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Abstract 

High surface area Zr02-Ti02 powders in the entire 
compositional range have been prepared by a co pre
cipitation method. The sample with 1:1 Zr02:Ti02 
molar ratio is amorphous until crystallisation of 
ZrTi04, occurring at 970 K in DTA experiments. 
The presence of Zr02 hinders the anatase crystal
lisation and its transformation into rutile, while the 
presence of Ti02 hinders the crystallisation of zirco
nia but favours monoclinic with respect to tetragonal 
zirconia. Solubilities of Ti02 into the monoclinic 
Zr02 phase and into the ZrTi04 phase, as well as of 
Zr02 into the rutile phase have been found. © 1998 
Elsevier Science Limited. All rights reserved 

1 Introduction 

Titania powders are largely used in the pigment 
and catalyst industries. I In particular, they are 
widely used as heterogeneous catalysts for the 
selective oxidation of ortho-xylene to phthalic 
anhydride2,3 and for the selective catalytic reduc
tion of NOx by ammonia in waste gases from 
power stations (SCR process4,5). In both cases the 
catalysts are constituted by the anatase polymorph 
of Ti02 as the support on the surface of which 
vanadium oxide is spread. However, these catalysts 
differ for the surface area of the anatase support 
(low for oxidation, higher for SCR), for the 
amount of vanadium oxide loaded and for the 
addition of stabilisers and/or promoters, whose 
role is, in most cases, not fully clear. 

TiOz-anatase has also been reported to act as an 
optimal support for W - and Mo-sulphide based 
catalysts for hydrotreatments of oil fractions.6,7 

For these applications, Ti02-anatase is much 
better than alumina or silica, other typical oxide 
carriers. 
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On the other hand, deep limitations of anatase as 
a catalyst support are related to its sintering at 
relatively low temperature8,9 and to the fact that it 
is a metastable phase, and tends to transform into 
the thermodynamically stable Ti02 polymorph, 
rutile, at any temperature.9,10 The anatase-to-rutile 
phase transformation can occur, in the case of 
highly dispersed powders, at so low temperatures 
as 500--600°C,9 and the occurrence of this transi
tion in the hot-spots of the reactor is considered to 
represent a main factor in catalyst deactivation in 
the case of the selective oxidation catalysis.3 This 
has been related both to the strong decrease of the 
catalyst surface area upon this phase transforma
tion, and to the intrinsically lower activity of rutile
based catalysts. On the other hand it has been 
reported by several authors that vanadium has a 
catalytic effect on the anatase sintering and on its 
phase transformation to rutile9 while additives 
such as W03, II M00312 and K2S04,9 added to 
TiOz-anatase, retard these phenomena. 

Zirconia Zr02 can be prepared successfully in a 
highly dispersed form and can also act as a very good 
carrier for vanadia2,3,13 and Mo or W sulphide cata
lystS.5,14 Zirconia presents three polymorphic phases 
that are thermodynamically stable in three different 
temperature ranges. 10,15 The low temperature form, 
monoclinic Zr02 or baddeleyite, can reversibly 
transform into a tetragonal phase near 1100°C, that 
can convert into a cubic phase near 2400°C. How
ever, the presence of impurity cations, such as y3 + , 

Mg2 + or Ca2 + can stabilise the tetragonal and cubic 
phases down to room temperature. 16 

Due to the usefulness and limitations of Ti02 and 
Zr02 in the catalysis field, it seemed interesting to 
prepare Ti02-Zr02 mixed oxides and to study their 
structural and morphological behaviour. Similar 
materials are also of interest in the field of the 
preparation of Zr-titanate based ceramics as dielec
tric materials for capacitors l7 and resonator com
ponents in filters and frequency-stable oscillators. 18 
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2 Experimental 

Samples of the solid solution Zrl_xTix02 (with 
x = 0, 0·05, 0·10, 0·25, 0·50, 0·75, 0·90, 0·95, 1) 
have been prepared mixing carefully Zr(N03)4 

(MEL Chemicals, solution 40%) and Ti[OCH 
(CH3h14 (Aldrich, 97%) hydrolising with water, 
then drying the gel at 393 K for several hours. 

