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The preparation of ZrO, by alkaline hydrolysis of ZrOCl,-8H,0, leads to an amorphous
oxohydroxide precursor that upon calcination at temperatures higher than 350 °C produces
a system with mixed crystallographic phases (monoclinic and tetragonal). Preparation of
this material by the same procedure but adding different molar ratios of H,O, produces
amorphous precursors (ZHPn) developing, mainly, the tetragonal crystal phase at the same
calcination temperatures. The molar fraction of the phases seems to be dependent on the
H,O, molar ratio, thus indicating a direct relationship of this parameter with the
crystallization behavior. At a surface level, preparation with H,O, seems to retain NH,*
from the alkaline medium even after calcination at 500 °C for 2 h. The sulfation process of
these ZHPnN samples also modifies the structural properties; in this case, the crystallization
process is delayed at higher temperatures, but with the same crystallographic features of
the nonsulfated series, the tetragonal phase becoming stable for temperatures up to 800 °C.

Introduction

The aqueous chemistry of zirconium is dominated by
its tendency to form inorganic polymers based on
bridged-hydroxyl groups. The characteristic behavior
of these groups allows the production of a great variety
of zirconium salts and complexes that could act as
catalytic precursors. The nature and size control of
these polymers, carried out after and during the pre-
cipitation of the precursor, lead to interesting variations
in the final properties of the formed oxide.!l In this
sense, the “modeling” of its structural features could
constitute a great advance in the design of new
catalysts.1=3 Within the range of the different catalyst
preparation methods, precipitation ones are those most
used for the preparation of mono- and multicomponent
oxide materials. In this group, the sol—gel method
allows a good control of the texture, composition,
homogeneity, and structural properties of the final
product.* The 3-D framework generated by particle
aggregation of the sol can be extended in a quasi-infinite
way, finally forming the gel. The homogeneity of gel
depends on several factors such as the solubility of
products, the nature of the solvent, the sequence of the
hydrolyzing agent, the temperature, and pH.®

The first step in the sol—gel processing method is the
hydrolysis of the precursor. This step implies reactions
between the precursor salt ions and the water molecules
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forming a solvated ion, surrounded by a hydration
sphere whose properties depend on the nature of the
ion:

M** + nH,0 = [M(H,0),]*"

The polarizing effect of the ion over solvated H,O
molecules could produce a dissociation of part of these
molecules:

[M(H,0),J*" = [M(H,0),_,(OH),]* ™" + xH*

Thus the presence of certain additives in this “precur-
sor” solution could affect the nature of the species which
will form the gel by condensation (formation of OH
bridge and oxo bridge bonds). Previous results using
H,0, as reagent in the preparation procedure®’ showed
the advantages of using this additive in the processing
of a zirconium titanate. In that case, the mixed oxide
(Zr,Ti)Oy, processed in the presence of H,O, showed a
lower DTA crystallization peak and textural properties
different from those exhibited by the same material
prepared in the absence of H,O,. That was interpreted
by assuming the higher lability of the peroxidic bonds
in the 3-D fresh gel that lead to a different behavior
during further calcination and crystallization processes.

In the case of a zirconium-based precursor, the influ-
ence of the preparation conditions as well as the cal-
cination procedure on the latest catalytic properties of
this material could be interpreted as a result of the
possible modifications in the structural unit of the
precursor hydroxides (Figure 1) proposed by Murase et
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Figure 1. Model structures for hydrated Zr** polycations.

al.® by taking the original model of Zaitsev et al.® It
should be noted that in the a-type hydroxide, the
zirconium cations are linked by OH groups, whereas in
the y-type oxo bridges exist between zirconium cations;
the -type represents an intermediate situation between
both extreme idealized structures. In this latter case,
both OH groups and oxo bridges exist between zirco-
nium cations. Thus o-type hydroxide would be the
predominant form when the precursor is obtained by
alkaline precipitation. However, an aging process could
lead to modifications in the structure of the precursor
to reach g-type hydroxide and finally the y-type one by
losing of the bridged OH groups.® Upon these consid-
erations the a-type hydroxide is considered as the
precursor of the tetragonal ZrO,, having been reported
that the metastable tetragonal phase is becoming of
great interest in catalysis,10713 especially when used as
sulfate-doped ZrO,.14

Due to its potential use in catalysis, ZrO, and sulfate-
doped ZrO; is attracting considerable interest, as cata-
lyst itself and as support for metals and other oxide
catalysts.’>19 Thus, the effect of H,0O, addition during
the preparation of those materials on the structures and
surface properties is interesting and could provide new
information.

