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PYROLYSIS STUDY OF SOL-GEL DERIVED ZIRCONIA BY TG-GC-MS
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A homogeneous ZrO, gel was obtained by hydrolysis-condensation of zirconium(IV) n-propoxide previously reacted with acetic
acid. Dried zirconia powders were characterized by Fourier transformed infra-red (FTIR) and X-ray diffraction (XRD) analyses.
Thermogravimetric (TG) and differential thermal analysis (DTA) coupled with mass spectrometric (MS) and gas chromatographic
(GC) measurements were carried out in order to identify and quantify the organic products released during the ZrO, gel pyrolysis.
The TG-MS semi-quantitative analysis of the main released species allowed to describe the chemical rearrangement occurring in
the solid during heating and to determine the chemical composition of the initial gel.
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Introduction

Nowadays, zirconia is considered an important mate-
rial of technological interest due to the exceptional
properties, which lead to its use in many application
fields. Zirconia-based ceramics are widely employed
as optical, electronic and conductive materials [1, 2],
thermal barriers [3—6], wear resistant materials [7, 8],
high temperature catalysts and membranes [9], and for
the preparation of ceramic tools [10—12]. Moreover,
doping with other elements such as yttrium offers the
possibility to stabilize the cubic ZrO, polymorph and
to increase the ionic conductivity. Yttria-stabilized zir-
conia (YSZ) is generally known as one of the most
suitable materials for the preparation of the solid elec-
trolyte in solid oxide fuel cells (SOFC) [13].

The sol-gel process is often used to prepare
ZrO,-based materials because it allows to govern struc-
ture-property relationships, microstructure and phase
transformation by controlling the synthesis conditions
during the hydrolysis-condensation reactions of metal
oxide precursors [14]. The complexation of transition
metal alkoxides with organic ligands before the hydro-
lysis-condensation reaction is commonly used in order
to obtain homogeneous gels [15]. This synthesis proce-
dure usually leads to the incomplete removal of coordi-
nated organics by hydrolysis, and affects gel composi-
tion and degree of cross-linking. The residual organic
fraction is lost during the heat treatment performed to
obtain the final ceramic material, thus affecting the
microstructure and the crystallization process.

During the gel pyrolysis, the undesired phenome-
non of cracks formation inhibits the preparation of bulk
ceramic materials particularly in the case of transition
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metal oxides [14]. An effective way to avoid crack for-
mation was recently proposed by Kozuka et al. [16],
based on the addition of an organic polymer acting as
stress relaxing agent during the heat treatment. Some
of us have recently reported the preparation of YSZ
freestanding thick ceramic films obtained by pyrolysis
of hybrid polyvinylpyrrolidone—yttria—zirconia gels
[17]. The polymer-to-ceramic transformation was
shown to depend on the amount and molecular mass of
the polymer, according to the DTA-TG study, and to
affect the microstructural features of the final ceramics.
With the aim to clarify the influence of the polymer on
the thermal conversion of these organic-inorganic hy-
brid materials, a preliminary study on the pyrolysis of
pure ZrO, and YSZ samples prepared by the same ex-
perimental procedure without polymer addition was
undertaken. We present here the pyrolysis study of a
zirconia xerogel prepared by hydrolysis-condensation
of zirconium n-propoxide reacted with acetic acid in
n-propanol solution. The semiquantitative analysis of
the evolved gas phase during the pyrolysis by means of
coupled thermogravimetric, gas chromatographic and
mass spectrometric analysis allows to obtain informa-
tion on the chemical rearrangements occurring in the
inorganic matrix during heating and to calculate the
chemical composition of the starting ZrO, xerogel.

Experimental
Chemicals

Zirconium(IV) n-propoxide (70 mass% in 1-propanol
solution) was purchased from ABCR, acetic acid
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(99.7%) and 1-propanol (99.5%) were Aldrich prod-
ucts. These reagent grade chemicals were used as re-
ceived without any further purification.

Instrumentation

FTIR spectra were recorded on a Nicolet Magna 550
FTIR spectrometer in transmission mode in the
4000-400 cm ' range. Powdered samples were ana-
lyzed in KBr pellets, by collecting and averaging
64 scans with 4 cm™' resolution.

