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A new silicon-aluminum-zirconium ternary oxide (SiO2/Al2O3/ZrO2) was prepared by the sol-gel method followed by one-step 
washing with absolute ethanol or two-step washing with absolute ethanol followed by ultra-pure water. Both ternary oxides presented 
high surface area (over 340 m2 g-1). The binding energy values for Zr3d and Al2p levels showed the insertion of Zr and Al atoms 
in silica matrix, confirming the dispersion surface of these elements as shown by scanning electron microscope (SEM) and energy 
dispersive X-ray fluorescence spectroscopy (EDXRF) data. A weight loss around 40 wt.% was found for both samples submitted to 
thermogravimetric analysis (TGA). Crystallographic data showed the presence of monoclinic and tetragonal ZrO2 phases in different 
proportions according to the calcination temperature. Regarding the acid-base properties, temperature-programmed desorption of 
CO2 (CO2-TPD) profiles suggested that washing with water reduced the overall basicity of the samples and removed the strongest 
basic sites. However, according to temperature-programmed desorption of NH3 (NH3-TPD) profiles, washing significantly increased 
the amount of weak acid sites, in agreement with pyridine adsorption data. Brønsted acid sites (BAS) are ever dominant but washing 
with ethanol followed by water reduced the number of Lewis acid sites (LAS).
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INTRODUCTION

The first studies on the sol-gel process are assigned to Ebelman and 
Graham, who underwent hydrolysis of tetraethyl orthosilicate (TEOS; 
Si(OC2H5)4) in acidic conditions. Silica was obtained as a material 
similar  to glass.1,2 The products obtained by this method present 
high purity and homogeneity, besides being obtained at much lower 
processing temperatures than those used in other traditional procedures.3,4

In recent years, several ternary oxides (SiO2/MxOy/NxOy) have 
been synthesized by the sol-gel process.5-9 For example, they 
show potential applications as molecular adsorbents8, metal ion 
preconcentration systems,9 photocatalysis,10 electrocatalysis11 and 
dye adsorption from effluents.12

Oxides such as SiO2, Al2O3 and ZrO2 are important on an 
industrial scale. Their surface properties play a fundamental role 
for many applications.13 Silica (SiO2) is widely used in manufacture 
of glass,14 in the production of electronic components15 and also in 
civil construction, either as a grit or as a component of Portland 
cement.16 It may be present in various crystalline forms: α-quartz, 
β-quartz, α-tridymite, β-tridymite, α-cristobalite, β-cristobalite, 
keatite, moganite, coesite, stishovite, seifertite, melanophlogite and 
fibrous silica.17,18 Silica is suitable as a catalyst support in catalytic 
reforming19 because of its high tolerance to sulfur poisoning and its 
high surface area. Its surface acidity is due to a lower water content 
that is restricted to the inside pores of the material. However, its 
thermal stability is lower compared to alumina.19

Alumina (Al2O3) usually presents a high specific surface area and 
is thermally very stable. This oxide may exist in several crystalline 
forms, such as gibbsite (γ-Al(OH)3), bayerite (α-Al(OH)3), boehmite 
(γ-AlO(OH)), diaspore (α-AlO(OH)) and corundum (α-Al2O3).20 
Gamma-alumina (γ-Al2O3) and delta-alumina (δ-Al2O3) are widely 

employed as catalyst supports for reforming reactions19 and 
hydrodesulfurization (HDS).21,22 The main use of aluminum oxide on 
an industrial scale is in the production of metallic aluminum through 
the Hall-Héroult process.23,24 Zirconia (ZrO2) presents high strength, 
fracture toughness, chemical compatibility and ionic conductivity.25 
Three phases of zirconia are stable at atmospheric pressure: cubic, 
tetragonal and monoclinic.26 This is widely used commercially, from 
the manufacture of laser mirrors, broadband interference filters, ionic 
conductors, components coatings of architectural glass, the coating 
of some types of exterior service paints and for the manufacture of 
jewelry of low-cost.27,28

