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Abstract. Anexperimental strategy was developed to obtain Si—Al—Zr transparent sols via the sol-gel process. The
sol was prepared from Al(OBu®); (OBu®: C,HsCH(CH3)0O), Zr(OPr")4 (OPr": OCH,CH,CHj3) and Si(OEt)4. The
chelating agents acetylacetone (2, 4 pentanedione, acacH), and itaconic anhydride (2-methylenesuccinic anhydride,
anhH) were employed separately to stabilize Al and Zr precursors in order to control their chemical reactivity,
avoiding precipitation. In all cases a prehydrolyzed tetraethyl orthosilicate (TEOS) sol was the Si source. We use
the Partial Charge Model as a theoretical indication of the stabilization of the Al and Zr species derived from the
reaction with anhH and acacH. The sols were polymerized at room temperature (293 K) to obtain gels and these were
dried and calcined at 673, 773 and 873 K in air. The characterization techniques were Small Angle X-ray Scattering
(SAXS), Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Thermal Gravimetric (TGA)
and Differential Thermal Analyses (DTA). The porosity and surface area of solids calcined at 673, 773 and 873 K
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were determined by N, adsorption/desorption isotherms. The corresponding average pore diameter was evaluated
using the methods BJH, HK and DA. These models were used because all together cover the full range of the pore

size.
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Introduction

The sol-gel route using metal alkoxides is of great in-
terest in the preparation of homogeneous multicom-
ponent glasses and thin films for technological appli-
cations [1, 2]. This method offers several advantages
such as high purity of the final material, microstruc-
ture control, homogeneity at molecular scale, and low
temperature preparation [3]. The starting components
are usually alcoholic solutions of alkoxides which un-
dergo condensation reactions after initial hydrolysis
[4]. For preparation of SiO,—Al,O3—ZrO, by the sol-
gel method, TEOS, zirconium and aluminum alkoxides
have been widely used as starting materials. However,
the hydrolysis rate of zirconium and aluminum alkox-
ides are much faster than that of TEOS. The differences
in structure and bond chemistry between those alkox-
ides (Si, Al, Zr) requires a careful procedure of hydrol-
ysis and condensation of the mixed sols to tailor the
structure at molecular scale. To circumvent this prob-
lem, many methods, including prehydrolysis of the sil-
icon alkoxide, and modification of the zirconium and
aluminum alkoxides separately, have been used [5].
The goal of this research was to obtain microporous
Si0,—Al,O3—ZrO, systems, based on a controlled
hydrolysis-condensation process of the components.
These materials are of interest in various areas of mate-
rials science such as alkali resistant glasses, chemically
stable refractories, glass ceramics or zirconia tough-
ened ceramics [6, 7]. The sols, gels, xerogels and oxides
were obtained from a prehydrolized TEOS sol and Al
and Zr alkoxides that were previously stabilized using
anhH and acacH. The chelating agents were employed
separately to stabilize the Al and Zr precursors. AcacH
has often been reported in the sol-gel literature as a sta-
bilizing agent for A1(OBu®); [8—10], and Zr(OP1r")4 [9—
12]. The polymeric route has been previously used for
the preparation of SiO,—ZrO, [13], Si0,—TiO, [14,
15] and SiO,—TiO,—ZrO; [16, 17]. Our experimental
strategy allows to obtain interpenetrating oligomeric
chains that lead to the formation of microporous struc-
tures, compared to a random close packing of particles,
that would be obtained in a particulate system.

Experimental
Preparation of an A2 sol [17-19]

Chelating Agents. Two chelating agents (c.a.) were
used to stabilize Al and Zr: 1. itaconic anhydride (2-
methylenesuccinic anhydride, anhH) and 2. acetylace-
tone (2, 4 pentanedione, acacH). In all cases the molar
ratio (c.a.)/M (M: Al, Zr) was 2.0.

