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This paper reviews the preparation, physicochemical properties and application
of Mg/Al mixed oxides. Attention is focused on the activity of Mg/Al mixed oxides
in transesterification of rapeseed oil. The mixed oxides were prepared from
hydrotalcites by calcination and were characterized by XRD, FTIR and AAS. The
aim of work was to study the effect of Mg/Al mixed oxides properties such as Mg/Al
mass ratio (2-4), the temperature of calcination (450-1000 °C), time of calcination
(4-17 h) and post-treatment rehydration of mixed oxides on the activity of Mg/Al
catalysts in the transesterification reaction. The results show that the highest
catalytic activity was observed for Mg/Al catalysts with Mg/Al mass ratio of 3,
calcination temperature of 450 °C, time of calcination of 8 hours and rehydration
by water. The leaching of magnesium to liquid phase was also determined and was
always less than 0.1 wt. % — the catalyst was stable.
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Introduction
Hydrotalcites

Hydrotalcite is a natural, non-toxic, white mineral with lamellar structure (for a
review see Ref. [1]). Its structure is derived from that of magnesium hydroxide
(brucite), where a part of magnesium ions is substituted by trivalent ion
(aluminium ion) and brucite-like layer is formed. Individual layers are stacked on
each other and design layered structure. The cations can be different in brucite
layer but they have to have similar ion radius as magnesium in the case of divalent
cation or aluminium in the case of trivalent cation. The presence of d-elements in
the hydrotalcite structure can cause a distortion in the octahedral coordination
structure, and it causes the Jahn—Teller effect [2]. The brucite layer has positive
partial charge, which has to be compensated by a negative charge. The negative
charge is situated in the interlayer between two brucite-like sheets.

The compensating anions are situated in the anion layer. In the natural
hydrotalcites, the carbonate anions are present as the compensating anions [3] but
synthetic hydrotalcites can also contain different inorganic anions, such as
fluorides, chlorides, sulphates, sulphites, nitrates, etc. [4], anions of organic acids
such as adipic, malonic, efc. [5], or heteropolyacids anions, such as (PMo,,0,,)*
and (PW,,0,,)> [6]. The positive charge in the brucite layer can also be
compensated by two kinds of anions.

The hydrotalcite contains water, which is situated in a free space in anion
layer [7]. The natural hydrotalcites have four molecules of water in one structural
unit [Mg,Al,(OH),,CO,.4H,0], while the synthetic hydrotalcites contain less water.
The amount of water decreases with an increasing amount of trivalent cations and
size of anions [2].

The hydrotalcites are usually used as precursors for preparation of Mg/Al
mixed oxides but can also be used for other applications, such as fire retardants 8],
carriers for medications (Ibuprofen or various antibiotics) [9], anti-inflammatory
salves or as antacid agents [2].

Preparation

The hydrotalcite can be prepared by three different methods: titration method [10],
precipitation method at constant pH with high or low supersaturation of reactants
solutions [11-12].

In the case of titration method, two solutions of nitrates with appropriate
cations concentrations are prepared. These solutions are titrated with a solution of
base — sodium carbonate or sodium hydroxide are often used. Firstly (in the pH
range 4-4.5); the pure aluminum hydroxide is precipitated. The Mg/Al hydrotalcite
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is formed if the pH is increased to the range of 7.7-8.5. Further increase in pH to
9.5 causes magnesium hydroxide to be formed. This method is not suitable for
preparation of pure hydrotalcite [2].

The second method of preparation is the precipitation from solutions of
nitrates (with appropriate cations) at a constant pH and high supersaturation of
solutions. These solutions of nitrates are added very quickly to the solution of
bases such as NaHCO,. By this method, we are able to prepare less crystalline
material because of high numbers of crystallization nuclei arising in rapid
precipitation. The amorphous hydrotalcites were prepared by this method [2].

The precipitation at a constant pH and with low-supersaturation solutions is
one of the most frequently used methods. The solution of nitrates (with appropriate
cations) is added very slowly into distilled water (heated to 70 °C), while pH is
kept constant at the value of 9-10 by addition of bases solution. The mixture is
stirred intensively during the precipitation. The hydrotalcite prepared by this
method has a larger size of crystals in comparison with the method of high
supersaturation solution [2].

