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We propose in this manuscript a new peroxo-mediated procedure for preparing magnesia-zirconia mixed
oxides, with Mg/Zr molar ratio between 1 and 3, with enhanced distribution of basic sites. The mixed
magnesia-zirconia oxides have been prepared from the gelled complex by Pechini-type method. The
MgO-ZrO, materials have been characterized and used as catalysts for acetone aldol condensation. The
proposed preparation method provides a high degree of molecular homogeneity and favours the forma-
tion of magnesia-stabilized zirconia phase. Acetone gas-phase self-condensation was carried out over
these catalysts as model reaction requiring the presence of basic sites. The condensation yields diacetone
alcohol and mesityl oxide as mean C6 products, and phorones, isophorones and mesitylene as C9 prod-
ucts. In comparison to Mg-Zr oxide prepared by co-precipitation, these new materials present better
conversions and higher selectivity to linear dimers and trimers (as mesitylene), whereas the selectivity
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for isophorones is significantly lower.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Complex oxides of IV group of elements of the periodic table and
alkaline earth metals have attracted great attention of scientists
and industry for a long time, since they can be used as conductive
ceramics | 1], biocompatible materials [2], adsorbents [3], and cata-
lysts [4]. This last application is growing up in importance due to the
arising demand of catalysts with both basic and acid sites [5-10]. In
the case of magnesia-zirconia catalysts, the most common prepara-
tion procedure is the co-precipitation of the inorganic salts, nitrates
or chlorides [11], and more rarely ultra-dilution methods [12], and
citrate- or oxalate processing [13,14]. The processes of phase forma-
tion, polymorphic transitions (in precipitated magnesia-zirconia
or prepared via conventional sol-gel Pechini-method) as well as
their surface properties, are thoroughly studied [15,16]. However,
it is known that many properties of sol-gel or precipitated mate-
rials based on zirconia are determined by factors such as the salt
anion used in the synthesis [17], the pH of the reaction mixture
and even the order of mixing with precipitating agent [18]. These
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parameters affect the properties and the structure of the final prod-
uct as they determine the hydrolysis rate, and the oligomerization
and polymerization of aqueous complexes of zirconium, not exist-
ing in monomeric form even in very acidic medium. Application
of alkoxides solves some problems by controlling the hydrolysis
and polymerization of zirconia species and, as result, high sur-
face area mesoporous materials are obtained [19]. Alkoxide sol-gel
technique has proved to be the best method to prepare high per-
formance metal oxide catalysts, but it has several disadvantages
standing on the way of its application on industrial scale. Alkoxides
are much more expensive than inorganic salts, unstable and eas-
ily hydrolyzed under the influence of atmospheric water vapors,
thus special precautions are necessary when handling them [20].
Furthermore, alkoxides are highly toxic compounds and a great
amount of organic solvents is indispensable during alkoxide-based
sol-gel synthesis, thus, they do not meet requirements of sustain-
able chemical processes.

The peroxocomplexes of some transition metals could be con-
sidered as a “green” alternative to metal alkoxide precursors [21].
Although, different studies on the synthesis of peroxocomplexes
[21,22] have beenreported, studies on zirconium peroxocomplexes
as the precursors for ZrO, or zirconium-based complex oxides are
scarce. Gao et al. [23] reported the peroxo-method for zirconia
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thin-film preparation, whereas Park et al. [24] found some advan-
tages of peroxo-mediated procedure for ZrO, films synthesis, as
such as the homogeneous distribution on the substrate and high
density of the film. High degree of homogeneity of the complex
oxide is also found to be one of the advantages of peroxo-routes,
as it allows lowering the temperatures of heat treatment while
obtaining the desirable phase [25,26].