XRD spectra were collected on a Rigaku Dmax
diffractometer in the Bragg—Brentano configuration, us-
ing CuK,, radiation and a monochromator on the dif-
fracted beam, operating at 40 kV and 30 mA. Powdered
samples were analysed by step scanning, by measuring
the intensity data in the 10—110° 20 range, with 20 step
size of 0.05° and acquisition time of 8 s per point. A
modified Rietveld method analysis [18] was employed
for phase analysis and mean crystallite size calculation.

Thermogravimetric and differential thermal anal-
yses were performed on a LabSys Setaram thermo-
balance. Thermal analyses were carried out in the
range 20—1000°C, with a heating rate of 10 K min™', by
working under 100 cm® min~' He flow. Powdered sam-
ples (2040 mg) were analysed in 100 nm® alumina
crucible by using a-Al,O; as reference.

Gas chromatographic analyses were carried out
on a HRGC Carlo Erba Instruments chromatograph,
using a quadrupole mass spectrometer as detector.
Chromatographic elutions were performed by using an
OV1 capillary column (25 m, 0.32 mm), He as carrier
gas (20 kPa inlet pressure) with temperature program:
30°C for 5 min followed by 5 K min™ heating up to
200°C. Gas phase sampling (injection of 100 nm®) was
performed by means of a GR8 Bimatic micro-valve
thermostatted at 130°C.

The mass spectra analysis was carried out by us-
ing VG-QMD-1000 Carlo Erba Instruments quad-
rupole mass spectrometer. Electron impact mass spec-
tra (70 eV) were continuously recorded with frequency
1 scan s in the 3-500 amu range.

TG-MS and TG-GC-MS coupled measurements

The pyrolysis study was realized by using two types of
home-assembled interfaces described in the details else-
where [19]. In TG-MS measurements any species re-
leased in gas phase from the solid sample during the
thermogravimetric analysis was directly transferred and
detected by the mass spectrometer by means of an ap-
propriate capillary column transfer line. In TG-GC-MS
interface the gas phase injection, containing species
contemporaneously released during a specific mass loss,
was resolved by means of a gas chromatographic elu-
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tion, before to analyze the different compounds by mass
spectrometry.

TG-MS semiquantitative data processing

The chemical composition of the dried ZrO,-gel matrix
was calculated by integrating the signals of suitable
fragmentation ions of the mainly released species, fol-
lowing the procedure recently reported [20-23].

Synthesis of ZrO,-gel sample

Zr-n-propoxide was diluted in n-propanol (molar ra-
tio n-PrOH/Zr(O-n-Pr),=17). Acetic acid
(CH;COOH/Zr(O-n-Pr)4=1) was slowly added under
vigorous stirring to the alkoxide solution at room tem-
perature.  After 30 min, distilled water
(H,0/Zr(O-n-Pr),=1) was added dropwise into the
yellowish solution. The initial cloudy sol turned into a
transparent solution within 15 min stirring. After 4 h
the solution was poured into a polypropylene vessel
and aged for 2 days until gel formation. Gel sample
was milled to a coarse powder, which was dried at
room temperature for 5 days, then under vacuum
(1.33 Pa) for 2 days, yielding the ZrO, xerogel speci-
men. The dried powder was labelled as ZrO,-gel for
the sake of conciseness.

Results and discussion

Structural and microstructural characterization of
Zr0, sample

The FTIR spectrum of dried ZrO, gel, shown in Fig. 1,
displays the antisymmetric and symmetric stretching
vibration of the acetate groups at 1566 and 1450 cm ™,
respectively [24]. The strong splitting of these peaks
indicates that the acetate ligands are coordinated in dif-
ferent ways to the Zr atoms, i.e. in unidentate, bi-
dentate or bridging coordination modes. The intense
broad band located at 3500 cm ™ is due to the stretching
vibration of —O—H bonds. The stretching vibration of
the C—O bond in the =Zr—-O—-CH,CH,CH; group is de-
tected at 1150 cm . Typical absorption signals of zir-
conia gels are observed at 650 cm ' attributed to
=7r-OX (X=H, CH,CH,CHj3;), and at 480 cm ! due to
the =Zr—O—Zr= bonds [25, 26]. The FTIR spectra for
the samples heated up to 500 and 800°C (Fig. 1) show
only absorptions due to the zirconia network, besides
small bands at 3300 and 1630 cm ' of adsorbed water.

