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Abstract

:

This work presents the effect of Co loading on the performance of CNR115 carbon-supported catalysts in the continuous-flow chemoselective hydrogenation of 2-methyl-2-pentenal for the obtention of 2-methylpentanal, an intermediate in the synthesis of the sedative drug meprobamate. The Co loading catalysts (2, 6, 10, and 14 wt.%) were characterized by Brunauer–Emmett–Teller (BET) surface area analysis, transmission electron microscopy (TEM), H2 temperature-programmed reduction (H2-TPR), temperature-programmed desorption of hydrogen (H2-TPD) analysis, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy for selected samples, and have been studied as hydrogenation catalysts at different pressure and temperature ranges. The results reveal that a certain amount of Co is necessary to achieve significant conversion values. However, excessive loading affects the morphological parameters, such as the surface area available for hydrogen adsorption and the particle size, preventing an increase in conversion, despite the increased presence of Co. Moreover, the larger particle size, caused by increasing the loading, alters the chemoselectivity, favouring the formation of 2-methyl-2-pentenol and, thus, decreasing the selectivity towards the desired product. The 6 wt.% Co-loaded material demonstrates the best catalytic performance, which is related to the formation of NPs with optimum size. Almost 100% selectivity towards 2-methylpentanal was obtained for the catalysts with lower Co loading (2 and 6 wt.%).






Keywords:


co catalysts; flow chemistry; chemoselective hydrogenation; 2-methyl-2-pentenal; meprobamate












1. Introduction


In the last years, batch chemical processing has been moving towards continuous-flow systems [1]. Continuous flow is the performance of chemical reactions in a flowing stream instead of a traditional batch. Safer operations can be achieved due to the lower reaction volumes, better temperature control, and the ability to accommodate higher pressures without risk. Faster reactions can be carried out, as it is much easier to pressurize flow chemistry systems than batch chemistry systems. Improved selectivity can be obtained without additives, thanks to more efficient heat transfer and mixing. As a consequence of these advantages, this system has a small footprint and can offer an accelerated scale-up route from proof-of-concept studies to large-scale manufacture [1,2].



Indeed, the benefit of continuous flow can be applied to heterogeneous catalytic hydrogenation. This reaction is highly relevant in pharmaceutical, agrochemical, food, and fragrances industries [3].



Catalytic hydrogenation usually relies on noble metals, such as Pd or Pt. However, their hydrogenation properties lead to a loss of effectiveness when semi-hydrogenation or chemoselectivity are required. This fact, along with the high cost of noble metals, makes finding suitable alternatives necessary for sustainable development [4].



These alternatives could come from earth/abundant metals, such as Co, Fe, Cu, or Ni [5,6]. They usually require higher pressure and temperature for satisfactory results. However, the continuous-flow method could improve their catalytic properties, necessitating softer reaction conditions [7]. Moreover, the continuous flow would allow safer handling of the high pressures.



An important pharmaceutical intermediate obtained by the chemoselective catalytic hydrogenation of 2-methyl-2-pentenal (MPEA) is 2-methylpentanal (MPAA). This compound is used as a flavouring agent, and is an essential intermediate for dyes, resins, and drugs [8]. One of these drugs is meprobamate, belonging to sedative hypnotics [9].



It is difficult to find academic literature focused on MPAA synthesis from MPEA hydrogenation in the liquid phase; for instance, in a batch system, a Raney cobalt catalyst was investigated, but to obtain the unsaturated alcohol 2-methyl-2-pentenol (MPEO) [10]. The main use of MPEO is in the perfume industry [11]. In this case, to reach a selectivity of 99% towards MPEO, the addition of ferrous chloride to the batch system was required. More recently, Hu et al. demonstrated the importance of defect engineering in preparing a Pd/NiCo2O4−x catalyst to favor C=C vs. C=O hydrogenation on several α,β-unsaturated carbonyl compounds—MPEA being among them [12]. Selectivity close to 100% in MPAA production can be achieved thanks to the oxygen deficiency of the NiCO2O4−x spinel. After interaction with the support, the electron deficiency generated in the Pd enhances the selectivity towards C=C hydrogenation. In addition, the oxygen deficiency in the spinel leads to the subsequent adsorption of the C=O bond and the prevention of alcohol formation.