A deep knowledge about the characteristics of mixed oxides of
magnesia and zirconia is of key importance in basic heterogeneous
catalysis. Mixed MgO/ZrO, has shown high catalytic activity in fur-
fural aldol condensation with acetone [27] and, as it has recently
been reported, in gaseous acetone self-condensation [28]. Acetone
self-condensation is a highly important industrial and scientifi-
cally interesting reaction, since emerging chemical and biological
processes have become the acetone into a bio-based platform
molecule. Upgrading of acetone relies on the formation of new
C-Cbonds, yielding more complex molecules, being mesityl oxide,
isophorones, and mesitylene the most interesting products [29].
Despite the great interest of this reaction, the reasons for selec-
tivity towards certain products are still unclear to the researchers,
since many properties of the catalysts have influence on the way of
the reaction. It is likely that not only the distribution of acid-basic
sites determines the activity and selectivity of the catalyst, but also
the degree of molecular mixing in the oxide may play a significant
role, as it has been pointed out by Sadaba et al. [30].

A new procedure for the preparation of MgO/ZrO, mixed
oxides (using water-soluble peroxocomplex as precursors) is
reported, describing their structural, textural and physicochemi-
cal properties, and correlating these properties with the catalytic
performance in the gas phase acetone self-condensation.

2. Experimental
2.1. Chemicals

Mixed magnesia-zirconia oxides were prepared using mag-
nesium sulfate (MgSO4) obtained from Prolabo (98% pure) and
zirconium oxychloride aqueous solution (ZrOCl,), containing
19-21 wt% of ZrO,, purchased from MEL Chemicals as MgO and
Zr0, sources, respectively. Hydrogen peroxide 30 wt% water solu-
tion, anhydrous citric acid (97% pure) and acetone (99.8% pure)
were supplied by Aldrich; whereas sodium hydroxide (99%pure)
was supplied by Prolabo. All chemicals were used as received with-
out further purification. As zirconium salts usually form polymeric
hydroxo-species in aqueous solution, leading to precipitation and
changing of concentration, the content of zirconium was deter-
mined gravimetrically prior to its use for synthesis.

2.2. Synthesis of MgO/ZrO, mixed oxides

A new peroxocomplex-mediated route to prepare mixed
magnesia-zirconia oxides was accomplished in several stages. Sev-
eral steps are coincident with a procedure described earlier for
the preparation of SiO,/TiO, mixed oxides [31]. In the first stage,
the conventional co-precipitation procedure described by Aramen-
dia et al. [11] was applied. Initially, the starting aqueous solutions
of MgSO4 (0.2, 0.4 and 0.6 M concentrations were used in order
to achieve the desired Mg/Zr ratio) and 50-mL of ZrOCl, (0.2 M)
were mixed and precipitated while stirring with 1.5 M NaOH solu-
tion at pH value equal to 10.7. The rate of stirring of a magnetic
stirrer varied from 200 rpm in the beginning of the precipitation
to 600rpm when the suspension became viscous. The prepared
precipitates were centrifuged at 3000 rpm and washed 8 times
with deionized water to remove sodium sulfates and chlorides.
The peroxocomplexes were prepared in the following way: the

mixture formed by 20 mL of H,0, and 20 mmol of anhydrous citric
acid was added to the precipitates, the obtained suspensions were
heated at 373 K under stirring (200 rpm) for 15 min. The precip-
itate with Mg/Zr=3 was totally dissolved and clear solution was
obtained, whereas in other cases the precipitates dissolution was
incomplete and the solution was isolated from the solid phase by
centrifugation at 3000 rpm. The final stage of the synthesis was
accomplished via Pechini-type sol-gel process. Water from the
solutions was evaporated on a water bath that caused gelation,
then gels were dried in an oven at 333K for 24 h, powdered in an
agate mortar, heated at 473 K for 3 h (for decomposition of the com-
plexes), and finally treated at 873K for 4 h in air to obtain mixed
oxides with Mg/Zr molar ratios equaling 1.0, 2.0 and 3.0 (further
designated as 1MZ, 2MZ and 3MZ). Solid water-soluble peroxo-
complexes were also subjected to investigation. First, they were
isolated from water solutions by precipitation with ethanol. The
precipitates were washed with 25 mL of ethanol for 6 times and
dried at 333 K for 24 h prior to investigation.

The 4MZ sample was prepared by co-precipitation, according to
the procedure described in a previous work [27].

