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Abstract 
A synthetic approach to the composites based on mesoporous 

aluminum oxide coated with a thermally stable aromatic 
branched polymer (Al2O3–PPP, Al2O3–Fe3O4–PPP) is developed 
that provides reliable stability to Zn and Cr oxide nanoparticles. 
The presence of a thermally stable hydrophobic polymer layer on 
the surface of aluminum oxide is shown to facilitate the creation 
of efficient catalysts for the synthesis of methanol from CO2, 
which can work at elevated temperatures and pressures.  
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Introduction 

The catalysts containing metal nanoparticles (NPs) exhibit 
higher activity and selectivity than the traditional heterogeneous 
counterparts, while the possibility of their recovery and 
recycling is an undeniable advantage compared to the 
homogeneous catalysts [1–6]. The high productivity of these 
catalysts is associated with the large surface area of NPs which 
have a great number of active catalytic centers that promote 
reactions. Furthermore, the catalytic properties are also affected 
by the shape and size of NPs as well as the nanoparticle 
substrate or support which often plays the role of a stabilizing 
agent. Polymers are conventionally used for steric stabilization 
of NPs [7–12]. The most efficient stabilization of NPs is 
provided by functional branched systems which architecture 
simultaneously simplifies the formation/stabilization of NPs and 
the access of substrate molecules to them [13]. The most 
available branched systems are hyperbranched polymers since 
they can be obtained in a single step [14–17], without recourse 
to energy- and resource-consuming approaches used, for 
example, in the synthesis of individual macromolecules, namely, 
dendrimers [18]. An important limiting factor is the thermal 
stability of polymers, which is required for the catalytic 
processes that occur at high temperatures. 

Earlier we have shown that hyperbranched 

pyridylphenylene polymers efficiently stabilize Pd [19], Ni 

[20], and Ru [21] nanoparticles, as well as metal oxides 

doped with different metals (Ni, Co, Cr) [22]. These catalysts 

displayed high activity in the Suzuki–Miyaura cross-coupling 

[19], catalytic transfer hydrogenation of aldehydes and 

substituted nitrobenzenes [20], hydrogenation of levulinic 

acid to γ-valerolactone [21], and the conversion of syngas to 

methanol [22]. The NPs were obtained by two methods: 1) 

the preliminary coordination of metal precursors with the 

polymer pyridine units followed by the reduction to zero-

valent metals [19, 20]; 2) the thermal decomposition of 

metal acetylacetonates in the polymer presence [21, 22]. The 

second method provides, as a rule, metal oxide 

nanoparticles. Both of these techniques imply the use of 

solvents. In the second approach, the reaction temperature 

caused by the application of high-boiling dibenzyl ether 

(~290 °С) is insufficient for the decomposition of chromium 

and copper acetylacetonates [22]. In this regard, the 

impregnation followed by the thermal decomposition of 

metal salts in porous inorganic substrates is used as an 

alternative method for the production of metal oxide NPs. 

This approach affords 2–3 g of the catalyst in a single step, 

favorably differing from the above-mentioned colloidal 

approach. The presence of a polymer layer on the solid 

support, which has the functional groups capable of 

interacting with metal compounds, facilitates the more 

efficient stabilization of catalytic centers. 

Al2O3 and SiO2 are often used as inorganic supports for 

the NP stabilization, which is caused by their low cost, large 

surface area, as well as thermal and mechanical resistance 

[23–26]. The presence of the Lewis acid centers in aluminum 

oxide determines its application in the acid–base catalysis 

[27]. Copper–zinc catalysts on aluminum oxide 

(Сu/ZnO/Al2O3) are used industrially for the production of 

methanol from syngas [28] as well as for the hydrogenation 

of carbon dioxide [29]. The latter is of particular interest 

since the use of carbon dioxide as a source of value-added 

products is a promising approach for reducing СО2 emission 
and opens the way to a broad spectrum of important chemical 
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compounds [30]. Thus, methanol produced upon catalytic 
hydrogenation of СО2 [29, 31, 32] serves as an intermediate 
compound for the synthesis of several classes of hydrocarbons, 
including lower olefins, gasoline hydrocarbons, branched 
alkanes, and aromatic compounds [33]. The transformation of 
СО2 into methanol occurs at high temperatures and pressures 
(above 220–300 °C, 5–10 MPa); under these conditions, 
different side processes lead to the catalyst deactivation [34]. 

