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Abstract

:

Methanol synthesis from carbon dioxide (CO2) may contribute to carbon capture and utilization, energy fluctuation control and the availability of CO2-neutral fuels. However, methanol synthesis is challenging due to the stringent thermodynamics. Several catalysts mainly based on the carrier material Al2O3 have been investigated. Few results on MgO as carrier material have been published. The focus of this study is the carrier material MgO. The caustic properties of MgO depend on the caustification/sintering temperature. This paper presents the first results of the activity of a Cu/MgO catalyst for the low calcining temperature of 823 K. For the chosen calcining conditions, MgO is highly active with respect to its CO2 adsorption capacity. The Cu/MgO catalyst showed good catalytic activity in CO2 hydrogenation with a high selectivity for methanol. In repeated cycles of reactant consumption and product condensation followed by reactant re-dosing, an overall relative conversion of CO2 of 76% and an overall selectivity for methanol of 59% was obtained. The maximum selectivity for methanol in a single cycle was 88%.
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1. Introduction


The steadily increasing carbon dioxide (CO2) concentration in the atmosphere demands reduction of CO2 emissions and necessitate CO2 mitigation strategies [1]. A potential approach is the carbon capture and utilization (CCU) strategy, in which CO2 is captured from large industrial contributors, such as the iron and steel industries and cement production, and converted into value-added chemicals. A promising product is the bulk chemical methanol (CH3OH), which is used as solvent for paints, plastics, and adhesives, as feedstock for the production of numerous chemicals, such as formaldehyde, ethylene, propylene, methyl tertiary-butyl ether, and acetic acid, as fuel additive, and for fuel cell applications. Due to its higher performance, lower emissions and lower flammability compared to gasoline, methanol is classified as an alternative to conventional fossil-based fuels [2,3,4,5,6,7,8,9,10]. Methanol can be used as an energy carrier to store excess energy from wind and solar power plants at peak production times. Excess electric energy is converted into chemical ’hydrogen-fixed energy’ by electrolysis of water, and consecutive synthesis of methanol via CO2 hydrogenation improves the energy density of H2-based energy carriers by one order of magnitude [11]. Methanol easily releases H2 by steam reforming, it is, therefore, highly feasible for fuel cell powering [12]. Gas turbines have been shown to successfully run on methanol, which can be used to provide electricity in remote regions [13].



The state-of-the-art technology of methanol synthesis is based on the hydrogenation of syngas, a mixture of carbon monoxide (CO), CO2, and H2. The most common composition for syngas to methanol synthesis is given in Equation (1) [14].


     n   H 2    −  n    CO  2       n  CO   −  n    CO  2      = 2  



(1)







Syngas is mainly produced by steam reforming of natural gas (CH4) according to Equations (2) and (3). The hydrogenation reactions of CO (Equation (4)) and CO2 (Equation (5)) are exothermic reactions. In both reactions, the total number of moles decreases. CO2 is partially reduced to CO via the endothermic reverse water–gas shift reaction (RWGS, Equation (6)).


    CH  4  +      H   2  O   ⇌    CO    + 3      H   2                                                  Δ  H  R ,   298   K   = 206   kJ    mol  − 1    



(2)






    CH  4  + 2      H   2   O    ⇌      CO   2  + 4      H   2                                                Δ  H  R ,   298   K   = 165   kJ    mol  − 1    



(3)






   CO    + 2      H   2    ⇌      CH   3  OH                                                                 Δ  H  R ,   298   K   = − 91   kJ    mol  − 1    



(4)






    CO  2  + 3      H   2    ⇌      CH   3   OH    +      H   2  O                                 Δ  H  R ,   298   K   = − 50   kJ    mol  − 1    



(5)






    CO  2  +      H   2    ⇌    CO    +      H   2  O                                                       Δ  H  R ,   298   K   = 41   kJ    mol  − 1    



(6)







According to the principle of Le Chatelier, a low temperature and high pressure favor methanol synthesis. However, due to the chemical inertness and thermodynamic stability of CO2 elevated reaction temperatures are necessary to activate CO2 and facilitate methanol synthesis [15]. With industrial standard reaction conditions at temperatures of 523–573 K and a pressure of 5–10 MPa over Cu/ZnO/Al2O3 catalysts, a carbon conversion of 50–80% can be achieved [16]. The overall yield of methanol is limited by the thermodynamic equilibrium (Figure 1a).