Nitrates and residual organic compounds have 
been decomposed, in air, in an electronically con
trolled furnace at 723 K for 4 h. The heating and 
cooling rate before and upon calcination was 40 K 
min-I. 

Other calcination processes up to 1273 K have 
been carried out in an electronically controlled 
furnace in which the heating and cooling rate was 
10K min-I. 

The XRD spectra have been recorded on a 
Philips PW 1710 diffractometer (Cu Ka radiation, 
Ni filter; 435 kV, 35 rnA). Cell parameters have been 
calculated by a dedicated least squares software. 
The crystal size was evaluated by using the Scher
rer's formula. 19 

The FT -IR spectra have been recorded using a 
Nicolet Magna 750 Fourier Transform instru
ments. For the region 4000--350cm- 1 a KBr beam 
splitter has been used with a DTGS detector. For 
the FIR region (600--50cm- l ) a 'solid substrate' 
beam splitter and a DTGS polyethylene detector 
have been used. KBr pressed disks (IR region) or 
polyethylene pressed disks and samples deposed on 
Si disks (FIR region) were used. 

The Ft-Raman spectra have been recorded using 
a Brucker Instrument. The BET surface areas have 
been measured by a Fisons Sorptomatic instrument 
by nitrogen adsorption at liquid nitrogen tempera
ture. DTA-TG experiments were performed in air, 
with a Setaram TGA 92-12 apparatus, from room 
temperature to 1273 K, with heating and cooling 
rate of 10 K min-I. 

3 Results and Discussion 

3.1 XRD and DT A characterisation 
As reported in Table 1, X-ray diffraction 
shows that the samples with 0 ~ x ~ 0·5 are sub
stantially amorphous after drying. DT A analyses 
of Zr-rich samples (0 ~ x ~ 0·1, Fig. 1) present a 
broad exothermic peak in the range 673-723 K. 
This peak is markedly split for the sample with 
x = 0·1. The DT A curve of the sample with 
x = 0·25 shows an analogous split peak, but clearly 
shifted to higher temperatures: 890, 930 K. The 
DTA curve of the sample with x = 0·5 shows a 
very intense and sharp split peak centred at 971, 
975K. 

The XRD patterns of the powders with 
o :S x :S 0·25 after calcination at 723 K (Fig. 2), 
show a mixture of two zirconia phases: the tetrag
onal, space group P42/nmc, no. 137, Z = 4 (ICDD 
no. 42-1164) and the monoclinic one, S.G. P2J/a, 
no. 14, Z = 4 (lCDD no. 37-1484). However, the 
crystallinity of such phases definitely decreases by 
increasing x, the sample with x = 0·5 being still 
amorphous after this thermal treatment. 

The XRD patterns of the powders with 
o ~ x :S 0·5 after calcination at 1273 K are repor
ted in Fig. 3. A large predominance of the mono
clinic phase is shown for pure zirconia, although 
small amounts of the tetragonal phase are still 
present. This agrees with the thermodynamical 
stability of the monoclinic phase below 1373 K, 10,15 

the tetragonal phase being metastable in this range. 
The XRD pattern of the sample with x = 0·5 

after calcination at 1273 K agrees completely with 
that of the orthorhombic compound ZrTi04 (S.G. 
Pnab, no. 60, Z = 2, ICDD no. 34-0415). Unfor
tunately, most of the peaks of this compound are 
superimposed to peaks of monoclinic or tetragonal 
Zr02 so that it is not easy to distinguish the pre
sence of such phase in the samples with x < 0·5. 
Actually, the patterns for x = 0·05 and 0·1 seem to 
be again due to a superimposition of the patterns 
of the two zirconia phases, with a slight increase of 
the tetragonal phase content by increasing x from 0 
to 0·1, in agreement with the largest solubility of 
Ti02 in the tetragonal phase.2o The a and b unit 
cell parameters of the monoclinic phase are defi
nitely compressed by increasing x from 0 to 0·1, 
while the c parameter is not. Also the unit cell 
parameters of the tetragonal zirconia phase are 
definitely contracted with respect to those reported 
in the literature and to those measured for this 
phase in samples with lower or no titanium con
tent. This indicates that Ti enters both the mono
clinic and tetragonal Zr02 phase in a substitutional 
solid solution. 

