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Abstract

Zirconium hydroxide particles produced by rapid precipitation at pH 10.4, 7 or 2 were subjected to
γ-irradiation up to a final dose of 20 MGy. The effects of the γ-irradiation were examined by X-ray
powder diffraction, laser Raman spectroscopy, differential scanning calorimetry and microelectro-
phoretic measurements. It was found that γ-irradiation had no influence on the behaviour of zirco-
nium hydroxide during calcination and subsequent cooling. The results of microelectrophoretic
measurements showed that γ-irradiation influences the surface properties of zirconium hydroxide as
a function of the precipitation pH. Zirconium hydroxide precipitated at pH 2 proved to be the most
susceptible to γ-irradiation, while the same γ-irradiation had very little (if any) effect on the surface
properties of zirconium hydroxide precipitated at pH 10.5. After γ-irradiation, the electrophoretic
mobility of zirconium hydroxide precipitated at pH 2 was increased at both low and high pH, thereby
indicating an increase in its adsorption capacity. The analogy observed between the pH-dependence
of the effects of γ-irradiation on the electrokinetic behaviour of zirconium hydroxide and the influ-
ence of ball-milling on the thermal behaviour of zirconium hydroxide [8] suggested that the suscep-
tibility of amorphous zirconium hydroxide increases with decrease of the precipitation pH.
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Introduction

Zirconia powder is a very important material with different applications in advanced ce-
ramics [1]. Catalysts based on ZrO2 have been used in hydrogenation, isomerization and
dehydration reactions [2−4]. The activity and selectivity of the catalysts obtained depend
significantly on the preparation procedure. In practice, zirconium hydroxide (hydrous zir-
conia) is usually used as a precursor phase in the production of zirconia powders. The
properties of the materials obtained depend greatly on the preparation conditions under
which zirconium hydroxide, as a green body, is produced. The preparative conditions
used to obtain zirconium hydroxide, such as the pH of precipitation [5], the duration of
precipitation [6] and the type of zirconium salt from which the zirconium hydroxide is
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produced [7], influence the phase composition of the ZrO2 products. Davis [5] found that
precipitation at high or low pH favours the formation of metastable t-ZrO2 after calcina-
tion between 400 and 600oC, while in neutral medium the same thermal treatment yields
m-ZrO2. Štefaniæ et al. [8] showed that, regardless of the pH of precipitation, the influ-
ence of mechanical treatment on the thermal behaviour of zirconium hydroxide can be il-
lustrated by means of Scheme I.

where Tc1, Tc2 and Tc3 are the temperatures of crystallization, mutually related by
Tc1<Tc3<Tc2. Specifically adsorbed anions, e.g. sulfate, influence the process of zirco-
nium hydroxide calcination [9]. It has been found that sulfate-modified zirconia exhibits
an increased activity and selectivity in the skeletal isomerization of alkenes [10−12].

Besides solid-state calcination, the crystallization of ZrO2 can be achieved by
the hydrothermal treatment of zirconium hydroxide suspensions, and possibly by the
ball-milling of zirconium hydroxide [13]. Štefaniæ et al. [14] reported that the rates of
hydrothermal crystallization are at a minimum near the isoelectric point at pH~7,
where the solubility of zirconium hydroxide is the lowest, and increase as the pH de-
parts from the isoelectric point. It was concluded that the hydrothermal crystallization
of zirconium hydroxide proceeds via a dissolution/precipitation mechanism [14].

The electrokinetic or zeta-potential determined whether repulsive or attractive
forces operate at the hydroxide–water interface. Depending on the pH of the solu-
tions, hydrous oxides can exchange both anions and cations. In the pH region near the
isoelectric point, agglomeration and sedimentation occur, resulting in a minimum in
the solubility and in the ion-exchange capacity [15, 16]. The bulk and surface proper-
ties of metal oxides or hydroxides can also be changed by the action of ionizing radia-
tion. Such radiation can cause an increase or decrease in the rates of adsorption and
desorption, and changes in surface reactions that can bring about a catalysis effect
[17]. For example, increases in the oxygen and hydrogen adsorption capacity and an
enhancement of catalytic activity for the hydrogen−deuterium exchange reaction can
be caused by the γ-irradiation of silica gels [18]. Davranov et al. [19] found that ionic
centres >O − , formed after the γ-irradiation of γ-Al2O3, were able to initiate the poly-
merization of some organic monomers. Eley and Zammitt [20] investigated the isoto-
pic exchange reaction between hydrogen and deuterium on the surface of γ-Al2O3 af-
ter γ-irradiation of the adsorbent. It was concluded that the surface free valencies
were responsible for the catalytic activity of the γ-irradiated γ-Al2O3. Kang et al. [21]
found that the electrical conductivity in the system ZrO2−10 mol% Gd2O3 gradually
increased with increase of the irradiation time. It was concluded that the irradiation of
the material induced electrical conductivity due to an increased number of oxygen va-
cancies.
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The effects of radiation on the properties of zirconia ceramics have been investi-
gated in several papers [21−24]. On the other hand, the effects of radiation on the behav-
iour of zirconium hydroxide, a precursor in the production of zirconia, have been much
less extensively investigated. In a previous paper [8], we investigated the influence of
mechanical treatment on the thermal behaviour of zirconium hydroxides precipitated at
different pH values. It was found that the susceptibility of zirconium hydroxide to the in-
fluence of ball-milling increases with decrease of the precipitation pH.