According to the XRD study (Fig. 2), the ZrO,
xerogel is amorphous. The XRD spectrum of the sam-
ple heated at 500°C shows the crystallization of the
tetragonal ZrO, phase (JCPDS card n° 42—-1164). By
heating at 800°C, the #-ZrO, crystalline reflections in-
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Fig. 1 FTIR spectra of ZrO, sample dried at room temperature
and after heat treatment up to 500 and 800°C

crease in intensity and the peak line-width decreases.
The results of the profile fitting procedure applied to
XRD spectra are summarized in Table 1. The cell pa-
rameters are in agreement with those reported for the
t-ZrO, phase. The samples present a pure nano-
crystalline #-ZrO, phase with crystallite mean size in-
creasing with temperature, and no reflections of the
monoclinic zirconia polymorph are detected at
800°C. Indeed, the formation of a stable #-ZrO, phase,
in the absence of stabilization with divalent or triva-
lent cations, requires that the crystallite mean size
stays below 30 nm, approximately [27]. The spectra
of the thermal treated samples also show the presence
of a small signal at 26=15°, due to an unidentified
phase; actually, this peak was detected in all our
ZrO,-based gels, nevertheless data processing allows
to exclude any zirconia phase.

Thermal behaviour of ZrO; sample

As shown in Fig. 3 the TG analysis of dried ZrO, gel
presents a total mass loss of 34.4% in the 75-1000°C
range. The DTG curve shows an intense peak centred
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Fig. 2 X-ray diffraction analyses of ZrO, sample dried at
room temperature and after heat treatment up to 500
and 800°C (tetragonal zirconia phase reference card

JCPDS n° 42-1164)

(3]
Exo—

Mass loss/%
Heat flow/uV

(V]

200 400 600 800 1000
Temperature/°C

Fig. 3 Thermal analysis of dried ZrO; gel; TG, DTG, DTA
curves vs. pyrolysis temperature

at 330°C, with a partially overlapped band at 200°C,
followed by a second modest signal at 525°C. DTA
curve displays two endothermic bands, referring to
DTG events at 200 and 330°C, and two modest exo-
thermic peaks: the former, less intense at 490°C and
the latter at 530°C. These two exothermal peaks can be
correlated to the crystallization process by taking into
account the small corresponding DTG peak and that
oxidation effects are unlikely under our experimental
conditions. Table 2 summarizes the main thermal data.

Table 1 Values calculated from the Rietveld modified analysis of XRD data; (Tetragonal zirconia structure from JCPDS card
n° 42-1164 gives reference values for a and c cell parameter of 0.364 and 0.527 nm, respectively)

Cell parameters

Sample Temperature/°C Average crystallite size/nm

a/nm c¢/nm
Zr0O, 500 5.4%0.1 0.35940.001 0.51620.002
Zr0O, 800 10.320.1 0.35940.001 0.517£0.001
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Fig. 4 Total ion current (TIC curve) of the evolved gas phase in the TG-MS analysis of the dried ZrO , gel. In the insets mass
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In TG-MS measurement, the contribution of the
evolved gas species gives a total ion current (TIC)
curve obtained from the sum of all ions detected in
each mass spectrum. The TIC curve of the ZrO, gel
(Fig. 4) shows a trend closely symmetric to that of the
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DTG curve, confirming the correct operation of the
TG-MS interface. Mass spectra, recorded in the
TG-MS analysis and related with the most important
thermogravimetric events, indicate the main evolution
of CH;COOH (Fig. 4, inset 7=200°C, m/z signals at 43,
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45, 60) and H,O (m/z signals at 18, 17) at 200°C. These
species could derive from thermally activated conden-
sation reactions involving residual vicinal acetate and
hydroxyl groups present in the ZrO, gel network:

