o p h o s p h a t e  phase  ob ta ined  at  500°C 
and,  finally, the spec t rum of  the sample  hea ted  at  800 °C, which  cor responds  to tha t  o f  
c~-TiP20 7. 

W e  have observed tha t  bo th  7-TiPH---2 - H 2 0  (I 1.47 /~) and  ~,-TiPH z (9.2 /~) 
show a t endency  to rehyclrate to the d ihydra te  fo rm w h e n  left in air. Vur thermore ,  the 
two steps observed in the condensa t i on  of  the h y d r o g e n  phospha te  g roups  can  be 
expla ined  by the fo rma t ion  at 500°C of  the u n k n o w n  p h o s p h a t e - p y r o p h o s p h a t e  
phase  having  first d = 8.3 A; the decrease  o f  the in ter layer  dis tance f rom 9.2 to 8 .3 /~  
can also accoun t  for  the s lowing d o w n  in the second  step of  the condensa t i on  process. 
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9 1 I I , 1 
7 2 3 4 5 6 7 8 9 10 T”Cx1G2 

Fig. 2. DTA and TG curses of Na forms of y-titanium phosphate. 

The thermal process can be summarized as follows* 

- HZ0 -H,O -M-I,0 
y-TiPH, - 2H,O ------L y-TiPH2 - Hz0 F=======+ ‘-A 

(11.55 A> 40-60 “C (11.47 A) 
y-T’PH2 360-500 “C 

70-100 “C (9.2 A) 

-(l - x)H,O 

IJ-TWPO,), -2_Afw7L 

(8.3 A) 
cj5c)_y)() “C-+ x-Tip207 

TiPH,_,Na,,5 - H,O (11.0 A). DTA and TG curves are reported in Fig. 2 and 
X-ray spectra in Fig. 3a. 

The dehydration process begins at 40CC and takes place in two steps: about 

half a mole of water is lost between 4O-60°C and the remainder between 60-I 2O”C, 
with a slowing down of the process. The X-ray spectra of the material taken in the 
high-temperature camera in the range 40-I 20 “C, show that at 60 “C the monohydrated 
phase with the interlayer spacing of I i -0 A is no longer present and three new phases 
are formed with interlayer spacings of 10.8, 10.1 and 9.2 A, respectively. Since the 
monohydrated phase should still be present at 6O”C, we suggest that this phase 

* The numbers in parentheses refer to the interlayer spacing for the compounds that presumably 
possess a layered structure. 
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Fig. 3. X-Ray diffraction patterns of Na forms of Y-Cranium phosphate and their derivatives at 
various temperatures. 

transforms into one with a shorter interlayer distance (c! = 10.8 A), which may partly 

be responsible for the slowin g down of the dehydration process. At 120 “C, when the 

mole of hydration water is completely lost, only two phases are present (see X-ray 
spectrum in Fig. 3a), the y-TiPHz (9.2 A) and y-TiPHNa (10.1 A). This means that 
the anhydrous y-TiPHl_sNao_; phase is not stable and in its place, the hydrogen and 
monohydrogen-monosodium anhydrous phases are formed. These phases subse- 
quently follow their own thermal behaviour, the former as we have seen before, the 
latter as will be discussed below. 
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present together) is 
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process (omittin, e their stoichiometry when several phases are 

r-Tip& 
(9.2 H, 

7-TiPH7SNao.S. (7-x) Hz0 
(IO.8 %) 

7-TiPHNa 
(IO.1 %, 

-i 

0.5 7- Ti PFz 
-05 H,O 
400 - 600” C - OFto!-TiP207 

(I-x)H20 (92 ii, 
___~ 
60 - 120° C 

\ 0.5 7- TIP= 4$ff56:$C - NaTi2(P0,),t TiP207+ glassy Na Phosphates 

(10.1 A, 

y-TipNNa . 3N,O (13.2 A). TG and DTA curves are reported in Fig 2 and 
X-ray patterns in Fig. 3b. 

