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The results of investigations on intercalated crystalline zirconium phosphate are described in 
the literature. The behaviour of crystalline phosphates containing both zirconium and titanium 
metal ions has not been investigated previously. Within these investigations, the thernml 
behaviour of such materials has been studied in the temperature interval 25-1000 ~ by 
simultaneous recording of TG, DTG and DTA curves. The results are presented in this l~aper. 

Investigations on intercalated crystalline tetravalent metal salts, and primarily ~- 
zirconium bis-monohydrogenphosphate started about  ten years ago. The results of  
this work are collected in the monographs of  Costantino [1] and Alberti [2]. We 
recently started to investigate the intercalation of  various organic molecules by 
acidic salts containing both zirconium and titanium metal ions. 

As part  of  the work, the thermal stability and thermal decomposition of  mixed 
zirconium-titanium phosphate intercalated with ethyl alcohol, n-butylamine, n- 

propylamine or ethylenediamine were studied. 
The results are described in this paper. 

Experimental 

The synthetized (as described earlier [3, 4]) samples were intercalated with ethyl 
alcohol, n-propylamine, n-butylamine, or ethylenediamine,, from 0.1 M solution at 
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pH = 6, adjusted With NaOH solution. The materials were identified by X-ray 
diffraction and analytical methods. The thermoanalytical experiments were carried 
out with, a MOM-C (MOM, Budapest, Hungary) thermobalance, capable of 
recording TG, DTG and DTA curves simultaneously. 

The given quantity of sample was heated in a quartz crucible in the temperature 
range 25-1000 ~ The measurements were performed in air, and alumina (at-A1203) 
was used as reference material (see Table 1). The results were evaluated by means of 
a computer program. 

Table 1 Conditions of thermal analysis 

Sensitivity Heating rate, 
Sample no. Weight, mg Time, min 

T, ~ TG, ~ DTG DTA deg/min 

I 198.8 
II 65.3 

III 44.5 

IV 21.7 
V 88.1 

VI 66.2 
VII 38.2 

VIII 30.2 
IX 60.1 

X 27.1 
XI 35.3 

XII 31.6 

1000 100 1/5 1/5 100 10 

1000 100 1/5 1/5 I00 10 

1000 100 1/5 1/5 100 10 

Results and discussion 

Via X-ray diffraction, the samples were identified as crystalline (with layered 
structure) materials. The analytical data, indicated the compositions given in Table 
2. The results of thermoanalytical investigations are illustrated in the following 
Figures. 

Sample I (Fig. 1) reveals four endothermic processes with weight loss, and one 
exothermic process without weight loss. In agreement with the literature data [5], 
the exothermic peak relates to the change of ct-ZrO2 to fl-ZrO 2 (monoclinic to 
tetragonal structure). 

In two steps up to 140 ~ it lost 8.67% of the total weight. Additional endothermic 
processes took place, with peaks at 338 ~ and 445 ~ . The final weight and the 
analytical data on the processes during the thermal decomposition indicated that 
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Table 2 Compositions of investigated samples 

1529 

Metal cont. 
Sample no M/PO 3- ratio R, mmole/g 

Zr Ti 
R 

I 1.0 0 0.66 
II 0.5 0.5 2.0 0.56 EtOH 

I!I 0.1 0.9 10.84 

IV 1.0 0 2.0 0.63 n-PA 
V 1.0 0 0.65 

VI 0.9 0.I 0.82 

VII 0.6~/ 0.33 2.0 n-BA 
VIII 0.5 0.5 0.56 

IX 0.1 0.9 0.85 

X 1.0 0 0.62 
0.63 X! 0 1.0 2.0 EDA 
0.86 

XII 0.9 0.1 

dmldt 
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Fig. 1 Thermogram of a-zirconium phosphate intercalated with ethyl alcohol 
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0.66 mole  o f  ethyl a lcohol ,  one mole  o f  c rys ta lwate r  and  one mole  o f  s t ructura l  

water  were lost. Thus,  the complex  process  can be descr ibed as fol lows:  

[Zr(HPO4) 2"0.66 E t O H ] . H 2 0  up to 140 ~ 
- E t O H  , Z r ( H P O 4 ) z ' H 2 0  

140~ ~ 3800-600 ~ above  900 ~ 
Zr (HPO4)  2 ~ Z r P 2 0  7 ~ f l - Z r O 2 . P 2 0  5 

- -  H 2 0  - H 2 0  

Exo 
A 

I 
AT 

Es . . . . . .  t__+  i DTG 

. 

