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Abstract

:

Pt,Pd,Ni/MgO, Pt,Pd,Ni/Mg0.97La3+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O (1% of each of the Ni, Pd, and Pt) catalysts were prepared by a surfactant-assisted co-precipitation method. Samples were characterized by the XRD, XPS, XRF, FT-IR, H2-TPR, TEM, the Brunauer–Emmett–Teller (BET) method, and TGA and were tested for the dry reforming of methane (DRM). TEM and thermal gravimetric analysis (TGA) methods were used to analyze the carbon deposition on spent catalysts after 200 h at 900 °C. At a temperature of 900 °C and a 1:1 CH4:CO2 ratio, the tri-metallic Pt,Pd,Ni/Mg0.85La3+0.15O catalyst with a lanthanum promoter showed a higher conversion of CH4 (85.01%) and CO2 (98.97%) compared to the Ni,Pd,Pt/MgO catalysts in the whole temperature range. The selectivity of H2/CO decreased in the following order: Pt,Pd,Ni/Mg0.85La3+0.15O > Pt,Pd,Ni/Mg0.93La3+0.07O > Pt,Pd,Ni/Mg0.97La3+0.03O > Ni,Pd,Pt/MgO. The results indicated that among the catalysts, the Pt,Pd,Ni/Mg0.85La23+0.15O catalyst exhibited the highest activity, making it the most suitable for the dry reforming of methane reaction.
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1. Introduction


The dry reforming of methane (DRM) (Equation (1)) is a promising reaction for the simultaneous conversion of two major greenhouse gases (CO2/CH4) to syngas with an H2/CO ratio of 1 and is thus suitable for the synthesis of oxygenated hydrocarbons and synthetic fuels [1]. Moreover, DRM can utilize biogas (mainly composed of CH4 and CO2) produced by the anaerobic fermentation of sludge waste as a renewable resource [2,3]. The main drawbacks of DRM are as follows: (1) the catalyst sintering at high temperature; (2) the occurrence of the reverse water–gas shift reaction (RWGS) (Equation (2)).


    CH  4  +   CO  2  → 2 CO + 2  H 2   



(1)






    CO  2  +  H 2  → CO +  H 2  O  



(2)




which lowers the H2/CO ratio [4]; and (3) the fast catalyst deactivation due to carbon deposition from methane cracking (Equation (3)) and the Boudouard reaction (Equation (4)):


    CH  4  → C + 2  H 2     



(3)






  2 CO → C +   CO  2   



(4)







Catalysts containing noble metals, such as Pt, Ru, and Rh, show high activity and selectivity for the DRM reaction as well as good stability towards coke deposition; however, their high cost and low availability make them not economically competitive in comparison to other transition metal-based materials [5,6,7]. Among non-precious transition metals, cobalt and nickel supported on various oxide systems (MgO-ZrO2, Al2O3, MgAl2O4, CeO2, CeO2-ZrO2) showed promising performances. In particular, nickel has been reported as a very active metal for the DMR but was also reported to be highly prone to carbon formation [7,8]. Contradictory findings have been reported about cobalt [9,10]. Compared with nickel, cobalt generally showed better behavior towards the suppression of carbon deposition and better stability under reaction conditions [11].



Few studies have been reported on CeO2 [8] and CeO2-ZrO2 [12]. For this reason, the objective of this study is to prepare a catalyst with a high activity, selectivity, stability, and ability to prevent carbon deposition on the catalyst during the dry reforming of methane reaction. The Pt,Pd,Ni/Mg1−xLaxO catalysts are prepared using a co-precipitation method that uses K2CO3 as a precipitant, followed by the impregnation of 1% Pt, 1% Pd, and 1% Ni using Pt(acac)2, Pd(acac)2, and Ni(acac)2, respectively. Subsequently, a study is conducted to compare the catalytic stability and coke formation. The study then investigates the effects of the concentrations of CO2 and CH4, the concentration of the catalysts, and the temperature of the conversion of the catalytic performance of the prepared catalysts in the dry reforming process, and it evaluates the stability of the catalysts.




2. Results and Discussion


2.1. Characterization of the Catalysts


2.1.1. XRD Patterns


Figure 1a–d reveals the XRD representations of the stimulants with MgO and La2O3 contents. Peak diffraction was observed at 2θ = 36.9°, 43.0°, 62.8°, 74.6°, 78.6°, and 79.0° due to the cubic shape of magnesia (JCPDS file No.: 00-001-1235). The peaks recorded at 2θ = 25.3°, 27.2°, 30.2°, 39.3°, 54.7°, and 62.1° were related to the cubic form of lanthanum oxide (JCPDS file No. 00-022-0369). The peaks ascribed to the cubic shape of the catalyst complex (Mg-La-O) were observed at 2θ = 11.6°, 15.4°, 16°, 28°, 35.9°, 46.9°, 53.3°, and 68.2°. Similar findings and peak patterns were also reported by Grange [13]. On the other hand, no diffraction peaks were observed for Pt, Pd, and Ni due to their low concentration (less than 5%). The Debye–Scherrer equation was used to calculate the catalyst’s crystal size. The crystal size was observed at 42.1, 44.7, 40.3, and 38.7 nm for the catalysts Pt,Pd,Ni/MgO, Pt,Pd,Ni/Mg0.97La3+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O, respectively. The results show that the amount of lanthanum was inversely related to the crystal size whereby as the amount of lanthanum increased, the crystal size decreased. Moreover, this occurrence was due to the outgrowth of magnesia crystallites as a result of the effect of the residues of Pt, Pd, and Ni on the sample surface.