Figure 1a shows the basic problem of methanol synthesis by CO2 hydrogenation. The standard Gibbs free energy of reaction (ΔGR0) is positive throughout the whole temperature range, suggesting specific operation conditions for successful synthesis by making use of the Le Chatelier principle, and by removing the reaction products during synthesis. According to Figure 1b, the economic success of methanol synthesis, of course, depends on sophisticated heat energy management, for example, by transferring the enthalpy of reaction (ΔHR) from synthesis to distillative methanol/water separation.



In order to shift the carbon source for the synthesis of methanol from fossil-based fuels to CO2 from industrial processes, it is crucial to provide cheap and robust catalysts for direct hydrogenation of CO2 to methanol. Industrial catalysts for syngas conversion to methanol are not as effective in CO2 hydrogenation [18].



In the scientific literature, there is still disagreement regarding the reaction mechanism of CO2 hydrogenation to methanol. Some researchers postulate a one-step direct hydrogenation of CO2; others report a two-step hydrogenation process via CO. Direct hydrogenation of CO2 can be depicted from Equation (5) [9,19,20]. Based on C14 tests, it is reported that methanol is primarily produced from CO2, while CO is oxidized to CO2 according to the water–gas shift reaction (reverse Equation (6)) [3,21,22,23]. Increasing the CO2 content in the syngas up to 30 mol% improves the energy balance and methanol yield [24]. Higher CO2 concentrations seemingly inhibit the methanol synthesis, as CO2 is converted to CO by the RWGS reaction. The by-product water shifts the equilibrium of Equation (5) towards the reactants and deactivates the catalyst by inhibiting the active sites [3,15,25]. Other researchers discuss a two-step hydrogenation mechanism, in which CO2 is reduced to CO first according to the water–gas shift reaction, and CO is then converted to methanol according to Equation (4) [26,27].



Various catalysts for methanol synthesis from CO2 have been developed and intensively investigated over the last decades. The main influencing factors for the catalytic activity, stability, and selectivity of the catalysts are the process conditions, the preparation method and the choice of the catalytically active material, the catalyst carrier material, and the use of promotors. The target of optimum process conditions, such as temperature, pressure, feed gas composition and flow rate, the amount of catalyst, and continuous or batch operation mode is controlled by the thermodynamics of the reaction. The choice of carrier material, additional promotors, and the preparation method affects catalyst parameters such as particle size, surface area, metal distribution, acidity and basicity, temperature and pressure stability. In general, catalysts for methanol synthesis by CO2 hydrogenation can be categorized as follows: Cu-based catalysts, noble metal-based catalysts (Pd, Pt), oxygen-deficient catalysts (In2O3), and bimetallic catalysts (Ni-Ga, Au-Ag) [7,8].



Cu-based catalysts have attracted research interest and they are already industrially applied, mainly with the carrier Al2O3 and the promotor ZnO. In Cu-catalyzed synthesis of methanol by CO2 hydrogenation, the nature of the carrier material has a pronounced effect on the reaction [28]. The catalytic activity linearly correlates with the metallic Cu0 surface [29,30], indicating that the reaction takes place at the metallic Cu0 surface [31]. Several studies have shown that the admixture of MgO as an additional promotor increases CuO dispersion, the metallic Cu0 BET surface area, and the active basic sites for improved CO2 and H2 adsorption [31,32,33,34,35,36,37,38,39,40].



While Cu-based catalysts on MgO carrier without additional promoters have rarely been described for methanol synthesis from CO2 so far, the bifunctional catalytic effect of catalysts with MgO carrier material is well described in CO2 hydrogenation to methane. In CO2 methanation with Pd/MgO/SiO2 catalysts it was found that MgO initiates the reaction through adsorbing CO2 molecules and thus forming magnesium carbonate on the surface. The reaction proceeds with atomic hydrogen provided by Pd. Atomic hydrogen is essential in hydrogenation of magnesium carbonate to methane. After desorption of methane the carbonate regenerates through gaseous CO2. The Pd/MgO/SiO2 catalyst was calcined at 823 K [39]. Loder et al. [40] investigated the reaction kinetics of CO2 methanation with bifunctional Ni/MgO catalysts. They developed a kinetic model based on the Langmuir–Hinshelwood reaction mechanism considering H2 adsorption and dissociation and CO2 adsorption on the catalyst to take the bifunctional catalytic action of the catalyst into account.