0 200 400 600 BOO 1000 
Temperature, ~ 

Fig. 2 Thermogram of ct-Zro.sTio. ~ phosphate intercalated with ethyl alcohol 

Sample  II  (Fig. 2) also exhibits  four  endo the rmic  processes with weight loss. The 

first two proceeded  up to 180 ~ . The o ther  two processes gave peaks  at  380 ~ and 510 ~ . 

C o m p a r i s o n  o f  the curves for  samples  I and  II  shows a new exothermic  process  

wi thout  weight loss a t  a b o u t  850 ~ in the lat ter .  F r o m  the l i tera ture  da ta  [6], the 

process can be identified as the change  o f  ct-TiP20 v into cubic  three-d imens ional  

T i P 2 0  7. The thermal  decompos i t ion  for this sample  can be descr ibed as fol lows:  

[(Zro.sTio.5)(HPO4) 2 �9 0.56 EtOH]  �9 0 . 5 H 2 0  
up to 180 ~ 

- E t O H  

(Zro. 5Tio. 5) ( H P O 4 ) 2  ' 0.5H 20 
180~ ~ 

- 0 .5HzO 
> (Zro.sTio.5)(HPO4) 2 
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Fig. 3 Thcrmogram of  ~-Zro.tTio. 9 phosphate intercalated with ethyl alcohol 

Similar curves were found for sample III (Fig. 3) on which basis the thermal 
decomposition is characterized as: 

[(Zro. 1Tio. 9) (HPO,)2 �9 0.84EtOH] �9 H20 
up to 145 ~ 

- EtOH 

(Zro.lTio.9)(HPO,)2 �9 H20 
145~ ~ 

(Zro.aTio.9)(HPO4)2 
- H 2 0  

365~ ~ 

- H 2 0  
* 0.1ZrO 2 �9 0.9TiP207 

The following two Figures depict the thermal decomposition of  0t-zirconium bis- 
monohydrogenphosphate intercalated with n-prgpylamine and n-butylamine, 
respectively. In Fig. 4, the endothermic peaks with weight loss can be seen. The first, 
small peak at 50 ~ represents the water adsorbed on the surface. The following two 
peaks relate to the crystal water, while the peakat  260 ~ is due to the decomposition 
or loss of  organic molecules. Finally, the process with peak at 540 ~ can be assigned 
to the loss of  structural water. The exothermic process (with peak above 900 ~ 
without weight loss is assigned to the crystalline transformation of ZrO2. 

In comparison, the thermal decomposition of  the sample containing n- 
butylamine (Fig. 5) seems to be more complicated. The water adsorbed on the 

J. Thermal Anal. 35, 1989 



1532 SZIRTES et al.: THERMAL BEHAVIOUR 

E xo  

T 
AT 

,l 
Endo 

dm/dt 

r 540~ 

220 ~ 
260 ~ 

HzO l = - 

=- 
20 

~ 3o 
40 
0 200 400 600 800 1000 

Temperature, =C 

Fig. 4 Therrnogram of ~-zirconium phosphate intercalated with n-propylamine 
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Fig. 5 Thermogram of =-zirconium phosphate intercalated with n-buthylamine 
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surface, and the crystal water, were lost at higher temperature (peaks at 90 ~ 110 ~ 
and 260~ 

The second part  of  the crystal water was lost in three steps that followed each 
other very quickly. The n-butylamine was lost in a very fast process, which is 
indicated by the large, sharp peak at 370 ~ . The further decomposition of  the 
material followed the conventional pattern i.e. it lost the structural water (peak at 
540 ~ and underwent the crystalline transformation of  Z r O  z at 960 ~ 

The comparison of  these and the analytical data suggests the following thermal 
decompositions: 