One of these deactivation processes is the inevitable 

formation of water vapor during СО2 hydrogenation [35]. 
Released water is adsorbed on the catalyst, which facilitates the 
aggregation of catalytic NPs and, consequently, an increase in 
their sizes. The hydrophobization must facilitate a reduction in 
the adsorption of released water [34]. It is believed that the 
hydrophobic polymer layer formed on the solid support will 
prevent water adsorption and thus reduce its negative impact on 
the catalyst activity. The pyridine units in the polymer 
composition will facilitate the more efficient adsorption of CO2 

[36, 37]. Different metallic and bimetallic particles (Zr, Si, La, 

Ti, Cr, Ga, Ce, Fe, Nb, Pd, etc.) are introduced into the 

catalysts based on aluminum oxide to improve the catalytic 

characteristics [31, 34, 38, 39]. 
In this work, we produced the catalytic nanocomposites 

based on aluminum oxide coated with thermally stable 
pyridylphenylene polymer bearing catalytic nanoparticles of Zn, 
Cr, and Fe oxides. The structures of the resulting 
nanocomposites were examined in detail. This investigation 
continues a series of our reports devoted to the use of 
hyperbranched pyridylphenylene polymers as a versatile matrix 
for the formation of catalytic systems that are able to work 
effectively in different processes and conditions, including high 
temperatures and aggressive media. As a proof of concept, the 
catalytic performance of the resulting composites in the 
hydrogenation of CO2 to methanol is presented. 

Results and discussion 

The following inorganic substrates were used for the 
synthesis of cross-linked pyridylphenylene polymer on a solid 
support: commercial mesoporous Al2O3 and magnetic Al2O3–
Fe3O4 obtained from mesoporous Al2O3 according to the 
published procedure [40]. To form a polymer layer on the 
surface of Al2O3 (or Al2O3–Fe3O4), we used the synthetic 
approach earlier developed for the composite of 
pyridylphenylene polymer with mesoporous silica [19]. The 
synthetic scheme is depicted in Fig. 1. Pyridine is able to 
interact with the Lewis acid centers of aluminum oxide [41], 
which is an additional factor for the formation of a stable 
polymer layer on the surface of aluminum oxide. In this respect, 
a dichloromethane solution of monomer А6 (bearing six 
pyridine units) was initially mixed with Al2O3 (or Al2O3–Fe3O4). 
After evaporation of dichloromethane, a solution of monomer 
B2 in diphenyl ether was added to aluminum oxide (or Al2O3–
Fe3O4) with adsorbed monomer А6. The polymer layer was 
formed during the polycondensation under conditions of the 
Diels–Alder reaction at 165 °C. While modifying the conditions 
for the synthesis of the polymer on Al2O3 surface (Table S1), it 
was found that the formation of a stable polymer layer requires 
maintenance of the monomer concentration of 0.05 mol/L and 

the equifunctional ratio of B2 to А6. This afforded the cross-
linked polymer filled with Al2O3 (or Al2O3–Fe3O4). The 
resulting composites were designated as Al2O3–PPP and Al2O3–
Fe3O4–PPP, respectively. 

 

Figure 1. Synthesis of the polymer layer on the surface of a solid 
support (Al2O3 or Al2O3–Fe3O4). 