SiO2, Al2O3 and ZrO2 present distinct acid-base behaviors.29,30 
Silica is generally considered acidic, zirconia is relatively basic30 
while alumina is an amphoteric substance.31 Reactions between 
these oxides lead to the formation of compounds with intermediate 
basicities. It is of interest that the metal oxide dispersed in the silica 
matrix may exhibit different chemical and physical properties from 
those observed in the oxide alone.32 Accordingly, mixed oxides are 
catalytically interesting substrates because their species have acid 
sites of different types, especially those of Brønsted present on silica 
and those of Lewis on the other oxides.33

In this work, we prepared SiO2/Al2O3/ZrO2 samples by the sol-gel 
process and purified them using two distinct washing procedures. A 
set of structural, textural and chemical analyzes were performed to 
characterize in detail these samples in view of a future application 
as an absorbent of anions and metal ions from effluents and/or as a 
heterogeneous catalyst, for example.

EXPERIMENTAL

Materials

Tetraethylorthosilicate (TEOS, 98%), zirconium(IV) butoxide 
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solution (80 wt. % in 1-butanol) and aluminum-tri-sec-butoxide 
(97%) were acquired from Sigma-Aldrich (Saint Louis, MO, USA). 
Absolute ethanol (99.8%), HCl (37% v/v) and HNO3 (95% v/v) were 
purchased from Vetec (Duque de Caxias, RJ, Brazil). Ultrapure water 
(resistivity >18.2 MΩ cm-1 at 298 K) was obtained using a Millipore© 
Milli-Q© purification system.

Synthesis of the SiAlZr ternary oxides

SiO2/Al2O3/ZrO2 samples were prepared according to the 
following procedure: 15.0 mL of 3.5 mol L-1 HCl were added to 
230.0 mL of ethanol/TEOS (50% v/v). The mixture was stirred for 
3 h at 343 K to initiate prehydrolysis. In the next step, 15.0 mL of 
aluminum tri-sec-butoxide were added dropwise to the mixture, 
followed by 3.5  mol  L-1 HCl. The mixture was stirred for 2 h at 
343 K. Then, 62.0 mL of zirconium(IV) butoxide solution were 
added dropwise, followed by 15.0 mL of 3.5 mol L-1 HCl. The 
reaction mixture was stirred for 20 h at 353 K. The solvent was 
slowly evaporated at 373 K until formation of a gel. This gel was 
subsequently heated in an oven at 383 K for 4 h, milled and dried 
under vacuum (10-5 Pa) at 363 K. Two different washing procedures 
were tested. In Procedure A, the solid (SiAlZr-A) was washed with 
absolute ethanol in a Soxhlet apparatus for 24 h. In Procedure B 
(SiAlZr-B), washing was performed in two steps: i) with absolute 
ethanol; ii) with ultra-pure water. Both steps were carried out in a 
Soxhlet apparatus for 24 h. In both routes the final solid was washed 
with 100.0 mL of 0.1 mol L-1 HNO3, (10 mL g-1), absolute ethanol, 
ultra-pure water and absolute ethanol again. The washed solids 
were dried under vacuum (10-5 Pa) for 6 h at 363 K and stored in a 
desiccator.

Characterization

The crystallinity of the thermally treated powders was analyzed 
by powder x-ray diffraction (XRD). Samples were previously heated 
at 473, 673, 873, 1073 or 1273 K for 8 h (283 K min-1). A Bruker 
AXS D8 Advance instrument (Cu Kα1, α2 radiation, 40 kV, 40 mA) 
operating in a Bragg–Brentano θ/θ configuration was used for this 
purpose. The diffraction patterns were collected in a flat geometry 
with steps of 0.02° and accumulation time of 1 s per step. The X-ray 
powder diffraction data were refined following the Rietveld method 
with the TOPAS Academic V.5®. In order to verify the stability of 
the oxides in the silica network, we studied the thermal behavior of 
the samples at various temperatures.

The composition of ternary oxides was determined by energy 
dispersive X-ray fluorescence spectroscopy (EDXRF) on a Shimadzu 
EDX 800 HS. The objective was to evaluate the efficiency of proposed 
synthetic routes using the sol-gel process in this work. Samples were 
pressed using boric acid as the substrate and were analyzed under 
He with an X-ray source operating at 5–50 kV according to the 
measured region.

