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Abstract

:

Commercial activated carbon, pretreated in helium at 1600 °C and largely free of micropores, was used as a support for two series of 2 wt.% Pd–Pt catalysts, prepared by impregnating the support with metal acetylacetonates or metal chlorides. The catalysts were characterized by temperature-programmed methods, H2 chemisorption, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and scanning transmission electron microscopy (STEM) with energy dispersive spectroscopy (EDS). Overall, the results confirmed the existence of well-dispersed Pd–Pt nanoparticles in the bimetallic catalysts, ranging in size from 2 to 3 nm. The catalysts were investigated in the gas phase hydrodechlorination of chlorodifluoromethane (HCFC-22). In this environmentally relevant reaction, both the ex-chloride and ex-acetylacetonate Pd–Pt/C catalysts exhibited better hydrodechlorination activity than the monometallic catalysts, which is consistent with the previous results of hydrodechlorination for other chlorine-containing compounds. This synergistic effect can be attributed to the electron charge transfer from platinum to palladium. In general, product selectivity changes regularly with Pd–Pt alloy composition, from high in CH2F2 for Pd/C (70–80%) to the selective formation of CH4 for Pt/C (60–70%).
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1. Introduction


The widespread interest in bimetallic systems in catalytic research is motivated by the superiority of many alloy catalysts in several technological processes (better activity/product selectivity/stability). Among these catalysts, carbon-supported bimetallic Pd–Pt catalysts play an important role. Pd–Pt catalysts are commonly used for hydrogenation reactions in the fine chemical industry [1]. They also demonstrate high performance in the oxygen reduction reactions (ORRs) in fuel cells [2], the catalytic hydrodechlorination of toxic Cl-containing compounds [3], catalytic hydrodesulfurization [4], hydrogen peroxide production [5], the hydrogenation of aromatics [6], and the catalytic oxidation of sulfur dioxide [7]. Carbon-supported monometallic palladium/platinum and bimetallic Pd–Pt nanoparticles are typically prepared using impregnation [3]. Other more complex techniques, including molecular-capping-based colloidal synthesis [8], electrochemical methods [9], the microemulsion method [10], the sonochemical method [11], the polyol process [2], electroless deposition [12], laser vaporization of bulk Pd–Pt alloys [13,14], the controlled surface reaction technique [15], and the supercritical CO2 deposition method [16] generally resulted in the preparation of well-dispersed and alloyed Pd–Pt particles.



The catalytic properties of such materials depend strongly on the preparation method. In addition to special cases, such as core/shell formulations, ideal bimetallic catalysts should consist of well-mixed nanoparticles of nearly equal size and composition, as only then can significant beneficial synergistic effects be expected. Commercially employed catalysts are typically produced via impregnation, i.e., a technique that generally does not provide the same fine control of alloy nanoparticle formation as the above-cited, more complex, techniques [17]. However, there are several noted cases where simple impregnation leads to reasonably well-alloyed supported metal particles. Such a possibility is expected when strong interactions between the precursors of both metals are already present in a solution used for the impregnation of a carrier, e.g., in the case of dissolved intermetallic compounds. In a previous study, the deposition of mixed Rh–Co carbonyl clusters on typical carriers led to the preparation of well-mixed alloy particles [18]. Similarly, the preparation of mixed compounds composed of palladium and copper acetylacetonate molecules allowed for their smooth deposition on silica, producing metallic alloys upon heating in helium, with a particle size of 2–4 nm and a rather uniform composition [19]. The extension of this “mixed metal acetylacetonate” method to the preparation of palladium–platinum catalysts appears promising, as shown in several previous studies, where proper Pd–Pt alloying was achieved [20,21,22]. This was also confirmed in our recent study, where the incipient wetness co-impregnation of γ-alumina with a solution of Pd(acac)2 and Pt(acac)2 resulted in better Pd–Pt alloying than a similar preparation with the use of metal chlorides [23]. The inhomogeneous distribution of both metals deposited by chloride impregnation on the surface of alumina was also observed and discussed in [17].