Mixed Oxides
Properties

The properties of mixed oxides depend on many parameters, such as the type of
mixed oxide, type and quantity of impurities present during catalyst preparation
[2]. Their properties can also be influenced by the time and temperature of
hydrotalcite synthesis, and calcination conditions such as heating rate, temperature,
time and atmosphere of heat treatment [2,13,14]. The most important properties of
prepared mixed oxides are acid-base properties [15], memory effect [16],
paracrystallinity [17] and formation of non-stoichiometric spinels [2,18].

The acid-base properties of mixed oxides can easily be modified by
introduction of suitable cations during preparation [2,13]. The strength of basic
sites can also be influenced by the molar ratio of cations. In the case of the Mg/Al
mixed oxides, the number of basic sites increases with an increasing amount of Mg
[19]. The hydrotalcite with the ratio MgO/AL O, = 5.23 exhibited the highest
number of Bronsted basic sites per unit of surface area [2]. Bronsted active centers
are transformed by calcination into Lewis centers, which are more active. These
mixed oxides have three types of active sites: the strongest O* surface basic sites,
the medium strong O™ centers located near hydroxyl groups and the weak basic
sites which are related to OH groups [13,20].

The mixed oxides prepared by calcination of hydrotalcite have memory
effect, i.e., the reconstruction of the hydrotalcite lamellar structure by adsorption
of various anions or water (e.g., from air) in mixed oxides. This process is suitable
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for the preparation of hydrotalcites with different types of anions. The memory
effect strongly depends on the type and amount of cations in brucite layer and the
temperature of calcination. The lamellar structure of hydrotalcite cannot be
reconstructed if the calcination temperature is higher than 450 °C [2].

Utilization

The significant applications of mixed oxides include their usage in the
heterogeneous catalysis as an active component or support. Mixed oxides can
catalyze many reactions, such as condensation [21-23], alkylation [24-26],
aldolisation [27] or transesterification [28,29]. Therefore, they are intensively
studied nowadays and their new applications are investigated.

The aldolisation is a reaction between two carbonyl compounds and a new
C-C bond is formed. The reaction is usually homogeneously base catalyzed by
sodium, bartum or potassium hydroxides. As an example, the preparation of
acrolein by the reaction of formaldehyde with acetaldehyde can be mentioned. The
reaction was studied in the gas phase and Mg/Al mixed oxide was used as a
catalyst [24]. It was found that the selectivity to acrolein is decreasing with an
increasing amount of acid sites. The selectivity to acrolein was set by the action of
acidic rather than by basic sites [24].

The aldol condensation of citral and acetone to pseudoionone was
investigated by Abello et al. [30], and rehydrated Mg/Al mixed oxides modified
by the presence of alkaline metals, such as sodium, potassium and lithium, were
used as the catalyst. Abello ef al.[30] found the Mg/Al mixed oxide catalyst doped
with sodium to show the highest catalytic activity. Unfortunately, alkaline-
promoted mixed oxide shows a significant leaching of the alkaline promoters to the
reaction mixture in repeated cycles.

The catalytic methylation in the gas phase of imidazole was also studied by
Grabowska et al. [31]. The Mg/Al mixed oxide with the molar ratio of 1:2 (Mg:Al)
prepared by calcination of hydrotalcite at 500 °C was used as a catalyst. The
catalyst was prepared by hydrothermal synthesis from magnesium and aluminium
nitrates by co-precipitation method with low saturation. The reaction was carried
out at 350 °C, and 94.2 % yield of N-alkylimidazole was obtained after 5 hours.
The product can be used as an intermediate for pharmaceutical or agrochemical
industry [31].