The specific surface area (SBET) was determined on a Micromeritics 
Model TriStar II instrument using the BET (Brauner, Emmett and 
Teller) multipoint method. Samples were previously activated at 
393 K under vacuum for 24 h. The BJH (Barrett-Joyner-Halenda) 
method was used to obtain the average pore size and volume in the 
mesoporous region.34

Thermogravimetric analysis (TGA) (293–1173 K, 5 K min-1) 
was performed on a Shimadzu DTG-60 instrument under argon flow 
(50 mL min-1).

Scanning electron micrographs (SEM) were acquired using a 
Quanta 400 scanning electron microscope (FEI Company). The 
maximum operating voltage was 10 kV, according to the analyzed 

sample (magnification factor 550x). Samples were dispersed on a 
double-sided conductive tape. Electron dispersive spectroscopy (EDS) 
analyses were run on an INCA PentaFETx3 (Oxford Instruments) 
Energy Dispersive X-ray Spectrometer linked to the SEM equipment.

X-ray photoelectron spectroscopy (XPS) spectra were carried 
out using a Thermo Scientific Escalab 250Xi spectrometer. The 
pressure inside the vacuum chamber was kept below 5 x 10-9 mbar. 
An Al Kα X-ray monochromatized radiation (hν = 1486.6 eV) was 
used as X-ray source and operated at 216 W. The pass energy of the 
spectrometer was 100 eV and 25 eV for XPS survey and core level 
spectra, respectively. C1s (284.8 eV) was used for binding energy 
calibration. The data acquisition and peak fitting was performed using 
the Thermo Avantage© software.

The determination of the value of optical band gap of the 
thermally treated samples was performed through the Kubelka-Munk 
function (F(R)) of data interpretation from the diffuse reflectance 
spectroscopy (DRS) obtained in a Cary 5000 Varian UV-Vis-NIR 
Spectrophotometer, with wavelengths between 190-950 nm and 
barium sulfate as reference.

Acid-base properties were measured through temperature-
programmed desorption of CO2 (CO2-TPD) and NH3 (NH3-TPD). This 
technique allows the differentiation between the sites in relation to the 
basic/acidic strength. CO2-TPD and NH3-TPD were performed on a 
QMS-200 mass spectrometer (Balzers) using the m/z ratios 15 and 18 
for quantification of carbon dioxide and ammonia, respectively. The 
sample pretreatment procedure consisted of heating at 423 K with 
a rate of 283 K min-1 and remaining for 30 min. After pretreatment, 
the assay procedure consisted of heating the samples to 1073 and 
1273 K at 293 K min-1 for both desorption procedures. In both TPD 
procedures, the dissolved gases in the ternary oxides were quantified 
by integrating the area under the curve intensity versus time.

Pyridine was also used as a probe molecule to detect Lewis and 
Brønsted acidic sites in the samples. This characterization allows 
identification of the types of acidic sites present in the samples 
(Brønsted, Lewis, hydrogen bonding and silanols).35 Drops of pyridine 
were added to the samples, after which they were dried under vacuum 
at two different temperatures (298.15 and 423.15 K). After drying, 
the samples were analyzed by FTIR spectroscopy using KBr pellets 
containing 12 wt.% sample.

RESULTS AND DISCUSSION

Chemical composition

The theoretical weight percent of SiO2, Al2O3 and ZrO2 in both 
SiAlZr-A and SiAlZr-B materials are 60.0, 10.0 and 30.0 wt.%, 
respectively. However, EDXRF data are not in full agreement with 
the expected values. The SiAlZr-A material contains 34.9 wt.% of 
ZrO2 and 4.7 wt.% of Al2O3, while the SiAlZr-B material contains 
33.2 wt.% of ZrO2 and 4.8 wt.% of Al2O3. Chlorine was also found 
in both samples: 9.6 wt.% on SiAlZr-A and 8.2 wt.% on SiAlZr-B. 
The content decreased ~15 wt.% after washing with ultra-pure 
water using a Soxhlet apparatus for 24 h. It is possible that some 
chlorine is inaccessible to ethanol or water during washing under 
our experimental conditions.