The results of investigations of the Al2O3–PPP and Al2O3–
Fe3O4–PPP composites by means of transmission electron 
microscopy (TEM) and energy-dispersive X-ray spectroscopy 
(EDX) are presented in Figs. 2 and 3. Figure 2 demonstrates the 
TEM images and elemental maps of the Al2O3–Fe3O4–РРР 
composite. The Al, O, Fe, and C maps have almost the same 
shapes which correspond to the STEM and TEM images (Fig. 
2a,d), while their superposition (Fig. 2g) shows the presence of 
all elements in the same area, which testifies, in turn, the 
formation of the polymer layer on the surface of Al2O3–Fe3O4 
and its uniform distribution. 

 

Figure 2. STEM dark field image (a), TEM image (d), and EDX 
elemental maps of Al (b), O (c), Fe (e), C (f), and their superposition (g) 
of the Al2O3–Fe3O4–РРР composite. 

The TEM and STEM images as well as the elemental maps 
of the Al2O3–РРР composite, which does not contain Fe3O4, 
look different (Fig. 3). The TEM image shows the polymer layer 
bearing Al2O3 particles. The elemental maps demonstrate the 
presence of a large fraction of the free polymer (Fig. 3e), which 
obviously testifies the non-uniform distribution of the polymer 
layer on aluminum oxide. 
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Figure 3. TEM image (a), STEM dark field image (b), and EDX 
elemental maps of Al (c), O (d), and C (e) of the Al2O3–РРР composite. 

The efficiency of coating aluminum oxide with the polymer 
was evaluated by the thermogravimetric analysis (Fig. 4) based 
on the sample weight loss in the temperature range of 200–
900 °С under an argon atmosphere. The temperature interval 
was chosen based on considerations that an insignificant weight 
loss till 200 °С is connected with the residual solvent in the 
samples. In the chosen temperature range, the weight loss for 
Al2O3 was 4%, whereas that for the Al2O3–PPP composite was 
22%, which means that the polymer contribution to the sample 
weight loss is 18% (22–4%) (or 0.18 g per 1 g of Al2O3–PPP). 
According to the TGA curves (Fig. 4), the weight loss of PPP 
polymer at 200–900 °С reaches only 22.5%. Therefore, 1 g of 
the nanocomposites contains up to 0.80 g of the polymer, 
assuming that Al2O3 does not affect the decomposition of PPP. 
The polymer content in the Al2O3–Fe3O4–PPP composite was 

calculated analogously and reached up to 0.42 g per 1 g of the 
composite. The polymer content in the Al2O3–PPP composite 

was two times higher than that in Al2O3–Fe3O4–PPP, which is 

in good agreement with the elemental analysis data (see the 

Experimental section) and can be caused by different 

processing of the composites after the formation of the 

polymer layer. In the case of Al2O3–Fe3O4–PPP, the magnetic 
composite can be effectively separated from the polymer not 
bound with the solid support using a rare-earth element 

magnet, whereas for the composite that does not contain the 

magnetic component, namely, Al2O3–РРР, the procedure 
consisted in the sample centrifugation. In this case, it is obvious 
that the difference between precipitation rates of the supported 
polymer and without Al2O3 is small, which leads to the presence 
of the residual free polymer in the sample. 

 

Figure 4. TGA curves for PPP, Al2O3, Al2O3–Fe3O4, Al2O3–PPP, and 

Al2O3–Fe3O4–PPP. 

The indirect evidence for the formation of the polymer layer 
on the surface of aluminum oxide is provided by the FTIR 
spectroscopic data (Fig. 5). Besides the absorption bands 
characteristic of the polymer structure, aluminum and iron 
oxides, the spectrum shows a weak band (shoulder) at 1600 cm–1 
which can be attributed to the pyridine groups adsorbed on the 
Lewis acid centers of aluminum oxide [41]. 

The results of investigations by TEM, TGA, and elemental 
analyses for the composites are in good agreement with each 
other and testify the more uniform distribution of the polymer 

layer on the surface of the nanocomposites with the magnetic 
component, namely, Al2O3–Fe3O4–PPP. 

 
Figure 5. FTIR spectra of PPP, Al2O3–Fe3O4, and Al2O3–Fe3O4–РРР. 