The transesterification of plant oils with low molecular alcohols is
intensively studied nowadays [32], because it is one of the ways how biodiesel can
be produced. In this reaction, the Mg/Al mixed oxides can be used as catalysts as
well. Biodiesel is known as a renewable fuel that consists of fatty acid methyl ester
(FAME), if methanol is used as alcohol in the reaction. Cantrell et al. [20] studied
transesterification of glyceryl tributyrate with methanol. The mixed oxides were
prepared by calcination at 500 °C. It was found that the conversion of oil after 3
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hours was 74.8 %. The reaction was carried out at 60 °C. Albuquerque et al. [33]
studied activity of the Mg/M mixed oxides (M = Ca or Al) in transesterification of
sunflower oil with methanol. The Mg/Ca hydrotalcite had to be calcined at 800 °C,
because that way it had a higher thermal stability than Mg/Al hydrotalcite. The
transesterification was carried out at 60 °C and after 3 hours the yields of methyl
esters were 92 % and 66.3 % for Mg/Ca and Mg/Al mixed oxides, respectively.
The yield of methyl esters increased with an increasing basicity of catalysts [33].
The transesterification of methyl palmitate with isobutyl alcohol was also studied
by Fraile et al. [34]. They studied the influence of alkaline metals, such as sodium
and potassium on catalytic activity of mixed oxides. They found that conversion
of oil and also basicity increases with an increasing amount of sodium and
potassium in the structure of mixed oxides. When the amount of sodium was
10.6 wt %, the conver-sion increased above 94 %. On the other hand, the
conversion decreased in repeated cycles [34]. They found out that sodium was
leached from catalyst into reaction mixture during the reaction, and it caused a
higher conversion. The conversion of methyl palmitate under the same reaction
conditions was only 3 % when the commercial hydrotalcite (Hycite 713) from Siid-
Chemie was used as a catalyst [34].

The mixed oxides containing transition metals can also catalyze
decomposition of NO,. Obalova et al. [35] studied degradation of nitrogen
monooxide. Ni/Al and Co/Mn/Al mixed oxides prepared by calcination of
hydrotalcites at 500 °C were used as catalysts. The suitability of these catalysts for
a practical application was proved in a simulated steam process in the presence of
0,, NO, NO, and H,O. A high catalytic activity was reached over all the tested
catalyst [35].

Hydrogen provides a clean and environmentally friendly energy. The
decomposition of methane is one way of hydrogen production. Ashok et al. [36]
carried out steam reforming of CH, over Ni/Cu/Al layered double hydroxide
converted to mixed oxide by calcination. The reaction was carried out at 600 °C
and ambient pressure.

The dry reforming of methane to synthesis gas over Ru supported on an
Mg/Al mixed oxide was studied by Tsyganok ef al. It was found that the
conversion after 4 hours was 100 % [37].

The mixed oxides are also significant sorbents; therefore, they are used for
sorption of acid-forming gases (SO,, NO,, NH;, mercaptans) or organic compounds
(phenols, oils, amines, dyes).

Preparation
The mixed oxides are formed from the hydrotalcites (as precursor) during

calcination. This method enables preparation of mixed oxide with a required molar
ratio of cations (in this case Mg/Al) and was used in this study. The calcination
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process can be divided into six heating stages, where in each of them the structure
is changed. At first, water from interlayer is escaping in the temperature range of
70-190 °C (the lamellar structure is still preserved). Further, water, which is bound
in the form of hydroxyl anions with Mg*‘or AI’*, escapes in the temperature ranges
of 190-280 °C and 280-405 °C. In the first temperature range (190-280 °C), the
hydroxyl anions are bound to AI*", and in the second range (280-405 °C) they are
bound to Mg**. The mixed oxides are formed in the temperature range from 405 °C
to 580 °C. The degradation of lamellar structure and formation of amorphous phase
occur in the temperature range of 280-405 °C. Further heating to 580 °C causes
only evaporation of the carbon dioxide, which is bound in the form of carbonate
anions (remnants from hydrotalcite synthesis). The spinel phase, which is mostly
inactive in the heterogeneous catalysis, is formed after heating of the material up
to 800 °C [38].

The mixed oxides prepared by calcination of hydrotalcite have advantages,
such as a large surface area, and also they have generally a good dispersion of
metal on their surface if they are used as supports [39].

The mixed oxides can also be prepared by different methods such as ceramic
or co-precipitation method [40]. The ceramic method is based on mixing of
individual powders of metal oxides or their carbonates and subsequent
homogenization and calcination at high temperatures. This method is energy
demanding; therefore, the co-precipitation method is used more often.