2.3. Catalyst characterization

X-ray diffraction patterns were registered from the powdered
samples by a Phillips X'Pert diffractometer, operating at Cu Ka
line (A=0.154nm) in the range of 26 between 20 and 70°. Ther-
moanalytical investigation of the complex was carried out using
simultaneous TG/DSC thermal analyzer Netzsch 449F1. The pow-
dered sample was placed in the platinum crucible and heated in air
from room temperature to 1273 K with a heating rate of 5 K/min.
FTIR spectra were registered by a Bruker Tensor 27 spectrometer
in the range of 400-4000 cm~! from the pellets of the complex and
mixed oxides powdered with KBr with a resolution of 4cm~!. The
textural characterization was carried out by nitrogen physisorption
at 77 K in the Micromeritics ASAP 2020 surface area and porosity
analyzer. Before analysis, the samples were outgassed at vacuum
conditions (<1073 kPa) at 473K for 4 h. Surface area was obtained
from the BET method, whereas the pore size distribution and total
pore volume were obtained from the BJH approach. The strength
and distribution of the basic/acid sites were determined by tem-
perature programmed desorption of preadsorbed CO, and NHjs,
respectively, in a MicromeriticsTPD/TPR 2900 apparatus. Samples
(10 mg) were pretreated in He at 723 K for 2.5 h and exposed to CO,
or NH3 (2.5% NHj3 in He) stream at 298 K temperature until satu-
ration coverage was reached. Weakly adsorbed CO, or NH3 was
removed by flushing with He at the same temperature for about
1.3 h.The temperature was then increased at a linear rate of 5 K/min
from 298 K to 723 K and the CO, or NH3 desorption was monitored
by mass spectrometry. An Oxford Instrument EDS attached to a Jeol
6460LV scanning electron microscope was used for determining
the elemental composition of the oxides. The surface composi-
tion of the mixed oxides was measured by X-ray Photoelectron
Spectroscopy (XPS), using a SPECS system equipped with a Hemi-
spherical Phoibos detector operating in a constant pass energy,
using Mg-Ka radiation (h-v=1253.6eV).

2.4. Acetone self-condensation

A 150 mg sample of each catalyst was placed in a 0.4 cm i.d. U-
shaped quartz tube located in a PID- controlled furnace. This reactor
was connected to the reaction initial gas flow. The acetone was
injected by a syringe pump as a liquid in a He flow (0.05 L/min) and
vaporized in situ, obtaining a volume concentration of 3.2%. Out-
going gases from the reactor were analyzed online by a Shimadzu
GC-2010 gas chromatograph with a FID detector. Before any batch,
the catalyst was pretreated in He at 723K for 1 h. The acetone gas
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Fig. 1. FTIR spectra of the precursor of 1IMZ sample.

phase condensation was studied in a temperature range from 473
to 723 K with steps of 50 K. More details about the reaction proce-
dure, the reactor configuration and equipment were described in
previous studies [32].

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Investigation of the peroxocomplexes

Preliminary experiments established that dissolution of the pre-
cipitates occurs only for Mg/Zr ratios between 1 and 3. An increase
in the magnesium content leads to the formation of the precipi-
tate at the first stage of synthesis, which cannot be dissolved in
the hydrogen peroxide solution. Contrary, lower amounts of mag-
nesium in the starting solution cause the formation of complexes
containing undesirable sodium ions in large excess.