The synthesis of the Al2O3–Fe3O4–PPP composites 
containing Zn and Cr oxides was accomplished by the 

decomposition of Zn(acac)2 and Cr(acac)3 under an argon 
atmosphere at 350 °С according to the previously published 
procedure [42]. The initial impregnation of zinc and chromium 
acetylacetonates was carried out by dissolving the salts in 
acetone followed by the solvent evaporation. Thus, depending 
on the acetylacetonate loadings, the composites with different 
contents of Zn and Cr were prepared (Table 1). The content of 
Zn and Cr in the samples was determined by X-ray fluorescence 
spectroscopy. 

Table 1. Contents of Zn and Cr in the resulting composites 

Sample 
Zn, % Cr, % 

loading XRF loading XRF 

Al2O3–Fe3O4–РРР–Zn–1 1 0.9 – – 

Al2O3–Fe3O4–РРР–Zn–Cr–2 1 0.9 1 0.5 
Al2O3–Fe3O4–РРР–Zn–Cr–3 2 2.1 1 0.5 

The TEM images and elemental maps show the localization 
of all the composite elements (Fig. 6). The metal and oxygen 
maps (Figs. 6b,c,e,g,h) repeat the shape of nanoparticles in the 
STEM image (Fig. 6а); the carbon map (Fig. 6d), which 
indicates the presence of the polymer, generally repeats the 
metal maps. The superposition of the Fe, Zn, and Cr elemental 
maps (Fig. 6i) as well as the superposition of the other elements 
in the nanocomposites (Fig. 6j) testify the incorporation of Zn 
and Cr nanoparticles into the Al2O3–Fe3O4–РРР nanocomposite. 

The XRD patterns of Al2O3–Fe3O4, Al2O3–Fe3O4–РРР, and 
Al2O3–Fe3O4–РРР–Zn–Cr–3 were identical (Fig. 7а). 

The analysis of the XRD patterns is complicated due to 
crystallinity of starting aluminum oxide. All the XRD patterns 
include a set of reflexes that correspond to Al2O3 crystalline 
structure [43] as well as a set of reflexes that correspond to 
spinel (magnetite Fe3O4) [40, 44]. The absence of additional 
reflexes characteristic of ZnO and Cr2О3 implies that Zn and Cr 
particles are either mixed with the magnetite phase or form 
amorphous oxides. The detailed comparison of (311) reflexes 
for Al2O3–Fe3O4–РРР and Al2O3–Fe3O4–РРР–Zn–Cr–3 (Fig. 
7b) revealed a small shift towards small angles in the Al2O3–
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Fe3O4–РРР–Zn–Cr–3 composite, which can be attributed to the 
displacement of a small amount of Fe2+ (ionic radius 0.61 Å) 

 

Figure 6. TEM image (a), STEM dark field image (b), and EDX 
elemental maps of Al (с), O (d), C (e), Fe (f), Zn (g), Cr (h), 
superposition of Fe–Zn–Cr (i), and superposition of all elements (j) of 
the Al2O3–Fe3O4–РРР–Zn–Cr–3 composite. 
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Figure 7. (а) XRD patterns of Al2O3, Al2O3–Fe3O4, Al2O3–Fe3O4–РРР, 
and Al2O3–Fe3O4–РРP–Zn–Cr–3; (b) extended region of (311) reflexes 
of Al2O3–Fe3O4, Al2O3–Fe3O4–РРР, and Al2O3–Fe3O4–РРР–Zn–Cr–3. 

and Fe3+ (ionic radius 0.49 Å) in magnetite for Zn2+ with the 
ionic radius of 0.74 Å and Cr3+ with the ionic radius of 0.62 Å. 

The analogous phenomenon was observed for Fe3O4 doped with 
Zn [45] and in our previous report for the Zn–Cr-containing 
magnetic mesoporous silica gel [42]. 