The first mole of water is lost in two steps in the ran,oe 30-70°C the second 
70-150°C and the third 1504OO”C, each in a single step. The dihydrated phase with 
d = 12.6 A, begins to form at about 30°C and ends at 7O”C, but at this temperature 
the monohydrated phase is also formed and its first reflection is at 10.65 A (see 
spectrum, Fi g. 3b). On increasing the temperature, the intensities of the monohydrated 
phase reflections become stronger but at the same time its first reflection shifts gradu- 
ally from 10.65 to 10.2 A. The monohydrated and anhydrous phases have very 
similar interlayer spacings and a comparison of their other reflections seems to 
indicate that their structures are not very different (see spectra at I50 and 400 “C). 
At 500 “C the condensation of the hydrogenphosphate groups begins and at a temper- 
ature > 700°C we can observe the reflections of the x-TiP,O, and those of the sodium 
dititanium triphosphate’ 5, the latter being similar to those of the phase obtained 
from x-TiPHNa (Fi g-. 3b). The formation of NaTi,(PO,), phase must be accompanied 
by the formation of sodium phosphates, undetectable in the X-ray diffraction patterns 
because of their glassy nature. The process can be summarized 

7- Ti PH Na 13 Hz0 ,,?,$ C - r- Ti Pii%i - 2 HP0 -Hz0 
70 - 150” c 

- 7- TtPHNa - Hz0 

(13.2 g, (726 8, (102 H, 

- H20 
150 - 400” c 

7- Ti PG - 0.5 If20 

(70.7 A, 
500 - 700°C 

N~T;~ (POqlg + a-T;P,O, + glossy No phosphates 

y-?WE;;; * 2HZU (12.8 A). The TG and DTA curves are reported in Fig 2 and 
the X-ray patterns in Fig. 3c. 
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The first mole of water is lost in two steps The X-ray spectrum of the material 
taken at 9_O’C at the inflection point in the TG curve (4 “/o weight loss), shows the 
presence of two phases: *J-TiPNa? - 2H20, with the interlayer distance shortened 
to 12.65 8, (responsible for the slowin g down of this dehydration process), and 

y-TiPNa-, - Hz0 with Bn interlayer distance of 11.5 A. The last molecule of water is 
lost in the range 150-35O’C with the formation of the anhydrous phase (n = 10.6 A). 
At hisher temperatures, tfie reflections of NaTi,(PO,), are observed with others 
which must be due to a gradually disappear-in, = layered phase (7.24 A). The DTA 
curve does not show the presence of a clear thermal effect connected with the involved 
processes. 

1 2 3 4 5 6 7 8 9 lo T"Cx102 
1 I i I I 1 

=: 

T 
+ 

p- 

5 

O_ 

4. 

20_ 

‘ I I , I 
1 2 3 4 5 6 7 8 T”C *lo* 

Fig. 4. DTA and TG curves of ;r-TiHSro.z(PO& - 3HaO. 

2 3 4 5 I 7 B 1,O lf d(i) 

2r=T!PE3H20 

at 25-Z 11 1111 I d I I I 

a'70"C 

(-8.5% WA 1 , I I 
at140°c 

(-11%' W.I.~ 1 I I I II II 
FTi?HSr,_, 

at 35O~C I I I 

at 900°C I I, I Iii I,.. 1 I 1 
2 3 4 

I I 
5 6 8 -10 12 

d(A) 

Fig. 5. X-Ray diffraction patterns of;r-I iHSro.s(PO.& * 3H20 and its derivatives at various tempera- 
tures. 
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The process can be summarized 