The hydrogenation of 2-methyl-2-pentenal in the gas phase has been investigated on Pt, Pd, and Cu catalysts supported on precipitated silica by Pham et al. [13]. Pt and Pd show greater preference towards the formation of MPAA, with some production of n-pentane and CO with increasing temperature. Cu catalyses both C=C and C=O bonds. However, over long periods of contact, both products are hydrogenated to 2-methylpentanol (MPAO). At high temperatures, the hydrogenolysis of MPEO and MPAO occurs to give rise to 2-methylpentane and H2O [13] (Scheme 1).



To the best of our knowledge, Co has not been studied for this substrate conversion under liquid-phase continuous-flow conditions. Therefore, this work focused on the catalytic performance of Co as an efficient catalyst for 2-methyl-2-pentenal hydrogenation. The influence of four different Co loadings supported on commercial active carbon Norit CNR115 was analysed for the C=C chemoselective hydrogenation of an MPEA solution to produce MPAA. The morphological differences are explained here to elucidate the divergent behaviour observed for their activity and selectivity to the desired MPAA.




2. Results and Discussion


2.1. N2 Physisorption Results


Nitrogen physisorption experiments were performed to examine the differences in the textural properties of the catalysts with different Co loadings. The specific surface area, total pore volume, and pore size can be observed in Table 1.



There is an evident decrease in the specific surface area when increasing the metal loading, as expected for the deposition of Co particles. It should be noted that the differences are minimal between 6 wt.% and 10 wt.% Co/CNR115. Nevertheless, in the case of Co loading at the extremes (2 and 14 wt.%), there is a 33% reduction in the exposed area.



The total pore volume experiences a linear drop as the amount of Co increases up to 10 wt.%. Once here, similar values are found for 10 and 14 wt.% Co/CNR115. The pore size slightly increases with the Co loading, from 2 to 10 wt.%, due to the first blocking of the smallest pores. For 14 wt.% Co/CNR115, the pore size is 3 Å lower than the other catalysts, which implies that bigger pores start to accumulate metal inside.



In short, increasing the Co loading leads to pore blockage and gradual agglomeration of Co nanoparticles, which eventually leads to a decrease in the BET surface area and total pore volume [14].




2.2. Temperature-Programmed Reduction Studies (H2-TPR)


The temperature-programmed reduction (H2-TPR) of the four catalysts after incipient wetness impregnation synthesis was carried out to determine the pretreatment conditions. Generally, the H2-TPR profile can significantly vary for the precursor [15], the preparation method [16], and the calcination conditions if this step exists [16,17].



In this case, the profile—especially for the highest metal loadings—resembles that obtained by Lue et al. for 20 wt.% Co supported on commercial active carbon, also prepared by incipient wetness impregnation, with Co nitrate as the precursor [17].



In Figure 1, a first peak for all the samples, between 200 and 300 °C, can be observed, which can be attributable to reductive nitrate decomposition [18]. Afterwards, a broad peak, from 300 °C to 700 °C, unfolded in two semi-overlapped processes, is detected. The process at the lowest temperature would correspond to Co3O4 reduction towards CoO, and at the highest temperature, to CoO towards Co0 [19,20]. Although no calcination step has taken place, there are two sources of cobalt oxide. On the one hand, a significant amount of the precursor salt may have been transformed into a mixture of oxides during the drying step at 100 °C [21,22]. On the other hand, during the temperature-programmed reduction, Co3O4 is formed by the reaction of CoOx and NO, which were produced in the previous reductive decomposition of Co(NO3)2 [18].