Experimental
Preparation of Catalysts

The Mg/Al hydrotalcites were synthesized by a co-precipitation method from two
aqueous solutions as follows: an aqueous solution of Mg(NO,),.6H,0 and
AI(NO,),.9H,0 of the desired Mg/Al ratio (total metal concentration 1 mol ") was
slowly added to 200 ml distilled water at 75 °C. At the same time, a 3.5 mol I'!
solution of Na,CO; (3 mol I'") and NaOH (0.5 mol ') was added in order to
maintain pH at the desired value (9.5 +0.5), and the mixture was stirred vigorously
(1400 rpm) with a mechanical overhead stirrer (Heidolph® RZR 2020). When all
the metal solution was added (1000 ml metal solution with total metal
concentration 1mol 1'"), the mixture was kept at 75 °C for 1 hour, and its pH value
was maintained at 9.5. The solid catalyst was filtered off and washed several times
with distilled water until the filtrate pH was 7. After the preparation, the
hydrotalcites were dried for 24 hours at room temperature. Finally, the
hydrotalcites were grained to 0.25-0.5 mm particle size. The mixed oxides are
formed from hydrotalcites as precursors by calcination; therefore, the calcination
of the hydrotalcites was performed. Additionally, the catalysts were calcined for
various time periods in the air at various temperatures. For convenience, the
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catalysts were named HTC-x, where HTC means hydrotalcite calcined and x refers
to temperature of calcination (°C).

Additionally, the rehydration of mixed oxides was chosen as a post-
treatment modification of the catalysts (reconstruction of lamellar structure). The
rehydration was carried out as follows. Firstly, the catalyst was rehydrated by water
when it was placed into distilled water at 85 °C, and the mixture was stirred with
a magnetic stirrer (200 rpm) for 2 hours. After that, the mixture was heated up to
the boiling point of water and excess water was evaporated. After evaporation, the
hydrotalcites were dried for 24 hours at room temperature and grained to 0.25-0.5
mm particle size. Secondly, the catalyst was rehydrated by steam when it was
placed in an oven and heated to the temperature between 130-150 °C. After that,
the catalyst was treated with a flow of humidified air preheated to 60 °C for 4
hours. Finally, the catalyst was dried at oven temperature for 10 minutes to remove
water, which might condense in the reactor. For convenience, the samples modified
by different treatments were designated as HTC (AS), HTC (WT) and HTC (ST)
for catalyst as synthesized (AS), treated with water (WT), and treated with steam
(ST).

Characterization of Catalyst

X-ray diffraction (XRD) patterns of the powder materials were obtained using a D8
Advance diffractometer (Bruker AXS, Germany). FTIR spectra were obtained
using a Nicolet 6700 spectrometer.

Reaction — Transesterification

The transesterification of rapeseed oil with methanol catalyzed by hydrotalcite was
carried out at the temperature of 117 °C in a batch stainless steel reactor equipped
with a manometer. The cold-pressed, filtred rapeseed oil, free of erucic acid (acid
number 0.22 mg KOH g, water content 600 mg kg ' and density 920 kg m,
produced by RPN Slatinany Corp., the Czech Republic) was used. The reactor,
which was filled up with the reaction mixture, was put into a glycerol bath (117 °C)
and the reaction started when the pressure on the manometer reached 550 kPa (the
pressure close to the saturation vapor pressure of methanol). After the reaction, the
catalyst was removed by filtration and the mixture was demethanolized (75 °C,
2.5 kPa). The ester (upper) and glycerol (lower) phases were separated in a
separation funnel and analyzed. Nevertheless, the glycerol phase was not observed
after the transesterification for all the catalysts. The ester phase was analyzed with
respect to the content of ester in the ester phase (ester yield — wt.%), the amount
of glycerides, the amount of free glycerol and the amount of magnesium in the
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ester phase (Mg leaching —wt.%). The concentration of aluminium was determined
by chelatometric titration, and aluminium leaching was found to be below the
detection limit. The contents of mono-, di-, triglycerides and methyl esters were
determined by the GC method according to EN 14105 by Shimadzu GC-2010 with
the help of linear calibration curves. Monoolein (Sigma Aldrich), diolein (Sigma
Aldrich), triolein (Acros Organics) and pure methyl ester (prepared by
homogeneous transesterification from the same oil and purified by molecular
distillation) were used as standards. The concentration of magnesium ions was
determined by atomic absorption spectroscopy with the help of a calibration curve.

Results and Discussion

The Mg/Al mixed oxides with various Mg/Al mass ratio were studied as
heterogeneous catalysts for transesterification of rapeseed oil. The catalytic activity
of Mg/Al mixed oxides strongly depends on an Mg/Al molar ratio [41-42],
temperature and time of pre-treatment [13,14] and post-treatment (rehydration)
[43] or on the reaction conditions, namely reaction temperature and time, stirring
speed, catalysts loading and oil to methanol molar ratio [43-45]. This work is
focused on a systematic comparison of these effects on the catalytic activity. The
most interesting finding is the effect of post-treatment rehydration on the catalytic
activity. Post-treatment rehydration is advantageous in aldolisation [27] but the
effect of post-treatment rehydration in transesterification of rapeseed oil has not
been described in detail up to now.