MgO (also called magnesia) may be grouped in three grades depending on the calcination temperature: (i) caustic MgO, (ii) sintered MgO, and (iii) fused MgO. Caustic MgO is formed when Mg(OH)2 or MgCO3 is heat treated slightly above the decomposition temperature. It has a very high caustic reactivity in terms of neutralization rate with HCl. Depending on the calcination temperature, light-burnt (1143–1273 K) and hard-burnt (1823–1923 K) MgO may be distinguished. The caustic reactivity of MgO decreases with increasing calcination/sintering temperature. Sintered MgO (also called dead-burnt MgO) is calcined at temperatures of 1673–2273 K. It shows a high heat storage capacity and a high thermal conductivity but low caustic reactivity. Fused MgO is crystalline magnesium oxide, formed above the fusion point of MgO (3073 K). Its strength, abrasion resistance, and chemical stability are superior compared to sintered MgO. In reducing atmosphere, it is stable up to 1973 K. The chemical properties of MgO strongly depend on the calcination temperature and duration. In general, with increasing calcination temperature and/or duration the specific surface area and the distortion of the crystal lattice decrease, and the particle size increases, resulting in decreasing reactivity of MgO [41,42].



However, to the best of our knowledge, the effect of calcination temperature and duration on the catalytic effect of catalysts with MgO as carrier material or promotor has not been investigated so far. From previous studies [40] it has become evident that the caustic behavior of MgO and its adsorption capacity for CO2 plays a fundamental role in CO2 hydrogenation with catalysts based on MgO as carrier material. Yang et al. [43] studied the CO2 adsorption capacity of MgO-based adsorbents calcined at different temperatures. It was shown that with increasing calcination temperature up to 823 K the adsorption performance got better, while above 873 K, it started to decrease. While still being in the range of light-burnt caustic MgO, higher calcination temperature led to a reduction of the BET surface area and eliminated part of the intergranular porous structure, hindering diffusion of CO2 in the particles and decreasing the adsorption capacity.



In CO2 hydrogenation to methanol water is formed as by-product. Many catalysts suffer from deactivation by water. Salamão and Pandolfelli [44] investigated the hydration-dehydration behavior of MgO sinter. They used partially hydrated sintered MgO and studied the effect of the calcination temperature (383–1173 K) on its reactivity. Partially hydrated MgO sinter is characterized by a thin film of Mg(OH)2 on the surface. When calcining at moderate temperatures of 623–873 K, the Mg(OH)2 layer totally decomposes but the original structure of MgO is not regained. For calcination above 873 K, the initial structure of MgO is recovered, but surface area and reactivity will deplete. These findings clearly show the pronounced impact of the calcination conditions on MgO-based catalysts.



The gap in detailed consideration of the effect of MgO preparation on the catalytic activity initiated the investigation of Cu/MgO catalysts in this study. The bifunctional catalyst Cu/MgO suffices the requirements of simple preparation, activity at moderate reaction conditions, and low technological demand for recycling in blast-oxygen furnaces in the copper industry.



This paper provides first results with Cu/MgO catalysts in methanol synthesis from CO2 in a semi-continuous tank reactor. MgO was prepared from MgCO3 at low temperature to provide high caustic reactivity.




2. Materials and Methods


2.1. Materials


For preparation of the Cu/MgO catalyst, copper(II) nitrate trihydrate (Cu(NO3)2 · 3 H2O, ≥99.5%, p.a. ACS), granulated spherical MagGran© (4 MgCO3 · Mg(OH)2 · 4 H2O, Ph. Eur., Magnesia AG, Switzerland) with a particle size distribution of 0–8 wt% < 150 μm, 0–15 wt%: 150–250 μm, 55–80 wt%: 250–600 μm, and deionized water were used. H2 (99.999%), CO2 (99.998%), and nitrogen (N2, 99.999%) supplied by AirLiquide were used for the hydrogenation experiments.



The Cu/MgO catalyst with a mass fraction of 38 wt% Cu with respect to the mass of the MgO carrier material was prepared via wet impregnation. The method was adapted from Loder et al. [40] from the preparation of bifunctional Ni/MgO catalysts for CO2 methanation. Catalyst preparation consisted of four steps:




	
Calcination: To prepare the catalyst carrier MgO, MagGran© granulate was calcined in air in a muffle furnace (Heraeus M110) for five hours under mild conditions at 723 K followed by two hours at 823 K (Equation (7)).


  4      MgCO   3  · Mg     OH    2  · 4      H   2   O    ⇌    MgO    + 4      CO   2  + 5      H   2  O  



(7)







	
Impregnation: The calcined MgO granulate (13 g, white) was impregnated with 0.25 dm3 of an aqueous copper(II) nitrate solution (cCu = 35 g dm−3) in a water cooled flask under constant stirring. After two hours, the impregnated catalyst precursor (blue) was filtered off and dried overnight in a drying furnace at 303 K.



	
Thermal decomposition: The impregnated dry catalyst precursor was calcined in the muffle furnace for one hour at 423 K followed by five hours at 723 K (Equation (8)). Calcination resulted in a change of color from blue to black.