- H,O - Hz0 

y-TiPNa2 - 2Hz0 50_140GC+ y-TiPNa2 - Hz0 160_35o”c 
(12.8 A) (11.5 A) 

y-TIPNaz 500_800 “C 
- h [TiNaZ(PO,),] + NaTiJPO,), + glassy Na phosphates 

(10.6 A) (7.24 A) 

y-TiPHSr~_s - 3H20 (13.4 A). The TG and DTA curves are reported in Fig. 4 
and X-ray patterns in Fig. 5. The first two molecules of crystal water are lost beIow 
140°C in two steps and the third in the range 150-350°C. In correspondence with the 
first inflection point of the TG curve (60-7O”C), when about 1.5 moles of hydration 
water are lost, the X-ray pattern shows the presence of two phases with 11.6 and 
10.95 A as a first &vaIue, respectively. We sugest that the initial trihydrate phase 
changes into a dihydrate having a shorter interlayer distance (11.6 8, j, the other phase -- 
is y-TiPHSr0.s - H,O (IO.95 A). Th e endothermal reaction due to the condensation 

process is poorly evident in the DTA curve because of the wide temperature range in 
which it occurs. At about 700°C the exothermic reaction is probably due to the 
crystallization of a compound not known in the literature which could be a double 
phosphate of Sr and Ti, as double phosphates are obtained when similar compounds 

of the zirconium phosphate exchanged with divalent ions (Ca, Mn, Co, Ni, Cu and 
Zn) are heated above 700°C 9. lo. At 900°C reflections of x-TiP,O, are aIso observed 
(see Figs. 5a and 3b). 

Summarizing, the process is 

7 -Ti PHSro5.3 Hz0 
-2H20 -Hz0 

40 - 140° c r-TiPHSro5 . %Q ,40 _ 3500 c - 
(13.4 s, (1095 8, 

(10.7 A 1 
0.5 SrTi double phosphate 

At this point it was interesting to make a comparison between the y- and LY- 
forms of TIP. The pairs of compounds to be compared are y- and cx-TiPH, - Hz0 
and y- and sc-TiPHNa - 2H20, and their respective anhydrous y- and a-forms. From 
the X-ray diffraction patterns it can be noted that no similarities are found among 

these pairs of compounds. The y-compounds always have an interlayer spacing hi,oher 

than the correspondin, m cr-forms. Besides, the DTA and TG curves show that the 
condensation process occurs at different temperatures for the components of the 
two pairs of anhydrous phases considered. Only when heated at high temperatures 
(- 850-900 “C) do the samples give the same TiP,O, or, for the HNa-forms, the 
same sodium dititanium triphosphate. 

The different thermal behaviour of y- and cc-compounds can be ascribed to a 
different starting structural arrangement of these two series of exchangers. 
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Fig. 6. X-Ray diffraction 
high-temperature camera. 

-L-ABLE 2 

5 6 7 8 9 10 11 12 d(i) 

patterns of ;+?(HPO.& - 2&O in the range 2%100°C recorded with a 

X-RAY DIFFRACTION PAITERNS OF @r(HPO.& - 2&o AKD lTS DERIVATIVES AT VARIOUS TEMPERATURES 

y-ZrPK 
at 300-350 ” C 

y-Zl-PK 

at 55O’C at 900°C 
(Z-ZrP207) 

12.20 s 

5.80 vs 

4.60 m 

4.48 m 
4.35 m 

3.74 mw 

3.31 s 
3.19 m 

2.68 m 

2.i7 w 

9.45 mw 

5.40 s 

4.70 mw 
4.62 m 

4.39 vvw 
4.11 vvw 
3.82 w 
3.57 ms 
3.51 m 
3.30 vs 
3.16 w 
3.11 w 
2.88 vvw 
2.69 mw 
2.55 vvw 
2.49 vvw 
2.43 vvw 

9.45 w 8.3 VW 

5.39 m 
5.19 mw 
4.72 mw 
4.58 m 

4.39 ww 
4.13 vvw 
3.82 mw 
3.57 ms 

3.29 vs 
3.17 w 
3.12 w 
2.89 vvw 
2.68 m 
2.54 vvw 

2.42 vvw 
2.14 ww 

5.16 m 
4.77 m 

4.13 vs 
3.86 vs 

3.69 m 

3.30 s 3.38 mw 

3.10 vvw 
2.91 m 

2.69 mw 2.76 w 
2.59 mw 
2.51 mw 2.49 m 

2.39 w 
2.13 w 
2.03 vvw 
1.93 VW 

vs = very strong; s = strong; m = medium; w = weak; VW = very weak. 
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y-ZPFz - 2H20 (12.2 A). The thermal behaviour has aheady been studied by 
Dollimore et al.“. Our data ahow us to identify the structural variations connected 
with the various processes occurrin, c during the thermal treatment. DTA and TG 

