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Abstract

The mechanism of zirconia textural stabilization by means of basic reflux was studied. In agreement with earlier studies, zirconia was modified
by silicon extracted from the glass material in the same manner as if silicon compounds (e.g., TEOS, SiO2) had been added to the reaction
mixtures. The reflux in a Teflon bulb without the addition of silicon did not lead to improved textural properties. EXAFS study of both refluxed
and nonrefluxed specimens showed their similarity and probably some dehydration of the precipitate. The FTIR, NMR, and XPS spectroscopic
characterizations suggested that silicon was strongly segregated on the surface, probably in the form of silicate moieties anchored on zirconia.
A reflux stage was necessary to achieve efficient spreading of the silicate over the surface of the precipitate. For the solids calcined at 1173 K, the
surface stabilization corresponded to the formation of a “metastable monolayer” coverage, similar to that observed for zirconias doped by other
oxoanions, such as molybdate or tungstate. Isooctane hydrocracking and o-xylene hydrogenation were studied in the presence of Pt supported on
the oxides as prepared. Hydrodesulfurization of thiophene was carried out in the presence of Mo and NiMo sulphides using the same supports. In
all three reactions studied, the digested zirconia support demonstrated properties similar to those of pure silica.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Zirconium oxide is a promising support for various cat-
alytic applications, including hydrotreating [1], partial oxida-
tion [2], hydrogen production [3,4], and others. The textural
properties of catalytic supports, such as specific surface area
and pore volume, as well as their thermal stability, are of
primary importance for these applications. To obtain zirconia
supports with advantageous morphology, different preparation
techniques have been proposed, including sol–gel [5], aerogel
[6,7], molten salt [8,9] and surfactant-assisted [10,11] synthe-
ses. Although all of these methods were more or less successful
for doped zirconias, no pure ZrO2 support with textural proper-
ties comparable to those of silica or alumina was obtained.
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Earlier, Chuah et al. [12–14] found that the reflux of hydrous
zirconia at basic pH led to a significant improvement in tex-
tural properties, increasing the specific surface area from ca.
100 m2/g for the nondigested precipitates to >300 m2/g for the
digested precipitates. At the same time, excellent thermal stabil-
ity was observed. This finding represented a real breakthrough
in the preparation of zirconia catalytic supports. The effect was
explained by coarsening of the hydrous zirconia network. The
preparations were optimized in terms of concerns regarding the
reflux pH and its duration, but various authors found very differ-
ent values of textural parameters and optimal reflux conditions.

The problem was resolved recently when it was demon-
strated that this texture-stabilizing effect was due to the sili-
con species coming from the glass vessels used for the reflux
[15,16]. Therefore, the supports as prepared are not pure zirco-
nias, but rather are doped with silicon. Thus, both the outstand-
ing texture-improving effect and its poor reproducibility were
explained. Questions remained, however, about the nature of
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this effect. Indeed, silica-doped zirconias obtained from various
co-precipitation techniques are well known [17–22]. However,
such a low silica content as that in digested solids never led to
such strong textural stabilization effects. This paper deals with
the elucidation of the silicon effect by characterization of di-
gested zirconia and their comparison with silica-doped ZrO2
specimens prepared by other techniques. The main question
was whether the silicon species are completely located at the
surface or are more or less homogeneously distributed between
the surface and the bulk of such materials. The answer is impor-
tant for catalytic applications of such supports; if high numbers
of silicon species are located at the surface, then the correspond-
ing catalytic supports should demonstrate silica-like behavior;
otherwise they could be considered from a catalytic standpoint
as doped zirconias.

2. Experimental

2.1. Support preparation

The solids were prepared by aqueous precipitation of zirco-
nium oxychloride (Sigma) by an excess of aqueous ammonia,
followed by different treatments. For the nonrefluxed speci-
mens, the precipitate was filtered, thoroughly washed with dis-
tilled water, and oven-dried. Alternatively, the precipitates were
then treated by reflux at pH 11 and 373 K in Teflon or glass
vessels, or dried and impregnated with TEOS (Aldrich). The
solids designations and preparation conditions are summarized
in Table 1.

Calcination was carried out in flowing dry air (100 ml/min)
for ca. 0.5 solids. Unless stated otherwise, the heating rate was
4 K/min, and the calcination time at final temperature was 2 h.