=Zr-OH+HO-Zr=—=Zr-0-Zr=+tH,0,, (1)
=Zr-OH+CH;CO-0—Zr=—
=Zr-O-Zr=+CH;COOHy (2)

At 330°C the release of CH;COCH; (Fig. 4, inset
T=330°C, m/z signals at 43, 58) and CO, (m/z signal
at 44) is observed. Mass spectra recorded in the shoul-
der of the TIC peak at 7=400°C prove the main pres-
ence of CO, and a lower content of the previously de-
tected species, and other hydrocarbons. In the TIC
peak at 7=530°C, H,O and CO (inset 7=530°C, m/z
signal at 28) are present together with an increased

Some TG-GC-MS measurements were carried out
sampling the gas phase released at the most significant
temperatures in order to better identify these com-
pounds; gas chromatographic elutions carried out at
200, 330 and 525°C are reported in Fig. 5. Table 2 re-
ports the species detected at the different temperatures.
Acetic acid together with water in lower amount are
the only species released at 200°C, whereas acetone,
carbon dioxide, and acetic acid in lower extent, are the
compounds detected at 330°C. CH3;COCH; and CO,
derive from reactions involving the migration of a
methyl group between two vicinal =Zr—-O—-COCH;
groups as usually observed in sol-gel metal-oxide ma-
trices prepared from metal alkoxide precursors previ-
ously stabilized by the acetate group [28-301]:

2=7r-OCOCH;—=Zr—O0-Zr=

amount of hydrocarbons (m/z signals at 120, 105, 91, TCH;COCH;3(HCOxg) 3)
44,43,28,27, 16, 15).
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Fig. 5 Gas chromatographic elutions of the gas phase evolved at 200, 330 and 525°C in the pyrolysis of ZrO ,-gel. In the insets
mass spectra recorded corresponding to selected chromatographic peaks (TG-GC-MS analyses)
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Table 2 Mass losses detected in the pyrolysis of the dried ZrO, sample; evolved chemical species detected in the gas chromato-

graphic elutions of TG-GC-MS analyses (100 nm’ sampling)

Mass losses

Thermal event r gasl-_p ha/tosg: Identified chemical species™ (intensity)°
T interval/°C  Relative intensity/% sampiing
75-240 6.8 endothermic 200 H,O (/), CH;COOH (h)
. CO, (h), CH;COCH; (h), CH;COOH (1),
240-470 25.1 endothermic 330 CHyCOOCH,CH,CH; (7)
[CO+CH4+CO,+CyHg] (), [CH;COCH;+H,0] (1),
470-590 1.8 exothermic 525 CH;COOH ()), toluene (7), a dimethylbenzene
isomer (v/), 1,3,5-trimethylbenzene (m)
590-1000 0.7 - - -

*Chemical species are reported in order of elution; "Chemical species eluted inside the same chromatographic peak are reported in
square brackets; “The intensity of the eluted species, inside the same gas chromatogram, are approximately evaluated as: ~=high;

m=medium; /=low; v/i=very low; t=traces

The gas chromatogram sampled at 525°C displays
a first intense peak (retention time #=0.27 min) where
the unresolved CO, CO,, CH4 and C,Hg species are
present (mass spectra of inset £,=0.27 min: CH4 m/z sig-
nals at 16, 15, 14; C,He m/z signals at 30, 29, 28, 27,
26). A second unresolved small peak shows the occur-
rence of H,O and CH3;COCH; (mass spectra of inset
t=0.47 min), followed by a third peak due to
CH;COOH. Relevant amounts of 1,3,5-trimethyl-
benzene give rise to the peak at £=11.57 min, whereas
very low amounts of a dimethylbenzene isomer lead to
a small peak at #=7.33 min. These aromatic hydrocar-
bons could derive from dehydrogenation and cycliza-
tion of evolved propene, which is formed by elimina-
tion reaction of not hydrolyzed n-propoxide groups as
observed in other studies [28-31]:

=Zr-OCH,CH,CH;—=Zr-OH+CH;~CH=CHy, (4)
3CH3;~CH=CH,)—>(CH3);C¢Hsgt3Haq  (5)

Gel matrices prepared from metal iso-propoxide
precursors usually display the evolution of the parent
alcohol. On the contrary, the release of n-propanol
was not observed during the whole pyrolysis process
of this ZrO, sample. Moreover, even the presence of
propene was not detected, suggesting that the reac-
tions that quickly convert this species into the aro-
matic hydrocarbons could be catalyzed by the pres-
ence of the zirconia-oxide matrix.