The chemical composition of the prepared oxides was ana-
lyzed by EDS (Table 1), concluding that the Mg content is equal
or slightly lower than predicted. A similar variation was already
reported in the literature, being attributed to the elimination of
highly dispersed Mg(OH), species during the washing step [30].
A residual amount of sodium (<1 wt%) was also detected. Surface
composition was analyzed by XPS and the results are also listed
in Table 1. In all samples it is observed an enrichment of Mg on
the surface. The precursor for 1IMZ sample has been analyzed by
FTIR and TG/DSC techniques, in order to show the formation of the
peroxocomplex and reveal some features of its thermal decompo-
sition. The FTIR spectrum of the prepared complex (Fig. 1) shows
the main absorbance peaks corresponding to symmetric stretching
of 0=C-0 at 1630cm~! and asymmetric ones at 1395 cm~!, which
are attributed to a citrate ligand, and also a characteristic band at
910 cm~'. This last absorption can be attributed to the presence
of peroxo-groups in the complex. In this way, in pure H,0,, 0-O
stretching vibration corresponds to a band at 877 cm~1!, butin com-
plexes it might appear at lower or greater wavenumbers [33]. The
data on the positions of O-0 stretching vibrations in IR spectra of
metal peroxocomplexes are not unequivocal. Tarafder et al. [34]
observed 0-0 band vibrations at 840 cm~. Other researchers [35]
assigned the band at 850cm~! to v(0-0). In this way, the band
at 860cm~! was reported to be a characteristic band of V(0-0)
in zirconium peroxocomplexes [36], which is similar to the results
obtained for titanium peroxocitrate [37]. However, it is known that
0-0 bands can be observed at wavenumbers as high as 935 cm™~!
[33]. Thus, we can suggest that the dissolution of the precipitate
prepared from zirconium and magnesium salts in hydrogen perox-
ide leads to the formation of the zirconium peroxocomplex with

magnesium in its cationic form, the stability of the complex being
provided by the addition of citric acid. It is highly probable that the
synthesized complexes have compositions and structures similar
to those described previously for barium-titanium peroxocitrates
[38].

Thermogravimetric analyses reveal that the isolated complex
decomposes in two main steps. A typical profile (MZ1) is shown
in the Supplementary Information, all the materials prepared by
this procedure presenting similar profiles. The first one, occurring
at temperatures before 473K and having mass loss of approxi-
mately 15%, corresponds to dehydration and removal of the excess
of the ligand. The second stage of decomposition in the range of
673-773K is accompanied by an exothermic effect on the DSC
curve; ascribed to the oxidation of the organic part of the com-
plex. Furthermore, a maximum at 503 K is observed which could be
attributed to the rupture of the O-0 bridges and transition of the
singlet oxygen to 02" state, in agreement with the results obtained
by Ichinose et al. [39], in their studies about peroxotitanates. A third
broad exothermic peak is also observed in the range 0f 928-1028 K,
attributed to the polymorphic transitions in zirconia and magnesia
systems (Supplementary Information).

3.1.2. XRD and FTIR studies of MgO0/ZrO,

X-ray diffraction analysis of the prepared samples detects the
presence of poorly crystalline phases, which can be attributed
to: cubic MgO phase (ICDD PDF2 99-200-4113), cubic or
tetragonal zirconia (ICDD PDF2 99-101-0922, ICDD PDF2 00-042-
1167) undistinguishable due to broad and inseparable peaks, or
the magnesia-stabilized zirconia phase with a general formula
MgxZr;_x0,_x (ICDD PDF2 00-080-0967 and 00-080-0964) (Fig. 2a).
In the TMZXRD pattern, the presence of cubic magnesia is hardly
noticeable, but at higher Mg/Zr ratios the separation of crystalline
MgO from the mixed oxide becomes more obvious. The crystallite
size of magnesia reaches 7 nm in the 3MZ mixed oxide. The (111)
reflection of cubic/tetragonal zirconia phase is shifted to higher 26
degrees on the XRD of all magnesia-zirconia samples in compar-
ison with pure zirconia prepared via similar procedure (Fig. 2a),
that indicates the formation of cubic magnesia-stabilized zirconia
phase. The crystallite size of MgyZr.x0,.x, estimated by Scherrer
equation is found to be in the range of 3-4 nm for all MgO/ZrO,
ratios. This shifting (Fig. 2b), caused by incorporation of magnesium
ions in crystalline lattice of zirconia, was already noticed. Contrary
to this case, Sddaba et. al [30] found this peak continuously shifted
to the higher 26 degrees with the increasing MgO/ZrO, ratios up to
4.88, indicating higher degree of incorporation of magnesium ions
into the zirconia matrix. However, the ability of zirconia matrix
to accommodate magnesium ions is limited, as the highest Mg/Zr
ratio crystalline MgxZr{_,O,_x possesses, according to ICDD PDF2
database, is 0.4/1. The presence of MgyxZr; O, phase was not
detected in 4MZ prepared by co-precipitation and only peaks cor-
responding to periclase MgO and tetragonal ZrO, were identified
[27]. The difference in the formation of the MgyZr; 4O, phase in
the materials prepared via co-precipitation and peroxo-method can
be explained in the following way. During the co-precipitation,
the incorporation of magnesium into amorphous zirconia could
be accompanied by the formation of magnesium hydroxide. The
increase of magnesium ions concentration promotes their inclu-
sion in ZrO, lattice to the higher extent, when the other part of
magnesium ions is precipitated in the form of hydroxide. The pro-
cess of structure formation of oxide phase from the peroxocomplex
is different. In this case, zirconia peroxo-species and magnesium
ions are parts of the same structural unit; this feature ensures high
molecular homogeneity of the material, as the oxide phase forms
directly by complex decomposition, avoiding the stage of precipi-
tation of metal hydroxides. This justifies the highest incorporation
of magnesium ions into ZrO;lattice of the 1MZ sample.
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Table 1
Morphological properties of magnesia-zirconia samples.