2.2. Catalyst preparation

Supported platinum catalysts (1% Pt) were prepared by in-
cipient wetness impregnation using chloroplatinic acid (Sigma)

Table 1
Solid designations and preparation conditions

Reference Preparation Si content
(wt%)

ZR-Reflux0 Precipitation, washing, and drying –

ZR-Reflux72-Tefl Precipitation, reflux 72 h at pH 11
in a Teflon bulb, washing, and drying

–

ZR-Reflux8 Precipitation, reflux 8 h at pH 11
in a glass bulb, washing, and drying

0.8

ZR-Reflux72 Precipitation, reflux 72 h at pH 11
in a glass bulb, washing, and drying

4.1

ZR-TEOS-Coprec Co-precipitation of TEOS and ZOC,
washing, and drying

1.6

ZR-TEOS-Reflux72 Co-precipitation of TEOS and ZOC,
reflux 72 h in a Teflon bulb, washing,
and drying.

1.6

ZR-TEOS-Imp Impregnation of ZR-Reflux0 by TEOS,
maturation 8 h, and drying

2.4
as the metal precursor. The samples were calcined at 773 K
for 2 h, then reduced under hydrogen at 573 K for 6 h. Other
supports were used for comparison, γ alumina (Condea), silica
(Grace), and silica-alumina (Condea; 40% of SiO2; so-called
SiAl40). A solution of the desired amount of hexachloroplatinic
acid (H2PtCl6) in deionized water was added to the support.
The amount of liquid required to fill the pore volume of the
supports was about 0.3 ml/g for zirconia, 0.5 ml/g for alumina,
and 1.4 ml/g for silica–alumina.

Supported Mo oxides were also obtained by the incipient
wetness impregnation with ammonium heptamolybdate aque-
ous solutions, followed by drying and calcination at 723 K in
air for 2 h, to decompose the precursor salts. The loading of
metals was of 9 wt% Mo. Sulfidation of supported Mo oxides
was carried out at a 3 h−1 weight flow of 15% H2S–H2 mix-
ture, for 4 h at 673 K. The nonpromoted catalysts presulfided as
described above were further handled under inert atmosphere.
Then these supported sulfide Mo catalysts were impregnated
with acetone solutions of the promoter salt [Ni(NO3)2·6H2O]
to obtain the 3 wt% loading of Ni calculated for the dried oxide
catalyst. The catalysts were dried under nitrogen and resulfided
for 1 h at 673 K in a H2S–H2 mixture.

2.3. Physicochemical characterizations

Chemical analyses were carried out by an atomic emission
method using a Spectroflame ICP apparatus. Surface areas and
pore size distributions were obtained by adsorption–desorption
of N2 at 77 K. Before measurements, all samples were evac-
uated at 673 K for 2 h. Calculations were done using BET
and BJH equations. The X-ray diffraction (XRD) patterns were
recorded on a Siemens D5005 diffractometer using Ni-filtered
CuKα radiation. The diffractograms were analyzed using the
standard JCPDS files. 29Si MAS NMR data were collected with
a 400-MHz multinuclear FFT Bruker spectrometer at a Lar-
mor frequency of 79.46 MHz. IR spectra were recorded with
a Bruker Vector 22 spectrometer by using autosupported pel-
lets of the solids in the IR cells with CaF2 windows. Before
the measurements, the pellets were evacuated at room temper-
ature under dynamic pressure 0.01 Pa. High-resolution trans-
mission electron microscopy (HRTEM) was done on a JEOL
2010 device, using a 200-kV accelerating voltage. X-ray pho-
toelectron spectroscopy (XPS) analyses were performed us-
ing an ESCALAB 200R (VG Scientific) spectrometer with
an AlKα source (1486.6 eV). Platinum dispersion in the sup-
ported catalysts was measured by a hydrogen chemisorption
technique.

EXAFS measurements were carried out at the European
Synchrotron Radiation Facility (ESRF) in Grenoble on beam-
line FAME equipped with a Si(111) double-crystal monochro-
mator. The samples were diluted with cellulose and pressed into
a pellet. The EXAFS spectra were recorded at the Zr K-edge at
room temperature, in transmission mode. The energy was cal-
ibrated using a Zr metal foil. The EXAFS data were treated
with FEFF [23] and VIPER [24] programs. Then edge back-
ground was extracted using Bayesian smoothing with variable
number of knots. The curve fitting was done alternatively in
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the R and k spaces, and the fit was accepted only in the case
of simultaneous convergence in k- and R-spaces (absolute and
imaginary parts for the latter). Coordination numbers (CN), in-
teratomic distances (R), Debye–Waller parameters (σ 2), and
energy shifts (�E0) were used as fitting variables. Constraints
were introduced, relating the fitting parameters to get values
lying in physically reasonable intervals. The quality of the fit
was evaluated using the values of variance and goodness. Com-
parison between the models depending on different number of
parameters was performed on the basis of F -test included in the
VIPER software [24].