The presence of chlorine in ternary oxides is attributed to 
hydrochloric acid, employed as catalyst during their preparation. 
Regarding the synthesis, the products obtained showed a significantly 
lower incorporation of aluminum in the materials after the 
purification, probably due to the pH of the reaction medium, which 
was not suitable for the full hydrolysis of the aluminum precursor 
(aluminum-tri-sec-butoxide),36 resulting in a higher zirconium content 
in both materials. It must be emphasized that it is extremely difficult 
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to obtain ternary oxides in the expected weight proportions due to 
the differences between the hydrolysis kinetics of the precursors in 
the same reaction medium. Nevertheless, the sol-gel process has been 
recognized as an extremely useful and reproducible method for the 
synthesis of this material.37

Only samples calcined at 1273 and 1073 K showed crystalline 
phases sensitive to XRD. Samples calcined to 873 K and the samples 
without heat treatment exhibited only a halo-amorphous peak of silica, 
evidencing the high thermal stability of these materials. No crystalline 
phase containing aluminum was observed. The crystallographic data 
of these samples were evaluated using values of unit cell parameters, 
crystallite size and merit figures of Rietveld refinements, which are 
summarized in Table 1.

The data shown in Table 1 and Figure 1 are consistent with the 
ZrO2 (zirconia - HT) tetragonal crystal system of the space group 137 
(P42/nmcZ), inorganic crystal structure database ICSD#66781.38 The 
ZrO2 polymorph indexed as monoclinal phase of baddeleyite phase 
(9.9%) was observed in SiAlZr-A samples treated at 1073 K. When 
this sample was treated at 1273 K, the content of the baddeleyite 
phase decreased to 8.7%. The badeleyite content in SiAlZr-B samples 
treated at 1073 K was 7.1% and only 3.0% for those treated at 1273 K. 
The baddeleyite phase is a monoclinic crystal system of space group 
14 (P121/c1), as described in the inorganic crystal structure database 
ICSD #18190.39

Textural properties

BET specific surface area (SBET) was 349 m2 g-1 for SiAlZr-A 
and 376 m2 g-1 for SiAlZr-B. As both materials present a high 
specific surface area, they are eligible as adsorbents of metal ions, 
electrochemical sensors or heterogeneous catalysts.7 The mean 
average pore size is 33.4 Å for both materials, according to the 
Brunauer-Emmett-Teller (BJH) method, indicating that these ternary 
oxides are predominantly mesoporous;40 the mean pore volume 
was 0.021 cm-3 g-1 for SiAlZr-A and 0.018 cm-3 g-1 for SiAlZr-B, 

thus correlating with their surface area. These data suggest a good 
accessibility to the active adsorption sites and are comparable to 
those reported in the literature for other mixed oxides prepared by 
the sol-gel process.1,41-43

Only one type of adsorption isotherm was found. Both oxides 
presented type IV(b) isotherms. This is typical of mesoporous 
materials, according to the 2015 IUPAC classification.44,45 Pore 
volume distribution in the mesopore zone determined by BJH 
method34 shows the existence of a large population of mesopores 
centered around 20 and 40 nm for both samples.

Thermal stability

Thermogravimetric analysis (TGA) data of the ternary oxides 
showed a somewhat distinct behavior. The SiAlZr-A oxide exhibits 
a total weight loss of approximately 44%, while the SiAlZr-B sample 
lost 35%.

In relation to the SiAlZr-A material, a first weight loss zone 
(approximately 15%) up to 438 K corresponds to loss of water from 
hydrated oxides.46,47 It is followed by an endothermic peak at 348 K. 
The second weight loss zone (about 25%) occurred at 438-738 K 
and was accompanied by an endothermic peak at 473 K. This region 
corresponds to the structural water of the silanol groups (Si–OH) or 
similar ones (–Al–OH, –Zr–OH),47 –Si–O–Si– (siloxane groups)47 
and/or their corresponding analogues (–Si–O–Al–, –Si–O–Zr– and 
‑Al–O–Zr–). The third weight loss was approximately 4% and 
occurred between 738 and 1173 K, corroborating with the high 
thermal stability observed by XRD. It was followed by an exothermic 
peak at 783 K, which may be ascribed to organic matter aggregated 
or encapsulated in the pores of the sample.48 For the SiAlZr-B 
material, a weight loss up to 438 K (weight of mass of 17%) is due 
to loss of water from hydrated oxides.46,47 It is accompanied by an 
endothermic peak at 338 K. The second weight loss (about 11%) 
occurred at 438-738 K and was followed by an endothermic peak at 
473 K, being similar to the SiAlZr-A sample. The third weight loss 