However, it cannot be ruled out that the different peaks observed are an effect of the size of the cobalt particles and not the result of the various cobalt oxides. 2 and 6 wt.% Co/CNR115 present low intensity for the peak at the high temperature corresponding to CoO to Co reduction compared to the peak corresponding to Co3O4 to CoO formation. This implies that there is greater difficulty in performing total reduction to metallic Co for particles with a smaller size [23]. A more hindered CoO to Co reduction for small particles is already known, while the size does not influence the reduction from Co3O4 to CoO [24,25]. H2O formed upon CoO reduction prevents the formation of superparamagnetic cobalt particles located predominantly in the narrow pores of the support. Because of the high water partial pressure in the support pores, the equilibrium in the reaction CoO + H2 = Co + H2O shifts towards cobalt oxide and hydrogen [26].



The reverse peaks, which make the baseline curved after the reduction processes, correspond to the partial methanization of the carbon support, which may occur at higher temperatures [27,28].




2.3. X-ray Diffraction Results (XRD)


The main signal observed in the X-ray diffractograms of the four catalysts corresponds to that of CNR 115 carbon (Figure 2). For 6, 10 and 14 wt.% Co/CNR115, two broad peaks appear at approximately 36.8 and 43.6°, suggesting CoO and Co presence. The coexistence of Cofcc and Cohcp cannot be determined from the present data.



In the case of 2 wt.% Co/CNR115, only the signal corresponding to the support is observed. The lower loading, the fact that most of the Co is inside the pores, and the high particle dispersion would explain the undetectability in this sample [29]. The morphological differences between 2 wt.% Co/CNR115 and the other catalysts are best confirmed by TEM and H2-TPD experiments.




2.4. Transmission Electron Microscopy (TEM) Results


Figure 3 shows the TEM images obtained for each catalyst and the corresponding average particle size distribution. For 2 wt.% Co/CNR115, they are separate, with the appearance of rounded balls. Above 2 wt.% Co, agglomerates and a tangled structure are formed.



As the Co loading increases, the size of the particles increases. Although, this last statement is not so obvious when comparing 6 wt.% Co/CNR115 and 10 wt.% Co/CNR115. The average particle size was 6, 8, 7, and 9 nm for 2, 6, 10, and 14 wt.% Co/CNR115, respectively. The obtained values are similar to those reported by Akbarzadeh et al. [14] for different Co loadings supported on carbon nanotubes. They also observed agglomeration and lower dispersion of nanoparticles when increasing the loading.




2.5. Temperature-Programmed Desorption of Hydrogen (H2-TPD)


The temperature-programmed hydrogen desorption measurements (H2-TPD) were conducted in order to estimate the active phase dispersion, average cobalt particle size, and to evaluate the strength of the hydrogen binding sites on the catalyst surface.



Table 2 shows the hydrogen adsorption surface area, Co dispersion, and Co particle size, calculated using the temperature-programmed desorption of hydrogen. Co dispersion decreases linearly with increasing metal loading. The resulting increment in the particle size, and the decrease in the adsorption surface, is expected, since these values are dispersion-based and result from particle geometry assumptions. Although the average cobalt particle size, estimated by H2 chemisorption, is bigger than that obtained from TEM, the general trend has been preserved. This phenomenon has already been observed in the literature [30], where it was shown that the divergence of Co average size, determined by hydrogen chemisorption and TEM, is definitely higher in the case of small cobalt NPs (e.g., 4–5 nm) than that in the case of larger nanoparticles (≥12 nm). In our case, however, this relation is reversed, i.e., the size of the small particles was estimated quite accurately, while for the larger particles, the discrepancy between the TEM and chemisorption-based size increases. The differences may result from underestimation of the adsorbate volume, caused by several reasons. First, the cobalt particle’s surface may be obstructed by support species, partially suppressing H2 adsorption [23,29]. Second, the adsorption sites may be blocked by the CHx post-reduction residual species (as was observed, e.g., for the carbon-supported ruthenium catalysts for ammonia synthesis [31,32]). Third, the adsorbate amount estimations may be lowered by the inability to include strongly adsorbed hydrogen, desorbing at high temperatures (above 400 °C) and forming strongly binding sites on the cobalt surface. Their amount may vary depending on the cobalt particle structure (e.g., ratio of Cofcc-to-Cohcp) and size. Larger particles could display a higher number of such sites, thus increasing the measured adsorbate amounts in their case.