In this work, we assess the suitability of the impregnation method for the preparation of carbon-supported palladium–platinum catalysts. Two series of Pd–Pt/C catalysts (ex-metal acetylacetonates and ex-metal chlorides) were characterized by a number of physical and chemical methods. They were then investigated in CHClF2 hydrodechlorination, an ecologically important reaction. Today, CHClF2 (HCFC-22) is by far the most abundant HCFC in the atmosphere, so it is imperative to continue to monitor the evolution of its atmospheric concentration [24,25,26,27]. Huge stocks of HCFC-22 remaining in refrigeration systems should be converted to other valuable chemicals. Catalytic hydrodechlorination (HdCl) appears to be one of the most promising technologies for the beneficial utilization of harmful chlorine-containing wastes by transforming them into useful, nontoxic products [3,28,29,30,31,32,33,34,35,36,37,38,39,40,41]. Thus, the search for new, efficient catalysts for this process continues [42]. It is well-known that, in this reaction, palladium presents respectable catalytic activity and selectivity to CH2F2 [28,29,30,31,32,33,34,35,36,37]. However, because of the low reactivity of CHClF2, much higher reaction temperatures must be used than in the case of CCl2F2 hydrodechlorination. The above-mentioned works also report on the considerable deactivation of palladium catalysts during CHClF2 hydrodechlorination. It is thought that the introduction of platinum, a metal generally regarded as less active than palladium, to CFC hydrodechlorination reactions [30,36,38], would increase the stability of a palladium-active phase. Platinum is a more noble metal than palladium, so one can expect that both the reactants and the reaction intermediates would be less strongly bonded to the surface of the platinum than in the case of palladium catalysts.



The choice of CHClF2 hydrodechlorination was also motivated by our desire to use this reaction as a chemical probe to estimate the quality of Pd–Pt alloying. Finding synergy in the catalytic action of alloys (for Pd–Pt) rather than a linear cumulative effect (for Pd + Pt) would be considered evidence for mixed bimetallic systems deposited on the support. In this respect, several previous works reported on the occurrence of a synergistic effect in hydrodechlorination reactions on Pd–Pt catalysts. A 2–2.5-fold increase in CCl2F2 hydrodechlorination activity and a considerable enhancement of the selectivity to CH2F2 was achieved upon alloying palladium with the less active platinum [38]. An analogous increase of the catalytic activity was reported for the hydrodechlorination of 1,2-dichloroethane [38]. Similar synergistic effects were found in the reaction of CH2Cl2 hydrodechlorination on supported Pd–Pt catalysts [3,39,40]. Moreover, Garcia et al. [41] found that the bimetallic Pd–Pt catalysts supported on alumina and alumina/titania are better than their monometallic counterparts in the reaction of 1,2-dichloroethane hydrodechlorination. Therefore, we assumed that a similar effect would occur in CHClF2 hydrodechlorination, a reaction in which palladium catalysts were previously found to be more active than platinum ones [32,36].



To redisperse the catalytically active phase composed of Pd and Pt, we chose commercial active carbon treated in helium at 1600 °C, the highest temperature obtainable in our laboratory. This heat treatment significantly reduced the microporosity of activated carbon [43,44], leading to metal deposition in places more accessible to reactants and the elimination of possible diffusional limitations [45]. In addition, such serious treatment led to a significant improvement in surface purity by removing sulfur, oxygen-containing functional groups, and trace amounts of metals that, due to Lewis acidity, can sometimes lead to unwanted side reactions, such as Cl/F exchanges or dismutation, as observed in the hydrodechlorination of CCl2F2 [46,47] and CHClF2 [36].




2. Results


2.1. Catalyst Characterization by Temperature Programmed Methods


Figure 1 presents the temperature-programmed reduction (TPR) profiles of two series of carbon-supported Pd–Pt catalysts. The TPR profiles of the ‘acac’ series did not show any H2 uptake (Figure 1A), indicating a complete reduction of the metal precursor before starting the temperature ramping. This result is not surprising because precalcination in the O2/Ar of supported Pd acetylacetonate (a step included in catalyst preparation; see Section 3.1.) should lead to the formation of palladium oxide, which is easily reducible, even at sub-ambient temperatures [48,49,50]. The TPR profile of the 2 wt.% Pd(acac)/C catalyst showed only a negative peak (with the minimum at 86.5 °C) ascribed to H2 evolution from β-Pd hydride decomposition. This also indicates the presence of the metallic state of palladium at the beginning of the TPR run. A shallow minimum observed for Pd80Pt20(acac) is a sign of certain solubility of H2 in this catalyst. Another situation occurred for the TPR of the ‘chloride’ series of Pd–Pt/C catalysts. Figure 1B shows that the TPR profiles of all these series exhibit single positive peaks, with their maxima shifted towards higher temperatures with increasing Pt content and their amounts of consumed hydrogen (as the areas of TPR peaks) roughly proportional to the number of metal (Pd + Pt) moles in the catalysts of the same metal loading (2 wt.%). The latter suggests that, during the impregnation of H2PtCl6 on carbon, a considerable part (if not all) of the Pt(IV) precursor must be reduced to Pt(II), which is consistent with [51]. The reduction of all the catalysts takes place in a temperature range between 145 °C (for Pd100) and 193 °C, (for Pt100), i.e., well above the temperature usually observed for hydride decomposition in hydrogen-assisted temperature-programmed experiments. This sequence of the reduction temperature with a Pd–Pt alloy composition is at variance with that reported for the reduction of Pd–Pt chloride precursors deposited on commercial amorphous activated carbon [3]; however, this result is reminiscent of the situation found for the same precursors supported on oxidic carriers [40]. As the cited authors suggest [3], the interaction of PdCl2 with commercial activated carbon would be stronger than the interaction with other supports. Our results suggest that the carbon–PdCl2 precursor interaction is weaker in the case of highly pretreated, partly graphitized carbon than for amorphous carbons, which, apart from considerable microporosity, possess a variety of oxygen-containing functional groups. The effect of carbon pretreatment on the course of the TPR profiles of the PdCl2/C catalysts was reported earlier (Figure 1 in [52]).