The oxidation states of the metal species in Al2O3–Fe3O4–
РРР–Zn–Cr–3 were analyzed by high-resolution X-ray 
photoelectron spectroscopy (XPS). The Zn 2р spectrum (Fig. 
8а) displays the signals at 1022.5 eV and 1045.6 eV that 
correspond to Zn2+ [46]. The Fe 2р spectrum (Fig. 8b) exhibits 
the main signal at 711.4 eV which is typical for iron oxides. In 
the case of the formation of zinc ferrite or iron chromite, the 
spectrum would have contained a satellite with the binding 
energy 8 eV higher than that of the main peak. The presence of a 
satellite would have indicated an increase in the Fe3+ fraction 
and deviation of the Fe3+/Fe2+ ratio from the standard value of 
magnetite (2:1), whereas its absence evidences the retention of 
the magnetite structure [47]. In the case of magnetite, the 
satellite signals of Fe3+ and Fe2+ counterbalance each other, 
which leads to the lack of resolved peaks in the range of Fe 
2p3/2–Fe 2p1/2 binding energies, as can be seen from Fig. 8b. The 
absence of conditions for the formation of zinc ferrite or iron 
chromite NPs was shown earlier upon the synthesis of Zn and Cr 
oxide nanoparticles in the pores of mesoporous magnetic silica 
gel as well as those stabilized with the polymer [22, 42]. The Cr 
2p spectrum (Fig. 8c) shows the signals typical for Cr3+ [48], 
and the energy of spin-orbit splitting (Cr 2p3/2–Cr 2p1/2 = 9.76 
eV) is comparable to the energy of Cr2O3 (9.7 eV). 
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Figure 8. XPS spectra of Al2O3–Fe3O4–РРР–Zn–Cr–3: Zn 2р (а) (black 
curve – experimental data, red curve – Zn2+), Fe 2p (b) (black curve – 
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experimental data, red – approximating curve, blue – Fe2+, green – Fe3+, 
orange – Fe2+ satellites, purple – Fe3+ satellites), Сr 2p (c) (black curve – 
experimental data, red – approximating curve, blue – Cr3+, green and 
orange – Zn LMM). 

The analysis of the elemental composition defined by XPS 
and XRF for Zn, Cr, and Fe evidences that the composite 
surface is enriched with Zn and Cr (Table 1, Tables S1 and S2 in 
the Electronic Supplementary Information). 

The resulting catalysts were tested in the hydrogenation of 
carbon dioxide to methanol. The performed investigations 
showed that the composite Al2O3–Fe3O4–РРР–Zn–1 with the 
zinc content of 0.9% promoted the hydrogenation of carbon 
dioxide; however, the rate of methanol formation was lower 
than that achieved with the industrial catalyst MegaMax 800 
(Table 2). The catalyst doping with Cr oxide nanoparticles led to 
an essential increase in the catalytic activity. The rate of 
methanol formation with the application of Al2O3–Fe3O4–РРР–
Zn–Cr–2 was 26% higher than in the case of the catalyst 
MegaMax 800. A further increase in the content of Zn2+ in the 
catalyst at the unchanged content of Cr3+ (Al2O3–Fe3O4–РРР–
Zn–Cr–3) led to an increase in the rate of methanol formation to 
190 g МеОН/kgМе·h, which is almost twice as high as the rate 
of methanol formation catalyzed by MegaMax 800. 

The possibility of recycling without a loss in the activity is 
an important characteristic of catalysts. Al2O3–Fe3O4–РРР–Zn–
Cr–3 was readily recovered using a rare-earth element magnet 
and reused in five consecutive catalytic cycles (Table 2). The 
activity of the catalyst remained almost unchanged over four 
cycles. Since the fifth cycle, a dramatic decrease in the methanol 
yield was observed. 

