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INTRODUCTION

Metal oxides represent one of the most important and 
widely employed categories of solid catalysts, either as 
active phases or supports. They are utilized both for their 
acid-base and redox properties and constitute the largest 
family of heterogeneous catalysts [1-3]. Among them, ZrO2 
has attracted a great deal of attention due to its both acid and 
base active centers on the surface as well as oxidizing and 
reducing sites [4]. Moreover, abundant oxygen-containing 
functional groups, as well as unsaturated Lewis acid-base 
Zr4+-O2− pairs, make ZrO2 a widely novel material for ion 
exchange membranes, oxygen [5] and NOx sensors [6], 
adsorption and separation [7-14], catalyst and catalyst support 
[15-17], controlled release of pharmaceutical ingredients 
[18], solar light absorption layer in solar cells [19], and so 
on. To obtain zirconia nanoceramics, various methods and 
techniques have been developed and investigated, including 
sol-gel process, hydrothermal process, and precipitation 
method. Among these methods, however, the sol-gel process 
is found to be a simple and versatile technology for the 
synthesis of zirconia-base materials on large scale [2, 3, 20, 
21].

Sol-gel has the great advantage to use low temperatures to 
prepare a wide range of materials forms, from fibers through 
dense ceramics and aerogels [22, 23]. Sol-gel chemistry is 
based on inorganic polymerization reactions. In general, the 
precursors are dissolved in a suitable solvent and hydrolysis 
and condensation reactions are catalyzed, typically by the 
presence of an acid or base in the starting solution. Different 
inorganic and hybrid organic gels can be formed using this 
approach [24, 25]. However, one of the greatest problems 
in sol-gel synthesis of zirconia-based materials is that the 

precursor hydrolysis is faster than the condensation, resulting 
in precipitation of ZrO2 particles. To increase the hydrolytic 
stability, chelating agents are added to the synthesis in an 
amorphous metal-chelate route. For example, acetylacetone 
and acetic acid were used as chelating agents to diminish the 
hydrolysis rate [20, 26, 27].

In the sol-gel synthesis, the amount of water determines 
the degree of hydrolysis and the type of initial species 
formed, thus influencing the secondary polycondensation 
reactions which involve the polymerization of hydrolyzed 
metal alkoxides in alcoholic solution. This, in turn, affects 
the chemical and structural makeup of the resultant polymer 
molecules. If the water molar ratio (r) in the synthesis is 
equal or greater than 4, the metal alkoxide could hydrolyze 
completely (Eq. A); otherwise, (r<4) only partial hydrolysis 
takes place (Eq. B) [28, 29]:

M(OR)4 + 4H2O g M(OH)4 + 4(ROH)  (A)

M(OR)4 = r H2O g M(OR)r(OH) 4-r + rROH  (B)

This study aimed to investigate the relation upon the 
effect of molar ratio of hydrolysis water used in a sol-gel 
synthesis on the final structure of zirconia. Its effect on the 
rheology of the sols and sample thermal behavior were also 
discussed.

EXPERIMENTAL

Synthesis of zirconium oxide: Fig. 1 shows the procedure 
used in the syntheses of zirconium oxide using the metal-
chelate method. Zirconium n-propoxide (ZrP, 70% solution 
in propanol, Sigma Aldrich) was used as a precursor, 
n-propanol (99.7% pure, Sigma Aldrich) as a solvent, glacial 
acetic acid (99.85% pure, Sigma Aldrich) as a catalyst and 
stabilizer, and deionized water (H2O) for the hydrolysis. The 
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hydrolysis water content was investigated using the molar 
ratios (r) of ZrP:H2O of 1:2, 1:4 and 1:6. The reagents were 
mixed and homogenized for 1 h in a magnetic stirrer. The 
precursor solution was placed in acrylic containers and aged 
for 7 days at 60 °C under static condition. Then the alcogels 
were kept at 100 °C for 3 days for drying. Subsequently, 
they were heat treated in air for 10 h at 400 °C.

Characterization: the zirconium oxide samples were 
characterized by thermogravimetric analysis, TG-DTG, 
and differential scanning calorimetry, DSC (PerkinElmer, 
STA 6000), using synthetic air in the range of 80-480 °C. 
Nitrogen adsorption-desorption (Quantachrome, Autosorb 
1-C) was used to evaluate the specific surface area (BET 
method) and pore structure (NLDFT and Monte-Carlo 
method) of the samples. The X-ray diffraction patterns of 
the samples with different heat treatment temperatures were 
obtained using Philips equipment, PANalytical PW 1710, 
in the range of 20-70° (2θ). For the identification of the 
crystalline phases, X-ray diffraction (XRD) results of the 
samples were compared with the XRD patterns of references 
obtained from the JCPDS database, file number PDF 
#88-1007 for tetragonal structure. To follow the material 
transformations induced by heating, Fourier-transform 
infrared spectroscopy, FT-IR, analysis (PerkinElmer, FT-IR/
FIR Spectrometer Frontier) of all samples was carried out as 
a function of temperature.