The XRD findings reveal a cubic crystal structure for all the samples. This result is backed by the TEM findings, which also show cubic shaped particles.



For the elemental analysis of all the components in the catalyst, X-ray fluorescence (XRF) was used. Table 1 shows the percentage of Ni, Pd, and Pt that were slightly more than 1 due to the incomplete precipitation of the Mg and La metal precursors in the method of co-precipitation. This had a slight effect on the results [4].




2.1.2. FT-IR Spectra


Figure 2 shows the FT-IR data for all the catalysts (Pd,Pt,Ni/Mg0.97La+30.03O, Pd,Pt,Ni/Mg0.93La+30.07O, and Pd,Pt,Ni/Mg0.85La+30.15O) that were prepared through the impregnation of Pt,Pd,Ni(acac)2 on MgO-La2O3. The spectra of the unreduced catalysts showed bands in the region of 3616–893 cm−1, which were assigned to the acetylacetonate part of the catalyst. The bands recorded at (1636–1579) cm−1 and at (1420–1436) cm−1 in the FT-IR were assigned to the C = O and C = C bonds, respectively, of acetylacetonate in the main catalyst Pt,Pd,Ni(acac)2/MgO-La2O3 complexes. A band at around 3616–3659 cm−1 was attributed to stretching frequency of moisture [14].



The bands for the metal oxides PtO and PdO were observed at 673 and 769 cm−1, respectively, whereas the peaks for NiO, MgO, and LaO did not appear in the spectra due to their appearance at the far FT-IR range.




2.1.3. XPS Analysis


Figure 3a–d, shows the X-ray photoelectron spectroscopy (XPS) spectra of La3d, Mg2p, O1s, and Ni2p for the catalyst Pd,Pd,Ni/Mg0.85La3+0.15O. The XPS spectra detect metals on the surface of the catalyst (3–12 nm). Figure 3a provides an illustration of the spectra La3d of La2O3, with BE from 832 to 853.2 eV. The most thorough photoelectron indication is that of La-O, which is seen in the high BE area. Figure 3b interprets one significant peak gained from Mg2p, bulk Mg-O at a binding energy of 47.7 eV. Figure 3d exhibits five noticeable oxygen species for (O1s) that were observed at the top layer of the catalyst assigned to Ni-O, La-O, Mg-O, Pt-O, and Pd-O at binding energies of 527.4 and 529.2 eV. The binding energies of (Pt3d) and (Pd3d) were observed at 69.8 and at 1148.7 eV, respectively. Finally, the Ni2p spectra were observed at binding energies of 849.1 and 853.1 [15].




2.1.4. Temperature Programmed Reduction (H2-TPR)


H2-TPR was used to characterize the reducibility of La2O3 for the reforming of the Pt,Pt,Ni catalysts. The H2-TPR result for the Pt,Pt,Ni/Mg1−xLa3+xO (where x = 0.00, 0.03, 0.07, 0.15) profiles is tabulated in Table 2, and the H2-TPR patterns of the catalysts are illustrated in Figure 4. Figure 4a demonstrates three clearly defined reduction peaks in the TPR profile of the Pt,Pd,Ni/MgO. The first reduction peak appeared at 130 °C and was ascribed to the reduction of the PtO to Pt°. This finding differs from findings by Mahoney et al. [16], who identified the reduction of the PtO species to be at 114 °C. The second reduction peak was registered at 184 °C and occurred due to the reduction of PdO to Pd°. The third and final peak was recorded at a temperature of 621 °C and was attributed to the strong overlap of materials supporting the production of Ni, which concurs with findings by Bao et al. [17], where a reduction was observed in the NiO for the Ni/ZrMgAl catalyst at 516 °C. Figure 4b–d and Table 2 demonstrates the TPR profile for catalysts containing the La2O3 promoter. Five peaks were obtained by catalysts containing the La2O3 promoter, as can be seen in Figure 4b–d. The first three peaks of the Pt,Pd,Ni/Mg0.97La3+0.03O catalyst were recorded at 115, 175, and 573 °C while the peaks of the Pt,Pd,Ni/Mg0.93La3+0.07O were demonstrated at 123, 170, and 578 °C, and peaks of the Pt,Pd,Ni/Mg0.85La3+0.15O catalyst were seen at 126, 163, and 572 °C. This was due to a decrease in PtO, PdO, and NiO through the surface layer of the catalyst to gain the Pt°, Pd°, and Ni° elements, respectively. The fourth peak of the catalyst seen in Figure 4b–d was recorded at the temperatures of 532, 545, and 559 °C, respectively, and it was due to the presence of La2O3 on the surface. The fifth and final peak was observed at 635, 652, and 677 °C for the catalysts Pt,Pd,Ni/Mg0.97La23+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O, respectively. The increase in temperature observed by the fifth peak was due to the strong reaction between the La2O3 promoter and the MgO support. When the load of the promoter La2O3 increased, the catalysts showed a high degree of reduction ability. This finding agrees with results obtained by previous studies, such as the study by Roberto et al. [18], who reported the reduction of lanthanum to occur at 490 and 790 °C.