Table 1. Crystallographic data of SiAlZr-A and SiAlZr-B samples thermally treated at 1073 and 1273 K

Sample a=b (Å) c (Å) Vol (Å) Rwp (%) GOF Size (nm)

SiAlZr-A (1273 K) 3.5968 5.1994 67.26 3.08 1.34 10.3

SiAlZr-A (1073 K) 3.5903 5.1863 66.85 2.46 1.09 5.4

SiAlZr-B (1273 K) 3.5964 5.1986 67.24 3.10 1.34 12.0

SiAlZr-B (1073 K) 3.5874 5.1953 66.86 2.41 1.11 5.6

Figure 1. XRD for non-calcined and heated (473-1273 K) SiAlZr-A and SiAlZr-B samples
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was approximately 7% and occurred between 738 and 1173 K, again 
comparable to SiAlZr-A sample.

Surface properties

Figures 2(a) and 2(b) shows the scanning electron micrographs 
(SEM) and their respective element mapping images (Si, Al, Zr, 
Cl and O) made by EDS. The particles do not present uniform size 
and regular spherical shapes, being characterized by a flat surface 
with rough structure. This result points to a very porous material, as 
expected from the textural data presented earlier. Elemental mapping 
by EDS shows that the metal oxide particles are dispersed without 
phase segregation in the silica matrix. Moreover, at the magnification 
levels used (550 x), the ternary oxides are very homogeneous, thus 
suggesting a high uniform distribution of the metal oxides on their 
surfaces. This dispersion is very important because it tends to increase 
the number of acidic sites on the surface or pores of the SiAlZr ternary 
oxides. It can be attributed to strong interactions of other metals with 
the siloxane groups of the silica matrix, forming strong covalent bonds 

(for example –Si–OH, –Al–OH, Si–O–Zr–OH).7 Table 2 shows the 
weight ratio on the surface of the samples, calculated using the EDS 
point spectra. The SiAlZr-B sample has a slightly higher amount of 
zirconium than the SiAlZr-A, according to XPS data, however, in 
disagreement with EDXRF results. Probably, the different amounts 

Figure 2. Scanning electron micrograph of SiAlZr-A (a) and SiAlZr-B (b) ternary oxides. Magnification of 550x

Table 2. Weight ratios calculated through EDS analysis for SiAlZr-A and 
SiAlZr-B ternary oxides

SiAlZr-A

EDS Point SiO2 Al2O3 ZrO2 Cl

pt1 71.61 6.73 17.13 4.53

pt2 71.25 6.14 17.54 5.07

SiAlZr-B

EDS Point SiO2 Al2O3 ZrO2 Cl

pt1 59.72 5.14 29.33 5.81

pt2 61.77 3.61 28.13 6.49
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of elements on the surface of materials by the EDS e XPS techniques 
(surface analysis), regarding of the EDXRF technique (bulk analysis), 
can be associated with the washing process, leading to removal of 
species that were not covalently bound to the silica matrix.

From XPS curves, all the expected elements were found in the 
samples, including chlorine. Table 3 reports the atomic percentage of 
each element in the ternary oxides. It should be noted that the washing 
method in two steps (Procedure B) is removed more chlorine because 
its amount in sample B was lower. Moreover, its aluminum content 
is about three times lower than in the sample A. This difference can 
be attributed to the removal of some aluminum during the washing 
process. As the EDXRF (bulk analysis) data show that both samples 
present similar Al2O3 contents, the different amounts of this element 
on the surface can be associated with the washing process as observed 
by the XPS (surface analysis). 

High resolution spectra of Al2p, Si2p and Zr3d for SiAlZr-A and 
SiAlZr-B are presented on Figure 3. As already observed by EDS, 
there is a mixture of Al2O3, SiO2 and ZrO2 oxides. The presence of 
chlorine in both samples is associated with the crystalline array of 
all oxides. After washing with water (Procedure B), this array did 
not change for silicon and aluminum oxides, however, a significant 
decrease in the Zr3d3/2 peak at 184.8 eV, attributable to a chlorinated 

zirconium oxide suggests the removed chlorine was only associated 
with zirconium oxide. High resolution Si2p spectrum has a profile 
attributed to the Si–C groups, thus suggesting the presence of a 
tetraethylorthosilicate residue in both ternary oxides. Therefore, the 
synthesis process was not fully effective in removing the organic part 
of the silicon precursor. Table 4 shows the relative proportion of each 
element on the surface.