The reaction conditions were as follows: methanol to oil molar ratio of 24:1,
the reaction temperature of 117 °C, 4 wt. % of the catalyst (based on the weight of
rapeseed oil) and a stirring speed of 320 rpm. These reaction conditions were
derived from the series of tests, where we investigated the influence of each
parameter on the catalytic activity, and under the above mentioned reaction
conditions the catalyst shows the highest catalytic activity. The influence of these
parameters on the catalytic activity is not discussed in this work.

Influence of Mg/Al Mass Ratio on Biodiesel Yield

Table I gives the catalytic activity of Mg/Al mixed oxides with Mg/Al mass ratios
2, 3 and 4. The highest catalytic activity was achieved with the Mg/Al mass ratio
of 3; therefore, the catalyst with this mass ratio was used in following experiments.
Table I also gives the amount of leached magnesium. Total amount of the
magnesium leached from the catalyst structure was below 0.1 wt. %. Our results
of the catalytic activity dependence are in agreement with studies of Zeng ef al.
[45] and Xie et al. [44], who reported similar trends in the catalytic activity. It is
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Table I Influence of Mg/Al mass ratio in mixed oxides catalyst HTC-450 on yield of esters
and stability of catalyst

Mg/Al mass ratio 2 3 4
Ester yield, wt. % 35.8 36.3 13.8
Mg leaching, wt. % 0.08 0.09 0.04

Fig.1 (A) XRD patterns of Mg/Al mixed oxides calcined at different temperatures: (a)
450 °C, (b) 600 °C, (c) 1000 °C. (B) XRD patterns of Mg/Al mixed oxides
calcined at 450 °C for different time periods: (a) 4h, (b) 8h, (¢) 17h. (C) XRD
patterns of Mg/Al mixed oxides after various treatments: (a) without treatment,
(b) treated with steam, (c) treated with water, (d) hydrotalcite before calcination

due to the formation of new weaker basic sites if the Mg/Al mass ratio is above 3.
These weaker basic sites decrease the amount of strong basic sites; therefore, the
catalytic activity is decreasing. The Mg/Al mass ratio of the catalysts does not
influence the positions of characteristic diffraction maxima in XRD patterns, only
their intensities.
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Influence of Calcination Temperature on Biodiesel Yield

The results in Table I show that the catalytic activity was significantly affected by
the temperature of calcination. It was found that the catalytic activity decreases
with an increasing calcination temperature in the tested range from 450 °C to
1000 °C. The role of the thermal pre-treatment and the basicity of Mg/Al mixed
oxides and their catalytic activity are still a matter of discussion. The results are in
agreement with findings of Zeng et al. [45] and Xie et al. [44], who reported
similar trends in the catalytic activity. They found that the catalytic activity
increases with an increasing calcination temperature and reaches the maximum
over the calcination temperature of 450-500 °C. When the temperature was higher,
then the catalytic activity dropped considerably. The catalysts showed a very good
stability: the total amount of magnesium leached was below 0.1 wt. %. The
decomposition resulted in the formation of mixed Mg/Al oxides phase during
calcination of hydrotalcites. This fact was confirmed by the XRD patterns as
shown in Fig. 1 (A). For the Mg/Al mixed oxides calcined at 450 °C and 600 °C,
the characteristic reflections observed clearly at 43° and 62° correspond to MgO-
like phase [19]. This confirms that the mixed oxide was formed from Mg/Al
hydrotalcite-like precursor (Fig. 1 (C) — d). In addition, the Mg/Al mixed oxide
calcined at 1000 °C has shown characteristic reflections of MgAl,O, spinel phase
(spinel phase appeared at 19°, 31°, 37°, 45°, 59° and 65°). The spinel phase is
inactive and may be one of the reasons for the decrease in the catalytic activity
[44].