Samples Chemical Mg/Zr surface Surface area, Pore volume Mean pore Crystallite sizes
composition atomic ratio Spet, M?[g Vp, cm/g diameter Dy, A of
(XPS) MgyZr1xO2.x;
MgO, nm

1MZ Mg1Zr1Nagos 1.18 87 0.08 31 3; -

2MZ Mg1.sZr1Nag.01 4.30 48 0.08 136 3; -

3Mz Mg, 6Zr1Nag 1 5.08 30 0.07 102 3,7

4MZz2 Mga5Zr1Nag o2 11.7 78 0.8 342 - 11

2Data taken from the study [27] for the bulk magnesia-zirconia prepared via precipitation method. Chemical composition was obtained by EDS for the peroxocomplexes.

For sample 4MZ, by ICP-OES.
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The most broad and intense doubling peak in the IR spectra of all
samples (Fig. 3a) is observed in the range of 1600-1400cm™! cor-
responding to Mg-0 stretching and bidentate carbonate bonded
to the surface of oxides. Absorption at 1150 cm~!, present in all
spectra, can be attributed to CO32" stretching, and it is found to
have the highest intensity in the spectrum of 1MZ sample. Prob-
ably, due to the adsorption of carbonate species on the strong
basic Mg-O-Zr centers of the MgyZr,_10,_, mixed oxide phase. The
bands at 550-630 and 430-450 cm~! can be attributed to the Mg-0
vibrations in the crystalline periclase. It is worth mentioning that
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Fig. 3. FTIR spectra of the magnesia-zirconia samples (a) and the region of OH-
groups stretching vibrations (b).

the band near 3700cm~! (Fig. 3b) does not appear for 1MZ sam-
ple. The absorption at this range of wave numbers unambiguously
corresponds to the vibration of OH groups bonded to magnesium
atoms. It is more likely that Mg-OH groups have been formed in the
result of re-hydroxylation of MgO surface with atmospheric water
vapors. The success in the incorporation of magnesium atoms in the
zirconia lattice via bridged oxygen bonded to zirconium, can sat-
isfactorily explain the absence of this band in the 1MZ spectrum.
This observation also supports the formation of more homogeneous
mixed magnesia-zirconia phase in these samples, made on the
basis of XRD analysis.
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3.1.3. Textural and morphological properties

Textural properties of the samples are summarized in Table 1.
Nitrogen adsorption-desorption isotherms determined at 77K
(Fig. 4) correspond in all the cases to type IV (mesoporous solids),
according to IUPAC classification. The hysteresis loops are rather
narrow and vertically oriented in the case of 2MZ and 3MZ, being
associated to type H1 - porous materials exhibiting a narrow distri-
bution of relatively uniform (cylindrical pores). Same type of loop
was previously observed in 4MZ prepared by co-precipitation. In
the case of 1MZ, the hysteresis loop shows the typical shape of H;
type, typical of more complex pore networks consisting of pores
with ill-defined shape and wide pore size distribution. Compar-
ing the samples obtained by the peroxocomplex route with the
bulk magnesia-zirconia prepared via precipitation method, a slight
increase in surface area and pore volume is observed for the 1MZ
sample—the sample with the highest incorporation of magnesium
ions into ZrO,, lattice sample, according to XRD patterns—, whereas
higher magnesium content decreases the specific surface area. Con-
trary, Sadaba et al. [30] noticed that the surface area increased
with magnesium content. The surface area is related to the frac-
tion of crystalline MgO phase. In that work, the crystallization of
periclase goes through the formation of the intermediate highly dis-
persed magnesium hydroxide, whose further dehydration resulted
in the MgO phase [30]. This method could allow the formation of
porous magnesia with more developed surface in comparison to
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Fig. 6. NH5-TPD curves of the magnesia-zirconia samples.