Analysis of the H2-TPD profiles (Figure 4) shows similarity for all of the Co samples, with the provision that there is an increase in signal intensity with an increase in cobalt loading (a greater amount of H2 adsorbed), and a slight shift in the maximum temperature towards higher temperatures. On all the profiles, except the main maximum, some local maximums can be observed at approx. 50 °C (left shoulder of the main peak), which could be related to the presence of a small number of sites with very low hydrogen binding and/or the desorption of physically absorbed hydrogen. The slightly different shaped peak recorded for 2 wt.% Co/CNR115 may suggest that the structure of the active sites on the surface is different to the other samples, e.g., due to the highest metal dispersion (Table 2).




2.6. Catalytic Tests Results


Figure 5 and Figure 6 represent the activity as TOF and the selectivity values towards MPAA for 2, 6, 10, and 14 wt.% Co/CNR115 under different pressure and temperature conditions. Generally, inside the same pressure range, increasing the temperature results in higher activity. On the other hand, a non-linear relation is found between pressure and the activity of the catalysts. Only in the case of 6 wt.% Co/CNR115 is there an increase in the TOF value with the increase in the pressure range.



Moreover, the highest TOF values are reached for the lowest Co loadings (2 and 6 wt.%). A further increase provides no profit. This could be related to metal particle agglomeration and a decrease in particle dispersion (Table 2) and the amount of available active sites, as has been observed in Fischer–Tropsch reactions, where, at the beginning, increasing the particle size improved the activity, but after a particular value, it was detrimental [14,23]. Furthermore, the lower activity could also be related to a decrease in the BET surface area by pore blockage after Co deposition on the support.



At first glance, higher selectivity is observed for 2 and 6 wt.% Co/CNR115 than for 10 and 14 wt.% Co/CNR115 (Figure 6). Values of ≥99% are achieved for 2 and 6 wt.% Co/CNR115, the catalysts with the highest metal dispersion, at 45 °C and 60 bar, and at 65 °C and 10 bar, respectively. While, for 10 wt.% Co, the maximum selectivity reached is 90% at 10 bar and 85 °C, and for 14 wt.% Co/CNR115, only 75% at 60 bar and 100 °C.



Different responses to the reaction conditions were found in the selectivity towards MPAA and the following other two main products: the unsaturated alcohol—2-methyl-2-pentenol (MPEO); the saturated alcohol—2-methylpentanol (MPAO).



In the case of 2 wt.% Co/CNR115, with an average size of Co NPs of 9 nm, increasing the temperature at a given pressure (20, 40 and 60 bar) led to an increase in the activity and selectivity towards the unsaturated alcohol (2-methyl-2-pentenol) at the expense of MPAA selectivity. The exception is the trend at 10 bar; although the activity grows with temperature, similarly to other pressures, it is accompanied by an increase in the selectivity towards MPAA at the temperature range 45–85 °C.



MPEO was also formed as the second desired product for 6, 10 and 14 wt.% Co at 45 and 65 °C. However, small amounts of saturated alcohol (MPAO) appear at 85 °C and 100 °C for the three catalysts. Nevertheless, the amount of fully saturated product is not larger for the highest loadings. This implies an increase in selectivity towards MPEO for 10 and 14 wt.%, in detriment of MPAA creation. This phenomenon is in agreement with earlier studies, where the increase in metal nanoparticles and pressure favoured C=O over C=C hydrogenation [33].