RESULTS AND DISCUSSION

A homogeneous, transparent and fluid solution was 
obtained with the three syntheses described previously. The 
hydrolysis water content greatly affected the rheology of the 
sols; the gelation time decreased drastically with the increase 
in water molar ratio (r), as shown in Table I. The solution 

pH was measured and a value of 3.8±0.2 was found. The 
zirconium polymerization depends on the synthesis pH value 
and the presence of complexing species, being possible to 
obtain products with different compositions and structures. 
Polymerization is more rapid with a higher pH value since 
more OH- groups are available to promote linking of edges 
of the tetrameric units, whereas a lower pH gives rise to 
slower polymerization and more ordered structure, favoring 
the synthesis of nanocrystalline structures [30]. Thus, it is 
important to control the synthesis pH, once differences in 
preparation pH can lead to structural changes in zirconium 
hydroxide obtained and, in turn, affect the crystallization 
temperature, growth rate and phase transformation of 
zirconia.

Thermal behavior: Fig. 2 shows the results of thermal 
analysis of the sample thermally treated at 100 °C for 72 h. The 
samples presented approximately the same thermal behavior 
as shown in the thermogravimetric (TG) and derivative 
thermogravimetry (DTG) curves, with a total mass loss of 30% 
at 480 °C. Moreover, the differential scanning calorimetry 
(DSC) curves showed about the same temperature range for 
the endothermic and exothermic peaks. In the TG-DTG curves, 
the first mass loss (~125 °C) corresponded to an endothermic 
peak in the DSC curve and was related to the desorption and 
evaporation of water and 1-propanol from the porous gel 
network. The presence of free water in the structure even after 
being heat treated at 100 °C for 72 h was also verified in the 
FT-IR spectra (Fig. 3), which exhibited a broad band between 
3600 and 3200 cm-1 that was assigned to the υ(O-H) stretching 
vibration modes of chemisorbed water [2, 31, 32]. The intensity 
of the O-H band was no more visible for samples calcined at 
200 °C, indicating the complete elimination of chemisorbed 
water. The second mass loss in the TG-DTG curves (~215 °C) 
was associated with an endothermic event in the DSC curve 
and was due to the thermal decomposition of remaining organic 
compounds such as the propoxy group of unreacted zirconium 
propoxide. The FT-IR measurements confirmed the removal 
of organic compounds for the heat treatment temperature of 
300 °C based on the disappearance of characteristic peaks of 
stretching υ(C-H) (3000-2800 cm-1) and bending δ(C-H) 
(1400-1350 cm-1) modes of the groups -CH3 and -CH2 and 
the peaks of skeletal stretching of υ(C-O)Zr (~1100 cm-1) 
in the propoxy group of zirconium propoxide [2, 31, 32]. 
However, according to Fig. 3, the temperature of 300 °C 
was not sufficient to remove the acetate coordination groups 
υ(COO-1) (1546 and 1447 cm-1). These peaks vanished from 
the FT-IR spectra only with the calcination temperature of 
400 °C. Therefore, it can be concluded that the strong broad 

Table I - Dependence of gelation time on hydrolysis water 
content.

Sample Zr-MC-2 Zr-MC-4 Zr-MC-6
Hydrolysis water content (r) 2 4 6

Gelation time (h) 120 24 5
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Figure 1: Procedure of zirconium oxide synthesis and 
characterization.
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band verified on the TG-DTG curves at approximately 
330 °C was due to the thermal decomposition of acetate 
groups [31]. The next mass loss at around 375 °C may be 
assigned to dehydroxylation of Zr-OH to form ZrO2 [26, 
31], since the structure started to undergo a phase transition 
at approximately 400 °C (exothermic peak), thus, indicating 
that this temperature seems to be enough for the calcination 
of the zirconium hydroxide into tetragonal zirconia.