The total amount of H2 consumed during the reduction process of the Pt,Pd,Ni/MgO, Pt,Pd,Ni/Mg0.97La23+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O catalysts (Figure 4a–d) was calculated by the total peak area and was recorded at 464.8, 503.7, 515, and 572 μmol/g catalyst, respectively [13]. According to H2-TPR results, the most active catalyst was Pt,Pd,Ni/Mg0.85La23+0.15O, suggesting its suitability for the DRM reaction.




2.1.5. Brunauer–Emmett–Teller (BET) Surface Area


The values of the specific surface area of BET (SBET) and the pore properties of reduced catalyst supports for the Pt,Pd,Ni/Mg1−xLaxO catalysts (where x = 0.00, 0.03, 0.07, and 0.15) are presented in Table 3. The Pt,Pd,Ni/MgO catalyst surface area was recorded at 12.97 m2/g, whereas the surface area of the support MgO was recorded at 11.1 m2/g. This difference was due to the effect of the Pt, Pd, and Ni loadings on the fixed surface area of the MgO support. On the other hand, the surface area of the Pt,Pd,Ni/MgO stimulant was lesser than the surface areas of the Pt,Pd,Ni/Mg0.97La23+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O catalysts (b, c, and d), which were recorded at 13.79, 14.19, and 17.17 m2/g, respectively.



The pore volume of the Pt,Pd,Ni/Mg0.85La3+0.15O catalyst was 0.095 cm3/g and was higher than that of the Pt,Pd,Ni/Mg0.97La3+0.03O and Pt,Pd,Ni/Mg0.93La3+0.07O catalysts (0.054 and 0.082 cm3/g respectively).



Table 3 depicts the pore radius of different catalysts. The pore radius of the support MgO was 9.9 Å, whereas that of the Pt,Pd,Ni/MgO catalyst was 9.7 Å. The pore radius of the other catalysts and the rise of the La2O3 promoter in the support was inversely proportionate to one another. The pore radii of the catalysts (b, c, and d) were 44.53 Å, 30.87 Å, and 18.27 Å, respectively [19]. These data indicated that the Pt,Pd,Ni/Mg0.85La3+0.15O3 catalyst with a high surface area recorded the best activity in the DRM reaction compared to other catalysts.




2.1.6. TEM Characterization


Figure 5a–d shows the distribution and morphology (shape and size) of the synthesized catalysts Pt,Pd,Ni/MgO, Pt,Pd,Ni/Mg0.97La3+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O that were characterized by TEM and formed cubic structures. The catalysts underwent calcination at 1150 °C with a consistency in the distribution of particles without free La2O3. Figure 5b–d proves the formation of MgO-La2O3 solid solutions [20] with cubic oxide particles on the Pt, Pd, and Ni layers of the carrier metal. Each Pt,Pd,Ni/Mg0.85La3+0.15O catalyst (Figure 5d) dispersed 1% of the Pt, Pd, and Ni metal particles on the carrier MgO-La2O3 with sizes between 45 and 85 nm. On the other hand, the TEM analysis of the Pt,Pd,Ni/Mg0.85La3+0.15O catalyst reveals an induced growth with an agglomeration of the nanoparticles at a certain distance between the metal crystallites. It is necessary to pinpoint that this type of growth is often catalyzed by metallic platinum, palladium, and nickel, even although the distribution of the TEM image sizes is more realistic and accurate [21]. Hence, it is clear that Figure 5a–d exhibits TEM results that match the XRD data. To sum up, these findings disclose that Mg-La-O was not only complex but also cubic and identical to MgO and La2O3.




2.1.7. Thermal Analysis


Figure 6a–d displays the TGA results for the Pt,Pd,Ni/MgO, Pt,Pd,Ni/Mg0.97La3+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O catalysts. The initial findings show that there was an insignificant rise in the total weight of the compound owing to the mixture of N2 gas in the device, which adsorbed to the surface of the catalysts. It is necessary to mention that the findings revealed that the weight loss process happened in only one stage of the Pt,Pd,Ni/MgO catalyst. The peak lost about 4% of the compound due to the loss of moisture at 100–120 °C. The other catalysts showed three peaks, in which the first was observed at 100–150 °C, which demonstrated a 5.2%, 6.3%, and 7.1% weight loss due to the loss of moisture. The second peak was due to a weight loss of 4.5% by Pt,Pd,Ni/Mg0.97La3+0.03O, 5.0% by Pt,Pd,Ni/Mg0.93La3+0.07O, and 5.2% by Pt,Pd,Ni/Mg0.85La3+0.15O at a temperature of 250 °C (see Figure 6c,d). Finally, the third peak appeared at 425 °C with a weight loss of 5.5%, 5.7%, and 5.9% for the Pt,Pd,Ni/Mg0.97La3+0.03O, Pt,Pd,Ni/Mg0.93La3+0.07O, and Pt,Pd,Ni/Mg0.85La3+0.15O catalysts, respectively, due to the loss of oxygen atoms from the catalyst. All the compounds were maintained stable at 650 °C. For the most part, this stability was due to the high melting point of magnesia and La2O3 at 2852 and 2315 °C, respectively. As to Figure 6a–d, the components of the catalyst reacted well with one another as supported by findings by Mojovic et al. [22].