The change in chemoselectivity could come from a change in the morphology of the main active sites with increasing Co loading. Therefore, for the catalysts with smaller Co NPs and larger numbers of open planes, the edge/defect sites containing coordinately unsaturated atoms [34] could be prone to hydrogenation of the C=C bond instead of the C=O bond. In contrast, the surfaces of larger NPs primarily expose low-index facets, with fewer edge or defect sites [35], and would have a stronger preference towards C=O hydrogenation. Moreover, we cannot rule out that the differences in chemoselectivity of the cobalt catalysts could be due to steric hindrance caused by the NPs size [36] and the metal–support interaction [12,37].



The interaction with the support can cause an electronic deficiency on the surface of the metal particles, favoring the adsorption of the C=C bond and its subsequent hydrogenation [12]. The influence of the support should be more significant in smaller particles than for those in which the bulk would be further away from a possible interaction.



It should be mentioned that the high selectivity towards MPAA observed for 2 and 6 wt.% Co/CNR115 occurred along with low TOF (Figure 5 and Figure 6). Therefore, the activity towards the desired product (Figure 7), which would take into account both parameters, i.e., the activity and selectivity, is a better gauge for comparing the catalysts from an industrial point of view.



In summary, the best compromise of the activity and selectivity is attained for the 6 wt.% Co loading. A lower loading, despite the high selectivity, does not provide enough metal for satisfactory activity. Higher Co loadings do not improve the activity, probably because of the lower specific surface area. In addition, increasing the particle size seems to modify the sites, decreasing the selectivity towards the desired MPAA. When increasing the temperature, the activity towards MPAA increases. The highest values are obtained for 6 wt.%, reaching the optimum at 60 bar and 100 °C.



Therefore, stability tests were performed for 6 wt.% Co/CNR115 under these optimal conditions for 2-methylpentanal production, at 60 bar and 100 °C (Figure 8). The slight loss of catalyst activity does not affect the high selectivity towards the desired product. Because the XRF analysis did not show the presence of Co in the postreaction mixture, this phenomenon could be related to the formation of the carbon deposit and partial blockage of the active phase in the cobalt catalysts.



Moreover, the change in the NPs size that occurred under the reaction conditions (Figure 9) could affect the activity. The TEM results obtained for the 6 wt.% Co sample (Figure 9) demonstrate the changes in the nanoparticle size distribution in comparison to the fresh sample (Figure 2), and the decrease in the average particle size. This could suggest the effect of the redispersion of the larger NPs under the reaction conditions, and, at the same time, could be the reason for the catalyst’s deactivation. The small fluctuations in both TOF and selectivity could be related to the coverage variations and/or spatiotemporal heterogeneities [38,39]. Furthermore, the error associated with the gas chromatograph device should not be completely ruled out.



Moreover, very interesting results were provided by the XPS measurements for a selected sample (2 wt.% Co/CNR115) before and after the reaction. The investigation and interpretation of the XPS results were in accordance with the literature data and XPS electronic databases [40,41,42]. The catalyst surface before the reaction contains Co—0.2, O—4.8, and C—95, and after the reaction, it contains Co—0.3, O—13.9, and C—85.9, estimated in at.%.



Therefore, similar amounts of Co are observed, confirming the XRF results that rule out metal leaching. However, before the reaction, the following two types of Co2+ coexist according to the Co 2p analysis (Figure 10): characteristical of Co oxides (2p 3/2 at 778.6 and 781.1 eV, and the characteristic satellite at 789.1 eV) and typical of Co(OH)2 compounds (2p 3/2 at 783 eV).



While, after the reaction, two 2p 3/2 signals are detected at 782 and 784 eV, corresponding uniquely to Co(OH)2 compounds—also confirmed by the 2p1/2 satellite at 804.6 eV.