  Cu   (   NO  3  )  2  · 3      H   2   O    ⇌    CuO    + 2      NO   2  + 3      H   2  O  



(8)







	
Reduction (catalyst activation): To generate the catalytically active Cu0 sites, the calcined CuO/MgO precursor was treated in H2 atmosphere for 3.5 h in the tank reactor that was also used for the hydrogenation experiments (Equation (9)). The activation of the catalyst was performed at the reaction conditions of the CO2 hydrogenation experiments at 573 K and 5 MPa.


   CuO    +      H   2    ⇌    Cu    +      H   2  O  



(9)













2.2. Experimental Setup and Procedure


The experimental setup is depicted in Figure 2. It consisted of a semi-continuous tank reactor (BüchiGlasUster “Limbo350”) equipped with an external recycle for the gaseous reactant stream and external condensation of condensable products. The volume of the reactor was 0.450 dm3. Gas recycle was performed by a Ziclón 04 gas circulation pump from Fink. The condensable products methanol and water were condensed in a heat exchanger (HE) at 275 K and collected in a condensate tank (0.1 dm3). The heterogeneous CuO/MgO catalyst precursor was placed in the reactor. The temperature of the reactor (HT1) and the riser to the heat exchanger (HT2) were controlled by an electrical heating system. The reactor was equipped with a wall cooling system. The temperature controller was operated by a process control unit based on LabView. The temperatures of the gas stream were measured by thermo-sensors inside the reactor (T1), before the heat exchanger (T2), inside the condensate tank (T3), and after the gas circulation pump (T4). The pressure was measured inside the reactor (P1) and the condensate tank (P2). The feed gas flow rates were adjusted by mass flow controllers (MFC). The recycle stream flow rate was measured by a mass flow meter (MFM). All temperatures, pressures, and mass flow rates were monitored and recorded. A needle valve was installed between the condensate tank and pump to withdraw gas samples during the experimental run. The samples were analyzed by micro gas chromatography (GC).



8 g of the CuO/MgO catalyst precursor with a particle size distribution of 200–600 µm was placed inside the reactor and activated with H2 to reduce CuO to Cu according to Equation (9). After catalyst activation the reactor was depressurized to atmospheric pressure and kept under H2 atmosphere. To start the hydrogenation experiment, the H2:CO2 feed gas ratio was adjusted to 3:1 (v:v) and the reactor was pressurized to 3 MPa at a constant feed gas flow rate of 600 scm3 min−1. A reference gas sample was taken before the reactor was heated to 573 K. At reaction temperature, the reactor was pressurized to 5 MPa. Then, the gas circulation pump was switched on providing a constant gas flow rate of 10 dm3 h−1 over the whole experimental run. When the respective reaction conditions were reached, the experiment was operated for 48 h. Gas samples were withdrawn by opening the needle valve between the condensate tank and the circulation pump and filled into 20 cm3 vials in three hour-intervals, starting 1.5 h after the experiment had been started. To determine the initial gas-phase composition, a reference sample was taken during the pressurization and heating phase. After having taken gas samples, the reactor was pressurized again to 5 MPa with the initial feed gas ratio of H2:CO2 of 3:1. The time span from pressurization until sampling was specified as an interval (cycle). The last sample was taken after a reaction time of 48 h, followed by depressurization and cooling of the reactor. Before the condensate tank was opened the reactor was purged with N2 with a constant flow rate of 400 scm3 min−1 for 30 min.




2.3. Analysis


Gas samples were analyzed by micro gas chromatography with an Agilent/Inficon microGC 3000 gas chromatograph equipped with two modules (module A and B). Each module consisted of a built-in column and a thermal conductivity detector (TCD). The injection temperature was 363 K in both modules. Module A had a 5 Å molsieve column with an inner diameter of 320 µm, a length of 10 m, and a thickness of 12 µm of the stationary phase. For pre-separation of the gases in backflush mode, a PLOT-U column was installed prior to the molsieve column. The PLOT-U column had an inner diameter of 320 µm, a length of 3 m, and a thickness of 30 µm of the stationary phase. This module was operated in backflush mode with the carrier gas argon. A column temperature of 373 K and pressure of 0.2068 MPa were used. The run-time was 120 s with additional 8 s of backflush time. With this module, H2, N2, CO, and CH4 were detected. Module B had a PLOT-U column with an inner diameter of 320 µm, a length of 8 m, and 30 µm thickness of the stationary phase. It was operated with the carrier gas helium. A column temperature of 333 K and a pressure of 0.1724 MPa were used. The run-time was 120 s. With this module, CO2 (and C2H6, C2H4, and C2H2) was detected.