In the present work, we focus on the influence of γ-irradiation on the properties
of zirconium hydroxide particles precipitated at various pH values. The results are
compared with those of mechanical treatment, reported previously [8].

Experimental

Zirconium hydroxide was precipitated at pH 10.4, 7 or 2 from a solution of ZrO(NO3)2⋅
2H2O by the addition of NaOH under vigourous stirring. The precipitates were subse-
quently washed with doubly distilled water, using a Sorvall RC2-B ultra-speed centrifuge
(max. 20000 r.p.m.) and dried for 24 h at 70oC. After drying, the powders precipitated at
pH 7 were ground in an agate mortar for 2 min to ensure a higher yield of metastable
t-ZrO2 in the product of crystallization [6]. The samples obtained (notation Z10, Z7 and
Z2) were subjected to γ-irradiation at a dose rate of 5.6 Gy s −1 up to a final dose of
20 MGy, using a cobalt-60 source at the Rudjer Boškoviæ Institute. A part of each sample
was left as a standard probe.

The phase compositions of the irradiated and non-irradiated samples were inves-
tigated at room temperature by using X-ray powder diffraction (a Philips MPD 1880
diffractometer with monochromatized CuKα radiation and a graphite monochroma-
tor) and laser Raman spectroscopy (a Dilor Z24 triple monochromator with the
514.5 nm line of a Coherent Innova-100 argon laser as excitation source). Laser
Raman spectra were recorded with a relatively small laser power (30 mW) in order to
prevent a possible laser beam influence on the spectra recorded. The samples were
prepared for laser Raman recording by deposition into a recess in a lead plate. This
procedure ensured better heat transfer during the recording of laser Raman spectra.

The zeta-potentials of the irradiated and non-irradiated samples were determined as
a function of pH, using a PenKem S3000 automated instrument for microelectrophoresis
(PenKem Inc., Bredford Hills, N. Y., USA). The measurements were performed by im-
mersing 100 mg zirconium hydroxide samples in 100 ml of 10 −3 M NaCl solution. The
pH of the suspension was regulated by the addition of NaOH or HCl solution. The
zeta-potential was calculated from the electrophoretic mobility by using Henry’s equa-
tion [25]:

u f ae =2

3
1

εζ
η

κ( ) (1)

where ue is the electrophoretic mobility, ε is the permittivity of the medium, η is the
viscosity, ζ is the elektrokinetic (zeta) potential, a is the particle radius, κ is the recip-

J. Therm. Anal. Cal., 59, 2000

MUSIÆ et al.: ZIRCONIUM HYDROXIDE 839



rocal double layer thickness and f1(κa) is a function dependent on the particle size and
shape. We assumed a high ratio between the particle radius and the double layer
thickness, giving κa>1 and f1(κa)=3/2. In this case, the relation between the electro-
phoretic mobility and the zeta-potential becomes

ζ / .mV m V s2 –1 –1= ⋅128 108 ue / (2)

The thermal behaviour of the samples was investigated by using a Perkin Elmer
model 7 differential scanning calorimeter (DSC). The samples were heated up to
600oC at a scanning rate of 20oC min −1. During the measurements, nitrogen was used
as a purging gas and circulating water as a coolant. The instrument was coupled with
a personal computer loaded with a program for processing of the DSC curves ob-
tained. The molar values of the crystallization and dehydration enthalpies (∆H

c
and

∆H
d
) were calculated by the same procedure as previously [8, 13].
The phase compositions of the samples heated inside the DSC instrument were

investigated at room temperature by means of laser Raman spectroscopy with a laser
power of 50 mW. The volume fractions of m-ZrO2 (ν

m
) and t-ZrO2 (ν

t
) were esti-

mated from the equations proposed by Clarke and Adar [26]:

νm
m m

t t m m

= +
+ + +
I I

F I I I I

178 189

148 267 178 189( )
(3)

ν νt m= −1 (4)

where Im and It are, respectively, the intensities of the m-ZrO2 and t-ZrO2 Raman-
active modes at the wavenumbers given as superscripts, while F is a factor close to
unity (0.97).