In addition, a three-time increase in surface oxygen after the reaction and a 10 at.% decrease in surface carbon were observed. This can be related to the decomposition of the solvent and/or substrate on the surface, which could be the reason for the formation of cobalt hydroxide. The formation of Co(OH)2 may be responsible for the decrease in particle size observed by TEM after the reaction (Figure 9). Ultimately, this modification of the surface could be the cause of the catalytic activity loss.





3. Materials and Methods


3.1. Catalysts Preparation


Four different Co-loaded catalysts (2, 6, 10 and 14 wt.%) were prepared by incipient wetness impregnation. NORIT® CNR115 (supplied by Cabot Corporation, Boston, MA, USA) was used as a support and aqueous solution of Co(NO3)2·6H2O (supplied by Chempur, Piekary Śląskie, Poland) as a metal precursor. Impregnation was carried out using a rotary beaker with simultaneous heating (with a standard 200 W infrared lamp) for 24 h until complete evaporation of the solvent.



Afterwards, the catalysts were dried overnight at 100 °C and reduced with 10% H2/Ar in the flow reactor at 527 °C for 5 h. The obtained catalysts were labelled sequentially as 2 wt.% Co/CNR115, 6 wt.% Co/CNR115, 10 wt.% Co/CNR115 and 14 wt.% Co/CNR115.




3.2. Catalysts Characterization


3.2.1. N2 Physisorption


The surface area and porosity of our catalysts were measured with ASAP 2020 Chem. Instrument from Micromeritics (Norcross, GA, USA). BET (Brunauer–Emmett–Teller) and BJH (Barret–Joyner–Halenda) methods were used with N2 as the adsorbate. The surface area was determined by BET and total micropore volume and pore size by BJH. The catalysts were kept at 300 °C for 3 h in vacuum conditions to clean their surfaces before measurement of the adsorption isotherm at −196 °C.




3.2.2. Temperature-Programmed Reduction


Temperature-programmed reduction (H2-TPR) was run in a glass flow system in an atmosphere of a mixture of 10% H2/Ar. Prior to reduction, the catalysts were dried overnight at 100 °C. A Gow-Mac thermal conductivity detector (Bethlehem, PA, USA) was used with negative polarity. The catalyst precursors were heated with a 10 °C/min ramp, starting from room temperature. Injections of known amounts of hydrogen into the flow system were provided for calibration.




3.2.3. X-ray Diffraction


X-ray diffraction (XRD) measurements were performed with a Rigaku-Denki instrument (Tokyo, Japan) equipped with Ni-filtered copper lamp Cu Kα. Diffraction profiles were scanned in the range of 2θ = 20–90°, step size of 0.008°, and counting time 60 s/step.




3.2.4. TEM Measurements


Transmission electron microscopy investigations were performed with a JEOL JEM-100CXII electron microscope (Tokyo, Japan) operated at an acceleration voltage of 100 keV. At least 100 particles were employed to compose the size distribution histograms. Before TEM measurements, the samples were dispersed in pure alcohol using an ultrasonic cleaner and putting a drop of this suspension onto carbon films on copper grids.




3.2.5. Temperature-Programmed Desorption of Hydrogen


Measurements were carried out using AutoChem 2920 Chemisorption Analyzer (Micromeritics Instruments Co. Norcross, GA, USA) supplied with high-purity (≥99.9999 vol%) gases. Each catalyst sample of 0.40 g mass was placed in a U-shaped quartz reactor and subjected to the following measurement procedure. At all times the total gas flow rate equaled 40 cm3∙min−1. First, the sample was reduced at 527 °C for 5 h in pure hydrogen flow. At the next stage the sample was rinsed with Ar at 620 °C for 1 h in order to eliminate any hydrogen remaining adsorbed on the surface after the reduction process. Then, the system was cooled and H2 was adsorbed onto the surface of the reduced catalysts at 150 °C for 15 min and at 0 °C for 15 min. Subsequently, the sample was rinsed with Ar for 1 h at 0 °C to remove physisorbed H2 from its surface. Then, the saturated sample was heated up to 873 K at a rate of 10 °C∙min-1 in Ar flow, with the desorbing hydrogen concentration in the outlet gas being monitored by the TCD. Signal recording was continued for 30 min under nominal conditions and during cooling to ambient temperature. The obtained CH2(T) dependencies were used to estimate the total amount of hydrogen desorbed from the catalyst surface, and assuming H/Co = 1 adsorption stoichiometry [43] the dispersion and average particle size were calculated [44].