The methanol concentration in the liquid product was determined by gas chromatography in accordance to the method described in [45]. The Shimadzu GC2010plus was equipped with a flame ionization detector (FID). A Zebron ZB WAXplus column with an inner diameter of 320 µm, a length of 60 m, and a thickness of 0.5 µm was used.



Calculations were based on the ideal gas law to quantify pressure changes by species formation and consumption, and to convert volumes at operation conditions into standard conditions (STP). The total reaction volume was obtained from the volume of the reactor, the volume of the condensate tank, and the volume of the piping. From the total reaction volume at standard conditions (VSTP), the volume fraction in the gas phase (φi) and the molar volume (vi) the molar amount of each component (ni) was calculated (Equation (10)). The relative conversion of CO2 and H2 (Xi) were calculated from the total amount of reactant at the beginning (ni,O) and at the end (ni,t) of an interval, and of the whole experimental run, respectively (Equation (11)). The yield of CO (Yi) was calculated from the total molar amount produced (nCO,t    –    nCO,0) per mole of CO2 fed to the reactor (nCO2,0) in an interval and for the whole experimental run, respectively (Equation (12)). The total molar amount of methanol produced for each interval (nCH3OH,t) was calculated with a carbon-based mass balance (Equation (13)). The selectivities for methanol and CO (Si) were calculated from the relative conversion of CO2 and the yield, respectively (Equation (14)).


   n i  =    V  STP   ·    φ i     v i     



(10)






   X i  =    n  i , 0   −  n  i , t        n  i , 0      



(11)






   Y i  =    n  i , t   −  n  i , 0        n    CO  2  , 0      



(12)






   n  C  H 3  O H , t   =  n    CO  2  , 0   +  n  CO , 0   +  n    CH  4  , 0   −  n    CO  2  , t   −  n  CO , t   −  n    CH  4  , t    



(13)






   S i  =    n  i , t   −  n  i , 0        n    CO  2  , 0   −  n    CO  2  , t     =    Y i     X    CO  2       



(14)









3. Results and Discussion


Figure 3 depicts the reaction temperature and pressure during the experimental run. The experimental run can be split into three phases: (i) heating and pressurization of the reactor to 573 K and 5 MPa, (ii) CO2 hydrogenation over a period of 48 h, and (iii) cooling and depressurization of the reactor. In phase i, the reactor was filled with the reaction mixture in a stoichiometric ratio of H2:CO2 of 3:1 until pressure obtained a value of 3 MPa. After taking the reference sample, the reactor was heated to 573 K and finally pressurized with feed gas to 5 MPa. Phase ii started when the reaction conditions of 573 K and 5 MPa were reached. At that point the circulation pump was switched on and CO2 hydrogenation was performed for 48 h. The temperature was kept constant over the whole experimental run. This reaction phase was characterized by repeated reaction intervals (15 in total). In each interval, the decreasing pressure over time at constant temperature is visible. This is characteristic for a volumetric contractive reaction and the condensation of the condensable products methanol and water. After each interval, a gas sample was taken and analyzed. The reactor was pressurized again to 5 MPa and the next interval started.



According to the caustification conditions (five hours at 723 K followed by two hours at 823 K) the catalyst proved to be active with good selectivity for methanol. This may be dedicated to the caustic nature of MgO that shows high reactivity with respect to CO2 adsorption. The conversion of the reactants H2 and CO2 as well as the formation of the by-product CO from the RWGS reaction can be monitored for each interval and over the total duration of the experiment. In Figure 4 the experimental results of the volume fractions of H2, CO, and CO2 in the gaseous reaction mixture are depicted over the reaction time. In addition to H2, CO, and CO2 negligible amounts of CH4 were detected (below 1.5 vol%). C2H6, C2H4, or C2H2 has not been detected. When starting the experiment only H2 and CO2 were present in the gaseous reaction mixture. Within the first 24 h of the experiment, the amount of CO continuously increased, while the volume fractions of H2 and CO2 decreased. After this start-up phase, the gas-phase composition only denoted slight changes.



Figure 5 shows a cutout of the intervals 9, 10, and 11, exemplarily given for the volume fraction of CO in the gaseous reaction mixture. The points 1, 3, and 5 depict the volume fractions of CO at the end of the intervals 9, 10, and 11, respectively. These data represent measured volume fractions. As mentioned, after each interval and sample taking procedure, the reactor was pressurized again to 5 MPa with the feed gas H2 and CO2 in a stoichiometric ratio of 3:1. The volume fraction of constituents at the beginning of the following interval was different to the volume fraction of constituents measured at the end of the previous interval. The starting volume fractions at the beginning of the intervals 10 and 11 are represented by the points 2 and 4, respectively. The estimated trend in the concentration within one interval is depicted by the dashed line. The dot-dash’ line forming the connection of points 1, 3, and 5 represents the measured gas-phase compositions.