Table II Influence of calcination temperature of mixed oxides on yield of esters and catalyst

stability
Catalyst HTC-450 HTC-600 HTC-1000
Calcination temp., °C 450 600 1000
Ester yield, wt. % 27.6 19.9 17.3
Mg leaching, wt. % 0.04 0.06 0.04

Influence of Calcination Time on Biodiesel Yield

Although several authors tested mixed oxides prepared for different calcination
times, almost all the authors stated that the calcination time did not affect the
catalytic activity. Therefore, the effect of the calcination time on the catalytic
activity was investigated in the range from 4 to 17 hours. The results in Table III
show that the catalytic activity of the catalysts calcined for 4 and 8 hours is
practically the same. On the other hand, the catalyst calcined for 17 hours showed
a significant decrease in the catalytic activity. It was found, that the calcination
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time has no influence on the catalyst structure (Fig. 1 (B)). All catalysts calcined
for different amount of time showed characteristic reflections of MgO-like phase
typical for mixed oxides. Therefore, another FTIR measurement was performed to
find what caused the decrease in the catalytic activity. The FTIR spectra of
catalysts calcined for different periods of time are presented in Fig. 2. The band
found at 620 cm™' corresponded to the carbonate and Mg-O bond, and the band
around 420 cm ' was attributed to the presence of the Mg-O and Al-O bonds
[44,46]. Both these bands (620 and 420 cm ') were similar for catalysts calcined
for 4 and 8 hours. The catalyst calcined for 17 hours exhibited lower intensities of
these bands; therefore, the catalyst showed a lower activity than those calcined for
4 or 8 hours.

Table III Influence of calcination time on yield of esters and stability of catalyst — HTC-450

catalyst
Calcination time (h) 4 8 17
Ester yield (wt.%) 27.6 28.4 18.4
Mg leaching (wt.%) 0.04 0.06 0.06

Fig.2 IR spectra of Mg/Al mixed oxides calcined for different time periods: (a) 4 h, (b)
8h,(c)17h
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Table IV Influence of catalyst treatment on yield of esters and catalyst stability

Catalyst HTC (AS)-450 HTC (WT)-450 HTC (ST)-450

Treatment without water steam

Ester yield (wt. %) 24.4 42.0 24.0

Mg leaching (wt. %) 0.06 0.02 0.06
Rehydrated Mixed Oxide

The influence of catalysts rehydration by water or steam on biodiesel yield is
shown in Table IV. It was found that the catalyst reconstructed after rehydration
by water was much more active than the mixed oxides obtained by calcination. The
biodiesel yield was 24.4 % and 41.9 % for Mg/Al mixed oxides obtained by
calcination and rehydration by water, respectively. The catalyst rehydrated by
steam showed practically the same catalytic activity as the calcined catalyst. The
significant improvement in the catalytic activity in the case of the catalyst
rehydrated by water was due to a partial reconstruction of the layer structure
typical of hydrotalcites, which was proved by XRD patterns. These patterns (Fig.
1 (C)) confirm that the rehydrated materials have shown characteristic reflections
at 11°,22°, 34°, and 38° corresponding to a hydrotalcite-like structure, which are
not present in the sample after calcination. Additionally, the characteristic
reflections for MgO-like phase for the rehydrated catalysts had a lower intensity.
However, this is not so clearly seen in the case of the catalyst rehydrated by steam,
which may be one of the reasons that the catalyst rehydrated by steam did not show
an improvement in the catalytic activity in comparison with the calcined catalyst.
The rehydration with water or with steam did not influence the catalytic stability;
The total magnesium leaching was below 0.1 wt. %. However, the stability of
Mg/Al mixed oxides dramatically decreased under air atmosphere, probably due
to the interaction with atmospheric CO, (the catalytic activity of rehydrated catalyst
after 3 months was practically the same as that of the calcined catalyst).

Conclusion

Firstly, this present paper reviews the preparation, physicochemical properties and
application of Mg/Al mixed oxides.

Secondly, the paper describes the effect of Mg/Al mixed oxides properties,
such as Mg/Al mass ratio, temperature and time of thermal pre-treatment and post-
treatment rehydration of mixed oxides on the activity of the Mg/Al catalysts in the
transesterification reaction.

The reaction conditions were as follows: the methanol to oil molar ratio of
24:1, the reaction temperature of 117 °C, 4 wt. % of the catalyst and the stirrer
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speed of 320 rpm. The highest activity of the Mg/Al mixed oxides was observed
for mixed oxide with the Mg/Al mass ratio of 3, pre-treated at 450 °C for 4-8
hours.

The study of the effect of calcination time and post-treatment rehydration
showed that the catalytic activity of Mg/Al mixed oxides decreased with decreasing
population of Mg-O bonds. The amount of these bonds and the catalytic activity
of Mg/Al mixed oxides increased significantly after the post-treatment rehydration
of catalysts with water.
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