3.2.6. Energy-Dispersive X-ray Fluorescence Analysis (EDXRF)


Energy-dispersive X-ray fluorescence analysis (EDXRF) was carried out using MiniPal 4 equipment from PANalytical Co. (Malvern, United Kingdom), with an Rh tube and silicon drift detector (resolution 145 eV). EDXRF method was used to gain information on the elemental composition of liquid samples after catalytic experiments.




3.2.7. X-ray Photoelectron Spectroscopy (XPS)


The XPS spectra were measured with a Microlab 350 spectrometer (Thermo Scientific, Waltham, MA, USA) with a spherical sector analyzer at 300 W non-monochromatic Al Kα radiation and 1486.6 eV energy. The survey and high-resolution (HR) spectra of Co 2p, C 1s and O 1s photoelectrons were collected at constant pass energies of 100.0 and 40.0 eV, respectively. The spectra were quantified using the software Avantage (ver. 4.88, Thermo Fisher Scientific Inc., Waltham, MA, USA). The deconvolution of all the HR XPS spectra was performed using a smart-type background and a Gaussian peak shape with a 35% Lorentzian character. The measured binding energies (BE) for individual elements were corrected in relation to the C 1s carbon peak at 284.2 eV.




3.2.8. Catalytic Tests


Hydrogenation of 2-methyl-2-pentenal (MPEA) (97% pure from Sigma-Aldrich, Darmstadt, Germany) was performed in flow mode in a ThalesNano H-Cube device (Budapest, Hungary). In this system, hydrogen is generated in situ via electrolysis of water, and then dried and mixed with the substrate solution (1 wt.% MPEA in ethanol (99.8% pure from Avantor Performance Materials, Gliwice, Poland)). An HPLC pump provides the circulation of the reactants, and their pressure is established by the automatic system conjugated with multiple pressure sensors. The catalyst was placed in a 70-mm-long stainless-steel cartridge (CatCart®30) with an inner diameter of 4 mm. The free space in the catalyst was filled with glass balls 2 mm in diameter.



Each experiment was performed using 0.1 g of the catalyst and a flow rate of 0.5 mL of solution per min (0.04 mmol MPEA/min) and H2 flow of 35 mL/min. Different conditions for pressure (10, 20, 40, 60 and 80 bar) and temperature (45, 65, 85 and 100 °C) were investigated.



The obtained samples were analyzed in a gas chromatographic system (Bruker 456-GC with FID detector, Billerica, MA, USA) equipped with BP5 column (30 m, 0.25 mm and 0.25 µm). A satisfactory carbon balance (within ~97%) was found for GC analyses. The reproducibility of results was fair (±10% (total activity)) or good (±2% (products selectivity)).






4. Conclusions


The liquid-phase selective hydrogenation of 2-methyl-2-pentenal to 2-methylpentanal over active carbon-supported Co nanoparticles strongly depends upon the physicochemical properties of the catalysts and the reaction conditions. High selectivity towards the desired product—saturated aldehyde (MPAA)—requires smaller cobalt ensembles, which favor C=C versus C=O hydrogenation. It is found that 2 and 6 wt.% Co/CNR115 show the highest values of chemoselectivity towards the hydrogenation of the C=C bond, generating MPAA. They reach values close to 100%.