From the gas-phase composition, the relative conversions of H2 and CO2 (Figure 6) and the yield (Figure 7) and selectivity (Figure 8) for methanol and CO can be obtained for each interval. The relative conversion of H2 in the first interval, which lasted 1.5 h, was 8%. In the intervals 2 to 14, the relative conversion of H2 fluctuated between 15% and 21%. As the last interval lasted for four hours to complete the 48 h of the experimental run, the relative conversion of the last interval was the highest with 23%. CO2 conversion confirms the trend of the relative conversion of H2. The lowest relative conversion of CO2 of 22% was determined for the first interval, while the highest relative conversion of 32% was found in the last interval. In the intervals 2 to 14 the relative conversion of CO2 was in the range of 23% to 29%.



The yield of the by-product CO showed a maximum value of 19% in the first interval. It steadily decreased to 4% at the end of the experiment. The yield of methanol had an opposite trend over the reaction time. The lowest value of 3% was obtained in interval 1. The maximum yield of methanol was 28%, recorded in the last interval. Referring to the positive trend of methanol yield it is concluded that the catalyst has still not obtained steady-state activity after 48 h of operation.



The interval selectivities for methanol and CO resemble the yield of both products. In the first two intervals, CO is the preferred hydrogenation product. Within interval 3, this scenario changes towards methanol. The trend continues up to a maximum methanol selectivity of 88% in the last interval.



The bench-scale semi-continuous tank reactor was adapted according to state-of-the-art reactor configurations for industrial methanol synthesis [10]. As opposed to syngas-based industrial methanol synthesis, pure CO2 was used as carbon source in this study. In the repeated cycles of reactant consumption and product condensation followed by reactant re-dosing, an overall relative conversion of CO2 of 76% and a methanol selectivity of 59% were obtained. The calculated results based on the pressure loss during the experiment are consistent with the measured concentration of the liquid product at the end of the experiment with a deviation of ± 2%. This confirms the accuracy of the experimental procedure. Due to continuous product condensation both results are significantly higher than imposed by the thermodynamic equilibrium (XCO2,Eq = 25% and SCH3OH,Eq = 25% at 573 K and 5 MPa; calculated with HSC Chemistry 8 [17]).



Ren et al. [32] investigated the promoting effect of ZnO, ZrO2, and MgO on the activity of Cu/γ-Al2O3 catalyst. The admixture of the metal oxides increased the CuO dispersion, the Cu0 surface area, and decreased the Cu0 particle size. While the promoting effect of ZnO and ZrO2 on CO2 hydrogenation to methanol, when admixed separately, was marginal, simultaneous admixture of both oxides increased CO2 conversion and methanol selectivity significantly. Further improvement was achieved with a Cu/ZnO/ZrO2/MgO/γ-Al2O3 catalyst. The optimal temperature for catalyst activation was found to be the process temperature for CO2 hydrogenation. Though lower activation temperatures resulted in the formation of smaller Cu0 particles and the generation of a higher Cu0 surface area, the catalyst particles seemed to agglomerate when the process temperature exceeded the activation temperature afterwards [32].



Dasireddy et al. [33,34,46] evaluated the effect of alkaline earth metal oxides (MgO, CaO, SrO, and BaO) on a Cu/Al2O3 catalyst for methanol synthesis from CO2 and compared the results with commercially available Cu/ZnO/Al2O3 catalysts. The admixture of alkaline earth metal oxides enhanced the interaction between Al2O3 and CuO, which resulted in a weaker reducibility of CuO. The Cu+:Cu0 ratio and the Cu0 surface area were higher for all alkaline earth metal oxide-containing catalysts compared to the Cu/ZnO/Al2O3 catalyst, and increased in the order of Ba < Ca < Zn < Sr < Mg. High Cu+:Cu0 ratio and high Cu0 surface area were stated as decisive factors for high CO2 conversion. Best results were obtained with Cu/MgO/Al2O3 catalysts, which showed an increased number of active sites for CO2 and H2 adsorption. Preparation conditions at pH = 8 further increased the positive effect of MgO-promoted catalysts. The catalytic performance even exceeded the commercially available benchmark catalyst HFRI20 and LURGI catalysts [33,34,46].