Preparation of the Si—Al—Zr sol

A solution composed of acacH in EtOH was added to
a sol containing Al(OBu*); dissolved in EtOH. The
mol ratio acacH: Al was 2:1. AcacH dissolved in EtOH
were added to a sol previously prepared, composed of
Zr(OPr"), in EtOH. The mol ratio acacH:Zr was 2:1.
The sol A2 was added dropwise to the chelating Zr sol
(addition time: three hours). The Si—Zr sol was added
dropwise to the chelating Al sol (addition time: four
hours), to obtain the Si—Al—Zr sol. All the reactions
were performed at room temperature (298 K). The sols
were transparent and stable during the whole polymer-
ization process. The molar ratio Si:Al:Zr was 80:7:13.
The sol composition was calculated to obtain 5.0 wt. %
of the corresponding oxides after calcination at 873 K.

Characterization Techniques

The Small Angle X-ray Scattering (SAXS) measure-
ments were done with an equipment composed of a
Kratky camera coupled to a copper anode tube. Nickel
filters were employed to provide a wavelength selec-
tion which comprised a narrow band around the Cu K,
line. Small Angle X-ray curves were recorded with a
position proportional counter. Data were analyzed as
suggested in refs. [20-22].

The FTIR spectra of the sols were obtained us-
ing a spectrophotometer Perkin Elmer 1600 in the
4000-200 cm™! region using nujol as the solvent. The
samples were deposited between KBr plates and then
analyzed. The FTIR study of xerogels and oxides cal-
cined was performed using a spectrophotometer in the
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4000—400 cm~! region. KBr pellets were prepared
grounding the samples in an agate mortar and mixing
with anhydrous KBrin a weight ratio 10:1 KBr:sample,
respectively.

X-ray diffractograms were obtained using a zirco-
nium filtered molybdenum X-rays. High values of the
angular parameter (s =41I1 sin 6/A, where 6 is the Bragg
angle and A the wavelength) were thus obtained. The
intensity values, read at intervals A20 =1/8° from
260 =4° to 26 =70°, were the input data for the Magini
and Cabrini program [23].

Thermal gravimetric (TGA) and differential thermal
analyses (DTA) of powders were performed in a NET-
ZSCH STA 409 EP equipment, in air atmosphere at 10
K/min heating rate, from 303 to 1273 K.

The N, adsorption/desorption isotherms of the xero-
gels calcined at 673, 773 and 873 K, were measured at
77 K in a Quantachrome Autosorb-3 after outgassing
at 423 K for 12 h.

Results and Discussion

In order to clarify the discussion, the structures of
acacH and anhH are presented in Fig. 1. The Partial
Charge Model [24, 25] is based on the principle of elec-
tronegativity equalization stated by Sanderson [26, 27].
In this work we use the Partial Charge Model as a the-
oretical indication of the stabilization of the Al and Zr
species derived from chelating with anhH and acacH,
see Table 1. According to this principle, the criterion
for stability of a ligand (i.e. anhH, acacH) bonded to a
metal ion (i.e. Al, Zr) is given by its partial charge value
(8); the more negative this value, the more stable is the
ligand bonded to the metal ion. The opposite occurs for
ligands positively charged. In the present case we are
using the partial charge model only as a first approach
to try to explain the stability of the species formed
once the chelating molecules bond to the alkoxides.
As shown in Table 1, in all cases §(anh) and §(acac)
values are negative indicating that anh™ and acac™ are
strongly bonded to Al and Zr, whereas the §(OPr") val-
ues in Zr and §(OBu®) values in Al chelated with anhH
and acacH are positive (results not shown here), and
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Figure 1. Chelating agents: (a) acetylacetone (acacH), and (b) ita-
conic anhydride (anhH).
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Table 1. Partial charge (§) values of bidentate Zr(VIII) and Al(VI)
species chelated with acacH and anhH separately (c.a.: chelating
agent).

Specie 8(Zr) S(acac) 8(Zr) S(anh)
Zr(OPr")4 +0.7021 - +0.7021 -
Zr(OPr")4(c.a.); +0.7347 —0.5399 +0.7727 —1.1691

Zr(OPr")3(c.a.)2(H,0) +0.7415 —0.4717 +0.7856 —1.0716

Zr(OPr")(c.a.)3 +0.7498 —0.3884 +40.8219 —0.7978
Zr(OPr")(c.a.)3(H,0)  +0.7598 —0.2885 +0.8467 —0.6108
Especie S(AlD) S(acac) S(Al) S(anh)
Al(OBu®)3 +0.4828 - +0.4828 -

Al(OBu®)3(c.a.)(H,0) +0.5086 —0.6397 +0.5283 —1.3686
Al(OBu®)s(c.a.); +0.5199 —0.5159 +0.5659 —1.0566
Al(OBu®)(c.a.)2(H,0) +0.5332 —0.3697 +0.5947 —0.8179

consequently very unstable. Upon hydrolysis the pos-
itively charged (Pr"O) and (Bu®O) species are easier
to remove than the negatively charged (anh and acac)
groups.