However, the highest selectivity values are accompanied by lower TOF values. In the case of 2 wt.%, the amount of Co seems to be insufficient to achieve remarkable activity for MPAA production. Nevertheless, the results clearly show that the optimum Co loading value, among those studied, is 6 wt.% (with an average particle size of 15 nm).



Co loadings higher than 6 wt.%, such as 10 and 14 wt.%, significantly decrease the surface area available for hydrogen adsorption, not increasing the conversion. In addition, larger particles show lower selectivity towards the C=C bond and higher selectivity towards the C=O bond.



Therefore, due to the higher conversion and selectivity, the highest activity values towards the desired product are achieved for 6 wt.%. The activity towards MPAA increases with temperature, with the best result being obtained at 100 °C and 60 bar.
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Scheme 1. Possible pathways of 2-methyl-2-pentanal hydrogenation [13]. 
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Figure 1. Temperature-programmed reduction of 2, 6, 10 and 14 wt.% Co/CNR115 after incipient wetness impregnation. 
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Figure 2. X-ray diffraction (XRD) pattern for CNR115 support and the four catalysts, 2, 6, 10 and 14 wt.% Co/CNR115, after reduction process. 
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Figure 3. Transmission electron microscopy (TEM) images and Co particle size distribution of (a) 2 wt.% Co/CNR115, (b) 6 wt.% Co/CNR115, (c) 10 wt.% Co/CNR115, and (d) 14 wt.% Co/CNR115. 






Figure 3. Transmission electron microscopy (TEM) images and Co particle size distribution of (a) 2 wt.% Co/CNR115, (b) 6 wt.% Co/CNR115, (c) 10 wt.% Co/CNR115, and (d) 14 wt.% Co/CNR115.



[image: Catalysts 12 00019 g003]







[image: Catalysts 12 00019 g004 550] 





Figure 4. Temperature-programmed desorption of hydrogen (H2-TPD) profiles for catalysts with different cobalt loading. 
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Figure 5. Turnover frequency for 2, 6, 10 and 14 wt.% Co/CNR115 at different values of pressure and temperature. 
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Figure 6. Selectivity towards 2-methylpentanal for 2, 6, 10 and 14 wt.% Co/CNR115 at different values of pressure and temperature. 
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Figure 7. Activity towards 2-methylpentanal in hydrogenation of 2-methyl-2pentenal at different values of pressure and temperature for 2, 6, 10 and 14 wt.% Co/CNR115. 
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Figure 8. Stability test of 2-methyl-2-pentenal hydrogenation with 6 wt.% Co/CNR115 at 60 bar and 100 °C. 
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Figure 9. Transmission electron microscopy (TEM) image and NPs size distribution of spent 6 wt.% Co/CNR115. 
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Figure 10. Co 2p X-ray photoelectron spectroscopy (XPS) region of 2 wt.% Co/CNR115 catalyst before and after reaction. 
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Table 1. Specific surface area, total pore volume and pore size estimated from N2 physisorption experiments.
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	Samples
	Specific Surface Area (m2 g−1)
	Total Pore Volume (cm3 g−1)
	Pore Size (Å)





	2 wt.% Co/CNR115
	1585± 10.4
	0.34
	27.8



	6 wt.% Co/CNR115
	1417 ± 9.0
	0.32
	28.2



	10 wt.% Co/CNR115
	1367± 9.1
	0.31
	28.4



	14 wt.% Co/CNR115
	1064 ± 5.9
	0.31
	24.9
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Table 2. Active phase parameters estimated on the basis of H2-TPD measurements.
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	Catalyst
	Co Dispersion [%]
	dCo [nm]
	SH2 [m2∙gCo−1]





	2 wt.% Co/CNR115
	13.7
	9
	73



	6 wt.% Co/CNR115
	8.4
	15
	45



	10 wt.% Co/CNR115
	4.3
	25
	23



	14 wt.% Co/CNR115
	3.2
	40
	17
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