2.2. Catalytic Performance in Biogas Reforming


2.2.1. Effects of Reactant Concentration on Conversion


The reaction activity of DRM was demonstrated by the conversion of CH4 and CO2 gas. The H2/CO ratio shows the selectivity and the main test results without using the catalyst in which the presence of H2 and CO was observed in the outgas at a temperature of more than 900 °C due to the decomposition of methane in Equation (3). Then, when the metals were not used in the catalyst Mg1−xLaxO, the conversion of CH4 and CO2 was very low and insignificant with a recording of 36% and 50%, respectively, and an H2/CO ratio of 0.3 at a reactant ratio (CH4:CO2) of 1:1. On the other hand, at a 1:2 ratio, the results of methane and carbon dioxide conversion were 24% and 43%, respectively. As for the H2/CO ratio, it was 0.12 as shown in Figure 7. These findings reveal the presence of a poor interaction in the pores of the supportive promoter, which is in line with the BET results that show the presence of pores in the catalyst. When the catalysts Pt,Pd,Ni/Mg1−xLa3+xO were used (Figure 8), a rise in the conversion of CH4 (85.01%) and CO2 (98.97%) and the H2/CO (1.15) ratio was observed, indicating that Pt, Pd, and Ni metals loading on the support have a significant effect in the catalytic reaction of Pt,Pd,Ni/Mg0.85La3+0.15O. At a reactant ratio of 1:2, the CH4 and CO2 conversions were 80.8% and 94%, respectively, and the H2:CO ratio was 1.07. These results reveal that the 1:1 ratio was the most effective ratio in opposing the deactivation of the catalyst due to carbon deposition and resulted in a higher selectivity of H2 and CO (Figure 8). Similar observations were noted by the other catalysts [23].




2.2.2. Effects of Concentration of the Catalyst on Conversion


Figure 9 and Table 4 show the effect of using different catalyst concentrations through the conversion process. The reaction conditions were set at 900 °C and 1 atm with a 1:1 reactant ratio (CH4:CO2). The conversion of CH4, CO2, and the H2/CO ratio reveal that the catalysts were coordinated in the following arrangement: Pt,Pd,Ni/MgO < Pt,Pd,Ni/Mg0.97La3+0.03O < Pt,Pd,Ni/Mg0.93La3+0.07O < Pt,Pd,Ni/Mg0.85La3+0.15O. The highest reading of methane conversion was recorded for the Pt,Pd,Ni/Mg0.85La3+0.15O catalyst (85%), whereas the lowest reading was recorded for the Pt,Pd,Ni/MgO catalyst (72.83%).



The recorded CH4 conversion was less stable than the CO2 conversion. For the CO2 conversion process, the catalyst Pt,Pd,Ni/Mg0.85La3+0.15O demonstrated a higher conversion rate (98.97%) when compared to the catalyst Pt,Pd,Ni/MgO, which demonstrated a CO2 conversion rate of 81.14%. The findings made it clear that the most effective conversion process was observed by the catalyst Pt,Pd,Ni/Mg0.85La3+0.15O. The catalyst’s H2/CO ratio was higher than 1 (Figure 9 and Table 4). Such findings reveal that the process of CO2 conversion of Ni metal showed less suitable findings than that of the tri-metallic catalysts, which is supported by a previous study [16].



Table 4 makes it evident that the rise in the CH4, CO2 conversion and the ratio of H2/CO occurred due to the increase in the concentration of La2O3. This finding implies that the best results were observed by Pt,Pd,Ni/Mg0.85La3+0.15O catalyst as it had the largest surface area, as shown by the BET method (17.17 m2/g), and the largest active site as shown by the H2-TPR (572 μmol/g) (Table 2 and Table 3). This incident shows that the addition of La2O3 into the MgO catalysts can significantly lessen the reverse water–gas shift (RWGS) reaction (Equation (2)).



In addition, the findings demonstrate that the strong interference between the La2O3 promoter and the MgO support in the solid solution affects the CO formation rate in the DRM reaction. In such a way, the active site production process is vital for the CO2 reforming of methane. The existence of the complete La2O3 promoter as a solid solution led the two oxides to become stable. When hydrogen was slashed at 700 °C, only the surface layer of the La2O3 solid solution of the La2O3-MgO catalyst was shrunk.



Moreover, the increase in the active sites as a result of an increase in La2O3 was ascribed to a good interaction between the Pt, Pd, and Ni particles and MgO-La2O3. When the Pt, Pd, and Ni concentrations in the carrier increased, the CH4 and CO2 conversion and selectivity showed no significant change. This may have occurred due to the formation of XRD nanoparticles (see Debye– Sherrer’s equation and TEM results in Table 1). Although the X-ray diffraction was used for a simplified and possible estimate of the crystal size from the expansion of XRD reflections using the Scherrer formula, nanoparticles were preferred for molecules.