In the present work we have studied the effects of the
presence at the hydrolysis step of the preparation
procedure on the crystal phase and spectral features of
the ZrO,. We have tried to modify the structure of the
precursor oxohydroxide just in the hydrolysis reaction
by adding this peroxidic agent. Finally, the zirconia-
precipitated samples were sulfated, and the structural
characterization was carried out.

Experimental Section

Materials and Methods. Zirconia samples were prepared
by slow alkaline precipitation, using an inorganic salt, ZrOCl,*
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Scheme 1. Flow Sheet of the Preparation of the
Samples (See Text for More Details)
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8H,0 (Fluka Kemike; AG, 43—44% ZrQy), as a precursor. The
processing route of the samples is shown in detail in Scheme
1. Certain amounts of H,O, (Merck, 30—32 wt % solution in
water) were added to the aqueous zirconyl solution, giving
molar ratios ZrO;:H;0, of 1:1, 1:2, and 1:4. The precipitation
of the gels was achieved by a slow addition of an aqueous
ammonia solution (Merck, 28 wt %) until the pH reached a
value of ca. 9. Higher pH values could lead to more hydrated
and hydroxylated precursors by the elimination of peroxidic
bonds as has been reported by us.” Once the pH value is
reached, gels were allowed to age for 30 min, after which they
were filtered and washed repeatedly with bidistilled water
until no CI~ signal was detected in filtering water (AgNOs test).
Finally, the precipitated gels were dried in an oven at 110 °C
for 12 h. Samples thus prepared were called ZHPn, “n” being
the H,O, molar ratios. A further sulfation process was carried
out by impregnation of the dried powdered samples with 1 N
H,SO, (Merk), by the addition of 3 mL of acid solution/g of
powder, with continuous stirring at room temperature. Then,
the stirred suspensions were filtered (without washing), and
the sulfated samples dried in an oven at 110 °C for 12 h. This
set of specimens will be called hereafter ZHPn/S. The calcina-
tion treatment was performed in an oven by direct exposure
to air, at selected calcination temperatures for 4 h.

Techniques. Specific BET surface area measurements
were carried out in a Micromeritics 2000 rapid surface
analyzer, using N, as adsorbate gas.

X-ray diffraction patterns (XRD) were obtained using a
Phillips PW1060 diffractometer with Ni filter and graphite
monochromator. The X-ray source was Cu Ko radiation.

Infrared (IR) spectra were recorded in a Perkin-Elmer 883
spectrometer; spectra ranged from 4000 to 400 cm™? in the

H2S04-(1N)
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Table 1. Specific Surface Areas for Sol—-Gel
Processed ZrO

sample nonsulfated sulfated
ZrO; 290.0 222.3
ZHP1 157.7 117.7
ZHP2 77.1 60.0
ZHP4 98.1 95.5

transmittance mode of operation. All the samples were mixed
with KBr and then pelleted without further treatments.

Results and Discussion

Table 1 shows the specific BET surface areas for the
different gels, nonsulfated ZHPn and sulfated ZHPN/S,
dried at 110 °C for 12 h. Also included, for comparison,
are the specific surface areas of ZrO, prepared by the
same precipitation route but in the absence of H,0,.

It can be observed that the preparation of zirconia
specimens in the presence of H,O, (ZHPn) leads to a
disminution in the specific surface areas, compared with
those shown by zirconia prepared in the absence of H,0,
(ZrOy). A further sulfation process also produces a
disminution in the initial Sget values in all cases. The
decrease caused by the sulfation process seems to be
smaller for the ZHP4 sample, for which sulfation only
decreases the initial value of the nonsulfated sample
by about 3%. The decrease observed by the sulfation
process could be interpreted in the same way as previ-
ously reported;?° the effect of sulfate produces a dis-
placement of the hydroxyl groups, which combined with
the thermal treatment, could lead to the collapse of the
surface. If we assume that the amount of oxo-bridged
bonds is mainly related to the amount of initial peroxidic
bonds in the precursor, and taking into account the fact
that sulfate species are adsorbed over free hydroxyl
groups,?° then the greater decreases in the Sger, after
sulfation, may be expected for samples starting from a
more hydroxylated precursor, as is observed for the
ZrO,. The collapse in the Sger could be of minor
relevance for the sample ZHPn, with an already col-
lapsed surface due to a drastic elimination of peroxidic
bonds upon drying.