Overall, a smooth correlation between the peak maximum in the TPR profiles and the Pd–Pt alloy composition (Figure 1B) cannot be considered ultimate proof for good bimetal intermixing in the precursor state. Nevertheless, if this correlation results from hydrogen spill-over from a Pd that is more easily reduced to Pt, then the proximity of both metal centers can be assumed. The TPR of the physical mixture of Pd100(Cl)/C and Pt100(Cl)/C showed the presence of two independent peaks, separated by a temperature gap somewhat smaller than that observed in Figure 1B (results not shown).



The Temperature-Programmed (Pd) Hydride Decomposition (TPHD) of prereduced Pd alloy catalysts yields useful information on the degree of homogeneity of bimetallic particles [53]. In the case of the Pd–Pt system, it is known that alloying Pd with Pt foil leads to an increase in plateau hydrogen pressures, which is characteristic of β-hydride phase formation. More specifically, at a temperature of 30 °C (which is close to RT, a convenient starting temperature in temperature-programmed studies), an alloy with only 5 at.% Pt would not form the β-hydride phase at a hydrogen pressure below 12 kPa (Figure 7 in Ref. [54]). Because the H2/Ar mixture used in our TPHD studies contained ~10 kPa of hydrogen, a preparation of perfectly mixed Pd–Pt catalysts possessing more than 5 at% Pt should lead to featureless TPHD profiles, i.e., profiles without any peaks demonstrating hydrogen release during hydride decomposition. However, the use of nanoparticles instead of bulky materials extends the stability of the hydride features for Pd–Pt alloys with a Pt content of 8–21 at% (Figure 6 in [55]). In this respect, the practically flat TPDH profiles recorded for Pd60Pt40(acac), Pd40Pt60(acac) catalysts (Figure 2) indicate a reasonable degree of Pd–Pt alloying, but only with the understanding that these catalysts do not contain very rich palladium phases.




2.2. X-ray Diffraction, Transmission Electron Microscopy, H2 Chemisorption, and X-ray Photoelectron Spectroscopy


The XRD profile of the support (Norit1600, preheated at 1600 °C in He) shows that the support’s structure results from a mixture of turbostratic carbon, hexagonal carbon, and graphite (Supplementary Material, SET S2, Figures S3 and S4).



Figure 3, Figure 4 and Figure 5 and Table 1 collectively show the results of XRD, TEM, and chemisorption studies performed on both series of Pd–Pt/C catalysts. More diffuse and less developed XRD reflections from the metal phase are characteristic of the ex-chloride series of Pd–Pt/C (Figure 3B), indicating their higher metal dispersions compared to the ex-acac series (Figure 3A). A more detailed analysis of the XRD results can be found in the Supplementary Material (SET S3, Figures S5–S10). Reasonable agreement was observed for the metal particle sizes obtained from TEM (as     d ¯  V    and XRD for the monometallic catalysts of both series (Table 1). However, small differences are observable for the bimetallic catalysts. For the ex-chloride series, the crystallite sizes from XRD do not differ much from the     d ¯  V    values, whereas for the ‘acac’ series, the crystallite sizes from XRD are somewhat smaller than the     d ¯  V    values. This difference occurs because the broadening of the XRD reflection used in the Scherrer equation may also result from inadequate alloying between Pd and Pt (aPd = 0.3890 nm, aPt = 0.3924 nm). If so, then it can be concluded that the preparation of Pd–Pt/carbon catalysts from the chloride precursors provides better alloy homogeneity than preparation from metal acetylacetonates. However, such a conclusion should be drawn with caution because the crystallite sizes of our bimetallic catalysts were determined to be less than 3 nm, i.e., below the generally accepted lower limit of metal particles sizes measured by XRD (with a typically accepted range of 3–50 nm [56]).