It could be noted that the selected nanoparticles as catalysts for this study raised the surface area and involved more reactions. These catalysts allowed Pt, Pd, and Ni to effectively disperse metals on the surface of the catalyst and furnished Lewis’s strong fundamentals with metal oxide trusses. Moreover, increasing Lewis’s primary support enhanced the catalyst’s capacity to take in carbon dioxide in the DRM reaction. The formation of carbon dioxide occurred when the adsorbed carbon dioxide reacted with the deposited carbon (Equation (5)) with a lower coke formation.


    CO  2  +  C    → 2  CO      ∆  H °     298   = + 172    KJ  / mol  



(5)








2.2.3. Effects of Temperature on Conversion


Figure 10 sheds light on the selectivity and activity of the Pd,Pd,Ni/Mg0.85La3+0.15O catalyst from 700 to 900 °C. The CH4:CO2 (1:1) conversion increased when the temperature was increased from 700 to 900 °C due to the endothermic DRM reaction. In addition, the rise in temperature in the conversion rate contributed to the increase in the conversion rate of CH4 and CO2. This occurrence has been reported in previous studies [24]. As the temperature rose from 700 to 900 °C, the CH4 conversion of Pd,Pd,Ni/Mg0.85La3+0.15O increased from 32.67% to 85% C, whereas the CO2 conversion increased from 36.63% to 98.97%.



There was no significant increase in the CH4 and CO2 conversions at temperatures above 900 °C. Figure 9 sheds light on the H2/CO ratio of the catalyst at different temperatures. When the temperature was higher than 900 °C, the H2/CO ratio of the catalyst was less than 1. At a temperature of 900 °C, the H2/CO ratio of Pd,Pd,Ni/Mg0.85La3+0.15O catalyst was 1.16 due to the minimal effect of (RWGS) reaction in Equation (2) [25].




2.2.4. Stability Tests


Figure 11 reveals that at a temperature of 900 °C, a high rate of methane and CO2 diffusion was achieved. Firstly, methane was adsorbed on the nickel surface of the catalyst to produce hydrogen, leading to the formation of carbon on the surface of nickel as shown by the following mechanism (Equations (6)–(10)):


    CH  4  + 2   Ni   as     →   CH  3    Ni   as   +   HNi   as    



(6)






       CH   3    Ni   as   +   Ni   as     →   CH  2    Ni   as   +   HNi   as    



(7)






    CH  2    Ni   as   +   Ni   as     →   CHNi   as   +   HNi   as    



(8)






    CHNi   as   +   Ni   as     →   CNi   as   +   HNi   as    



(9)






  2   HNi   as     →  H 2  + 2   Ni   as    



(10)




where (as) indicates active site. Secondly, the CO2 accumulated on the promoter (La2O3) to produce CO and O (Equations (11)–(15)):


    CO    2 g    →   CO    2  support      



(11)






    CO    2   g   support          +  O  − 2      support   →   CO   3    support       − 2    



(12)






  2  H  metal   → 2  H  support    



(13)






    CO    3  support         − 2   + 2  H  support   →   HCO    2  support         − 1   +   OH   − 1      support    



(14)






    CO   support   →   CO  g   



(15)







The accumulation of carbon on the surface of the metal is known to curb the stability of the catalyst, which is counteracted by the availability of the La2O3 promoter that helps get rid of the deposited carbon and reactivates the catalyst. The main factor for the continuation of the reaction for 200 h or more was the usage of the La2O3 promoter in the catalyst, which ensured a very stable platform and a strong coke resistance. The carbon that was formed on the catalyst during the DRM reaction was removed by La2O3. This phenomenon was followed by the formation of carbonate types, especially La2O3, which can change carbon dioxide into CO and O. Finally, an O atom was generated with C that was deposited on the Ni metal catalyst to produce CO [26]. Based on the results, a significant decrease in the deposition of carbon on the catalyst was observed (Equations (16) and (17)):


    CO    2 g    →   CO   support   +  O  promoter    



(16)






   C  metal   +  O  promoter   →   CO  g   



(17)







All in all, significant changes occurred in the surface properties of both metal oxides [27] because lanthanum is an oxide with a proven capacity to strongly react during the metal carrier phase. The activity and persistence of the Pt, Pd, and Ni catalysts had better results than Ni or the Pd-Ni polymetallic catalysts and bimetallic Pt-Ni catalysts. Undoubtedly, this may have occurred as a result of the transfer of the electron density from Pd and Pt to Ni (the main catalyst) in the three-metal catalyst, as indicated in our previous work. To sum up, this result is consistent with the hypothesis that Pt and Pd can prevent nickel oxidation while increasing the electron density [28,29].




