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Kinetic Study of the Thermal Dehydration of SiO2 and
SiO2-ZrO2 Composites Prepared by Sol–Gel Route

Ignazio Blanco,* Michelina Catauro, Gianluca Cicala, Giovanni Dal Poggetto,
and Claudio Tosto

SiO2, ZrO2, and SiO2-ZrO2 composites at different percentages of zirconia are
synthesized by the sol–gel method and thermally characterized by
thermogravimetric analysis (TGA) to investigate the kinetics of the
dehydration process. The synthesized samples are subjected to TGA and the
obtained data are treated by the Kissinger method to calculate the apparent
activation energy (Ea) of dehydration. The obtained kinetic parameters are
discussed and compared each other and with those obtained for the pristine
silica.

1. Introduction

Since the middle of the last century biomaterials have gain im-
portance in the various application areas, consequently the re-
search focused its attention on continuously improve biomateri-
als’ performance.[1–3] Among the main features required to en-
sure functionality and durability to a biomaterial, the resistance
to corrosion is probably the most important one.[4–6] To maintain
the biomaterial integrity and avoid the release of undesirable and
damaging products the use of protective layers to counteract cor-
rosion phenomena is carried out by using bioactive and biocom-
patible materials.[7–9] Ceramic materials, with zirconia employed
in medical devices, have been the most used so far,[10,11] despite
they can be subjected to failure attributed to possible modifica-
tions of the crystal lattice.[12] An attempt to stabilize these systems
is represented by the oxides adding.[13,14]

In this framework SiO2/ZrO2 composites at different percent-
ages of zirconia, 20, 33.3, and 50 wt% respectively, were pre-
pared by using the sol–gel method and then thermo-oxidative de-
graded and evaluated by thermogravimetric analysis (TGA) with
the aim to study the kinetics of their dehydration, by using the
well-known Kissinger kinetic method.[15]
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2. Results and Discussion

In order to evaluate the dehydration kinetics
of the prepared composites and both pris-
tine silica and zirconia, the TG values ob-
tained by the TGA analysis were elaborated
by using a well-known literature kinetic
model, such as the Kissinger one.[16–19] The
apparent activation energy (Ea) of the de-
hydration process for the different samples
was thus calculated by using their Tm val-
ues, obtained at the different used heating
rates, which were reported in Table 1.

Thus, the Ea’s of dehydration were calculated by the least
square treatment of the data in Table 1 by using the Kissinger
equation reported below:

ln (Φ∕T2
m) = ln

(
nRAWm

n−1∕Ea
)
− Ea∕RTm (1)

where Φ is for the heating rate and Tm for the temperature
at maximum rate of weight loss. Wm is the weight of sample at
Tm, n is the apparent reaction order, R is the universal gas con-
stant, and A is the pre-exponential factor. Prior to the calculation
it was necessary to verify the constancy of 𝛼 versus Φ, because it
is well known that Kissinger equation yields a reliable estimate of
Ea only when the conversion (𝛼) remains constant on increasing
the heating rate.[20] Once carried out this validation, we reported
the ln (Φ/Tm2) versus 1/Tm at each selected heating rate (Φ= 2, 5,
7.5, 10, 12.5, 15, 17.5, and 20 Kmin–1) and we extrapolated the Ea
values of dehydration by the slope of the obtained straight lines
(Figure 1).
The calculated dehydration Ea values are reported in Table 2,

together with their corresponding regression coefficients, where
a = ln (nRAWm

n-1/Ea); b = Ea/R and r = product moment corre-
lation coefficient.
The straight lines of Figure 1 the correlation coefficients re-

ported in Table 2, show a good correlation among the experi-
ments carried out at different heating rates. For the composites,
the Ea value obtained by the Kissinger equation was higher with
respect those of pristine silica and zirconia. The values reported
in Table 2 revealed a decrease of the dehydration rate as a func-
tion of the zirconia content in the composite, testified by the in-
crease of Ea values passing from the composite at 20 wt% to that
at 50wt%.However, despite the difference among theEa values of
the composite is not so high, from Table 2 it is possible to observe
a ΔEa of 38 kJ mol–1 between the pristine SiO2 and the compos-
ite with 50 wt% of zirconia, thus revealing a stabilization action
produced by the presence of ZrO2.
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Table 1. Temperatures at maximum rate of weight loss (Tm), in oxidative
atmosphere, for the degradation of pristine SiO2, ZrO2, and SiO2/ZrO2
composites.