The oxidation state of Cu-species in perovskite-type catalysts (La-Cu-Zn-O) prepared with various promotors was the focus of the study of Zhan et al. [35]. A separate admixture of Ce2O3, MgO, and ZrO2 promoters on perovskite-type catalysts improved the selectivity for methanol compared to the unpromoted catalyst. The highest methanol selectivity was obtained with MgO-promoted catalyst. The higher selectivity was assigned to an increased concentration of caustic sites, higher Cu dispersion, and a special Cuα+ species, which was different to Cu0, Cu+, and Cu2+ [35].



Liu et al. [36] investigated the influence of MgO-promoted Cu/TiO2 catalysts. Admixture of MgO increased the number and strength of caustic sites, but decreased the reducibility of CuO, which was found beneficial for methanol selectivity [36].



Zander et al. [37] compared a Cu/MgO catalyst derived from Cu and Mg (molar ratio of 80:20) nitrate solutions via co-precipitation to a classical malachite-derived Cu/ZnO catalyst. They investigated hydrogenation with various feed gas compositions; pure CO2, CO2/CO mixture and pure CO feed gas stream, at 503 K and 3 MPa. Calcination of the catalyst precursor was carried out in air at 603 K. When pure CO2 and mixed CO2/CO feed gas streams were hydrogenated, the Cu/ZnO catalyst showed a much higher activity than the Cu/MgO catalyst. The Cu/MgO catalyst remained almost inactive in methanol synthesis and catalyzed the reverse water–gas shift reaction instead. The results indicated that the rate of methanol synthesis was not only a function of the exposed Cu surface area. The low activity of Cu/MgO in CO2 hydrogenation was explained by the absence of a strong metal–carrier interaction in the investigated temperature regime.



Nielsen et al. [31] also studied the catalytic effect of Cu/MgO (20 wt%) catalysts in hydrogenation of pure CO2 and pure CO feed gas streams. The catalysts were prepared via precipitation. No information was given about the calcination conditions. Under the applied hydrogenation conditions (523 K and 5 Mpa), Cu/MgO showed high catalytic activity in CO hydrogenation and only little activity in CO2 hydrogenation. In CO2 hydrogenation the relative CO formation rate was five times as high as the relative methanol formation rate. It was concluded that on Cu/MgO, the CO-pathway is much faster, arising from a bifunctional mechanism. They concluded that the facile CO hydrogenation on Cu/MgO proceeds via formate intermediates at the metal/oxide interface. The formate intermediates arise from CO that is inserted into a caustic OH-group from the oxide. This step is followed by Cu-assisted hydrogenation of formate to methanol. In the presence of CO2 carbonates are formed and replace the formate species and thus show an inhibiting effect on methanol synthesis from CO. The catalytic effect of Cu/MgO catalysts on low temperature methanol synthesis from syngas with ethanol as promotor was found to be beneficial by Yang et al. [38].



It is assumed that the mentioned Cu-based catalysts [31,32,33,34,35,36,37,38,39,40] with MgO carrier/promotor were prepared at moderate temperatures providing reactive caustic MgO. It has not been explicitly mentioned in the corresponding papers. Cu/γ -Al2O3 catalysts modified by ZnO, ZrO2 and MgO were prepared via impregnation method and calcined in air at 873 K for six hours [32]. Cu/MgO/Al2O3 catalysts in a molar ratio of Cu:Mg:Al = 50:30:20 were prepared by the co-precipitation method and were calcined in air at 573 K [34] and 873 K [33] for four hours. The promoted perovskite-type catalysts (La-Cu-Zn-O) were prepared by sol-gel method and calcined in air at 673 K for two hours and then at 1073 K for four hours [35]. MgO-promoted Cu/TiO2 catalysts used Mg(NO3) · 6 H2O as magnesium source and were calcined in air at 273 K for four hours [36].



Girod et al. [47] reported in a recent study with steel mill gases and Clariant’s MegaMax®800 (thyssenkrupp Steel Europe site in Duisburg, Germany) catalyst the feasibility of methanol synthesis based on H2-enriched blast furnace gases. However, pronounced catalyst deactivation was observed, highlighting the need for further investigation of trace compounds in the cleaned steel mill gas streams and their possible deactivating effects on the catalyst. Reference tests with various synthetic gas compositions also showed catalyst deactivation within the first 100 h under kinetically controlled reaction conditions. Raising the temperature and thereby changing into thermodynamically controlled reaction conditions resulted in constant methanol equilibrium concentration in the product stream without any indication of catalyst deactivation [47].