2.2.5. Post-Reaction Characterization


The TGA and TEM images show a very small consolidation of coke deposits from the spent catalyst. Figure 12 shows TEM images of spent catalysts in which a similar structure of the catalyst was intact even after being subjected to a current test for 6 h. In addition, there was no change in the two-dimensional cube texture of the spent catalyst. The TEM results show stratified carbon deposition with no filamentous carbon effect. As for Figure 13, the TGA with oxygen flow was provided by the posterior reaction of the catalyst Pt,Pd,Ni/Mg0.85La3+0.15O and a weight change calculation for each temperature range with reference to the thermo-couple. Moreover, it was noted that there were three different regions with different temperature ranges in which the first range was small due to the increased weight of the catalyst used. The second range was in the medium range, due to the lowering in the weight of the catalyst. The third range was observed in the high range (673 °C), owing to the elevated weight of the used catalyst (1.6%). The rise in weight was caused by the oxidation of the nickel, platinum, and palladium particles at temperatures exceeding 100 °C. On the other hand, Chu et al. [30] reported that the weight gain of the spent catalyst was lower than 3%.






3. Experimental Section


3.1. Materials


La(NO3)3·6H2O (99.0%), Mg(NO3)2·6H2O (99.0%), and K2CO3 (99.7%) were obtained from the Merck company (Kenilworth, NJ, United States). Pt(C5H7O2)2·H2O (99.0%) and Ni(C5H7O2)2·H2O (99.0%) were supplied by Acros Organics (Waltham, MA., United States), while Pd(C5H7O2)2·H2O (99.5%) was obtained from the Sigma-Aldrich company (St. Louis, MO, United States).




3.2. Preparation of Catalysts


The co-precipitation method was used for the preparation of the catalysts Mg1−xLaxO (x = 0.00, 0.03, 0.07, and 0.15). The support of MgO and the promoter lanthanum oxide of La2O3 were prepared according to the methods used in [31] by using a (0.1) M La(NO3)3·6H2O Mg(NO3)2·6H2O and (1.0 M) K2CO3. Firstly, the sample was washed in warm water after the filtration of the precipitant. Next, the sample was dried at 120 °C for 12h, following which the precipitant was pre-calcined in the air at 500 °C for 5 h to remove the CO2. The sample was then pressed into discs at 600 kg/m2. Finally, the sample was calcined at 1150 °C for 20 h to improve the mechanical properties and to ensure a smooth interaction between MgO and La2O3. Table 1 lists the steps involved in preparing the Pt,Pd,Ni(acac)2/Mg1−xLaxO catalysts (1%) concentrations of each Ni, Pd, and Pt metals. First, Pt(C5H7O2)2·H2O was used to impregnate the 1% Pt dissolved in dichloromethane for 5 h to produce Pt(acac)2/Mg1−xLaxO. Then, the catalyst was impregnated with (1%) of Pd and Ni each. Pd(C5H7O2)2 and Ni(C5H7O2)2·H2O solutions in dichloromethane were used for 5 h for the preparation of the catalysts. The catalysts were dried at 120 °C for 12 h after impregnation in the air. Finally, the catalysts were grinded and sieved into particles of sizes 80–150 or 150–250 μm in diameter.




3.3. Characterization of the Catalysts


A X-ray diffractometer (Shimadzu model XRD-6000, Nishinokyo, Kanda-nishiki-cho 1-chome Chiyoda-ku, Tokyo, Japan) was adopted in this study. X-ray photoelectron spectroscopy (XPS) results were acquired using the Kratos Axis Ultra DLD system (Kratos Analytical Limited, Trafford Park, MCR, UK) fixed with a monochromatic Al Kα (1486.6 eV) and two X-ray sources (Al and Mg). The operation of the X-ray gun, which is the source of excitation, was conducted on an emission current of 20 mA combined with 15 kV voltages (Kratos Analytical Limited, Trafford Park, MCR, UK). The mode of operation for this hemispherical analyzer relied on fixed analyzer transmission (FAT) for wide and narrow scanning. The size of the pass energy was fixed at 100 and 40 eV. The region of interest for the narrow scan and photoelectron signals O1s, Mg2p, La3d, Ni2d, Pd3d, and Pt4f conformed to each other. The carbon charging correction referred to the binding energy of 285 eV for adventitious carbon. The radiation process occurred in a Philips glass diffraction X-ray tube of broad focus at 2.7 kW. The size of the crystals was calculated using the Debye–Scherrer relationship [32]. The assessment of the catalyst’s active site was carried out through adopting the temperature programmed reduction (H2-TPR) method that required hydrogen (Thermo Fisher Scientific, Waltham, MA, USA).



The apparatus that was used to set out the assessment was the Thermo Finnegan TPDRO 1100, accompanied by a thermal conductivity detector (Santa Clara, CA, USA). The total surface area of the catalyst was measured using the Brunauer–Emmett–Teller (BET) method with nitrogen adsorption set at −196 °C (Thermo Fisher Scientific, Waltham, MA, USA). Meanwhile, the Thermo Fisher Scientific S.P.A (model: Surfer Analyzer, Thermo Fisher Scientific, Rodano, MI, Italy) nitrogen adsorption-desorption analyzer was adopted for analysis. An apparatus for transmission electron microscopy (TEM) (Hitachi H7100 TEM with an increasing voltage of 10 MV, Chiyoda, Tokyo, Japan) was used to diagnose the crystal system and the catalyst’s homogeneity.