the method proposed in the present study, where MgO is formed
avoiding hydrolysis and precipitation stage.

3.1.4. Basic and acid properties

CO,-TPD profiles of the magnesia-zirconia oxides are depicted
in Fig. 5, whereas the concentrations and strength-distributions
of the basic sites are summarized in Table 2. Comparing all the
results with the basicity distribution of the bulk 4MZ prepared by
co-precipitation method [27], a noticeable decrease in both, con-
centration and strength, can be observed. Materials prepared by
the peroxo-route present mainly weak and medium-strength basic
sites (bicarbonates and bidentates) and the concentration of these
sites decreases as Mg/Zr ratio increases: from 66 wmol/g (1MZ)
to 25 pmol/g (3MZ). There is not an important difference in the
desorption temperatures among the three materials. These results
are in agreement with FTIR experiments. The medium strength
basic sites are the main, corresponding to the most intense peak
(1600-1400cm™1) attributed to bidentate carbonates bonded to
the oxide surface. These bidentate carbonates require the partici-
pation of an adjacent cationic site (M*-02~ pairs, medium strength
base sites), that is, the presence of an associated acid site, as demon-
strated using microcalorimetric studied with hydrotalcite-derived
Mg-Al mixed oxides [40]. Likewise, 1MZ sample exhibits also the
strongest basic sites, in agreement with the band at 1150cm™!
observed for this material.

The analysis of the acidity was carried out by NH3-TPD. Pro-
files obtained are shown in Fig. 6 whereas the distribution of acid
sites was summarized in Table 2. The material prepared by co-
precipitation (4MZ) showed higher acidity than the peroxocomplex
route prepared materials [27]. Likewise, the acidity of the 4MZ
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Table 2
Basic and acid properties of magnesia-zirconia samples.

Samples Basic sites, CO,-TPD, wmol/g (K) Acid sites, NH3-TPD, wmol/g (K)

Bicarbonate Bidentate Monodentate Weak (<503) Medium (503 <T<673) Strong (>673)
1MZ 21(330) 45 (458) 6 (666) 34(378) - 45 (808)
2MZ 11(317) 34 (455) - 59 (399) 38 (505,569) -
3Mz 12 (329) 13 (423) - 49 (428) 61 (574) -
4MZ? - 121 (444) 13 (585) 62 (353) 74 (566) -

2Data taken from the study [27] for the bulk magnesia-zirconia prepared via precipitation method.
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Fig. 7. Activity for the acetone condensation over the different Mg-Zr catalysts.

sample showed similar trends, with different concentrations but
similar strength distributions, to 2MZ and 3MZ samples. In all cases,
the acidic sites are distributed into weak and medium strength
acid sites. In the case of 1MZ catalyst, medium-strength acid sites
disappeared and a desorption peak a temperatures above 800K
appeared. From a previous work [27], it was concluded that strong
acid sites do not participate in the reaction, thus this peak will be
not considered.

3.2. Reaction studies

The acetone gas-phase condensation was carried out at temper-
atures between 373 and 723 K using the different Mg/Zr materials
as catalysts. The different compounds identified were congru-
ent with the general mechanism proposed for this reaction. This
mechanism is summarized in Scheme 1. The condensation reac-
tion of acetone forms diacetone alcohol. A subsequent dehydration
of this compound leads to either isomesityl oxide or mesityl
oxide. Condensation of these C6 compounds with acetone forms
phorones (C9), which rearrange to yield cyclic C9 compounds called
isophorones. It was previously studied how the distribution of
acid and basic sites in the catalyst condition the selectivity of
each product obtained in this reaction [28]. The absence of diffus-
ional limitations at working conditions was corroborated using the
Thiele modulus modified by Weisz [41] and the negligible acetone
conversion at these conditions without any catalysts was previ-
ously confirmed [28]. It should be also noted that the density of
the studied materials is very similar, leading to similar catalytic
bed lengths, and discarding any variation of the effective residence
time when using different catalysts.