The fractal dimension (Dg) value of the fresh sols
Si—Al(anh)—Zr(anh) and Si—Al(acac)—Zr(acac) were
obtained from the Log I (h) vs. Log (h) plot. These
Small Angle X-ray Scattering (SAXS) results indicate
that linear oligomeric species were produced. The cor-
responding values were 1.70 and 1.81 respectively. The
theoretical value of linear swollen oligomeric chains is
1.66 [13]. The form of the particles in the gels was
estimated from the Kratky plot (Fig. 2). According to
Kataoka et al. [28], if the Kratky curve presents a broad
peak, the scattering particles most probably present a
globular conformation; whereas if the curve approxi-
mates a plateau, the particles most probably are fibri-
form objects. According to these plots, in both cases the
obtained oligomers are fibriform. These results agree
with those obtained from SAXS, where linear chains
were detected.

The FTIR bands assignment for the Si—Al(c.a.)—
Zr(c.a.) sols is given in Table 2. The chelating of Al
and Zr was detected in the fresh sols in the region
1381-1274 cm~! when anhH was the chelating agent.
The bands appeared at 1380—-1280 cm~! in the case of
acacH (see Fig. 3). As expected, these bands decrease
with thermal treatment of the samples (Figs. 3(b)—(c)),
and completely disappear at 873 K (Fig. 3(d)). The ev-
idence of Si—O—Al bond has also been demonstrated
previously by 70 [29], 2°Si [30, 31] and ?’ Al NMR
[32], whereas the Si—O—Zr bond has been demon-
strated by 70 NMR [33, 34]. In this research the
Si—O—Al and Si—O—Zr bands, were clearly detected



34 Mendoza-Serna et al.

Table2. FTIR bands assignmentin fresh Si—Al(c.a.)—Zr(c.a.) sols.

Wavenumber (cm™')

Assignment Si—Al(anh)—Zr(anh) Si—Al(acac)—Zr(acac)
O—H stretching [35] 3339 3354
C—H stretching [36] 2968 2972
2926 2930
O—H bending in 1639 1645
free H,O [37]
1579 1594
CH3; bending [38] 1456 1460
C—O—M stretching, 1381 1380
(M: Zr, Al) [39]
1334 1330
1274 1280
O—H stretching 1154 1150
in Si—OH [40, 41]
Si—O0—Al[42, 43] 1080 1082
Si—O stretching 1053 1050
in Si—O—Si
disiloxane [39]
Si—OH stretching [44] 968 970
Si—O rings [41] 882 880
Si—O—Zr [16, 42] 793 796
Si—0—Si [41] 450 460

inall the FTIR spectra of the sols. These bands appeared
in the fresh Si—Al(acac)—Zr(acac) sol at 1082 cm™!
and 796 cm™!, respectively, and it gradually disap-
peared in the xerogel (Fig. 3(b)) and the solids calcined
(Figs. 3(c)—(e)) due to the proximity of the Si—O—Si
intense band at 1050 cm ™.

The Si—Al(anh)—Zr(anh) and Si—Al(acac)—Zr-
(acac) powders analyzed by X-ray diffraction were
found to be amorphous even after thermal treatment at
873 K. The XRD patterns of the Si—Al(anh)—Zr(anh)
powders are shown in Fig. 4. Weak reflections on
zirconia were identified only after calcining at 1173
K; see Fig. 4(d). Similar results were obtained for
the Si—Al(acac)—Zr(acac) samples. These results in-
dicate that the powders structure was stable up to
873 K. Regarding the DTA and TGA results of
Si—Al(anh)—Zr(anh) (Fig. 5), the weight loss was
slowly completed at 973 K. The first weight loss oc-
curred at 303-473 K (8%). It was accompanied by a
weak endothermal peak at 393 K. These changes are
due to the elimination of solvent and H,O [35]. The
second weight loss occurred at 473-973 K (40%) and
it was accompanied of an exothermal peak at 693 K that
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Figure 2. Kratky plot of the gels at room temperature (298 K):
(a) Si—Al(anh)—Zr(anh) and (b) Si—Al(acac)—Zr(acac).