[Zr(HPO+) 2 - nPa]. H 2 0  up to 240 ~ ) [Zr(HPO+)2" nPa] 
--  H 2 0  

240~ ~ 3250-700 ~ 
, Zr(HPO+)2 ~-- ZrP207 

- n P a  - H 2 0  

---,//-ZrO2 �9 P205 
and 

[Zr(HPO+) 2 .nBA]-H20 up to 325 ~ 
_ H 2 0  ~ [ Z r ( H P O 4 )  2 �9 nBA] 

325~176 445~ ~ above 900 ~ 
- n B A  + Zr(HPO+)2 - H 2 0  , Z r P 2 0 7  ~ ~x_ZrO2 . . ,  

above 900 ~ 
, ~ - Z r O 2  - - ,  

~/~-ZrO 2 �9 P20 s 

dmldt 

~ I 
'1 I i I I I ,I 

400 600 800 1000 
Temperature, oC 

Fig. 6 Thermogram of a-Zro.9Tio.t phosphate intercalated with n-buthylamine 

~" 301 = I I 
0 200 
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In samples containing Zr and Ti metal ions in various ratios and intercalated with 
n-butylamine (Figs 6-9) some interesting phenomena were found as compared with 
the thermal decomposition of the sample containing only Zr atoms and intercalated 
with n-butylamine (Fig. 5). For the sample containing 10% of Ti ions (Fig. 6), a new 

Exo 
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AT 
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T 
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DTG ~ 
8000 960 ~ 

80 ~ 

430 ~ 

210 

0 :50~ 

o 

2 0 -  ', - ' ,  
'$, 

30 , I , I = I = I , 
0 200 400 600 800 1000 
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Fig. 7 Thermogram of  ~t-Zro.aTTio.33 phosphate intercalated with n-buthylamine 
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Fig. 8 Thermogram of  ~-Zr0.sTi0. 5 phosphate intercalated with n-buthylamine 
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Fig. 9 Thermogram of ~-Zro.lTio. 9 phosphate intercalated with n-buthylamine 

endothermic process with a peak temperature of  140 ~ was observed and another 
with maximum at 370 ~ . 

Another characteristic feature was found for these samples: besides the 
endothermic process with maximum at about 260 ~ and simultaneous weight loss, 
there is an exothermic process, too. 

For the sample with 33% of Ti ions (Fig. 7), the endothermic peaks at 110 ~ and 
140 ~ disappeared, and instead a very weak process was found with maximum at 
180 ~ For sample VII (Zr :Ti = 1) the same curves were found as in the previous 
case (Fig. 8). 

For the sample containing 10% of Zr ions (Fig. 9), the endothermic is processes 
at low temperature overlapped and the structural water was lost at a lower 
temperature (450 ~ ) than for the other samples (the corresponding peak appeared at 
560~ 

It was assumed that the crystal water was lost in several steps up to 150 ~ followed 
by decomposition of  the organic molecules (simultar/eous oxidation and loss) and 
finally the samples lost their structural water in the interval 500-600 ~ with the 
exception of the material having Zr : Ti = 2 : 1. In this case the difference may have 
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appeared as a result of the low stability of the crystalline structure of such materials. 
Accordingly the thermal decompositions of these samples can be described as 
follows: 

[(ZrxTi 1 _x)(HPO4)2 �9 nBA] .zH20 _uup to 150 ~ 
_ zH20 , [(Zr~Ti I _~)(HPO4) 2 �9 nBA] 

1500-350 ~ 3500-600 ~ 
-nBA ' (ZrxTil -x)(HPO+)2 

- H20 
(xZrO 2 �9 1 - xTi)PzO~ 

up to 900 ~ 
' x ( Z r O  2 �9 P 2 O s ) "  (1 - x ) T i P 2 0 7  

The samples intercalated with ethylenediamine showed different pictures. 
Zirconium phosphate (sample X, Fig. 10) decomposed by losing the crystal water in 

E 

Endo 

+o+ 

~ '  , i ,~- 
0 200 400 600 800 1000 

Temperature, ~ 

Fig. I0 Thermogram of  ~-zirconium phosphate intercalated with ethylenediamine 

a long continuous proqess, combined with the loss of the organic molecules, while 
the structural water was lost in a relatively fast process with peak at about 550 ~ 

Titanium phosphate (sample XI, Fig. 11) yielded endothermic peaks at 75 ~ 375 ~ 
and 475 ~ With.the exception of the first process, the DTG curve showed a very 
strong, long exothermic process, with peak at 375 ~ 

The last sample, investigated with composition Zr0.9Tio.t (Fig. 12), underwent 
thermal decomposition similar to that of  ,,-zirconium bis- 
monohydrogenphosphate intercalated with n-BA, except that the loss of the 
organic molecules was followed by a strong exothermic process. 