The evolution of the acetone conversion with the temper-
ature using the different catalysts is plotted in Fig. 7. Results
obtained with 4MZ were also plotted to easily discuss the differ-
ences between both preparation methods. The acetone conversion
increases with the temperature, reaching values for the peroxo-
method prepared MgZr oxides higher in all cases than for the
bulk co-precipitated MgZr oxide. The conversion at 723 K reaches

the 44% for 1MZ, 2MZ and 3MZ, whereas the bulk oxide did not
exceed 35%. Selectivity to the main reaction products-diacetone
alcohol (C6), mesityl oxide (C6), phorones (C9), isophorones (C9)
and mesitylene (C9) are summarized in Table 3 for two tempera-
tures, as well as the carbon balance.

Selectivities below 573K were mainly towards C6 products,
whereas at 723K, the C9 compounds become more important.
Selectivity towards trimers at the highest temperature, reaches the
value of 30.1, 20.2 and 4.9% towards phorones (P), mesitylene (M)
and isophorones (IP), respectively. For comparative purposes, the
amount of IP obtained is lower than over Mg-Al oxides (13.9%) [42]
and Mg-Zr oxides (18%) [28]. Further, it is interesting to point out
that the selectivities towards C9 compounds are slightly higher
(55.2 for 1MZ versus 42% for Mg-Zr supported on high surface
area graphite), although the conversion is lower (44.8 versus 54%)
[28]. The values here obtained of C9 compounds are similar to that
obtained over a high surface area MgO (53.8%), obtained by an
hydrothermal treatment [32].

Focusing on the peroxo-method prepared MgZr oxides, it is
observed that the conversion reached, especially at the highest
temperature, is very similar in the three cases, being more noto-
rious the differences in selectivities. At temperatures lower than
523 K, only C6 products are formed in relevant concentrations. Only
the 1MZ catalyst, the material with the lowest conversion at this
temperature, reaches a 17.6% of selectivity towards phorones. In
all cases, the diacetone alcohol follows the typical profile of a pri-
mary product, whose selectivity reaches a maximum and decreases
by the decomposition into other products. Among MO and IMO,
mesityl oxide is the main product at these conditions, following
IMO an unclear trend. The formation of DAA is catalyzed by medium
strength basic sites, and its decomposition into MO or IMO needs
acid-basic pairs. These vicinal M*-02- sites are formed by the
oxygen anion, a medium-strength base, and the M+, weakly acid.
Likewise, it was shown in previous works that add to medium, the
presence of weak basic sites enhances this reaction [28]. 1MZ sam-
ple exhibits the highest amount of bidentate and also bicarbonate
centers, thus the highest reaction extension. Comparing the results
of the Mg-Zr oxides prepared by the peroxo-method with those
previously published on coprecipitated Mg-Zr oxides, it is evident
that the materials presented in this work have a more homoge-
neous distribution of basic and acid sites, in agreement with XRD
analysis, where a more homogeneous mixed magnesia-zirconia
phase in these samples was observed.

At 723K, the selectivity towards C6 decreases and C9 com-
pounds become more important, reaching for 1MZ selectivities to
C9 of 55.2%. The first trimer formed is the phorone, which reacts
to form either isophorones or mesitylene. Isophorones, the most
valuable product, are obtained in lower extension than over co-
precipitated Mg-Zr oxides of Mg-Al oxides. This step requires the
presence of strong basic sites, only presented on 1MZ catalyst, sur-
prisingly, with the lowest selectivity towards these compounds.
However, it is notorious the high selectivity towards mesitylene,
product that can be obtained by two different routes. It can be
formed from linear phorones, involving basic and acid sites [28],
but also from isophorones, involving only acid sites. Thus, the high
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Scheme 1. Reaction mechanism for the acetone self-condensation.