Diffuse reflectance spectroscopy (DRS) is used to describe the 
absorption property for the obtained oxides. Since only the samples 
treated from the 1073 K temperature showed crystalline phases 
observable in the powder X ray diffractogram, only the diffuse 
reflectance UV VIS spectroscopy data for SiAlZr-A and SiAlZr-B 
samples treated at 873, 1073 and 1273 K will be discussed.

The optical band gap was obtained using the Kubelka-Munk 
function [F(R)] from the diffuse reflectance data of the heat treated 
SiAlZr-A and SiAlZr-B (Figure 4). The optical band gap values for 
SiAlZr-A and SiAlZr-B are shown in Table 5.

The values of the band gap (Eg) were obtained by extrapolating 
the linear section of the graphics to the abscissa axis.7 The crystalline 
structure plays an important role in the electronic structure of ZrO2. It 

Table 3. Surface composition of SiAlZr-A and SiAlZr-B (atomic percentage) 
through XPS analysis

Peaks
Binding Energy 

(eV)
SiAlZr-A 

(atomic %)
SiAlZr-B 

(atomic %)

O1s 532.2 40.68 42.92

C1s 285.1 33.23 31.42

Si2p 103.7 13.84 16.98

Cl2p 199.0 5.27 3.42

Zr3d 184.2 4.54 4.48

Al2p 75.8 2.43 0.78

Table 4. Peak assignments and atomic percentage of SiAlZr-A and SiAlZr-B 
through EDS analysis

Elements Peak Assignments
Binding 

Energy (eV)
SiAlZr-A 

(atomic %)
SiAlZr-B 

(atomic %)

Si (2p3/2)

Si-C 102.1 12.11 11.34

SiO2 103.1 71.01 71.72

SixOyClz 104.8 16.89 16.94

Al (2p3/2)
Al2O3 + Alx(OH)yOz 75.1 81.83 81.58

AlxOyClz 77.1 18.17 18.42

Zr (3d5/2)
ZrO2 183.1 61.47 81.86

ZrxOyClz 184.8 38.53 18.14

Figure 3. High resolution spectra of Si2p, Al2p and Zr3d core levels for both ternary oxides
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was also been reported that the pure monoclinic ZrO2 particle showed 
energy band gap of 3.5 eV.49

Navio et al.50 have reported band gaps of 3.7 eV for monoclinic 
ZrO2 powders prepared by the sol-gel method. The differences 
among the band gap values shown in Table 5 can be attributed to a 
structural disorder resulting from the experimental conditions used 
in preparation and the heating of the samples.50 

Absorptions in the range of 5 to 3.5 eV were attributed to 
O2-  →  Zr4+ in addition to the charge transfer in SiO2 and Al2O3 
matrices.51 The crystal structure of ZrO2 markedly influences the 
d-electron-derived conduction band (CBs). The monoclinic ZrO2 
displayed hybridization of Zr 4d CBs in a new single Zr 4d CB.51

Regarding the materials spectra at room temperature, the vibrational 
frequencies relative to pure silica (SiO2) are easily identifiable from 
the FTIR spectra (figure not shown). A broadband (3700-3200 cm-1) 
present in all ternary oxides is due to OH axial deformation in Si–OH 
groups (νO-H) involving hydrogen bonding. The band at 1630-1640 cm-1 
corresponds to the vibrational mode deformation of O–H bonds and 
the band at 1680 cm-1 is due to adsorbed water molecules (δO-H). The 
siloxane groups (Si–O–Si) are characterized by a band in the 1130-1000 
cm-1 region due to axial deformation of this group (νSi-O-Si). The band 
in the 950-830 cm-1 region is attributed to the stretching of the Si–OH 
bond (νSi-OH). The band around 799 cm-1 represents the stretching mode 
of Si–O–Si linkage (νSi-O-Si). Another characteristic silica region is found 
between 1193-1071 cm-1, corresponding to the axial vibration of the 
Si–O group (νSi-O). The angular deformation Si–O–Si bond (δSi-O-Si) 
appears at around 460 cm-1.52-55

