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As an energy source, methanol presents the advantage of being liquid at environmental temperature, which makes

it easier to transport and store.
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| 1. Introduction

Climate change stands as one of the greatest issues and challenges that humanity faces, and emissions of
greenhouse gases produced by the use of fossil fuels for energy production are identified as the main cause of
global warming. Gases such as carbon dioxide and methane are the most important representatives. The alarming
increase in atmospheric carbon dioxide concentration caused by anthropogenic emissions has become a serious
threat to the planet, causing global warming . During 2018, 33 gigatonnes of carbon dioxide emitted into the
atmosphere resulted in an increase in its concentration from 280 to 410 ppm 2. To tackle this issue, two strategies
have been proposed: carbon capture and storage (CCS), whose main drawback is economical justifiability, since it
is a non-profitable option 2, and carbon capture and utilisation (CCU) &, which intends to transform waste carbon
dioxide into useful products, such as chemical feedstocks and renewable fuels. There currently exist several
technologies that achieve the conversion of carbon dioxide into other value-added products, such as carbon
dioxide hydrogenation, electrochemical reduction, photochemical reduction, and photoelectrochemical reduction.
Specifically, this project focuses on the catalytic hydrogenation of carbon dioxide, since it is considered as the most
commonly used and simplest process [4. Several chemical products can be obtained from carbon dioxide
hydrogenation, among which methanol stands out for two main reasons: its use as a renewable energy source and
its utility as a feedstock for obtaining other chemical products. As an energy source, methanol presents the
advantage of being liquid at environmental temperature, which makes it easier to transport and store. Moreover,
85% of methanol is used in the chemical industry as a solvent or as a reagent for the synthesis of formaldehyde
and acetic acid 4!, which are valuable products in industrial terms. In the early 1920s, BASF successfully produced
methanol from syngas during the ammonia synthesis process using the ZnO-Cr,05 catalyst at a temperature of
320-450 °C and a pressure of 250—-350 bar 2. In the 1960s, ICI (Imperial Chemical Industries) developed a route
for methanol synthesis in which syngas containing a high proportion of carbon dioxide reacted with highly selective
copper and zinc oxide catalysts, resulting in the first commercially developed Cu/ZnO/Al,O; catalyst €. This
material is currently the most commonly used for the conversion of carbon dioxide into methanol, which means that

heterogeneous catalysts are preferable to homogeneous systems due to their high stability and easy use.

| 2. Catalytic Activity of Nanomaterials
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The space—time yield (STY) evaluated the amount of methanol produced per mass unit of catalyst and time. It was
determined for each catalyst used at different temperatures, as shown in Figure 1. In general, the production of
methanol increased with temperature. Nevertheless, for some materials, it was observed that the same values
were obtained for the STY at 260 and at 280 °C; even in the case of Cu/ZnO/PN, a decrease in the STY was
observed in this range. This could be related to the selectivity of the reaction, which can favour the production of
carbon monoxide compared to methanol at these high temperatures. If researchers consider the results of the STY
analysis when classified by types of materials, monometallic materials should be the first to be analysed. In
particular, the results indicate that methanol was hardly obtained with copper—only at high temperatures and with
non-significant concentrations of methanol. The lower activity of the copper was suggested to result from formate
poisoning of the copper surface, which is an intermediate of the hydrogenation of carbon dioxide into methanol .
Furthermore, copper was found to be ineffective as a catalyst material for its low surface area 8. Regarding zinc
oxide, the methanol concentrations were slightly higher than those of copper. However, these concentrations were
small compared with those of the other catalysts. The difference in methanol concentrations between zinc oxide
and copper and the role that these two metals played in methanol synthesis was previously analysed, where it was
discussed that zinc oxide is fundamental for stabilising reaction intermediates and reducing energy barriers for the
production of methanol B, For these two reasons, more methanol was produced with zinc oxide than with copper.
Zinc oxide synthesised with and without PVP was compared in terms of methanol STY, with better results for the
case synthesised with PVP.
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Figure 1. STY values for each catalyst at different temperatures and at a pressure of 15 bar.
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As observed, adding PVP entailed the obtention of smaller nanoparticles with more regular morphology, which
made the specific surface higher. The bimetallic materials were compared as well. It was observed that with
Cu0O/Zn0O, the amount of methanol produced was lower than with Cu/ZnO. It was found in the literature that the

active component is Cu®, and although Cu?* can also act as an active component, it offers less catalytic activity &
[10]

Moreover, several publications reported that copper nanoparticles are an active phase for carbon dioxide
hydrogenation, and zinc oxide helps to disperse these copper nanoparticles on the surface of the catalyst 11121,
Thus, the presence of zinc oxide increases the exhibition of copper active sites, as it is a physical spacer between
these nanoparticles. Nevertheless, A literature suggests that Zn atoms at the edges of copper nanoparticles are
also active sites 131, Thus, metallic Zn on the copper surface increases the binding energy of oxygen-bound
intermediates, that is, formate, and this facilitates the hydrogenation pathway of carbon dioxide. Therefore, zinc
oxide also catalyses the reaction, although in smaller quantities than Cu/ZnO because the active sites for carbon

dioxide hydrogenation are found in both metals.