Figure 4 and Figure 5 present the results of (S)TEM studies showing respective images with selected EDS areas for evaluating the relative amounts of both supported metals. The number of spots probed by EDS was rather small (5–10), forming a data set that was not statistically significant. In addition, our EDS analysis did not allow us to propose a single parameter, which would be regarded as the degree of alloying. It appears, however, that in both series, the extent of metal alloying was reasonable but not perfect. The caption in Figure 4 reports a platinum deficiency in the analyzed areas of the ‘acac’ catalysts. In this respect, the situation for the ex-chloride catalysts appears to be slightly better (caption to Figure 5). The distributions of metal particle size (the right sides of Figure 4 and Figure 5) indicate the presence of a large variety of differently sized metal particles. Therefore, the average metal particle sizes are subject to a large margin of error (Table 1).



As mentioned in the Methods section, attempts to determine metal dispersion by means of the pulse chemisorption of H2 failed. For Pd-rich samples, H/Pd ratios of 0.01 or even less were obtained, indicating a very small amount of irreversibly bonded hydrogen. For Pt-rich samples, the situation was somewhat better, e.g., for Pt100(Cl), the H/Pt ratio was found to be ~0.2, which still does not reflect the very small sizes of the platinum particles determined by physical methods (<2 nm, Table 1). Therefore, the amount of desorbed hydrogen after sample saturation with H2 at 70 °C (and the removal of weakly bonded hydrogen) was taken to determine the metal dispersions. However, even in this case, the metal dispersions, i.e., the Had/metal ratios, were lower than the values expected from the XRD and TEM studies, especially for the Pd-rich samples (Table 1). Similar disagreement has often been reported for carbon-supported palladium catalysts ([59,60] and references cited therein). In any case, the inability to use the pulse method, which works efficiently for determining the dispersion of Pd and Pt, suggests the activated nature of hydrogen chemisorption, which must be due to the difficulty in accessing the clean surface of the metal.



Nevertheless, the H/Pd ratio from chemisorption studies (Table 1) and the particle sizes of the Pd or Pd-rich phases determined via XRD and TEM for the reduced Pd–Pt/C catalysts indicate that the introduction of Pt to Pd/C leads to an appreciable increase in metal dispersion, which agrees with [40]. This is particularly visible for the ‘chloride’ series, which must be due to the stronger interaction of carbon with ionic than inert precursors [61,62].



The surveyed XPS spectra of all catalysts are provided in the Supplementary Material (SET S4, Figures S11 and S12). The XPS spectrum of the reduced Pd–Pt(Cl) catalysts showed a low level of surface chlorine (~0.1%), whereas the Cl 2p signal was not seen in the spectra of the ex-acac samples. In addition, in one sample (Pd80Pt20(Cl)), the signal from Ca 2p was detected. A small amount of calcium in Norit1600 was confirmed by chemical analysis, as well as the presence of a few small reflections in the 2theta range between 30 and 40 degrees in the XRD profiles, suggesting the presence of dolomite (remarks in Supplementary Material, SET S1 and SET S2). For the bimetallic catalysts in the ‘chloride’ series, the XPS method showed some surface enrichment in platinum (~10%, on average), while for the ‘acac’ catalysts, a slight enrichment in palladium (~5 at%, on average) was observed.



The XPS spectra (Figure 6 and Figure 7) indicate the existence of two different metallic species in the catalysts: zerovalent (Pd/Pt)0 and cationic (Pd/Pt)2+, whose relative occurrence depends on the nature of the precursor (Table 2).



This fact appears to be at variance with the TPR results, which showed that the Pd–Pt/C catalysts should be fully reduced at 400 °C. However, our XPS results are in agreement with the results of numerous reports, in which the presence of these dual active sites in carbon-supported metal catalysts has been documented [3,39,40,41,63,64,65,66]. The existence of electrodeficient metal species was also confirmed after PdPt/C catalyst reduction at 400 °C (Table 2 in [40]).