2.4. Catalytic tests

All of the experiments were carried out in catalytic mi-
croreactors operated in dynamic mode in the gas phase. Re-
actants were introduced by means of a gas saturator. Hy-
drogenating properties of the Pt catalysts were determined
by structure-insensitive hydrogenation of ortho-xylene (1,2-di-
methylbenzene). The reaction was carried out at 573 K and
atmospheric pressure, with an ortho-xylene partial pressure of
4 kPa, a hydrogen flow rate of 0.45 ml/s, and a catalyst weight
of 0.05–0.10 g.

Catalyst acidity was evaluated by hydrocracking (HC) of
2,2,4-trimethylpentane (isooctane) [25–27]. The reaction was
carried out at 523 K and atmospheric pressure, with an isooc-
tane partial pressure of 1.7 kPa, a hydrogen flow rate of
0.67 ml/s, and a catalyst weight of 0.05–0.15 g. Thiophene
hydrodesulfurization (HDS) was carried out at 573 K and at-
mospheric pressure, with a thiophene partial pressure of 2.4 kPa
and 100 kPa of hydrogen, a total flow rate of 6 l/h, and a cata-
lyst weight of ca 0.1 g.

In all catalytic tests, the products were analyzed by gas
chromatography. The specific rate was calculated in the steady
state according to the equation R = FX/m, where R is the
specific rate (mol/(g s)), F is molar flow rate of the reactant
(mol/s), X is the conversion of reactant (kept below 20%), and
m is the catalyst weight (g). The relative error on rate mea-
surements was about 10%. The results of catalytic tests for
different supports were compared at the same levels of conver-
sion.

3. Results and discussion

The beneficial effect of silicon on zirconia textural proper-
ties was evaluated for different modes of silicon introduction. It
appears that the same effect can be obtained whether the source
of silicon is TEOS, dispersed silica, or the walls of glass bulbs
used for reflux. Fig. 1 shows the surface areas of the samples
calcined at 823 and 1173 K. The points corresponding to dif-
ferent modes of silicon introduction follow the same trend of
increased surface area versus silicon content. At the same time,
refluxed samples show considerably higher surface areas com-
pared with their nonrefluxed counterparts, in which silicon was
introduced by impregnation or co-precipitation. Therefore, re-
fluxing treatment seems to be an important step for increasing
Fig. 1. Effect of the silicon content and the refluxing treatment on the specific
surface area: (a) with reflux and calcination at 823 K for 2 h; (b) without reflux
and calcination at 823 K for 2 h; (c) with reflux and calcination at 1173 K for
2 h.

the efficiency of silicon spreading and the textural stabilization
of zirconia.

Note that silicate moieties are stable in aqueous medium at
the pH of refluxing treatment. As with refluxing in a Teflon
bulb, this did not improve the textural properties for the cal-
cination conditions that we applied. However, the effect of di-
gestion itself cannot be dismissed on the basis of our study,
which deals with only short calcination times. Indeed, diges-
tion surely modifies the precipitate structure. Thus, according
to our unpublished SANS data, it changes the fractal dimen-
sion of the precipitates at different Q vector scales (digestion
increases it at short scales and decreases at long scales). Such
changes likely will result in variations of longer time-sintering
kinetics. A detailed investigation of sintering kinetics might be
a subject of another study, but is beyond of scope of this pa-
per.

3.1. Comparison of the dried solids

Although the influence of silicon was demonstrated to be
the most probable reason of zirconia textural stabilization on
digestion, speculations are still often met in the literature about
the important changes due to basic digestion itself, indepen-
dently of silicon incorporation [28,29]. There is nothing im-
plausible in such assumption, because the texture-improving
effects of aging are well known for silicas. To check whether
the coordination of zirconium species was modified due to ba-
sic reflux, and whether this structure has common features with
crystalline zirconia, we performed EXAFS study on the most
relevant specimens: refluxed and nonrefluxed xerogels. It has
been found that all the hydrous zirconia samples, whether initial
or refluxed for 72 h, are X-ray-amorphous. Therefore, to follow
the evolution of zirconium coordination, and the eventual dif-
ferences between the solids, EXAFS spectra were recorded for
dry precipitates obtained without reflux and after 72 h of re-
flux. The spectra were compared with the monoclinic zirconia
reference.
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Fig. 2. Fourier transforms of the χk3 EXAFS spectra of the digested precipitate,
the nondigested precipitate and monoclinic zirconia reference.