Chemical modification effect of acetic acid on the molecular 
structure of zirconium propoxide: infrared spectroscopy is a 

good technique to obtain information about the coordination 
mode of acetate ligands. The acetate group in acetic acid 
has various modes of coordination such as monodentate and 
bidentate (chelation, bridging or polymeric). Monodentate 
and bidentate ligands can be unambiguously distinguished 
based on the frequency separation of the stretching symmetric 
υs(COO-) and asymmetric υas(COO-) [31, 33, 34]. According 
to the FT-IR spectra (Fig. 3), the symmetric and asymmetric 
vibrations of the acetate group were 1546 and 1447 cm-1, 
respectively, with a frequency split of Δυ=99 cm-1. Such 
small frequency splitting revealed that the carboxylate group 
of glacial acetic acid was bonded to the zirconium atoms in a 
chelating bidentate configuration. Thus, the structural changes 
shown in Eq. C are suggested for the chemical modification 
of acetic acid on the zirconium propoxide molecule [35]. This 
result is compatible with that found by other authors [20, 30, 
31, 34] and illustrates that the acetic acid suits as a chelating 
ligand to modify the hydrolysis process of zirconia synthesis 
from zirconium propoxide.
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Crystallization behavior: as well known, calcination can 
result in the growth and transformation of zirconia crystallite 
[2, 36, 37]. It was investigated the effect of temperature on the 
crystallographic evolutions for zirconium oxide synthesized 
with different water contents after drying at 100 °C for 3 days 
and calcination at 200, 300 and 400 °C. The samples obtained 
from the three syntheses presented the same structural 
behavior with the increase of calcination temperature. 
The characteristic diffraction patterns of the samples 
for the different temperatures employed are shown in 

Figure 4: XRD patterns of zirconia heat treated at different 
temperatures.

Figure 2: TG-DTG (a) and DSC (b) curves of dry gels with different 
amounts of hydrolysis water.
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Figure 3: FT-IR spectra of zirconium hydroxide calcined at 
different temperatures.
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Fig. 4. Samples calcined at temperatures up to 300 °C 
had a broad diffraction pattern which is characteristic of 
amorphous zirconia. At 400 °C, diffraction peaks close to the 
values of tetragonal (t) phase of zirconia can be seen (JCPDS 
#88-1007). According to the Zr-O (zirconium-oxygen) phase 
diagram [38], at low temperatures, the most stable phase of 
ZrO2 is a monoclinic form, which occurs naturally as the 
mineral baddeleyite, and at ambient pressure, a tetragonal 
structure becomes thermodynamically stable only at 1205 °C 
[37, 38]. Thus, the metastable t-phase zirconia was obtained 
when calcined at 400 °C. Assessing the results from the DSC 
curve (Fig. 2), it can be concluded that the exothermic peak 
really corresponded to the phase transition of amorphous 
to metastable tetragonal zirconia, and also that this phase 
transition initiated at approximately 400 °C.

Influence of water content on the surface area and pore 
structure: the results from nitrogen adsorption-desorption 
analysis for the samples heat-treated at 400 °C comprised 
the nitrogen adsorption-desorption isotherms (Fig. 5) of 
samples, the pore size distribution (Fig. 6), specific surface 
areas derived from the BET theory (Table II), and finally, 
the total pore volumes of samples (Table II). The samples 
exhibited isotherms type IV(a) [39] which is characteristic 
of materials containing mesopore size (2-50 nm), this is in 
perfect agreement with the pore size distribution (Fig. 6). 
All the isotherms clearly revealed capillary condensation 
accompanied by a hysteresis loop classified as H2 [39], which 
is characteristic of disordered porous materials assembled 
with complex pore systems such as ink-bottle shape pores and 
pore networks with cavities connected by constrictions. In 
such materials, most the cavities are located within the porous 
material and have no direct access to the gas reservoir but 
indirect access through many constrictions and cavities [40-
42]. As shown in Table II, the samples Zr-MC-4 and Zr-MC-6 
exhibited higher values of specific surface area and pore 
volume, while the sample Zr-MC-2 presented poor results for 
these characteristics. It can be expected that for smaller water 
molar ratios (r<4) linear polymerization is mainly involved 
and the network obtained is weakly crosslinked; whereas, 
for higher water molar ratios (r≥4) three-dimensional 

polymerization might take place and the resultant network 
is highly crosslinked. Thus, the sample Zr-MC-2 had an 
inorganic network weakly crosslinked, wherein the readily 
reordering of atoms or bonding reactions crossing the linear 
molecular chains might facilitate the densification process 
during heat treatment [28]. These results indicated that when 
using low molar ratios of water (r<4) the sintering process 
of zirconia structure occurs more easily, and structures with 
extremely low porosities are obtained.

CONCLUSIONS

The sol-gel synthesis of zirconia using the metal-chelate 
route was successfully carried out in this work. The results 
demonstrated that the molar ratio of hydrolysis water had 
a great effect on the sol rheology and textural properties of 
zirconia. The gelation time decreased from 120 h to only           
5 h when the water content was increased. Furthermore, the 
enhance in surface area and pore volume was favored when 
higher amounts of water (r≥4) were used in the synthesis. 
Meanwhile, there was no evidence that the thermal behavior 
of the samples was affected by the water molar ratios utilized.
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