Figure 2 shows XRD patterns for the processed ZrO,
calcined at different temperatures for 4 h. The crystal-
lization process takes place at a temperature around 350
°C. As can be observed, over the short temperature
range (ca. 350—400 °C), the predominant phase is the
tetragonal (T) one with a slight participation of the
monoclinic (M) one. This latter phase seems to develop
with calcination temperature, becoming predominant for
a calcination temperature higher than 550 °C. This fact
can be observed in detail in Figure 3, in which the
monoclinic molar fraction, Xy, has been plotted vs the
calcination temperature. The Xy values have been
calculated using the expression and method previously
reported by Mercera et al.?2! The Xy value leads to a
rapid increase for a temperature higher than 450 °C;
thus, the tetragonal phase is predominant only over a
short range of temperatures (between 300 and 450 °C).

Regarding ZHPn samples (Figure 4), it is worth
noting that the XRD patterns for these samples calcined
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Figure 2. X-ray diffraction patterns for ZrO, calcined at
temperatures of (a) 300, (b) 350, (c) 400, (d) 600, (e) 675, and
(f) 875 °C for 4 h.
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Figure 3. Variation of the monoclinic molar fraction, Xy, for
ZrO; calcined at different temperatures for 4 h.

at 400 °C 4 h showed well-defined crystallization peaks
corresponding only to the tetragonal phase (even present
as practically the only phase at 600 °C). This result
contrasts with that registered for ZrO, prepared in the
absence of H,O, (Figures 2 and 3). The monoclinic
phase clearly appears in ZHPn samples calcined at 800
°C (in a proportion of 70—80%) and as the only phase
for the sample calcined at 1000 °C. It is also observed
that the tetragonal phase seems to be slightly dependent
on the molar ratio of H,O,. In this way, for samples
calcined at 600 °C, Xu is higher for zirconia prepared
in a 1:1 molar ratio of H,O,, i.e., ZHP1 samples.

For sulfated samples (Figure 5), a significant delay
in the crystallization process is observed at first.
Sulfated samples calcined at 400 °C already showed
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Figure 4. X-ray diffraction patterns for ZHPn samples
calcined at indicated temperature for 4 h.

amorphous XRD patterns, behavior very different from
that exhibited by the nonsulfated samples (Figure 4).
Calcination at 600 °C produces the crystallization of this
set of samples only in the tetragonal phase, similar to
the nonsulfated ZHPn specimens calcined at 400 °C. The
monoclinic phase does not appear predominant before
a temperature of 800 °C for which Xy are about 40—
60%. Again, the lowest Xy values are shown for the
sample prepared with higher H,O, molar ratio (ZHP4/
S, Xm = 38% at 800 °C).

Table 2 shows the calculated Xy, values for ZHPn and
ZHPN/S samples calcined at different temperatures.
These results could be explained on the basis of the
structure of precursors obtained after the precipitation
step. The precipitation with aqueous ammonia solution
would produce a gel composed mainly of hydroxylated
units of Zr*t cations (a-type). This polycation unit
would lead upon calcination to a monoclinic ZrO,, as
has been previously reported.>® In our case, the pres-
ence of hydrogen peroxide in the starting solution would
generate predominantly polycations with a high number
of peroxidic bonds that after drying remain as oxo
groups in the polycation unit, in other words the y-type.
This precursor structure leads after calcination to the
tetragonal phase, and moreover, the crystallization
process takes place at a lower temperature due to the
high lability of these peroxidic groups. Thus, the tetra-
gonal phase is achieved at a lower temperature and as
the only phase, in contrast with the mixed phases found
in the zirconia specimens obtained by the same proce-
dure but in the absence of hydrogen peroxide.
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Figure 5. X-ray diffraction patterns for ZHPn/S samples
calcined at indicated temperature for 4 h.

Table 2. Monoclinic Molar Fraction, Xy, for ZHPn and
ZHPnN/S Samples Calcined at Several Temperatures

for 4 h
calcination temp (°C)
samples 400 600 800 1000
ZHP1 0.0(T) 0.28 0.83 1.0
ZHP2 0.0(T) 0.15 0.71 1.0
ZHP4 0.0(T) 0.15 0.81 1.0
ZHP1/S (T) 0.0(T) 0.59 1.0
ZHP2/S (T 0.0(T) 0.52 1.0
ZHP4/S (M 0.0(T) 0.38 1.0