The corresponding Fourier transform spectra are presented
in Fig. 2. As can be seen, the general features of the FT spec-
tra are similar for both amorphous solids prepared either with or
without reflux. The amorphous solids show a much smaller con-
tribution of the second neighbor, probably because both solids
are strongly disorganized compared with the crystalline refer-
ence. No formation of “monoclinic-like” or “tetragonal-like”
structures can be inferred from the EXAFS spectra, which in
both cases would imply a strong increase of the second neigh-
bor peak. As the only difference, some slight decrease in oxy-
gen coordination number in the first shell was observed after
reflux, as if some increase of the solid dispersion had occurred
(Table 2). In general, the EXAFS study shows similar zirco-
nium coordination in the initial precipitate and the digested one
and excludes any strong structural perturbation on the treat-
ment.
Table 2
Zr K-edge EXAFS fit results for the digested, nondigested and monoclinic zir-
conia reference

Atom R

(Å)
N σ 2

(Å2)
�E0
(eV)

ZR-Reflux72
O 2.13 3.56 0.004 5.4
O 2.28 2.13 0.004 5.4
Zr 3.53 1.34 0.007 5.4

ZR-Reflux0
O 2.13 3.96 0.005 6.1
O 2.25 2.54 0.005 6.1
Zr 3.45 1.2 0.007 6.1

Monoclinic zirconia reference
O 2.11 4.5 0.005 3.2
O 2.22 2.8 0.005 3.2
Zr 3.45 5.2 0.007 3.2

3.2. Comparison of the calcined solids

Textural measurements show that silicon acts only at the cal-
cination stage. Indeed, the noncalcined solids have the same
surface area, but after calcination, the silicon-containing speci-
men gains advantage over its nondoped counterpart, as can be
seen from Fig. 3. Therefore, silicon does not act on the stage of
xerogel or humid precipitate formation, but reveals its impor-
tance only during the thermal treatment.

Dried precipitates cannot be efficiently studied by electron
microscopy because they change under the microscope beam.
The refluxed specimen ZR-Reflux72 was observed by HRTEM
after calcination at 823 K and appeared to consist of 2- to 5-nm
globules forming shapeless agglomerates (Fig. 4). After calci-
Fig. 3. Specific surface area vs calcination temperature for 4% silica-doped (ZR-Reflux72) and nondoped (ZR-Reflux0) specimens. Calcination time was 2 h.
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(a)

(b)

(c)

Fig. 4. HRTEM image of the amorphous precipitate ZR-Reflux72 calcined
at 823 K (a); tetragonal zirconia obtained from the amorphous precipitate
ZR-Reflux72 by calcination at 1173 K (b); and monoclinic zirconia obtained
from the precipitate Zr-Reflux0 by calcination at 823 K (c).

Fig. 5. XRD patterns of the solids with different silicon contents and calcined
at 823 K: (a) ZR-Reflux0; (b) ZR-Reflux8; (c) ZR-Reflux72. 1—Tetragonal
phase, 2—nanoclinic phase.

nation at 1173 K, this solid crystallized into 5- to 10-nm spher-
ical particles of tetragonal zirconia (Fig. 4b). The nonrefluxed
solid calcined at 823 K for 2 h showed particles of ca 10 nm
with a more regular surface shape than its refluxed counterpart
(Fig. 4c). It can be speculated that the silicate moieties at the
surface of refluxed solid decrease the particle size; however, it is
impossible to localize silicon in the solids by the HRTEM/EDX
technique, because the particles are smaller than the analysis
spot size (15 nm).

3.3. The state of Si in digested zirconia

Silicon-containing species, coming either from the TEOS
impregnation or from the glass bulb walls, hinder zirconia crys-
tallization and favor formation of the tetragonal variety, as
demonstrated by the XRD patterns of the specimens calcined
at 823 K for 2 h (Fig. 5). Such behavior has been observed ear-
lier and was explained by stabilization of the tetragonal variety
in small particles [30,31].