Results and discussion

Radiation effects in solid materials depend strongly on the chemical nature of these mate-
rials [27]. In the case of amorphous metal hydroxides, which may contain a significant
amount of ‘free’ water, the effect of water radiolysis must also be taken into account. The
γ-irradiation of water causes chemical changes, e.g. formation of the radicals e hydr

– , OH
and H, the molecules H2 and H2O2, and the ion H3O

+ [22, 28]. The formation ofe hydr
– , OH

and H is favoured on the action of γ-irradiation, whereas particle irradiation favours the
molecular products. The formation of OH is characteristic of all metal hydroxides and is
not dependent on the crystal structure. However, the crystal lattice type does influence
the stabilization of OH. In the brucite-type structure, for example, OH is stabilized by va-
cancies, while in Sr(OH)2 and Ba(OH)2 the stabilization of OH by the formation of hy-
drogen-bonds with hydroxyl ions is suggested [29]. In this case formation of a paramag-
netic centre of the type
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takes place in the metal hydroxide (M=metal), in which the unpaired electron is
delocalized in the loop including two equivalent atoms of hydrogen. The above-men-
tioned, general statements also apply to zirconium hydroxide particles.

In the present work, the results of phase analysis revealed that all the samples
(irradiated and non-irradiated) were amorphous (Table 1). The broad amorphous
maximum present in the X-ray powder diffraction patterns remained approximately
the same after γ-irradiation of the zirconium hydroxide particles.

Table 1 Results of XRD and laser Raman phase analysis and pHiep values of zirconium hydrox-
ide particles

Sample pH
γ-Irradiation/

MGy
Phase composition pHiep

Z10 10.4 0 amorphous 6.1±0.2

Z10-γ 10.4 20 amorphous 5.8±0.3

Z7 7 0 amorphous 7.0±0.1

Z7-γ 7 20 amorphous 7.7±0.1

Z2 2 0 amorphous 7.0±0.1

Z2-γ 2 20 amorphous 6.2±0.1

The pH values of the isoelectric points (pHiep) of the zirconium hydroxide parti-
cles, determined from microelectrophoretic measurements, are given in Table 1. The
pHiep values of the non-irradiated samples Z10, Z7 and Z2 are in the range of values
found in the literature [30, 31] for hydrous zirconia.

Figure 1 shows the influence of pH on the zeta-potentials of samples Z10 and
Z10-γ. The curves obtained are approximately the same throughout the whole pH re-
gion. This result indicates that the γ-irradiation had very little effect on the surface
properties of the zirconium hydroxide precipitated at pH 10.4.
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Fig. 1 Zeta-potential measured for samples Z10 and Z10-γ as a function of pH



Figure 2 depicts the influence of pH on the zeta-potentials of samples Z7 and
Z7-γ. From the results it could be concluded that the γ-irradiation of zirconium hy-
droxide precipitated at pH 7 had a slight effect on its electrophoretic mobility at both
high and low pH. However, the value of pHiep increased from ~7.0 for sample Z7 to
~7.7 for sample Z7-γ (Table 1). Structural defects in the vicinity of the surface of the
zirconium hydroxide particles, caused by γ-irradiation, changed their acid/base prop-
erties, which is in accordance with the literature [32].

Figure 3 illustrates the influence of pH on the zeta-potentials of samples Z2 and
Z2-γ. The results demonstrate that the γ-irradiation of zirconium hydroxide precipi-
tated at pH 2 caused a decrease in the pHiep from ~7.0 (sample Z2) to ~6.2 (sam-
ple Z2-γ), and also increases in electrophoretic mobility in the high and low pH re-
gions. The observed increases in electrophoretic mobility at both high and low pH in-
dicated that the γ-irradiation affected the surface properties of the zirconium hydrox-
ide precipitated at pH 2 in such a way as to increase its adsorption capacity. The re-
sults indicated that zirconium hydroxide precipitated at pH 2 is the most susceptible
to the influence of γ-irradiation, which is in agreement with previous results [8].
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Fig. 2 Zeta-potential measured for samples Z7 and Z7-γ as a function of pH