Table 3

Evolution of selectivity of acetone condensation towards the reactions products at three temperatures: diacetone alcohol (DAA), isomesityl oxide (IMO), mesityl oxide (MO),

phorone (P), mesitylene (M) and isophorone (IP).

Catalyst Conversion (%)/carbon Selectivity (%)

balance (%)

DAA IMO MO P M 1P

523K 723K 523K 723K 523K 723K 523K 723K 523K 723K 523K 723K 523K 723K
1 MZ 13.3/95.0 44.8/91.5 111 7.6 3.9 1.0 64.2 36.3 17.6 30.1 3.2 20.2 0.0 49
2 Mz 16.7/96.0 44.6/82.2 133 7.7 0.0 0.1 79.4 71.3 4.5 39 2.1 9.8 0.8 7.3
3MZ 18.1/85.8 42.5/80.5 131 24.8 0 0.1 82.1 53.6 4.7 6.8 0.0 6.2 0.0 8.6
4 MZz? 14.5/94.6 31.5/91.3 1.3 8.0 2.1 0.5 76.7 69.6 1.6 0.5 2.2 0.1 16.1 25.5

aData taken from the study [28] for the bulk magnesia-zirconia prepared via precipitation method and used as the catalyst for acetone self-condensation.

selectivity here observed towards mesitylene at 723K is in good
agreement with the isophorones selectivity profile and with the
relevant concentration of strong acid sites observed in 1MZ sam-
ple. By contrasts, on 2MZ and 3MZ, mesitylene could be formed
mainly from phorones, route which requires the presence of basic
and weak acid sites, present in these materials (Table 2)
Comparing the results obtained with these materials and with
the bulk oxide (4MZ), it should be noted that although the con-
versions are only slightly lower with the 4MZ material, selectivity
patterns are completely different. In general terms, 4MZ shows
higher selectivity towards isophorones, and lower to the forma-
tion of phorones and mesitylene. In the most accepted mechanisms
for acetone condensation, it is assumed that intramolecular aldol
condensations (needed for the formation of isophorones) require
higher strength of basic sites than the acetone aldol condensa-
tion for MO and IMO formation [28]. Obtained results suggest that
the strength of the basic sites in the materials prepared by the
peroxo-mediated procedure is enough for aldol condensation, but

not enough for the intramolecular condensation. From the point
of view of the acid sites distribution, both kinds of MgZr oxides
present a very similar acidity pattern. However, the ratio between
the amount of acid and basic sites is higher for the mixed oxides
prepared by the peroxo-mediated procedure. In good agreement
with this fact, mesitylene selectivity increases for these materials.
It should be noted that mesitylene formation from phorone needs
the presence of acid sites [28].

4. Conclusions

We propose in this work a new peroxo-mediated procedure
for the preparation of mixed magnesia-zirconia catalysts. The dis-
solution of the magnesia-zirconia hydrogel in hydrogen peroxide
in presence of citric acid leads to the formation of the amor-
phous peroxocomplex, whose stability and solubility are ensured
by the addition of carboxylic acid. This method provides a high
degree of incorporation of magnesium ions into the crystalline
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lattice of zirconia, thus forming cubic magnesia-stabilized zirco-
nia phase with a general formulaMgZr,_10,_,. With the increasing
of magnesia content in the samples the separation of the periclase
from the mixed oxide phase becomes more noticeable, whereas no
significant changes in the MgyZr,_10;_xlattice parameters can be
observed. The decrease of surface area in the samples with Mg/Zr
molarratio higher than 1 is attributed to higher crystallinity of mag-
nesium oxide. Total basicity and acidity of the prepared materials
are found to be lower than it is for precipitated mixed oxide. Only
the 1MZ sample exhibits strong basic and acid sites. The acetone
gas-phase self condensation results evidence the homogeneous
distribution of acid and basic sites on the Mg-Zr oxides prepared
by the peroxo-complex route. Likewise, it was observed that the
selectivity towards mesitylene is especially important for the 1MZ
sample, catalyst with the highest amount of both medium and high
strength basic sites and also strong acid sites.
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