The stabilizing effect of silicon and improved textural prop-
erties are in agreement with earlier work, but understanding
its nature requires additional characterizations. Generally, two
types of T-phase-stabilizing species exist for zirconia, accord-
ing to their location within the oxide particles. The first type,
bulk stabilizers, include the elements of valence lower than
that of zirconium (Y, Mg, Ca, La, etc.) [32–37]. They form
bulk solid solutions of the second element in the zirconia net-
work. The second group of dopants includes the oxoanions,
such as sulfate, molybdate, and tungstate, which are located on
the surface of the oxide particles and prevent their agglomer-
ation [38–41]. Their mechanism of effect is related mostly to
decreased surface free energy, which is a driving force of sinter-
ing [41]. In both cases, we see the tetragonal phase, but only in
the second case must this tetragonal phase be highly dispersed.

Earlier it was observed that the introduction of silicon stabi-
lizes tetragonal zirconia [42–48]. For high SiO2 content (>30%
mol), the stabilization was attributed to the constraining effect
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Fig. 6. OH stretching region of the IR spectra of (a) monoclinic zirconia, (b) re-
fluxed silica doped specimen ZR-Reflux72, and (c) reference silica.

of the amorphous silica matrix on zirconia particles [42–44].
However, del Monte et al. [45,46] concluded that for content as
low as 2 mol% SiO2, silica induces decreased kinetics of zir-
conia grain growth. This decrease corresponds to an increase
of the temperature of the tetragonal to monoclinic transforma-
tion. At higher temperatures (1473–1573 K; useless for cataly-
sis but important for ceramics), monoclinic zirconia is formed.
At the same time, silica does not crystallize but forms silica-
rich glassy phase concentrates in the triple junctions of the
M-ZrO2 crystallites [47]. Such an amorphous silica-rich phase
contains many substitution defects [48] and might have consid-
erable acidity.

From the standpoint of catalysis, it seems important to know
whether a stabilizing admixture belongs to the first or the sec-
ond type, because the consequences for the catalytic properties
of the resulting solid might be very different. Indeed, in the
first case the admixture is more or less homogeneously distrib-
uted within the solid bulk and surface, and thus the surface of
the support will be mostly zirconium oxide, with only small
amounts of the admixture (which might, of course, be some-
what modified in its properties [33,34]). In the second case,
in contrast, the surface is covered by the admixture species,
especially for thermally treated solids, because the admixture
moieties remain on the surface during sintering.

Because the silicon atom is small and strongly prefers tetra-
hedral coordination, its dissolution within the lattice of zirconia
seems less probable than at the superficial location. To ver-
ify this experimentally, IR, NMR, and XPS characterizations
were carried out. For the solids calcined at 823 K, IR spec-
troscopy revealed abundant silanol groups at 3740 cm−1. These
Si–OH vibrations were present as the only peak in the OH re-
gion for silica (where they are observed at 3745 cm−1) and
were totally absent in the spectra of the nonrefluxed monoclinic
zirconia, which showed an expected doublet of lines at 3770
and 3665 cm−1 corresponding to isolated and bridging Zr–OH
group stretching, respectively [49–51]. Analysis of peak areas
suggests that for the refluxed specimen, the Si–OH moieties
represent nearly half of the total OH peak area (Fig. 6). This
seems to corroborate the hypothesis of strong surface enrich-
ment by silicon, but the analysis here is only qualitative.
Fig. 7. 29Si NMR spectra of the ZR-Reflux72 solid as a function of the calci-
nation temperature: (a) dried at 373 K; (b) calcined at 823 K; (c) calcined at
1173 K.

Table 3
29Si NMR chemical shifts for the solids studied in this work

Solid Tcalc (K) δSi

ZR-Reflux72 – −81
823 −82

1173 −93
ZR-TEOS-Reflux72 – −82
ZR-TEOS-Imp 823 −84
ZR-TEOS-Coprec 823 86
SiO2 – −107–115a

ZrSiO4 – −82a

a Values extracted from Ref. [45].