With respect to the spectral features, a significant
difference can also be observed for zirconia samples
prepared with or without H,O,. Figure 6 shows the IR
spectra, in the range 1800—800 cm™1, for ZHPn samples
dried at 110 °C for 12 h (Figure 6a) and the same
samples calcined at 500 °C for 2 h (Figure 6b). In this
range, several bands can be found which can be ascribed
to OH groups of molecular water (donq = 1630 cm™1),
CO3%" (v2 = 1540 and 1300 cm™1) and NH4" (ds = 1670
cm~! and 0,5 = 1380 cm™1).22 Carbonate and am-
monium ions appear adsorbed in the surface from the
high alkaline medium of the preparation. While car-
bonate species seem to be practically eliminated after
calcination at 500 °C for 2 h, the ammonium ions are
not totally eliminated upon the same thermal treatment
(Figure 6b). Presumably, the IR data will show peaks
for both surface and bulk species; thus it is not clear if

(22) Nakamoto, K. In: Infrared and Raman Spectra of Inorganic
and Coordination Compounds, 4th ed.; Wiley: New York, 1985.
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Figure 6. IR spectra for ZHPn samples (a) dried at 110 °C overnight and (b) calcined at 500 °C for 2 h.

i ;
1
a é 2 1100(:’12 h
1800 1600 00 7200 1000 800
wavenumber (cm-1)

Transmittance

ZHP1/S

I

ZHP2/S

1680 —

630 -—

ZHPL/S

:

1680—

1630 —

b

1800

2 500°C,2h

1200

1400

1 1
1600 1000 800

wavenumber (cm-1)

Figure 7. IR spectra for ZHPn/S samples (a) dried at 110 °C overnight and (b) calcined at 500 °C for 2 h.

the ammonium ion should be considered only a surface
species. Zirconium hydroxide (or hydrated zirconia)
adsorbs cations and anions in an aqueous solution. In
an acidic solution, it adsorbs anions such as SO42~ ions,
while in a basic medium, cations are preferentially
absorbed.l® The fact that the NH4* ions seem to be
retained even after calcination at 500 °C could indicate
that this species not only is adsorbed at the surface but
is also probably absorbed into the bulk matrix. It is
worth noting that as the amount of H,O, increase, in
the preparation procedure, the intensity of the 6,s(NH4*)
band (Figure 6a) seems, also, to increase, indicating that
the adsorption of this cation could be related to the
presence of peroxidic unions.

Sulfated series (Figure 7) also exhibited the same
spectral feature, now showing the adsorbed sulfate
group bands (1200, 1140, 1070, and 1000 cm™1) that
correspond to the S—O vibrations.?2724 The vibration

band corresponding to S=O bond, which is expected at
around 1400 cm™1, is probably overlapped by the -
(NH4%) band. It can be observed that for sulfated
samples the band ascribed to NH4* seems to have lower
intensities compared to those observed for the nonsul-
fated ones. It could be assumed that the NH4* ions
adsorb at the surface by a displacement of the peroxidic
groups. In addition, the sulfation process produces a
disminution of these cations in this case by acid—base
displacement.

Finally, by comparing the IR spectra of ZHPn and

ZHPN/S samples with the spectra of ZrO, (Figure 8), it
can be said that for the latter, the bands ascribed to

(23) Bensitel, M.; Saur, O.; Lavalley, J. C.; Mabilon, G. Mater.
Chem. Phys. 1987, 17, 249.
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Figure 8. IR spectra for ZrO; (a) dried at 110 °C overnight
and (b) calcined at 500 °C for 2 h.

NH," ions appear as weak bands. Thus, a relationship
can be deduced between H,0, presence (i.e., peroxidic
groups) and NH;* adsorption in the ZHPn samples
prepared when hydrogen peroxide was used.

Conclusions

Preparation of ZrO; by alkaline hydrolysis of ZrOCl,:-
8H,0 leads to an amorphous oxohydroxide precursor
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that upon calcination at temperatures higher than 350
°C produces a crystalline ZrO, sample with mixed
crystallographic phases (monoclinic and tetragonal).

Preparation of this material, by the same precipita-
tion procedure, but adding different molar ratios of
hydrogen peroxide produces amorphous precursors
(ZHPnN) developing, mainly, the tetragonal crystal phase
at the same calcination temperatures. The molar frac-
tion of the phases seems to be dependent on the H,0;
molar ratio, thus indicating a direct relationship of this
parameter with the crystallization behavior.

At the same time, preparation with H,O, seems to
retain NH4* from the alkaline medium, even after
calcination at 500 °C for 2 h. The sulfation process of
these ZHPnN samples also modifies the structural prop-
erties; in this case, the crystallization process is delayed
at higher temperatures, but with the same crystal-
lographic features of the nonsulfated series, stabilizing
the tetragonal phase up to the temperature of 800 °C.
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