During the gel pyrolysis process, the evolution of a
single molecular species can be monitored by the plot of
a particular m/z ion current (IC) appropriately selected
among the fragmentation ion pattern of that compound.
In ZrO, gel analysis, the main evolved species were
monitored by taking into account the following m/z ion
currents: m/z 18 for H,O; m/z 60 for CH;COOH; m/z 44
for CO,; m/z 58 for CH;COCH;; m/z 120 for
1,3,5-trimethylbenzene. As shown in Fig. 6, the release
of water is described by three distinct bands, centred at
190, 385 and 535°C. In particular the latter release gen-
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erates the TIC peak at 7=530°C. The evolution of acetic
acid is depicted by a symmetric band centred at 250°C,
which forms, together with the first water release, the
shoulder of the main TIC peak at 7=200°C. The release
of carbon dioxide and acetone is shown by broader
bands centred at 345 and 325°C, respectively. The evo-
lution of these two species together leads to the intense
peak at 7=330°C in the TIC curve. Finally, the release
of 1,3,5-trimethylbenzene is described by a peak at
400°C followed by a small one at 530°C. The correct
description of the whole pyrolysis process is proved by
the perfect overlapping of the curve obtained from the
sum of the representative m/z signals of the above spe-
cies and the experimental TIC curve.

330 m/z 120 (CH,),C,H,
m/z 58 CH,COCH,
miz 44 Co,
i m/z 60 CH,COOH
i m/z 18 H,0
200 i/ %
1
A
4 \ 530
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Fig. 6 lon currents of selected ions chosen to represent the
main released chemical species during ZrO, gel
pyrolysis. The intensity of each m/z ion current is
plotted considering the molar concentration value found
for that compound in the TG-MS semiquantitative
analysis (Table 3). Comparison between the total ion
current and the sum of these ion currents
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Table 3 Data from mass spectra of pure chemical species (collected in TG-GC-MS measurements) and from integrated values

of m/z ion currents® (collected in TG-MS measurement)

Chemical species, m/z representative
ion, [integrated m/z value obtained by

TG-MS analysis/a. u.] m/z signal value/a. u.]

m/z ions from mass spectra of pure substance in
TG-GC-MS analyses, (peak height/mm), [integrated

(Sum of the peak heights/mm)
[integrated amount value of
the chemical species/a. u.]

H,0, 18, [205.2701-10%]
CH;COOH, 60, [80.9227-10°]

CO,, 44, [516.0485-10°]

16 (3); 17 (23); 18 (87)

13 (5); 14 (11); 15 (30); 16 (4); 28 (3); 29 (13);
31 (4); 40 (3); 41 (5); 42 (16); 43 (81); 45 (87); 60 (43)

12 (2); 16 (8); 28 (9); 44 (87); 45 (1)

(113) [266.6192-10°]
(305) [573.9197-10%]

(107) [626.8162-10°]

14 (5); 15 (21); 26 (5); 27 (7): 29 (3): 37 (2); 38 (3);

CH;COCH;, 58, [122.1618-10°]

39 (5); 40 (1); 41 (3) ;42 (9); 43 (87); 44 (2)

(193) [616.0861-10°]

[6.3843-10°]; 58 (38); 59 (2)
15 (3); 27 (9); 28 (3); 39 (16); 40 (5); 41 (7); 50 (4);

1,3,5-trimethylbenzene, 120,
[8.9697-10%]