The results indicate the following thermal decomposition of the samples with 
intercalated ethylenediamine: 
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Fig. ! I Thermogram of or-titanium phosphate intercalated with ethylenediamine 
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Fig. 12 Thermogram of ~-Zro.gTio. , phosphate intercalated with etlaylenediamine 

a) [M(HPO4) 2 ' x E D A ] ' y H 2 0  up to 260 ~ 
- y H 2 0  , [M(HPO4) z �9 xEDA] 

260~176 4250-550 ~ above 
- x E D A  , M(HPOr - - ~ H z O  ~ MP207  900 ~ �9 MO2"P2Os 

where M = Zr  or Ti. 
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[(ZrxTi i - ~) (HPO4) 2 "yEDA] �9 g H 2 0  
up to 100 ~ 

- ads. H 2 0  

[(Zr~Til - ~) (HPO4)2" y E D A ]  �9 z H 2 0  100 ~  ~ 
- z H 2 0  

[(ZrxTi 1 - x) (HP.O4)2 "yEDA]  
190~ ~ 

- y E D A  
, (Z rxT i i_x ) (HPO4)  2 

4250-650 ~ above  
x ( Z r O  2 �9 P2Os) �9 (1 - x )T iP207  

- H 2 0  900 ~ 

x(fl-ZrO2 " P205)  "(1 - x )T iP207  

The results o f  thermal  analysis  demons t r a t ed  the or iginal  compos i t i ons  o f  the 

invest igated mater ia ls ,  with var ious  metal  ra t ios  and  var ious  in terca la ted  organic  

molecules.  These mater ia l s  lost  their  crysta l  water  in several  steps. This  was 

fol lowed by decompos i t ion  o f  the organic  molecules.  The s t ructura l  water  was lost  

a t  higher  t empera tu res  in all cases;  this is due to the s tabi l i ty  o f  the crystal l ine 

s t ructure  o f  these mater ia ls .  The  a b n o r m a l i t y  o f  the decompos i t i on  o f  the organic  

molecules  when the or iginal  Ti ions conten t  was sufficiently high was ascr ibed to the 

cata lyt ic  effect o f  t i t an ium on the decompos i t i on  o f  var ious  amines.  
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Zusammenfassung - -  Ergebnisse fiber Untersuchungen an in Schichten eingelagerten kristallinen 
Zirkoniumphosphat sind in der Literatur beschrieben. Das Verhalten kristalliner Phosphate, die sowohl 
Zirkonium- als auch Titanmetallionen enthalten, wurde bis jetzt nicht untersucht. Als Teil dieser 
Untersuchungen wurde das thermische Verhalten solcher Materialien im Temperaturbereich 
25-1000 ~ durch simultanes Registrieren der TG-, DTG- und DTA-Kurven nfiher bestimmt, dessen 
Ergebnisse bier dargelegt werden. 
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Pe3mMe - -  Pe3y~bTaTbI HCCYIe~OBaHHfi HHTepKaYIHpOBaHHOFO KpHCTa~JIH~CCKOF0 dpoc~aTa nHpKOHH2 

OIIHCaHld B JIHTCpaTypc. ~0  HacTo~ilero BpeMeHH He HCcJIe~OBaHbI KpHCTa~HqCCgtlC qboct~aTbI, 

coaepxamHe HOHa HHplCOHH~I H THTaHa. HClIOJIHO npc~crassleHo TepM~CCrOC IIOBC~eHHC TaI~HX 

MaTepHa.rlOB, H3yqCHHbIX COBMCmCHHbIM MCTO~OM TF, ~TF ~ ~TA a TCMIICpaTypHOM HHTepBaYiC 

25-1000 ~ I'IpC~CTaBYlCHId llO.qytlCHHbIC ~aHHblC. 
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