curves (Fig. 1) seem to show that the two molecules of water are eliminated in a 
single step between 35 and 120 “C. However, carrying TG experiments at a very slow 
heating rate we have observed a slight inflection at about 60cC corresponding to the 
loss of I mole of water. In Fig. 6 is reported the sequence of the X-ray pokvder spectra 
between 20 and 100°C obtained with a high-temperature apparatus. It can be seen 
that at 60-65”C, when the reflection at 12.2 %i disappears, two new reflections at 
11.3 and 9.6 A (the fatter goin, = to 9.45 A with increase in the temperature) are ob- 
served. At 70°C only the 9.45 A reflection is present. The sequence provides clear 

evidence that y-ZPH2 . 2Hz0 dehydrates in two steps, but the monohydrated phase, 

with an interlayer distance of 11.3 A, is not easily separable from the anhydrous 
phase (9.45 A) because of the very narrow temperature range in ivhich it can exist. 
Both 4he dehydration processes are reversible. 

Between 80 and 250°C the powder spectrum of the anhydrous phase does not 
show any change (Table 2). Between 250 and 350°C an endothermal (see DTA 
curve) and reversible phase change is observed. Notwithstanding this, the X-ray 
spectrum of the material is very similar to that at 25O”C, as if only slight structural 
modifications had taken pIace. In fact, the interlayer distance is about the same and 
only small differences are found in the intensities and the &values of the other 

1 2 3 4 5 6 7 8 9 T°Cx102 
I I 1 I I 1 , I I 

P 
___\ __,_____----~___.__---- / \ ------ -------zZr? 5H&I -2 

; -~Zi_zrF~-3H,O 

f , I I 1 I I , , 

1 2 3 4 5 6 7 8 3 T"Cx102 

Fig. 7. DTA and TG curves of Na forms of y-zirconium phosphate. 
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Fig. 8. X-Ray diffraction patterns of monohydrogen-monosodium-forms of y- and a-zirconium 
phosphates and their derivatives at various temperatures. 

reflections. By \\pdy of contrast, in the case of anhydrous a-ZrPH, and cr-TiPH,, the 

analogous reversible endothermal effect, occurring at about 200°C and 29O”C, 

respectively, provokes a drastic change in the structure of these materials’ 2. 
The condensation process begins at 360 “C. The observed slowing down between 

500 and 7OO’C should be due to the formation of a phase with an interlayer distance 
of 8.3 A (as observed during the condensation of the y-TiPHz phase) rather than to 
the formation of an intermediate type Zr3(HP0,), (P,07)2 ‘I, in correspondence 
with the inflection point in the TG curve, since the weight loss corresponding to the 

intermediate is not always the same but depends on the rate of temperature increase. 

At 900 “C a-ZrPzO, IS at 87O”C, 
is the at which y- and 

to the 
be written as follows 

- Hz0 -Hz0 
y-ZrPEz - 2H,O r---=‘- y-ZrP& - H,O rp-1 y-ZrPH< 

(12.2 A) 30-65 “C (11.3 A) 6540°C (9.5 A) 
rev. phase transition -xH,O 
F 

270-290 “C 
2 y-Z+& 370_5000z y-ZrWPW2 -2xUW7)x 

(9.5 A) (8.3 A) 

-(l - x)H,O phase transition 
+ y-ZrP,O, 

500-700 “C 
’ cc-ZrP,O, 

(8.3 A) 
870-980 “C 

y-ZrPHNu - 2.5H,O (11.6 A). Taking into account the DTA and TG curves 
(Fig. 7) and the X-ray patterns (Fig. 8) taken in correspondence with the inflection 
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2 ~ e e 1o 12¢(~) 