51 (11); 52 (4); 53 (4); 58 (4) [0.8545-10°]; 59 (3);
63 (5); 65 (6); 77 (16); 78 (5); 79 (9); 91 (12);
103 (7); 104 (1); 105 (87); 106 (8); 115 (4); 117 (2);

(292) [62.3762-10°]

119 (11); 120 (42); 121 (4)

“The integrated values are row data directly calculated by the software of the mass-spectrometer. In the data processing all the digits of
the values were considered but the final parameter values (i.c.: mol% and released amount) are given with the correct number of digits,
according to statistical data analysis; " For the sake of conciseness, only the values used in the processing data are summarized

Semi-quantitative evaluation of ZrO, gel pyrolysis data

On the basis of the main evolved species, their de-
tected gas phase amounts and the reaction mechanism
involved in their release, a semiquantitative interpre-
tation of the pyrolysis process can be proposed in or-
der to determine the chemical composition of the ini-
tial ZrO, xerogel [20].

The TG-MS analysis of ZrO, sample was carried
out on 23.4 mg of dried powder yielding a residual
solid of 15.4 and 8.0 mg of evolved gas. As previ-
ously described, mainly released species were: water,
acetic acid, carbon dioxide, acetone, and 1,3,5-tri-
methylbenzene. The amount (A(j)) of each released
species (j) was determined, first, by integrating the
curve of its representative m/z ion (i) during the whole
pyrolysis process (/m/z(i)), then, by dividing this last
value by the relative intensity ((7)) that this ion has
inside the mass spectrum of the pure substance
(A())=Im/z(i)/r(i)). In turn, when useful, the contribu-
tion of the integrated value of each ion present in the
mass spectrum of that j-species can be calculated by:
Im/z(i)i=A(j)r(i);. Table 3 summarizes: (1) the relative
intensity of all ions detected in the mass spectrum of
each pure chemical species as recorded in the
TG-GC-MS analyses (7(i)=h(i)/2h(i), where h(i) rep-
resents the height of the m/z peak in the mass spec-
trum of that species); (2) the integrated values of the
appropriate ion currents (/m/z(i)), subsequently em-
ployed in the data processing; (3) the released amount
of each species. Water, acetic acid and 1,3,5-tri-
methylbenzene amounts were directly calculated
from the integrated ion currents of their representative
ions, being these signals not common to the fragmen-
tation pattern of the other evolved species. On the

J. Therm. Anal. Cal., 81, 2005

other hand, acetone and carbon dioxide amounts were
evaluated by considering that the integrated ion cur-
rents of their representative ions include the contribu-
tion arising from other species, i.e.:

]m/z(5 S)acetonezlm/z(s 8)TG—MS_Im/Z(5 8) 1,3,5-trimethylbenzene
IM/Z(44)Carb0n dioxide:]m/2(44)TG—MS_[m/Z(44)acetone

From the released amount values (A4(f)), the mo-
lar and mass percentage of each chemical species in
the total evolved gas phase was calculated: %,0(7)=
1004(j)/2A(j). Subsequently, the absolute amount of
each released species was deduced by considering the
total mass loss of the ZrO, sample. Table 4 shows the
chemical composition of the gas phase (8.0 mg)
evolved during the whole pyrolysis process; indeed,
this procedure leads to a semiquantitative analysis of
the gas phase with the approximation of considering
the mass spectrometer as a gas chromatographic de-
tector having the same sensibility in revealing any
different chemical compound.

According to the hypothesis that after the pyrol-
ysis process up to 1000°C, the mass of the residual

Table 4 Chemical composition of gas mixture (8.0 mg)
evolved in the whole ZrO, pyrolysis process calcu-
lated from TG-MS data

roabents Mol Massve Amoutt
CO, (44) 29.2 25.0 4571072
H,0 (18) 12.4 4.4 1.97-102
CH;COCH; (58) 28.7 325 4.50-107
CH;COOH (60) 26.7 313 420107
(11,; g)—nimethylbenzene 29 6.8 046102
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solid (15.4 mg) is constituted of pure ZrO,, corre-
sponding to 0.1250 mmol of ZrO,, the same amount
of Zr atoms must be considered in the initial ZrO,-gel
sample. Taking into account the reactions proposed in
the above discussion to justify the release of the main
observed chemical species (Eqs (1)—(5)) and their re-
leased quantities (in moles), the moles of hydroxyl,
n-propoxide, and acetate groups, bonded to the Zr at-
oms inside the initial ZrO, gel, were calculated by
solving the equation system:

[(=Zr - OH) =2(H,0
—3((CH;),CH,,,)
(= Zr —OCH,CH,CH, ) = 3((CH;),CH,, )
(= Zr —OCOCH,) = 1(CH,COOH,, ) +
+1(CH,COCH,, ) +1(COy,)

) +1(CH,COOH

(2 (2 ) -

This stoichiometric calculus leads to 0.0676,
0.0138 and 0.1320 mmol of =Zr-OH,
=Zr—OCH,CH,CH; and =Zr—OCOCH; groups, re-
spectively. Consequently, 0.1433 mmol of bridging
oxygen atoms were calculated for the residual
15.4 mg of the pyrolyzed ZrO, matrix from the differ-
ence between the number of Zr atom bonds and the
numbers of bonds with terminal groups. From this
procedure, the nominal formula
710 15(OH)o s4(OCH,CH,CH3)o 11(OCOCHj3)1 05 can
be proposed in order to describe the chemical composi-
tion of the synthesized zirconia gel. The goodness of the
pyrolysis process description and the relative data pro-
cessing can be evaluated by the comparison between the
mass value calculated for the nominal gel composition
(23.4 mg) and the amount of gel employed in the experi-
mental TG measurement (23.4 mg).

Conclusions

A homogeneous amorphous ZrO, sample was ob-
tained by sol-gel method by wusing zirconium
propoxide, previously modified by reaction with ace-
tic acid. The gel matrix presented a high residual or-
ganic content, as proved by the remarkable total mass
loss (34.4%). The thermal treatment led to the crystal-
lization of the metal-oxide network to a single phase
(tetragonal ZrO,), yielding crystallites of 10 nm in
size at 800°C as shown by XRD analyses.

A detailed pyrolysis study of the dried ZrO, gel
was carried out by means of coupled TG-MS and
TG-GC-MS measurements. The results of these analy-
ses allowed the qualitative and semiquantitative deter-
mination of the chemical species released in the gas
phase, the description of the reaction occurring during
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the rearrangement of the solid matrix, the determina-
tion of the chemical composition of the initial gel.

During ZrO, gelation, the incomplete hydrolysis of
the Zr-alkoxide precursor retained in the gel matrix a
relevant amount of acetate groups coordinated to the Zr
atoms, together with a lower quantity of n-propoxide
groups. Moreover, the incomplete condensation of the
Zr-oligomeric units also lead to the presence of residual
hydroxyl groups. During the pyrolysis process, the or-
ganic component of the ZrO, gel was initially released,
with loss of H,O and CH;COOH (Egs (1), (2)) by con-
densation reactions among the functional groups mainly
present on the zirconium-oxide chains. After the con-
sumption of the =Zr—OH groups, the remaining organic
moiety underwent decomposition reactions activated by
higher temperatures. The migration of methyl groups
between vicinal acetate ligand led to the release of CO,
and acetone (Eq. (3)) at about 330°C. At 400°C, the
propoxide group decomposition afforded propene mole-
cules immediately converted into aromatic hydrocar-
bons by means of dehydrogenation and cyclization reac-
tions. With the completion of the organic content release
during the last mass loss centred at 530°C (as confirmed
by FTIR analysis), the crystallization of ZrO, occurred.
Finally, the chemical composition of the initial gel ma-
trix  (ZrO;15(OH)g.s4(OCH,CH,CH3)o.11(OCOCH3), 05)
was calculated from the integration of the TG-MS sig-
nals. The reliability of the whole pyrolysis process inter-
pretation and the chemical composition of the crude gel
was also proved by the comparison between the nominal
mass value derived from the proposed stoichiometric
formula and the gel amount used in the experimental
TG-MS measurement.
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