The NMR signals of 29Si are rather broad and noisy, due
to low silicon content in the solids (Fig. 7). However, the peak
positions are well defined (Table 3), and their attribution is pos-
sible. It follows from the observed chemical shifts that mainly
Q1 and Q2 silicate species are present in the initial solids, in line
with the predominance of silicate trimers and tetramers in the
silicate solutions at pH 11 [52]. Unfortunately, it seems that the
Si–O–Zr bond gives rise to a chemical shift similar to that of
Si–O–H, and thus we cannot unambiguously determine the sur-
face/bulk silicon location on the basis of NMR chemical shifts
[53,54]. The features of the observed spectra may be summa-
rized as follows: (i) a line centered at ca. −82 ppm always
appears as a major peak in the refluxed solids; (ii) in the co-
precipitated or impregnated specimens, the 29Si peak is slightly
shifted to the lower δ, corresponding to somewhat higher con-
nectivity of silicon species; and (iii) calcination at high tem-
perature again leads to a shift toward lower δ corresponding to
the Q3 species. The last transition from Q2 to Q3 moieties on
calcination is consistent with the hypothesis of the superficial
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Table 4
Si/Zr atomic ratios derived from chemical analysis and XPS data, and the in-
tensity ratios calculated assuming a SiO2 monolayer. The solids were prepared
by basic reflux then calcined

Solid Tcalc
(K)

SBET
(m2/

g)

Si/Zr,
chemical
analysis

Si/Zr,
XPS

ISi/IZr,
XPS

t

(nm)
β ISi/IZr,

calcu-
lateda

ZR-Reflux72 823 350 0.18 0.26 0.03 1.0 0.14 0.03
1173 150 0.18 0.41 0.05 2.3 0.31 0.03

a Si/Zr intensity ratios (last column) were calculated assuming a SiO2 mono-
layer according to Kerkhof and Moulijn [55].

location of silicate groups as long as their surfaces shrink, their
silicate densities increase, and they polymerize.

The XPS spectra were measured for the solids calcined at
823 and 1173 K to check the surface distribution of the ele-
ments. Core–level XPS spectra (not shown) correspond to the
elements in their highest oxidation states. The binding energies
provide no information on the Zr–Si interactions, because the
variations in chemical shift between the corresponding binary
and ternary oxides are not significant.

As follows from the data reported in Table 4, strong sur-
face enrichment by silicon exists in the solids. For dispersed
solids of small particle size (6 nm), such a strong effect re-
quires a very strong inequality between surface and bulk
composition. Note that the Si/Zr ratios from XPS cannot
be interpreted as true surface atomic ratios, because both
surface and bulk are “seen” by XPS for dispersed solids, al-
though with different response factors, depending in a com-
plex manner on the particle size distribution and the electron
escape depth. In other words, for dispersed zirconia com-
pletely covered with silica monolayer, some zirconium will
still be seen by XPS, but calculating its precise intensity is
not possible. This does not influence the conclusion that the
surface of the refluxed solid is strongly enriched with silicate
species.

The ratio of XPS intensity can be estimated from the model
proposed by Kerkhof and Moulijn [55]. In the case of a SiO2
monolayer on ZrO2, Si/Zr ratios are given by(

ISi

IZr

)
XPS

=
(

nSi

nZr

)
χ

σSi

σZr

β

2

(1 + e−β)

(1 − e−β)
,

where (nSi/nZr)χ is the Si/Zr ratio determined by chemical
analysis; σi is the cross-section of element i extracted from
Scofield [56]; β is given by

β = t

λZr
,

with t a characteristic thickness related to the specific area by

t = 2

ρSBET
,

and λZr is the escape depth of electrons passing through the
solid. Note that kinetic energies of electrons from Si 2p and
Zr 3d are not very different (1394 vs 1314 eV [57]). Thus, the
difference in the escape depth of electrons from Si and Zr was
neglected. Si/Zr intensity ratios calculated assuming that a SiO2

monolayer is formed on the surface are given in Table 4.
The characterizations provide a coherent picture and indi-

cate that the silicon species are located at the surface of the
refluxed material, thus providing an exceptionally high texture-
stabilizing effect. It might be interesting to compare the effect
of silicon with that of molybdenum or tungsten reported earlier
[41,58]. A similar mechanism likely occurs in both cases, which
is not kinetically, but rather thermodynamically, controlled and
is related to the formation of a metastable monolayer struc-
ture at relatively high temperatures (but below the glow phe-
nomenon). It was observed that in molybdate-doped zirconia,
molybdate species always remain on the surface, and thus when
the sintering process progresses to its advanced stages, the sur-
face area of the solid becomes proportional to the admixture
content. Indeed, the surface of such a monolayer should be pro-
portional to the amount of monolayer-forming species, either
silicate or molybdate. The temperature at which this molybde-
num behavior occurred was reported to be around 1073 K. Here
we see again that the surface is proportional to the admixture
content in a comparable temperature range (1173 K).