Fig. 3 Zeta-potential measured for samples Z2 and Z2-γ as a function of pH



Thermochemical data obtained from the DSC curves of the irradiated and
non-irradiated samples are given in Table 2. The DSC curves of non-irradiated sam-
ples Z10, Z7 and Z2 (Fig. 4) contained one endothermic peak resulting from dehydra-
tion and one exothermic peak due to crystallization [8, 13]. The DSC curve of sample
Z2 displayed another endothermic peak, with maximum at ~350oC, due to the elimi-
nation of nitrates [14]. The DSC curves of irradiated samples Z10-γ , Z7-γ and Z2-γ
were very similar to the DSC curves of the corresponding non-irradiated samples.
The intensities of the endothermic peaks of dehydration were lower for the irradiated
samples, indicating the loss of water during the γ-irradiation. The intensities and
shapes of the exothermic peaks of crystallization, and the temperature of crystalliza-
tion, remained unchanged after γ-irradiation (Table 2).

Table 2 Thermochemical data obtained from DSC curves and results of laser Raman phase anal-
ysis of the samples heated to 600oC inside DSC. The volume fractions of m-ZrO2 and
t-ZrO2 were estimated following the procedure proposed by Clarke and Adar [26]

Sample
DSC analysis Phase composition

(volume fraction)∆H d/kJ mol–1 ∆H c/kJ mol–1 tc1/
oC tc2/

oC

Z10 69 –21 467 – m-ZrO2(0.80)+t-ZrO2(0.20)

Z10-γ 48 –21 468 – m-ZrO2(0.80)+t-ZrO2(0.20)

Z7 58 –21 458 – t-ZrO2(0.84)+m-ZrO2(0.16)

Z7-γ 47 –21 459 – t-ZrO2(0.84)+m-ZrO2(0.16)

Z2 52 –10 458 467 t-ZrO2

Z2-γ 43 –10 457 466 t-ZrO2

Descriptions: ∆H d– enthalpy of dehydration, ∆H c – enthalpy of crystallization, tc1 – temperature of
first maximum in exothermic peak of crystallization, tc2 – temperature of second maximum in
exothermic peak of crystallization

J. Therm. Anal. Cal., 59, 2000

MUSIÆ et al.: ZIRCONIUM HYDROXIDE 843

Fig. 4 DSC curves of non-irradiated zirconium hydroxide samples Z10, Z7 and Z2



The laser Raman spectra of the samples heated up to 600oC inside the DSC instru-
ment indicated that, regardless of the pH of precipitation, γ-irradiation had no influence
on the thermal behaviour of hydrous zirconia. Although the phase compositions of the
products of calcination differ, depending on the pH (Fig. 5), there is no difference in
phase composition between irradiated and non-irradiated samples precipitated at the
same pH (Table 2). The Raman spectra of the heated samples precipitated at pH 10.4
contained both bands typical of m-ZrO2 and t-ZrO2 [8, 9], but the intensity of the m-ZrO2

bands was much stronger. The Raman spectra of the heated samples precipitated at pH 7
contained not only the t-ZrO2 bands, but also two very small bands at 189 and 178 cm −1,
indicating the presence of a minor fraction of m-ZrO2 [8, 9]. The Raman spectra of the
heated samples precipitated at pH 2 contained only bands typical of t-ZrO2.

Conclusions

The present study indicated that the natures of zirconium hydroxide particles obtained at
different pH-s are not identical, although all these particles were amorphous on XRD.
The susceptibility of the resulting zirconium hydroxide particles to the influence of γ-ir-
radiation proved to be pH-dependent. In contrast with mechanical treatment, which influ-
ences the thermal behaviour or zirconium hydroxide [8], the γ-irradiation of zirconium
hydroxide particles had very little (if any) influence on its thermal behaviour or on the
phase composition of the ZrO2 products obtained. However, the results of microelectro-
phoretic measurements on the γ-irradiated samples demonstrated, in agreement with the
results of DSC analysis of ball-milled samples [8], that the susceptibility of zirconium
hydroxide particles increased with decrease of the pH of precipitation. In both cases, zir-
conium hydroxide precipitated at pH 2 proved to be the most susceptible to γ-irradiation
or ball-milling, while zirconium hydroxide precipitated at pH 10.5 was the most stable.
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Fig. 5 Laser Raman spectra of non-irradiation samples Z10, Z7 and Z2, heated up to
600oC inside DSC instrument



γ-Irradiation of zirconium hydroxide precipitated at pH 2 caused an increase in its
ion-exchange capacity, which can lead to a catalysis effect.

* * *
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