These data show that pure zirconia behaves in 
the following way: 

amorphous - 700 K ~ monoclinic + tetragonal 

~ monoclinic 

This can occur because the higher treatment is still 
lower of the temperature for the thermo
dynamically driven monoclinic to tetragonal phase 
transition. lO,15 By addition of titanium the crystal
lisation of the Zr02 phase is shifted slightly 
upwards and the tetragonal Zr02 versus mono
clinic Zr02 ratio increases at any temperature. 
When the x = 0·5 the ZrTi04 phase is formed. In 
this case, however, the crystallisation temperature 
is definitely shifted upwards. 
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Table 1. XRD data on Zrl_x Tix0 2 samples 

Sample Teale. (K) XRD phase 

zr02 623 Amorphous 
723 Tetragonal 

Monoclinic 
1273 Monoclinic 

Tetragonal 
ZrO.95 Tio.o5 393 Amorphous 

723 Tetragonal 
Monoclinic 

1273 Monoclinic 
Tetragonal 

ZRo.90 Tio.1O 393 Amorphous 
723 Tetragonal 

Monoclinic 
1273 Monoclinic 

Tetragonal 
ZrO.75 Tio.25 393 Amorphous 

723 Tetragonal 
Monoclinic 

1273 Tetragonal 
Monoclinic 

ZrO.50 Tio.5o 393 Amorphous 
723 Amorphous 

1273 ZrTi04 

ZrO.25 Tio.75 393 Anatase 
723 Anatase 

1273 Rutile 
ZrTi04 

Zro.1O Tio.90 393 Anatase 
723 Anatase 

Brookite traces 
1273 Rutile 

ZrTi04 traces 
ZrO.05 Tio.95 393 Anatase 

723 Anatase 
Brookite traces 

1273 Rutile 
ZrTi04 traces 

Ti02 393 Anatase 
723 Anatase 

Brookite traces 
1273 Rutile 

The XRD patterns of the Ti-rich samples 
(0·75 ~ x ~ 1) show broad features of poorly 
crystalline anatase phase (S.G. 14damd no. 141, 
Z = 4, ICDD no. 21-1272) with small amounts of 
brookite (S. G. Pbca, no. 61, ICDD no. 29-1360) 
already after calcination at 393 K. The same phases 
are also present after calcination at 723 K (Fig. 4) 
although their crystallinity definitely decreases by 
increasing Zr content (decreasing x). After calcina
tion at 1273 K (Fig. 5) the samples with x ~ 0·95 
only present sharp peaks of rutile phase (S. G. P42/ 

mnm, no. 136, Z = 2, leDD no. 34-0180) while the 
samples with x = 0·90 and 0·75 are clearly con
stituted by a mixture of TiOz-rutile and ZrTi04. 

The unit cell parameters of rutile are, however, 
clearly expanded by addition of Zr, in agreement 
with a previous work21 while those of ZrTi04 are 
contracted. This shows that partial mutual solid 
solutions of the two phases are obtained. 

Cell parameters (.4) 

a b c ~ 

5·112 (7) 5·200 (l5) 
5·298 (8) 5·219 (II) 5·153 (4) 98·71 (0·06) 
5·317 (4) 5·213 (3) 5·158 (3) 99·19 (0·02) 
5·126 (10) 5·306 (9) 

5·097 (2) 5·174 (9) 
5·313 (9) 5·248 (7) 5·152(5) 99·16 (0·05) 
5·297 (5) 5·220 (4) 5·145 (4) 99·23 (0·02) 
5·082 (9) 5·298 (12) 

5·074 (2) 5·191 (5) 
5·320 (10) 5·220 (7) 5·135 (6) 99·09 (0·05) 
5·278 (8) 5·206 (6) 5·097 (7) 99·03 (0·05) 
5·052 (l4) 5·257 (l2) 