I ' [  ' ' ' ' at 900C ! ! . I .  I I I 

_ ~ t laooc  _ 1 .  . t .  , ,  , , I 

a~ 900°C IJ  l, I !.~] I I 

~.-Zr PN~ 2 - aH~O 

at2s~.c I I  I I l i I Ill 
"~-ZrPE~ 2 - H20 (rer14) I 

~.~,~. .  ~ , ,  . ,  ,I I 1, .  . . I 
~-2 r pE~= (ref 14) 

, ,,I I ,, .... I _ 
b,-Zr P Naa. (re[ 14) 

>2000£ g phase , , , I f ,  I I  l 
c¢,--Z r P ~ (ref 143 

,8ooo~ .pha,~ I i I , , a  , l l  l , l , .  , , ,  , l ,  

Fig .  9.  X - R a y  d i f f r a c t i o n  p a t t e r n s  o f  d i s o d i u m  f o r m s  o f  7 ° a n d  ~ . - z i r c o n i u m  p h o s p h a t e s  a n d  the ir  
d e r i v a t i v e s  at  v a r i o u s  t e m p e r a t u r e s .  

points of  the TG curves and particular points on DTA, the thermal process can be 
summarized 

- -  H 2 0  - -  1.5HzO 

;~-ZrPHNa - 2.5HzO 40_60o C 7-ZrPHNa • 1.5H20 60_200oC 
(11.6 A) (l 1.5 A) 

--0.5HzO 

y-ZrPHNa 380_430o C 7-ZrzNaz(PO4)z P207 
(10.3 A) (6.2 A) 

phase transition 
- . ~  

560_650o C NaZrz(PO4) 3 + glassy Na phosphates 

Only after the exothermic peak at 560-600°C is the phase obtained from 7- 
ZrPtJNa similar to that of c(-ZrPHNa heated at the same temperature (see Fig. 8). 
It is evident that this exothermic reaction is connected to the formation of the 
NaZr2(PO4) 3. 

7 - Z r P N a 2  " 3 1 1 2 0  (12.6 A). This compound eliminates the 3 moles of  water 
below 200°C in three steps, each corresponding to 1 mole of  water. The interlayer 
distance correspondingly decreases, but is ahvays higher than the corresponding 
first d-value of the ~-phases at the same hydration degree (Fig. 9). 

In the range 650-750°C a broad exothermic peak, connected with a phase 
change, is evident in the DTA curve and leads to the formation of the NaZr2(PO.t)3 
phase is. The X-ray patterns at 900°C show that a layered phase at 7.43 A is still 
present in a small amount,  as observed in the case of  ?-TiPNa 2 at the same tempera- 
ture. A multiphase system seems to be present also in the case of  a-ZrPNaz in the 
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201 r t I 1 

1 2 3 4 5 6 7 8 9 T"C.rl02 

Fig. 10. DTA and TG curves of;-ZrHSro.s(PO& * 3H-0. 

same temperature range, as su,, ODested by the X-ray spectrum of the phase indicated 
by Clearfield and Medina as phase I-I”. 

The thermal process is 

- 2Hz0 -Hz0 
y-ZrPs - 3Hz0 40-900C3 Y-ZrPNat - Hz0 A 

(12.6 I%) (11.6 Bi) 
go-180°C 

exothermic reaction 
y-ZrPNaz 

650-750°C 
+ NaZr,(PO,), + [ZrNa2(POS)?] + glassy Na phos- 

(10.7 A) (7.43 A) phates 

y-ZrPHSr o _ 5 - 3H,O (12.8 A). TG and DTA curves are reported in Fig. 10 
and X-ray patterns in Fig. 11. Taking into account the weight loss and the phase 
transition, the process can be schematized as follows 

- 2.5H20 -0.5H,O 
y-ZrPHSre_s - 3H,O 4o_I2o”c y-ZrPHSr,., - 0.5H20 

(12.5 K) (11.3 A) 
a 

-0.5Hz0 

y-ZrPHSr0.s 3S(z-550-dC ZrSr(PO,),P,O, 
(11.2 A) (low temperature phase) 

phase transition 
3 

750-830”c 
ZrSr(P0,)2P,0, 

(high temperature phase) 