In essence, to carry out the thermo-gravimetric analysis (TGA), the apparatus Mettler Toledo TG-DTA (Pt crucibles, Pt/Pt-Rh thermo-couple, Mettler-Toledo, Shah Alam, SGR, Malaysia) and a heating range of 50 to 1000 °C were applied.




3.4. Catalytic Evaluations


The production of syngas (H2/CO) as the model for the reforming of biogas was conducted using a fixed bed stainless steel micro-reactor (i.d. Ø = 6 mm, h = 34 cm) during the catalytic evaluation for DRM. A mass flow gas controller (SIERRA instruments, Monterey, CA, USA) and an online gas chromatography (GC) (Agilent 6890N; G 1540N, Santa Clara, CA, USA) equipped with Varian capillary columns HPPLOT/Q and HP-MOLSIV were connected to a reactor. Before the start of the process, a reduction of approximately 0.02 g of the catalyst was conducted by flowing 5% H2/Ar at 700 °C, and the holding period was 3 h. The aim of the reduction step was to convert the (Ni2+, Pd2+, and Pt2+) phase of the catalyst to the metal (Ni, Pd, and Pt) phase at the active sites of the catalysts. The tested catalyst was held in a vertical position using plugs of quartz wool in the middle of a reactor. A thermo-couple was placed into the catalyst chamber to control and check the reaction temperature. The calculations of the conversions for CH4 and CO2, the selectivity for H2 and CO, as well as ratios for syngas (H2/CO), are based on Equations (18)–(22):


   CH 4    Conversion   % =    (   CH 4   )  in −  (   CH 4   )  out    (   CH 4   )  in   ∗ 100  



(18)






   CO 2    Conversion   % =    (   CO 2   )  in −  (   CO 2   )  out    (   CO 2   )  in   ∗ 100  



(19)






   H 2    Selectivity   % =    (   H 2   )    2  [   (   CH 4   )  in −  (   CH 4   )  out  ]    ∗ 100  



(20)






  CO   Selectivity   % =    (  CO  )    2  [   (   CH 4   )  in −  (   CH 4   )  out  ]  +  [   (   CH 4   )  in −  (   CH 4   )  out  ]    ∗ 100  



(21)






   H 2  / CO   ratio =    H 2     Selectivity   %     CO   Selectivity   %     



(22)









4. Conclusions


The dry reforming of methane over the Pt,Pd,Ni/Mg1−xLaxO catalysts was carried out for the production of syngas. The catalysts were synthesized using the co-precipitation method with K2CO3 as the precipitant and were characterized for their physico-chemical properties by XRD, XPS, XRF, H2-TPR, BET, TEM, and TGA methods. The results demonstrated that at a temperature of 900 °C and H2/CO and CH4: CO2 ratios of 1.16 and 1:1, respectively, the Pt,Pd,Ni/Mg0.85La23+0.15O catalyst exhibited the highest activity and stability, resulting in favorable CO2 and CH4 conversion rates of 98.97% and 85.01%, respectively. The different results of the catalysts showed that the catalytic performances of the catalysts strongly depended on the nature and concentration of the promoter. Finally, the stability of the Pt,Pd,Ni/Mg0.85La23+0.15O catalyst was investigated for 200 h and showed a very minor carbon formation, indicating that the catalyst was resistant to carbon formation.
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Figure 1. XRD patterns of the catalysts: (a) Pt,Pd,Ni/MgO, (b) Pd,Pd,Ni/Mg0.97La3+0.03O, (c) Pd,Pd,Ni/Mg0.93La3+0.07O, (d) Pd,Pd,Ni/Mg0.85La3+0.15O. 
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Figure 2. FT-IR spectra of the catalysts: (a) Pt,Pd,Ni/MgO, (b) Pd,Pd,Ni/Mg0.97La3+0.03O, (c) Pd,Pd,Ni/Mg0.93La3+0.07O, (d) Pd,Pd,Ni/Mg0.85La3+0.15O. 
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Figure 3. XPS narrow scans of the reduced catalyst: (a) La3d (b) Mg2p, (c) Ni2p, and (d) O1s. 
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Figure 4. H2-TPR profiles of the catalysts (a) Pt,Pd,Ni/MgO, (b) Pd,Pd,Ni/Mg0.97La3+0.03O, (c) Pd,Pd,Ni/Mg0.93La3+0.07O, and (d) Pd,Pd,Ni/Mg0.85La3+0.15O reduced in a (5% H2/Ar) stream at a temperature ramp of 10 °C/min. 
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Figure 5. TEM images of catalysts: (a) Pt,Pd,Ni/MgO, (b) Pt,Pd,Ni/Mg0.97La3+0.03O, (c) Pt,Pd,Ni/Mg0.93La3+0.07O, (d) Pt,Pd,Ni/Mg0.85La3+0.15O. 
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Figure 6. TG of the catalysts: (a) Pt,Pd,Ni/MgO, (b) Pt,Pd,Ni/Mg0.97La3+0.03O, (c) Pt,Pd,Ni/Mg0.93La3+0.07O, (d) Pt,Pd,Ni/Mg0.85La3+0.15O. 
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Figure 7. The effect of changing the ratio concentration of the CH4:CO2 reactant a—(2:1) and b—(1:1) over the percentage of their conversion and H2/CO ratio for the support-promoter (Mg1−xLaxO) of the catalyst at 900 °C. 
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Figure 8. The effect of changing the ratio concentration of the CH4:CO2 reactant a—(2:1) and b—(1:1) over the percentage of their conversion and H2/CO ratio for Pt,Pd,Ni/Mg0.85La3+0.15O catalyst at 900 °C. 
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Figure 9. The effect of using different catalysts (a) Pt,Pd,Ni/MgO, (b) Pt,Pd,Ni/Mg0.97La23+0.03O, (c) Pt,Pd,Ni/Mg0.97La23+0.07O, and (d) Pt,Pd,Ni/Mg0.85La3+0.15O on CH4, CO2 conversion, and H2/CO ratio at 900 °C for the 1:1 ratio of CH4:CO2. 
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Figure 10. The influence of temperature on the catalytic activity of the Pd,Pd,Ni/Mg0.85La3+0.15O catalyst: (1) 700 °C, (2) 800 °C, (3) 900 °C for the 1:1 ratio of CH4:CO2. 
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Figure 11. Stability tests of the Pt,Pd,Ni/Mg0.85 La3+0.15O catalysts at 900 °C for the 1:1 ratio of CH4:CO2, for 200 h (GHSV = 15,000 mL·g·cat−1·h−1, atmospheric pressure). 
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Figure 12. TEM analysis of the spent Pt,Pd,Ni/Mg0.85La3+0.15O catalyst after reaction: at 900 °C, and CH4:CO2 ratio 1:1. 
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Figure 13. TGA profiles of the spent Pt,Pd,Ni/Mg0.85La3+0.15O catalyst (20 mL/min O2 stream under a temperature ramp of 10 °C/min). 
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Table 1. Results of the particle size measurement by XRD, TEM, and XRF.
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Catalysts