5·105 (6) 5·142 (17) 
5·291 (4) 5·177 (6) 5·178 (14) 98·57 (0·07) 
5·057 (1) 5·218 (3) 
5·294 (6) 5·213 (4) 5·125 (4) 98· 77 (0·03) 

5·021 (5) 5·454 (4) 4·844 (5) 
3·800 (3) 9·554 (11) 
3·806 (3) 9·621 (17) 
4·619 (1) 2·986 (3) 
5·008 (5) 5-491 (6) 4·774 (8) 
3·790 (2) 9·466 (9) 
3·803 (3) 9·569 (15) 

4·623 (1) 2·987 (1) 

3·781 (2) 9-427 (8) 
3·776 (3) 9·526 (12) 

4·591 (2) 2·968 (2) 

3·781 (4) 9·413 (II) 
3·784 (2) 9-454 (6) 

4·592 (2) 2·959 (0) 

DT A analyses of the pure Ti02 sample show 
the exothermic peak due to anatase-to-rutile 
phase transition at 1050 K, while this peak seems 
to be broadened and shifted upwards upon Zr 
addition. For the sample with x = 0·75 a split 
exothermic peak is found at 990-1015 K showing 
that excess of Ti hinders the crystallisation of 
ZrTi04. 

3.2 Surface areas 
The trend of the surface areas measured for the 
samples calcined at 723 K is shown in Fig. 6. It is 
evident that the surface area of the mixed oxides is 
significantly higher than that of the pure oxides, 
with a maximum just at the 0·5:0·5 atomic ratio, 
where the surface area is more than double with 
respect to the pure oxides. This trend can be rela
ted with the lower degree of crystallisation of the 
mixed oxides with respect to the pure oxides. 
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Temperature (K) 

Fig. 1. DT A curves of samples. The bars represent 25 m V 
DTA signal for all samples except the sample with x = 0·5, 

where the bar represents 250 > mV. 

3.3 Vibrational spectroscopic characterisation 
The IR and Raman spectra of the two main zirco
nia polymorphs, monoclinic and tetragonal, have 
been the object of previous studies. 22-26 For 
monoclinic zirconia (C2h5 space group, Z = 4) the 

20 30 40 50 

29 

following irreducible representation for the optical 
modes is valid: 

r opt = 9Ag(R) + 9Bg(R) + 8Au(IR) + 7Bu(IR) 

which means that 18 Raman active modes and 
15 IR active modes are expected. For tetragonal 
Zr02 (space group D4h 15 with Z = 2) instead the 
following irreducible representation for the optical 
modes is expected: 

r opt= Aig(R) + 2Big(R) + 3Eg(R) 

+ A2u(IR) + 2Eu(IR) 

which means that six Raman active modes and 
three IR active modes are expected. So, the skeletal 
spectra of the tetragonal polymorphs are expected 
to be much simpler than those of the monoclinic 
one. 

The Raman pattern of our pure zirconia sample 
after calcination at 723 K (Fig. 7) is dominated by 
peaks at 633, 614, 560, 535,504,477, 382,345,333, 
189, 178, 105 cm-i that compare well with those 
reported for monoclinic zirconia although with 
some small shifts. An evident peak at 148 cm- i can 
be taken as an indication of the presence of tetra
gonal zirconia while the other peaks typical for this 
phase are either masked by those of the monoclinic 
phase or weak. Additional peaks at 309 and 
270 cm-1 can also be due to the tetragonal 
phase.25,26 

The addition of Ti02 up to 10% mol/mol causes 
the peak at 148 cm- i, assignable to the tetragonal 
phase, to increase slightly in intensity with respect 
to those due to the monoclinic phase, while a 
strong broad peak centred near 3lOcm-i grows. 
This peak is neither typical of Zr02 phases nor of 

Tio.",zro.,.o, 

Tio.l,zro.,.o, 

Tio."zro . .,O, 

ZrO, 

60 70 80 

Fig. 2. XRD patterns of the powders with 0 ::; x ::; 0·5 after calcination at 723 K. 
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Fig. 3. XRD patterns of the powders with 0 ~ x ~ 0·5 after calcination at 1273 K. 
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Fig. 4. XRD patterns of the powders with 0·75 ~ x ~ 1 after calcination at 723 K. 
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Fig. 5. XRD patterns of the powders with 0·75 ~ x ~ 1 after calcination at 1273 K. 
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Fig. 6. Surface areas versus composition for the Zrl_xTix02 samples calcined at 723 K. 