Bos et al. [48] investigated the synthesis of methanol by direct CO2 hydrogenation with a commercial Cu/ZnO/Al2O3 catalyst (CP-488) from Johnson Matthey in a semi-continuous reactor with two temperature zones, one for the reaction and the second one for the in situ condensation of the products. CO2 conversion of > 99.5% was reported [48]. From the results of continuous admixture of feed gas and discontinuous removal of product condensate the authors concluded that the carbon-based selectivity loss to CO can be neglected, as—similar to our findings—the CO content remained constant after the starting phase.



Neither internal nor external condensation and recycling has gained satisfactory energy efficiency yet. This offers great potential for further investigation. Based on the semi-continuous reactor concept with in situ condensation a conceptual design for methanol production based on a stand-alone wind power plant, CO2 capture from air, and renewable H2 produced by water electrolysis has been proposed [49]. With an estimated methanol price of 800 EUR t−1, this concept has not yet been made economically feasible, but it is potentially viable enough to encourage further investigations.



To gain progress in the usage of CO2-rich industrial off-gas as feedstock, the design of sophisticated reactor concepts, and the development of easy to prepare and recycle catalysts with sufficient catalytic activity will play an important role in the mitigation of industrial CO2 emissions. The comparison of literature data with the performance of the Cu/MgO catalyst prepared by our group encourages investigation of separate caustification/sintering of the MgO precursor before mixing with the catalytically active constituent(s).




4. Conclusions


Methanol synthesis from CO2 with a Cu/MgO catalyst was investigated. The topic has been investigated in an ongoing project to collect data about the interaction of sintering temperature dependent MgO reactivity and the catalytic activity of Cu/MgO catalysts. In a first experimental series of catalyst preparation the caustification temperature of the MgO carrier material was limited to a level of 823 K to obtain highly active MgO with respect to CO2 adsorption capacity. Then, the MgO carrier was impregnated with copper nitrate, calcined and activated, and then tested in a semi-continuous bench scale tank reactor setup. The results of this first series of experiments confirm the catalytic activity of the catalyst as prepared. The results indicate that the activity of the catalyst, as prepared, still becomes better after 48 h of operation. From the results of this study, it is concluded that in methanol synthesis Cu/MgO catalysts with high caustic reactivity of MgO provide sufficient activity. The results of this study offer a profound basis for further investigation of MgO-based catalysts with different caustic reactivity. To gain results about the role of the carrier material MgO the effect of different caustification/sintering temperature levels on the activity has to be investigated in next steps. However, these investigations will need an improved determination of the caustic reactivity of MgO and complete chemical and morphological analysis of the catalyst to identify the effect of MgO quality on the catalytic activity of Cu/MgO catalysts.
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Figure 1. (a) Standard Gibbs free energies of reaction (ΔGR0) for carbon dioxide (CO2) hydrogenation to methanol and methane, reverse water gas shift reaction (RWGS), and carbon monoxide (CO) hydrogenation to methanol; (b) Enthalpies of reaction (ΔHR) for CO2 hydrogenation to methanol and methane, RWGS, and CO hydrogenation to methanol; data calculated with HSC Chemistry 8 [17]. 
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Figure 2. Experimental setup of the semi-continuous tank reactor with external recycle for the gaseous reactant stream and external condensation of condensable products in bench scale. 
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Figure 3. Reaction temperature and pressure during one experimental run, consisting of initial heating and pressurization of the reactor (phase i from 0 to 3 h), 48 h reaction phase characterized by repeated decrease of pressure due to reactant consumption and product condensation and re-pressurization (phase ii from 3 h to 51 h) followed by cooling and depressurization in phase iii. 
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Figure 4. Volume fraction (φi) of the gaseous reaction mixture for CO2 hydrogenation to methanol over the Cu/MgO (38 wt%) catalyst in the semi-continuous tank reactor with external recycle and condensation; operation conditions: 573 K and 5 MPa. 
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Figure 5. Cutout of the trend of the gas-phase volume fraction of CO for the intervals 9, 10, and 11. The points 1, 3, and 5 show the measured volume fraction at the end of the intervals 9, 10, and 11, respectively. The points 2 and 4 represent the calculated volume fraction at the beginning of interval 10 and 11, respectively. The estimated trend of the volume fraction within one interval is depicted by the dashed line. The ‘dot-dash’ line forming the connection of points 1, 3, and 5 represents the measured gas-phase volume fraction of CO. 
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Figure 6. Relative conversion of H2 and CO2 for the different intervals during the experimental run. 
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Figure 7. Interval yields of CO and methanol during the experimental run. 
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Figure 8. Interval selectivities of CO and methanol during the experimental run. 
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