A complete study was performed on Cu/ZnO, and the effect of adding PVP was also compared. In the case of this
material, the results clearly showed that adding PVP to a bimetallic system is not a viable alternative. The possible
advantages of the use of supports in the production of methanol were analysed. For this purpose, the catalyst
Cu/zZnO without PVP was chosen due to its good results, and three types of supports were chosen. The first
supports tested were polypyrrole nanotubes in order to solve the problem of nanoparticle agglomeration and, thus,
to increase the exposure of active sites. Figure 1 shows the obvious difference between Cu/ZnO and Cu/ZnO with
polypyrrole nanotubes, confirming the effect of the support in terms of methanol production. The other two supports
used were zeolite and activated carbon, which are both porous materials. The best results of conversion from
carbon dioxide to methanol were achieved with the use of these porous materials, thanks to the synergy between
the carbon dioxide adsorption capacity of the supports and the active sites of the Cu/ZnO catalyst. Nevertheless,
the Cu/zZnO/zeolite material produced the best results, probably due to zeolite’s higher carbon dioxide adsorption

capacity per gram of material 1411131,

These three supports were analysed to verify whether they catalysed methanol by themselves. Therefore, a
catalytic test was performed at the same conditions of temperature, pressure, and flow as with the other catalyst.

The results indicated that none of them had catalytic activity.

The methanol selectivity of all of the studied catalysts is shown in Figure 2. In all of the cases, from 180 to 220 °C,
the methanol selectivity obtained was 100%, which means that no carbon monoxide was produced at these
temperatures; thus, only the methanol selectivity values from 240 to 280 °C are plotted in Figure 2. Almost all
catalysts had 100% methanol selectivity at 240 °C, but as the temperature increased, in general, all materials lost
selectivity. This was due to the standard enthalpy of the reaction of methanol being negative; hence, it is an
exothermic reaction that is favoured at low temperatures. However, in three catalysts, the amount of carbon
monoxide obtained was zero for temperatures up to 280 °C. These catalysts were zinc oxide with and without PVP

and Cu/zZnO with PVP. As stated in the literature 7, the catalytic activity and methanol selectivity can be correlated
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with the increase in Zn® concentration. It was discovered that a zinc enrichment in the catalyst leads to greater
activity and methanol selectivity due to two factors: improving the Cu and ZnO interactions that increase carbon
dioxide hydrogenation and inhibiting the RWGS reaction, which produces carbon monoxide €l |n the case of
materials synthesised using PVP, this lack of carbon monoxide was possibly due to the poor distribution of zinc
oxide and copper nanoparticles, which were also agglomerated. As expected, the active sites of copper were
poisoned by formate, and only the active sites of zinc oxide were available.
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Figure 2. Methanol selectivity (%) values of all catalysts.

The relationships between the methanol selectivity and the CO2 conversion for some catalysts with good STY
results are shown in Figure 3. The displayed values correspond to the methanol selectivity and conversion of
carbon dioxide from 240 to 280 °C. As observed, the general behaviour was that as selectivity decreased,
conversion and temperature increased. Figure 3 shows that the catalyst with the highest carbon dioxide
conversion was Cu/ZnO/Zeolite, similarly to the STY results seen in Figure 1. The yield and conversion data were
low compared with the literature. For example, using Cu/ZnO plates, the maximum CO2 conversion reported was
8% LAI8 However, the operating conditions of pressure in these studies were higher (30 bar) than those of the
current work (15 bar). Even though many existing publications studied the catalytic properties of similar materials, it
is very rare to find documents with studies operating at pressures lower than 20 bar [19[20]
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Figure 3. Representation of the selectivity vs. carbon dioxide conversion of all catalysts.

Finally, the STY values and selectivity towards methanol of all the catalysts at 260 °C and the temperature with the

maximum STY values are plotted in Figure 4.
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Figure 4. Representation of the STY and the methanol selectivity of all catalysts. The arrows indicate that

methanol selectivity values can be read in the right vertical axis, and STY in the left vertical axis.
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Figure 4 shows that the catalyst that produced the highest yield of methanol was Cu/ZnO/zeolite. As expected, by
adding a support such as zeolite to the Cu/ZnO bimetallic system, the STY values obtained were 76.75% higher
than without the support. It can also be stated that bimetallic systems have a better catalytic efficiency than ZnO

and Cu® by themselves, with the latter having no methanol production.
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