Ti02 phases, and must consequently be assigned to 
a mixed phase. However, the intensity and relative 
sharpness of this peak strongly suggests it is due to 
a crystalline phase. It is in fact well known that 
Raman peak breadth is quite sensitive to the crys
tallinity, and that amorphous phases only give rise 
to extremely broad features, if any. It has however 
also been found that Raman peaks are very sensi
tive to ion substitution and that in solid solutions, 
while IR peaks give rise to shifts, Raman peaks 
split. So, we can assign the new Raman peak near 

880 680 480 280 80 

Fig. 7. Ft-Raman spectra of the powders with 0 ::; x ::; 0·5 
after calcination at 723 K. 

31Ocm- I to a vibrational mode associated to Ti in 
solid solution into the Zr02 phase(s). This Ti ions 
lie in an unusually large coordination spheres, here, 
so that the vibrational frequencies of such Ti-O 
modes could fall to unusually low frequencies. 

On the other hand, the absolute intensity of the 
sharp Raman peaks does not decrease upon addi
tion of Ti02 up to 10% mol/mol (on the contrary, 
it slightly increases), in agreement with the sub
stantial retention of crystallinity of the zirconia 
phase observed with XRD, whose peaks are not 
broadened significantly in this range. However, the 
sharp peaks are now superimposed on a line base 
deviation, probably associated to an increased 
scattering of the NIR Raman excitation laser 
beam. 

At titanium content higher than 10% the sharp 
zirconia peaks are lost and only a broad feature is 
observed, with weak broad peaks at 770, 390 and 
152cm- I . 

The IR spectra of the Zr02 sample (Fig. 8) 
shows maxima at 744, 578, 498, 448 and 418, 350, 
265, 235 cm - 1, with additional components near 
665 and 625 cm- I . The spectrum shows the typical 
features of monoclinic zirconia,25 although the 
presence of the tetragonal phase cannot be easily 
distinguished, because it is responsible only for a 
broad absorption in the range 700-450 cm -1, 

according to the literature.25 In any case, the 
absolute and the relative intensities of the bands we 
find in our spectra does not correspond with those 
reported for 'purely monoclinic' zirconia, so show
ing that our samples is actually composed by a 
mixture of the two phases. 

The Raman pattern of the TiOrrich samples up 
to the calcination of 723 K up to Ti02 content of 
25% (Fig. 9) show the strongest peaks of anatase 
near 640,515,400 and 143 cm- I , with an additional 
shoulder near 198 cm -1. These features correspond 
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x=0,25 

x= 0,10 

x=0,05 

1200 I<XX> 400 200 
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Fig. 8. Ft-IR/Ft-FIR skeletal spectra of the powders with 0 :S 
x :S 0·5 after calcination at 723 K. 

to the five Raman active modes of anatase because 
two of them are actually superimposed near 
515cm-I.27-29 However, additional small peaks 
namely at 450, 365, 320, 245cm- 1 can also be 
found, that would correspond to small amounts of 
brookite,30 according to the XRD data. Upon Zr 
addition, small shifts downwards of the main 
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Fig. 9. Ft-Raman spectra of the powders with 0·75 :S x :S I 
after calcination at 723 K. 
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Fig. 10. Ft-IR/Ft-FIR skeletal spectra of the powders with 
0·75 :S x :S 1 after calcination at 723 K. 

anatase peaks up to 5 cm -I are found and slight 
peak broadenings, possibly due to a decrease of 
crystallinity and to the formation of a solid solu
tion. Moreover, the absolute intensity of the ana
tase pattern progressively decreases of a factor of 
up to 2·5 for x = 0·75, and completely disappears 
for the sample with x = 0·5. Also in this case a 
baseline deviation occurs by increasing Zr content. 