	
TEM (nm)

	
a Crystal Size (D)

	
XRF




	
Debye–Sherrer Eq. (nm)

	
Ni%

	
Pd%

	
Pt%

	
Mg and La%






	
Pt,Pd,Ni/MgO

	
42.1

	
49

	
1.03

	
0.96

	
1.14

	
96.31




	
Pt,Pd,Ni/Mg0.97La3+0.03O3

	
44.6

	
66

	
0.95

	
1.05

	
0.93

	
95.93




	
Pt,Pd,Ni/Mg0.93La3+0.07O3

	
40.4

	
52

	
1.11

	
1.21

	
0.99

	
96.15




	
Pt,Pd,Ni/Mg0.85La3+0.15O3

	
38.6

	
50

	
1.14

	
0.98

	
1.09

	
96.56








a Determined by the Debye–Scherrer equation of the Mg (200) plane of XRD.
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Table 2. H2-TPR values of the different catalysts.
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	Catalysts
	Temp. °C
	Temp. °C
	Temp. °C
	Temp. °C
	Temp. °C
	Amount of Adsorbed

H2 Gas (μmol/g)





	Pt,Pd,Ni/MgO
	130
	184
	621
	-
	-
	464.8



	Pt,Pd,Ni/Mg0.97La3+0.03O
	115
	175
	573
	532
	635
	503.7



	Pt,Pd,Ni/Mg0.93 La 3+0.07O
	123
	170
	578
	545
	652
	515



	Pt,Pd,Ni/Mg0.85 La 3+0.15O
	126
	163
	572
	559
	677
	572
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Table 3. The main textural properties of the fresh catalysts.
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Sample Name

	
Specific Surface

	
Pore Volume

	
Pore Radius




	
Area (m2/g)

	
(cm3/g)

	
(Å)






	
MgO

	
11.1

	
0.21

	
9.9




	
Pt,Pd,Ni/MgO

	
12.97

	
0.12

	
9.7




	
Pt,Pd,Ni/Mg0.97La3+0.03O3

	
13.79

	
0.054

	
44.53




	
Pt,Pd,Ni/Mg0.93La3+0.07O3

	
14.19

	
0.082

	
30.87




	
Pt,Pd,Ni/Mg0.85La3+0.15O3

	
17.17

	
0.095

	
18.27
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Table 4. The catalytic results of DRM reaction for the catalysts at 900 °C for the 1:1 ratio of CH4:CO2.






Table 4. The catalytic results of DRM reaction for the catalysts at 900 °C for the 1:1 ratio of CH4:CO2.





	
Catalyst

	
CH4

	
CO2

	
H2/CO




	
Conversion %

	
Conversion %

	
Conversion %






	
Mg1−xLaxO

	
36

	
50

	
0.3




	
Pt,Pd,Ni/MgO

	
72.83

	
81.14

	
0.7




	
Pt,Pd,Ni/Mg0.97La3+0.03O

	
80.86

	
94.17

	
1.07




	
Pt,Pd,Ni/Mg0.93La3+0.07O

	
84.92

	
98.96

	
1.15




	
Pt,Pd,Ni/Mg0.85La3+0.15O

	
85.01

	
98.97

	
1.16
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