corresponds to the burning of organic residue [45]. Sim-
ilar results were obtained for Si—Al(acac)—Zr(acac).
The isotherms for the Si—Al(acac)—Zr(acac) at 673,
773 and 873 K appear in Fig. 6. The samples ex-
hibit an isotherm type I [46, 47] indicating that mi-
cropores are present along with mesopores. Type 1
isotherms are exhibited by microporous solids hav-
ing relatively small external surface. Sintering oc-
curred during this calcining temperature range (673—
873 K) as the adsorbed volume gradually decreased;
particularly between 773 and 873 K (see Fig. 6).
This temperature range corresponds to the elimina-
tion of organic residue. The corresponding adsorption-
desorption isotherms of Si—Al(anh)—Zr(anh) (results
not shown here) show a low hysteresis in the desorp-
tion branches, that can be interpreted as the existence
of smooth and cylindrical pores. The ¢-Plot of data
confirmed the presence of micropores, because posi-
tive intercepts were obtained [48], the corresponding
values for Si—Al(acac)—Zr(acac) were 3.5, 17.5 and
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Figure 4. X-ray powder diffraction patterns of Si—Al(anh)—Zr(anh) at: (a) 423 K, (b) 573 K. (c) 873 K, and 1173 K.
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Figure 5. DTA/TGA curves of Si—Al(anh)—Zr(anh).

19.0 for the solids calcined at 673, 773 and 873 K,
respectively. The pore size distribution in the microp-
ore zone was evaluated using the methods proposed by
Horvath-Kawazoe (HK) [49], and Dubinin-Astakhov
(DA) (see Fig. 7). There is a widening of the pore size
distribution with the thermal treatment; this result con-
firms the sintering observed in the isotherms. The pore
size distribution in the mesopore zone was evaluated us-
ing the method proposed by Barret, Joiner and Halenda

(BJH) [50]. The results appear in Table 3. The BET sur-
face area of the xerogels calcined at 673, 773 and 873
K of the Si—Al(acac)—Zr(acac) samples were 63, 59
and 14 m?/g respectively, while the Langmuir surface
area were 100, 95 and 23 m?/g respectively. Regarding
the HK and DA methods, the average pore diameter
of the samples was found to be smaller than 2.0 nm.
The surface area reduction and the further size growth
of the pores with the thermal treatment are caused by
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Figure 7. Pore size distribution of Si—Al(acac)—Zr(acac) at 673, 773 and 873 K according to the Horvith-Kawazoe model.

the elimination of organic residue. Larger surface area
values were obtained when acacH was the modifying
agent (see Table 3), indicating that it bonds strongly to
Aland Zr and retards sintering. This was not the case for

anhH, as a low surface area was initially obtained and a
dramatic reduction occurred at 773 K. In addition, the
average pore diameter of Si—Al(acac)—Zr(acac) were
smaller compared to Si—Al(anh)—Zr(anh). According
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Table 3. Porosimetry data of the Si—Al(c.a.)—Zr(c.a.) samples.

Average pore diameter

BET Langmuir (nm) method
surface area surface
Sample Temperature (K) (mzlg) area (mz/g) BJH HK DA
Si—Al(anh)—Zr(anh) 673 27 43 1.6 1.5 1.6
773 2 5 2.4 1.8 1.9
873 - - 2.7 1.8 1.8
Si—Al(acac)—Zr(acac) 673 63 100 1.7 1.5 1.7
773 59 95 1.7 1.4 1.7
873 14 23 1.6 1.5 1.8
to these results, acacH is a better stabilizing agent for 4. Ch. Wies, K. Meise-Gresch, W. Miiller-Warmuth, W. Beier, A.A.
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