Table 2. Testing of the composites with the general formula Al2O3–
РРР–ZnO–Cr2O3 in the hydrogenation of СО2 

No. Composition 
Rate of methanol formation, 

g MeOH/kgMe·h 
1 Al2O3–Fe3O4–РРР–Zn–1 25 
 Al2O3–Fe3O4–РРР–Zn–Cr–2 132 

4 Al2O3–Fe3O4–РРР–Zn–Cr–3 190 

5 
Al2O3–Fe3O4–РРР–Zn–Cr–3 

4 cycles 
187 

6 
Al2O3-Fe3O4-РРР-Zn-Cr-3 

5 cycles 
161 

7 
MegaMax 800 (61% CuO, 
28% ZnO, and 11% Al2O3) 

98 

Experimental 

General remarks 

Al2O3 (Sigma-Aldrich, 5.8 nm, 133 m2/g), zinc 
acetylacetonate hydrate Zn(acac)2·H2O (Sigma-Aldrich), 
chromium(III) acetylacetonate Cr(acac)3 (97%, Sigma-Aldrich), 
acetone (99.5%), chloroform (99.8%), ethanol (96%), dodecane 
(99%, ReagentPlus) were purchased from commercial sources 
and used without purification. 

Zn and Cr elemental analyses were performed by X-ray 
fluorescence spectroscopy (XRF) on a Zeiss Jena VRA-30 
spectrometer equipped with a Mo anode, LiF200 crystal 
analyzer, and SD detector. The C, H, N elemental analyses were 
obtained on a Vario Microcube (Elementar) analyzer. 

The FTIR spectra were recorded on a Vertex 70 V FTIR-
spectrometer. 

Transmission electron microscopy (TEM), scanning 
transmission electron microscopy (STEM), and energy-
dispersive X-ray (EDX) microanalysis were carried out in an 
Osiris TEM/STEM unit equipped with a high angle annular dark 
field detector (HAADF) and an X-ray energy dispersive 
spectrometer Super X at an accelerating voltage of 200 kV. The 
specimens for TEM, STEM, and EDX studies were prepared by 
placement of the Lacey carbon film on Cu grid into the vial with 
the powder composites. 

The X-ray photoelectron spectra were registered on an Axis 
Ultra DLD (Kratos) spectrometer equipped with Al Kα 
monochromator. 

The thermogravimetric analysis (TGA) was carried out on a 
Shimadzu DTG-60H unit. The experiments were performed 
upon heating to 900 °C with the rate of 10.0 deg/min under an 
argon atmosphere. 

The powder X-ray diffraction studies were carried out on a 
Proto AXRD Θ-2Θ diffractometer equipped with a copper 
anode, nickel Кβ filter (Кα = 1.541874 Å) and 1D Dectris 
Mythen 1K detector in the Bragg–Brentano geometry in the 
angle range of 5–100° with the step of 0.02° by 2Θ angle. 

During catalytic experiments, the liquid phase was analyzed 
using a GS-MS Shimadzu 2010 gas chromatomass spectrometer 
(Japan). 

Syntheses 

Dendrimer A6 and bis(cyclopentadienone) B2 were 
synthesized according to the published procedures [49]. 

Al2O3–Fe3O4 was obtained by the method published 
elsewhere [40]. 

Synthesis of the Al2O3–PPP (or Al2O3–Fe3O4–РРР) 

composite. Al2O3 (or Al2O3-Fe3O4) (0.203 g) was heated in a 
Schlenk flask over an oil bath at 120 °C under an argon 
atmosphere for 2 h. The monomer A6 (0.050 g, 0.037 mmol) 
was dissolved in dichloromethane (3 mL). After heating, the 
solution of the monomer A6 was added to Al2O3. Then 
dichloromethane was removed on a rotary evaporator. The 
monomer B2 (0.087 g, 0.111 mmol) was dissolved in diphenyl 
ether (3 mL) and added to the reaction flask containing 
monomer A6 deposited on Al2O3. The reaction flask equipped 
with a condenser and stirring bar was filled with argon and 
heated to 165 °C. The reaction was carried out for 10 h under 
continuous stirring. The non-magnetic composite Al2O3–PPP 
was loaded into tubes and rinsed with chloroform (8×10 mL) by 
centrifuging at 6000 rpm for 20 min. The Al2O3–PPP composite 
was dried in vacuo at 80 °С. According to the elemental analysis 
data, the C, H, N contents in the Al2O3–PPP samples composed 
48.52%, 3.62%, and 2.38%, respectively. The magnetic 
composite Al2O3–Fe3O4–РРР was loaded into vials and rinsed 
with chloroform (8×10 mL), holding the magnetic composite 
with a magnet. According to the elemental analysis data, the C, 
H, N contents in Al2O3–Fe3O4–PPP composed 25.45%, 1.89%, 
and 1.23%, respectively. According to the results of X-ray 
fluorescence analysis, the iron content was 12.3%. 