Acid-base properties

TPD desorption profiles of the CO2-TPD curves on the surface of 

the ternary oxides examined are shown in Figure 5(a). In the SiAlZr-A 
sample the CO2 desorption started at approximately 323 K, with three 
peaks centered at 402.5, 553.0 and 627.6 K. They are relative to weak 
basic sites. Another peak centered at 1085.9 K is relative to stronger 
basic sites. The SiAlZr-B sample also showed three peaks centered at 
377.4, 410.1 and 539.6 K, but the peaks related to strong basic sites 
are absent. Table 6 describes the total number of basic sites (weak and 
strong) and the corresponding maximum temperatures. Washing with 
ultra-pure water reduced the overall basicity of the ternary oxides, 
as shown by the reduction of the total CO2 uptake by approximately 
50% and the removal of strong basic sites.

Figure 5(b) shows the TPD desorption profiles of the NH3-TPD 
curves of the ternary oxides. In the SiAlZr-A sample, the ammonia 
desorption started at approximately 423 K, with two peaks centered 
at 495.2 and 585.8 K, both related to weak acidic sites. The SiAlZr-B 
sample also showed two peaks centered at 497.4 and 583.6 K. The 
ternary oxides prepared in this work present only weak acidic sites. 
The acidic strength distribution appears to be quite similar, although 
the amount of acidic sites increased considerably after washing with 
water. The amount of ammonia desorbed during TPD experiments 
was 0.039 μmols NH3 gcat

-1 for SiAlZr-A and 2.131 μmols NH3 gcat
-1 

for SiAlZr-B, both in the temperature range 495.2-585.8 K. The 
NH3‑TPD profile (Figure 5(b)) of the ternary oxides shows that 
washing significantly increased by about 25% the amount of weak 
acidic sites on the surface of SiAlZr-B compared to SiAlZr-A 
probably through the formation of Al–OH and Si–OH species.

Ammonia is a smaller molecule than carbon dioxide, which favors 
access to the micropores.56-59 Moreover, ammonia basicity is stronger 
than acidity of carbon dioxide.56-59 Adsorption may via both NH3 and 
NH4

+ forms, but it is not possible to distinguish Lewis (LAS) and 
Brønsted (BAS) acidic sites in a NH3-TPD profile.59 

FTIR after pyridine adsorption (Figure 6) is compared to 
the spectra of pyridine-free adsorbed materials on the surface 
of each material. Spectra are limited in the wavelength range of 
1700‑1400 cm-1, where vibrational modes of pyridine are normally 
observed.7,60

Brønsted acidic sites are due to the –ZrOH or –AlOH groups 
present on the surface of the silica matrix.61-63 In contrast, coordinately 
unsaturated zirconium or aluminum ions are responsible for the 
presence of Lewis acidic sites.7,64,65 All spectra exhibited typical bands 
of Brønsted and Lewis type surface acidic sites, but with different 

Table 5. Optical band gap of SiAlZr-A and SiAlZr-B from the Kubelka–Munk 
function

Sample
Optical Band 

Gap (eV)
Sample

Optical Band 
Gap (eV)

SiAlZr-A 873 K 4.65 SiAlZr-B 873 K 4.66

SiAlZr-A 1073 K 3.86 SiAlZr-B 1073 K 3.90

SiAlZr-A 1273 K 3.85 SiAlZr-B 1273 K 3.83

Figure 4. DRS [Kubelka–Munk function, [F(R)] Normalized] of the SiAlZr-A and SiAlZr-B samples treated at 873, 1073 and 1273 K
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Table 6. Amount of CO2 desorbed during TPD experiments

Sample μmol CO2 gcat
-1

Strength of basic sites (%)
Temperature range (K)

Weak Strong

SiAlZr-A 0.039 61.8 38.2 403.9-1088.6 

SiAlZr-B 0.019 100.0 0.0 378.8-539.1

Figure 5. Profile of temperature-programmed desorption of CO2 (above) and NH3 (below) adsorbed of SiAlZr-A (left) and SiAlZr-B (right) ternary oxides

Figure 6. Infrared spectra of pyridine adsorbed on SiAlZr-A and SiAlZr-B ternary oxides at different temperatures under vacuum: (a) pure SiAlZr, (b) 298.15 K, 
(c) 423 K
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intensities, as observed by the EDXRF and EDS data. SiAlZr-A has a 
higher percentage of ZrO2 and almost the same amount of Al2O3, thus 
explaining its FTIR spectrum (more intense bands in the presence of 
immobilized pyridine, corroborating with EDXRF and EDS results). 
The SiAlZr-A sample presents a higher number of acidic sites on 
the surface than the SiAlZr-B one (Table 6), leading to a greater 
pyridine adsorption.