From the X-ray diffraction patterns (Table 2 and Figs. 8,9 and 11) the compari- 

son between the hydrogen, hydrogen-sodium, sodium and hydrogen-strontium forms 



d(i) 
2 3 4 5 6 8 IO 12 I 

)(.ZrPHS ‘0 ,-+I,0 

ai 25°C II I I Ill I II I I I 
&=Zr PHSr,,,.o.sH,O 

at 120°C I I 1 
21_ZrPiiSro 5 

di 300°C I --L-l-I. 

at 7000r II I i I 1 I 

at 950°C I III I I I I I I II I 

L.-_.__._ --_-_ - 1 
c(-ZrPHSrQ,-~.eHzO 

at 25°C I II I II, I II II I I 
dt100”C 

recordeddt 25”C1 ‘2 
u-ZrPHTs I 

di 450-c 
I I 1 I I 

I 
dt950’T ill1 .I I 

b-L---A-i---+ 

2 3 4 5 6 8 10 i2 

d!:) 

Fig. Il. X-Ray diffraction patterns of hydrogen-strontium forms of ;J- and 
and their derivatives at various temperatures. 

:-zirconium phosphates 

of Q- and y-ZrP also leads to the conclusion that products having the same chemical 
composition do not show any similarity, except at high temperatures when similar 

ZrPD-r, or sodium-, or strontium-zirconium phosphates or pyrophosphate are 
obtained. 

CONCLUSIONS 

The results obtained by studyin, m the thermal behaviour of the g-phases of 
titanium and zirconium phosphates containing different exchangeable cations, such 
as H, Na or Sr, allow us to conclude that they generally behave differently from the 
corresponding a- phases. Even when g- and y-forms have the same chemical compo- 
sition (hydrated or anhydrous), their X-ray powder patterns are quite different and 
the y-phases generally maintain a first d-value higher than that of the corresponding 
a-phases. This would indicate that marked differences in the structure of these two 

series of compounds exist initially and persist over a large temperature range. Only 
at high temperatures (SOO-900°C) do the y-compounds give pyrophosphate or double 
phosphate phases similar to those derived from the sc-forms and the phase reaction 
is generally accompanied by an exothermal effect. 

For as concerns the (as yet unknown) structure of the y-compounds, the dis- 
continuous decrease of their first d-value during the heating of hydrated or anhydrous 
phases, suggests that these materials also have a layered structure as observed for the 
z-forms. 

The y-Tip and y-ZrP phases containin, = the same exchanged cation generally 
differ in their thermal behaviour, except for the hydrogen forms, for which some 
interesting similarities can be observed. Both y-TiPG * 2H20 (11.6 A) and y-ZrPH2 - 
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2H20 (12.2 A) reversibly lose their hydration water in two steps and show a parailel 
discontinuous change of the interlayer distance as the dehydration progresses with 

increase in the temperature (see Tables I and 2). In both cases, the condensation of 
the hydrogen phosphate groups proceeds through the formation of intermediate 
partially condensed phases, simulating a two-step process and finally the respective 
pyrophosphate phases transform, at high temperature (800-900 “C), into the already 
known a-pyrophosphates. 

As observed for the x-forms’ ‘, the dehydration process occurs at a lower 
temperature for y-ZrPHz_ 2H,O than for y-TiPHz - 2H,O. This is connected to 
several factors, one .of which could be the higher electronegativity of titanium which 

probably involves a lower covalency in the 1/O,P--OH groups; this, in turn, could 

lead to stronger bonds with the hydration water. The only difference in the parallel 
thermal behaviour of y-TIP& * 2Hz0 and y-ZrPHz - 2H20 should be the reversible 
endothermic phase transition observed only for y-ZrPIi, - 2Hz0. However, from the 
X-ray powder patterns of this material taken before and after the thermal effect, it 
results that no marked structural modifications should take place when the phase 
transition occurs. 
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