General procedure for the synthesis of the Al2O3–Fe3O4–
PPP–Zn–Cr composites. Al2O3–Fe3O4–PPP (2.000 g) was 
dispersed in a solution of Zn(acac)2 (0.090 g) and Cr(acac)3 
(0.147 g) in acetone (10 mL). The reaction mixture was heated 
at 50 °С for acetone evaporation. The resulting sample was dried 
in vacuo at 50 °С for 12 h. Then it was placed in a tube furnace 
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and heated to 350 °С with the heating rate of 2 deg/min for 3 h 
to give the Al2O3–Fe3O4–РРР–Zn–Cr–2 composite. The other 
samples presented in Table 2 were prepared analogously. For 
Al2O3–Fe3O4–РРР–Zn–1, 0.090 g of Zn(acac)2 was added, 
whereas for Al2O3–Fe3O4–РРР–Zn–Cr–3, 0.178 g of Zn(acac)2 
and 0.147 g of Cr(acac)3 were added. The elemental analysis 
data are presented in Table 2. 

Catalytic hydrogenation of carbon dioxide. The catalyst 
(50 mg) and dodecane (15 mL) was charged into a reactor 
equipped with a propeller stirrer (stirring rate 250 rpm). The 
reactor was purged with hydrogen for three times (the hydrogen 
pressure was 5 MPa), and the resulting mixture was heated up to 
250 °С and kept for 1 h. Then hydrogen was substituted for the 
gas mixture (H2/CO2 = 4/1), and the stirring rate of the mixture 
was increased up to 750 rpm. The reaction was carried out for 6 
h. The gas phase was directed into the chromatographic system 
of on-line analysis along the heated line through the return 
pressure valve and removed from the system through a 
flowmeter. The liquid phase was analyzed using a GS-MS 
Shimadzu 2010 (Japan) gas chromatomass spectrometer using 
the preliminary made calibration curves. Methanol accumulation 
rate was calculated taking into account the mass of formed 
methanol in reaction media, the catalyst mass, and the reaction 
time. After the reaction completion, the catalyst was separated 
from the reaction mixture using a magnet, rinsed with ethanol, 
and dried in vacuo at 80 ℃ until the constant weight. 

Conclusions 

The synthetic approach to the composites based on 
mesoporous aluminum oxide containing or not containing the 
magnetic nanoparticles of iron oxide Fe3O4 coated with the 
thermally stable cross-linked pyridylphenylene polymer was 
developed. The pyridine units in the polymer able to interact 
with the Lewis acid centers of aluminum oxide provided for the 
reliable fixation of the polymer layer on aluminum oxide and the 
coordination of metallic precursors (Zn, Cr). The composite 
doping with Zn and Cr acetylacetonates and the following 
thermal decomposition afforded nanocomposites which surface 
contain Zn and Cr nanoparticles. 

The activity of the resulting nanocomposite in the 
hydrogenation of СO2 to methanol appeared to be two times 
higher than that of the industrial catalyst MegaMax 800 
(CuO/ZnO/Al2O3). The presence of a magnetic component 
(Fe3O4) simplifies the recovery and recycling of the catalyst, 
while the hyperbranched polymer facilitates the reliable 
stabilization of metal oxide NPs. The activity of the catalyst 
remained almost unchanged over four consecutive catalytic 
cycles. 
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