The band at about 1450 cm-1 indicates the presence of Lewis 
acidic sites (LAS). It refers to the 19b vibration mode of pyridine, 
indicating the onset of the molecularly coordinated C-C stretch of 
pyridine.64 This band is more intense for the SiAlZr-A sample, but 
it shows low interaction with the ternary oxide in both samples. It 
disappeared with increasing temperature. The band around 1541 
cm-1 indicates the presence of Brønsted acidic sites (BAS) due to 
the 8a vibration mode of liquid pyridine adsorbed by van der Waals 
forces.66-68 A band around 1639 cm-1 was found in all samples, 
which is generally attributed to the physically adsorbed pyridine by 
hydrogen bonding to the hydroxyl groups on the oxide surface.69,70 
The 1490 cm-1 band describes a mixture of the two types of acidic 
sites.35,56,69,71-73 After heating, the samples shows mainly Brønsted 
acidic sites.

There is a progressive reduction of the bands corresponding 
to Lewis and Brønsted sites after release of pyridine at 423 K. 
Concentration of BAS and LAS expressed in milligrams of pyridine 
(Py) adsorbed per gram of material (mg Py g-1), were determined 
by the integration of the peaks at 1541 and 1447 cm-1 related to the 
same vibrational mode 19b of pyridine adsorbed at the Brønsted 
and Lewis sites, respectively, of the spectra collected after the 
release of pyridine at 423 K68 according to the procedure described 
by Emeis.60,74 The results are summarized in Table 7. The SiAlZr-A 
material presents about 1.38 times more LAS than SiAlZr-B. On 
the other hand, SiAlZr-B has about 1.37 times more BAS than  
SiAlZr-A.

It can be argued that the nature of the weak sites predicted 
by NH3-TPD is a mixture of Lewis and Brønsted acidic sites and 
physisorption for hydrogen bonding. The presence of the Lewis and 
Brønsted acidic sites on the surface of the ternary oxide allows the 
absorption of electroactive species, for example. Too, this feature is 
very interesting in the area of catalysis.75

CONCLUSIONS

Synthesis of SiAlZr materials by the sol-gel method proved 
efficient. Although the composition of these ternary oxides did not 
exactly match the expected one, the zirconium and aluminum contents 
are still relatively high. In addition, they displayed high specific 
surface areas (SBET). According to XPS and SEM-EDS data, the 
synthesized materials are homogeneous, show no phase segregation 
and suggest insertion of aluminum and zirconium in the silica 
matrix. These materials present good thermal stability according to 
TGA‑DTA data. Crystalline phases in the ternary oxides were found 
only after heating at 1073 K, through XRD. CO2-TPD showed the 
presence of weak and strong basic sites for the SiAlZr-A material and 
only weak basic ones for the SiAlZr-B sample. NH3-TPD pointed to 

the presence of weak acid sites only, but pyridine adsorption detected 
both Lewis (LAS) and Brønsted (BAS) acidic sites. The detailed 
characterization of SiAlZr ternary oxides showed that these samples 
are promising for testing as electrochemical sensors, adsorbent 
for metal ions in effluents, dye removal, heterogeneous catalysis, 
electrocatalysis, photocatalysis, among others.
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SUPPLEMENTARY MATERIAL

Figure 1S presents the nitrogen adsorption-desorption isotherm 
(above) and BJH pore volume distribution plot (below) of SiAlZr-A 
(a and c) and SiAlZr-B (b and d) ternary oxides. Figure 2S presents 
thermogravimetric analysis of SiAlZr-A and SiAlZr-B ternary oxides: 
DTA data (dashed lines) and relative weight loss (full lines). Figure 
3S presents typical XPS survey spectra for SiAlZr ternary oxides. 
All figures are available for download at http://quimicanova.sbq.org.
br in pdf format with free access.
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