SiO2 ZrO2 SiO2,
20% ZrO2

SiO2,
33.3% ZrO2

SiO2,
50% ZrO2

Φ [K min–1] Tm [K] Tm [K] Tm [K] Tm [K] Tm [K]

2 339 352 368 372 374

5 352 360 375 381 385

7.5 356 365 382 384 389

10 362 369 386 389 394

12.5 366 371 389 393 396

15 371 374 392 396 398

17.5 374 376 393 398 400

20 378 380 395 399 403

Figure 1. Kissinger straight lines for pristine SiO2, ZrO2, and SiO2/ZrO2
composites at various degree of conversion (𝛼).

3. Conclusion

SiO2/ZrO2 composites were prepared by the sol–gel route and
a kinetics analysis was carried out to verify how the presence of
zirconia in the composite affects the dehydration process. To this
purpose TGA data were treated by the Kissinger equation, show-
ing a good correlation and allowing us to calculate the apparent
activation energy of the process. It was observed how the pres-

Table 2. Regression coefficients and apparent activation energies (Ea) of
dehydration by the Kissinger equation for the degradation of pristine SiO2
and SiO2/ZrO2 composites in oxidative atmosphere.

Sample A −b × 10–3 [K] r Ea [kJ mol–1]

SiO2 9.4 (±1) 6.9 (±0.4) 0.9909 57 (±3)

ZrO2 18.7 (±1.5) 10.4 (±0.6) 0.9913 86 (±5)

SiO2 + 20% ZrO2 18.7 (±1.5) 10.9 (±0.6) 0.9917 91 (±5)

SiO2 + 33.3% ZrO2 19.1 (±1.6) 11.2 (±0.6) 0.9907 93 (±3)

SiO2 + 50% ZrO2 19.4 (±0.7) 11.4 (±0.3) 0.9982 95 (±2)

ence of Zirconia in the composite lowers the rate of the process,
with the Ea values that increase as a function of the ZrO2 percent-
age in the systems.

4. Experimental Section
Materials: Tetraethyl orthosilicate (TEOS; Si(OC2H5)4), zirconium

(IV) propoxide, ethanol (EtOH), nitric acid (HNO3) were purchased
by Sigma-Aldrich. SiO2/ZrO2 composites were prepared by the sol–gel
method.

Composite Preparation: By mixing EtOH (99.8%), HNO3 (≥65%), and
distilled water we firstly obtained a sol. with the following molar ratios
H2O/TEOS = 2, EtOH/TEOS = 6, for the silica matrix. Next step was the
synthesis of pure zirconia by using a mixture of an alkoxide precursor,
ethanol, water, and acetylacetone, which was used as an inhibitor agent
against hydrolytic activity of the zirconium (IV) propoxide. Thus, the ob-
tained zirconia sol, with the following molar ratios (Zr(OR)4/AcAc = 4.5,
EtOH/Zr(OR)4 = 5.7), was slowly added to the silica one previously pre-
pared. This mixture was kept at room temperature for 24 h to allow the
occurring of the gelation process. Three different sample gels were ob-
tained, with 20, 33.3, and 50 wt% of zirconia respectively.

Thermogravimetric Analysis (TGA): Thermo-oxidative degradations
were carried out in a Mettler Thermogravimetric Analyzer TGA 1 Star Sys-
tem, by placing about 10 ×∙10–3 g of composite in alumina open pan and
heating from room temperature up to 1073 K, in oxidative atmosphere (air
flow at 0.06 L min–1). The equipment calibration was performed by using
a consolidate procedure[21] involving the change of magnetic properties
of three metal samples (Isatherm, Nickel-alloy, and Trafoperm 86) at their
Curie points (421, 628, and 1023 K, respectively). Degradations were car-
ried out by setting eight different heating rates (Φ = 2, 5, 7.5, 10, 12.5, 15,
17.5, and 20 K min–1). The obtained thermogravimetric (TG) data were
plotted as percentage of undegraded sample, (1 − D)% against temper-
ature, where D = (Wo − W)/Wo, and Wo and W were the weights at the
starting point and duringmeasurement, and the temperature atmaximum
rate of weight loss (Tm) was recorded and used for the kinetic evaluations.
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