The silicon content for the digested solid containing 4.1 wt%
Si and calcined at 1173 K was 1.42×10−3 mol Si per g of solid,
or 9.5 µmol/m2, corresponding to a surface content of 4–6 sili-
con atoms per nm2. This value is fairly close to the “monolayer
capacity” of zirconia covered by molybdate species of 5 at/nm2

observed earlier [41]. The amount of surface occupied by one
silicon atom in the calcined solids was also not far from the es-
timate of 0.25 nm2 obtained for one Si(OH)4 molecule [59].

The high-temperature breakthrough of monolayer with a de-
crease in surface area to 12 m2/g occurred after calcination at
1473 K for 4 h. Under these rather severe conditions, mono-
clinic zirconia was formed, but no crystallized silica appeared.
The 29Si NMR spectrum of the sample showed that quasi-
totality of silicon was in the Q4 form; therefore, the silicon was
not in the bulk but was in the XRD-invisible particles. The sili-
con likely was present in the form of amorphous bulk-like parti-
cles between zirconia crystallites, as described previously [47]
for similar conditions.

It follows from our data that the surfaces of the calcined
solids are covered with silicate species. In terms of catalysis or
adsorption, they should behave like modified silicas rather than
doped zirconias even at such a low Si content as reported here.
In the next section, we evaluate this conclusion by considering
three very different model reactions occurring in the presence
of noble metal and sulfide active phases.

3.4. Catalytic study

The three reactions of varying nature reported here have
been extensively studied; many previous papers have dealt with
their mechanism, kinetics, active centers, and support effects.
In all three reactions, the influence of the support is recognized
as important. It was not our intent to revisit any of these re-
actions or the influence of support on the state of noble metal
and/or sulfide active phases. We aimed only to elucidate which
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Table 5
Influence of the support on the reaction rates (10−8 mol/(s gPt)) in the pres-
ence of 1 wt% Pt supported catalysts in model reactions: hydrogenation of
ortho-xylene (HYD); isooctane hydrocracking (HC) and the reaction rates
(10−8 mol/(s gcat)) of supported (Ni)Mo sulphides activity in thiophene hy-
drodesulfurization (HDS)

Support HYDa HCb HDS (Mo)c HDS (NiMo)

γ -Al2O3 4.2 0.5 12 220
M-ZrO2 7.5 1.1 24 240
SiO2 12.3 4.0 9 171
ZR-Reflux72-Calc. 823 K 14.1 3.9 10 165
ZR-Reflux72-Calc. 1073 K ND ND 11 174
SiAl40 17.8 7.9 NDd NDd

a HYD reaction conditions: T = 573 K; Pxyl = 4 kPa; flow rate of 0.45 ml/s.
b HC reaction conditions: T = 523 K; Piso = 1.7 kPa; flow rate of 0.67 ml/s.
c HDS reaction conditions: T = 573 K; Pthio = 2.4 kPa; flow rate of 61 h−1.
d Not determined because of rapid deactivation.

kind of support was obtained from the prolonged digestion, one
with zirconia-like behavior or one with silica-like behavior.

For the platinum-supported catalysts, the reaction rates are
given per gram of platinum. The platinum dispersion did
not vary significantly in the catalysts studied; in hydrogen
chemisorption, it varied from 0.55 for monoclinic nondigested
ZrO2 to 0.7 for digested ZrO2, alumina, and silica supports.
Thus, normalizing to dispersion would provide only a small
correction without changing the reaction rates sequences. The
values per exposed atom of platinum are less straightforward,
because the platinum morphology is not the same on these sup-
ports, and different planes are preferentially exposed.

3.5. O-xylene hydrogenation

The possible products of o-xylene transformation are p-
and m-xylenes (isomerization), toluene and trimethylbenzenes
(disproportionation), and saturated C8 naphthenes (hydrogena-
tion). Taking into account the possibility of parallel reactions,
the hydrogenating activity of hydrocracking catalysts can be
characterized by the formation of alkylcyclohexanes. The iso-
merization of xylenes, occurring through an acid mechanism,
can be used to characterize the acid activity of hydrotreating or
hydrocracking catalysts [60]. The validity of o-xylene transfor-
mation for characterizing the acid and hydrogenating activities
of bifunctional hydrocracking catalysts was confirmed in previ-
ous work [61–63].

A reversible maximum in hydrogenation activity as a func-
tion of temperature was observed at around 473 K, in agreement
with the literature [61]. This was explained earlier by opposite
trends of increased reaction rate and decreased surface concen-
tration of xylene as a function of temperature.