The Ft-IR spectra of the Ti-rich samples 
(Fig. 10) show the main features due to anatase 
powder near 450, and 320-285cm-I,29 and again a 
progressive broadening and lost of resolution with 
x increasing up to 0·5. 

4 Conclusions 

Data on the phase composition of zr02- Ti02 
mixed oxides prepared by coprecipitation are pre
sented here. It has been shown that the addition of 
titania to the pure zirconia precipitate modifies 
progressively the crystallisation behaviour of zir
conia. In particular titania favours the formation 
of monoclinic versus tetragonal zirconia, although 
the main effect is the inhibition of the crystal
lisation of either Zr02 phases. The sample with 
equimolar amounts of Ti02 and zr02 looks com
pletely amorphous until near 970 K when Ti zirco
nate, ZrTi04, appears by a fast crystallisation 
process. This apparently occurs in our conditions 
significantly below the temperature where the 
ZrTi04 phase is thermodynamically stable (above 
1373 K20), i.e. in a range where segregation of 
Zr02 + ZrTi20 6 is expected.2o On the other hand, 
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using our microcrystalline samples we could hardly 
distinguish by XRD the patterns of ZrTi04 and of 
ZrTh06, which are closely related. 

The ZrTi04 phase is likely present also in the 
samples with x = 0·25 and possibly 0·1, when cal
cined at 1273 K. On the other hand, both XRD 
and Raman spectroscopy show that Ti cations 
enter in quite a significant amount into the mono
clinic zirconia phase, giving rise to Ti-O bonds 
weaker than those typical for Ti02. 

In the opposite side of the compositional range a 
similar progressive hindering of the crystallisation 
of the metastable Ti02 phase anatase by Zr02 is 
found. On the other hand, Zr02 clearly interferes 
also with the transformation of anatase into rutile, 
the thermodynamically stable titania polymorph. 
Crystallisation of ZrTi04 and the formation of 
rutile appear to be almost simultaneous processes. 
The excess of titanium gives rise apparently to a 
solid solution into ZrTi04, in agreement with the 
literature,2o,31 and shifts to higher temperatures the 
transition giving rise to crystalline ZrTi04. 

The mutual hindering of crystallisation can be 
related with the quite limited mutual miscibility of 
the two pure oxides in their own structures.29 In 
fact Zr4+ ion is definitely larger (0·79 A in Zr02) 
than Ti4+ ion (0·60 A). This also affects the pre
ferred coordination of Zr4 + in oxides (seven to 
eight) larger than that of Ti4 + (always six). Inter
estingly, however, Zr4 + and Ti4 + are randomly 
distributed in the octahedral-like Pb02-type struc
ture of ZrTi04. On the other hand, this phase is 
unstable at low temperature when the component 
oxides or PbOrtype structures with ordered cation 
distribution tend to form.2o This means that tita
nium and zirconium ions can easily exchange each 
other only at temperatures at which solid-state dif
fusion can occur. Both Ti02 (Tf = 2109 K) and 
Zr02 (Tf = 2970 K) and ZrTi04 as well (incon
gruent fusion at Tf = 2090 K) are quite refractory 
materials. The temperature at which solid state 
diffusion becomes significant is expected to be 
relatively high. According to Tamman32 this tem
perature can be estimated to be in the range 
1100 K -;- 1576 K for Zr02 and in the range 
850 K -;- 1118 K for both Ti02 and ZrTi04. In fact, 
we observe the crystallisation of ZrTi04 just in the 
last range, 970 K. 

The stabilisation of the amorphous state for 
compositions near those of ZrTi04 (i.e. equimolari 
Ti02-Zr02) and, to a lesser extent also for the 
other compositions in the Zrl_xTix02, if calcina
tion temperature below the above ranges of solid 
state diffusion, allows to obtain very dispersed high 
surface area materials. 

According to the relevance of amorphous high 
area powders in heterogeneous catalysis and to the 

possibility to make them microporous by adding, 
upon preparation, appropriate templating agents,33 
the 1: 1 Zr02-Ti02 powders below the crystal
lisation temperature of ZrTi04 are of interest. The 
application of this composition for supporting 
metal oxide catalysts is now under study. 
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