For the Pt catalysts studied in this work, no isomerization
products were observed under the reaction conditions applied.
However, hydrogenating properties of platinum seem to be im-
proved by the acidity of the support [64], and, as such, silica–
alumina-supported platinum showed the best activity. The cat-
alytic performances of platinum supported on silica-doped zir-
conia, obtained by digestion in basic pH, are similar to those of
Pt/SiO2 (Table 5).
Fig. 8. Evolution of the catalytic activity vs the cis/trans dimethylcyclohexanes
ratio.

Fig. 8 shows the evolution of the hydrogenation rate as a
function of the ratio of both stereoisomers, cis- and trans-1,2-
dimethylcyclohexane. As shown, the trans-isomer is thermo-
dynamically more stable. Viniegra et al. [65] showed that on
palladium-based catalysts, stereoselectivity to the trans-isomer
was improved by increasing acidity of the support. As can be
inferred from the results presented, digested zirconia supports
demonstrate behavior closer to that of silica than to that of zir-
conia.

3.6. Isooctane hydrocracking

Isooctane HC was shown to be sensitive to the Brønsted
acidity of the support, as concerns the total conversion and the
selectivity of the process. Acidic supports are known to give
increased amounts of cracking products. In agreement with ear-
lier studies [25–27], the distribution of HC products is strongly
dependent on the support used. The expected high reaction rate
and high amount of cracking products indicated the strongest
acidity of this support. At the same time, on conventional Pt/
γ -Al2O3 or Pt/ZrO2, mainly condensation products with 12
carbon atoms were obtained. Indeed, in our experiments, the se-
lectivity for cracking and isomerization for the Pt/γ -Al2O3 and
Pt/ZrO2 catalysts was low (20 and 24%, respectively), with the
remaining products due to condensation. On the other hand, di-
gested zirconia ZR-Reflux72, silica, and silica–alumina showed
75, 72, and 85% selectivity for isomerization and cracking, re-
spectively. Obviously, in the case of refluxed specimens, an
increase in the support acidity due to silicate species at the
surface favored cracking, with the production of isobutane and
isobutene. Thus, both the activity and selectivity of the platinum
catalysts supported on the digested solids were similar to those
of silica-supported Pt.

It is noteworthy that the role of support in the HC and HYD
reactions is not the same. Isooctane HC occurs on acidic cen-
ters and is aided by platinum (which helps prevent rapid cock-
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ing), whereas HYD occurs on platinum and is affected by the
acidity of the support. Thus, the relationship between support
acidity and HYD activity is much less direct than between sup-
port activity and HC. In our tests, variations in HYD activity
were smaller and less straightforwardly related to the acidity
sequence.

3.7. Thiophene HDS

Strong support effects were observed for thiophene HDS in
the presence of supported sulfides. The catalytic properties de-
pend on the support acidity and the amount of available OH
groups on the surface that can anchor molybdate species and
further the sulfide fringes. From this standpoint, silica support
was considered to give poor and unstable activity, whereas zir-
conia had superior intrinsic properties than standard alumina
supports [1,66].

The results of HDS tests at 573 K for molybdenum- and
nickel–molybdenum-supported catalysts are listed in Table 5.
The relative difference between nonpromoted catalysts is great,
with zirconia-supported MoS2 being twice as active as its
alumina- and silica-supported counterparts. The ZR-Reflux72
digested sample again exhibited properties similar to the silica
support. MoS2 catalysts supported on either amorphous (cal-
cined at 873 K) or crystallized (calcined at 1073 K) solids were
at the level of the silica-supported system. When promoted by
nickel, the relative activity of the systems on different supports
leveled off somewhat, but the sequence of activity remained the
same.

The presence of silicon on the surface was probably the
reason of the failed attempts to prepare highly active cata-
lysts in our earlier studies [67]. Indeed, zirconia showed some
promising properties, but when obtained with very high surface
area by the digestion method, it ceased to be a good support.
The reason for this obviously follows from the results of this
work.

4. Conclusion

The goal of this work was to gain insight into the mechanism
of zirconia textural stabilization by siliceous species during ba-
sic digestion and its implications for applications in catalysis.
This work provides clear evidence that the effect is due to
smearing of the siliceous species over the precipitate surface.
Thus, the support surface is strongly enriched by silicon; at a
Si content as low as 4 wt%, the solids show properties simi-
lar to pure silica catalytic supports for both noble metal- and
sulfide-catalyzed reactions.
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