For all Pd containing catalysts, we recorded two main bands centered at binding energy values of ~335.5 and ~336.7 eV observed for Pd 3d5/2, which can be attributed to metallic palladium (Pd0) and electrodeficient palladium (Pd2+). The corresponding peaks for Pd 3d3/2 are located at ~340.9 eV and ~341.7 eV (left sides of Figure 6 and Figure 7). The Pt4f region of the XPS spectra (right sides of Figure 6 and Figure 7) shows the existence of a doublet in most cases, corresponding to the Pt 4f5/2 and Pt 4f7/2 bands for zerovalent and cationic platinum. However, in two cases, (Pd80Pd20(acac) and Pd60Pt40(acac)), only zerovalent Pt species were identified. Table 2 shows the relative distribution of zerovalent and ionic species. These variations are rather moderate, especially for the ‘chloride’ series of Pd–Pt/C catalysts.




2.3. Hydrodechlorination of CHClF2, Environmentally Relevant Utilization of a Catalytic Probe for the Characterization of Pd–Pt/C Catalysts


Catalytic screening of both series of Pd–Pt/C catalysts in CHClF2 hydrodechlorination showed that stable conversions, always <3%, were achieved after a relatively long time-on-stream (~16 h), as illustrated in Figure S13 (SET S5). The bimetallic catalysts showed higher conversion than the monometallic catalysts (Figure S14). Considering the differences between the reaction conditions used in our studies and those used by Yu et al. [35] (especially the very different GHSV values), our Pd100/C catalysts presented nearly two times lower catalytic activity than the 0.5, 1, and 3 wt.% Pd/C catalysts investigated in [35]. Unfortunately, this assessment is still uncertain due to the lack of knowledge about palladium dispersion in [35]. On the other hand, our Pd100/C catalysts appeared more selective than the catalysts investigated by Yu et al., where, together with CH4 and CH2F2, significant amounts of C2 hydrocarbons and CH3F were found in the reaction products. For comparison purposes, the reader is referred to the compilation of published data on the catalytic behaviors of differently supported Pd catalysts in CHClF2 hydrodechlorination (SET S5, Table S2).



A comparison of the catalytic activity of the two series of Pd–Pt/Norit1600 catalysts showed that the catalysts prepared from metal acetylacetones were ca. two times less active than the ex-chloride catalysts (Figure S14). Another problem was that, in the acetylacetone series, platinum was ultimately a more active catalyst than palladium. This is not consistent with the published data (see the Introduction) or the sequence of activity in the ‘chloride’ series. Both of these findings indicate that the oxidative pretreatment of the ‘acac’ catalysts during their preparation may not have been sufficient to fully remove organic acetylacetonate residues. Therefore, we decided to include an additional oxidation step for these catalysts in a flow of 1% O2/Ar at 300 °C for 1 h. This operation was beneficial for improving the activity of ex-acac samples, and the Pd100 catalyst became more active than Pt100, as a result. Nevertheless, these catalysts remained less active than the ex-chloride ones by ca. 30%. The reasons for such disagreement will be considered later.



For the Pd-rich samples, methane and difluoromethane (HFC-32) were found to be the most predominant products, comprising more than 90% of all products (Table 3 and Table 4 and Figure 8). A noticeable exception was the monometallic Pt samples, where CH3F and CHF3 made up more than ~30% of all products. During stabilization, changes in product selectivity were relatively small, and CH2F2 formation was often increased at the expense of methane.



Calculation of the TOF values (columns #2 in Table 3 and Table 4) considered the metal dispersion data from H2 chemisorption which, as per our understanding, should reflect the number of available active metal sites. The visible maximum at 40 at. % Pt indicated the expected synergy in the catalytic action of the mixed Pd–Pt centers (Figure 9).



The product selectivity presented in Figure 8A–C shows the best selectivity to CH2F2 for both Pd100 catalysts (70–80%, for a reaction temperature of 251 °C) and a smooth decrease in the selectivity with platinum addition. Apart from a parallel smooth increase in CH4 selectivity, the catalysts richer in platinum presented the formation of CH3F and even CHF3. Regular changes in product selectivity would suggest no synergy in the behavior of the bimetallic system but rather a linear cumulative effect in the catalytic action of alloys (for Pd–Pt). However, the calculated TOF values for the formation of individual products (CH2F2 and CH4), as a result of multiplying the overall TOFs by the selectivities, showed respective maxima over the courses of the respective TOF-alloy composition relations (SET S5, Figure S15). Thus, this also provide evidence for the synergistic action of Pd–Pt alloys in CHClF2 hydrodechlorination.



Our interpretation of the synergy in the catalytic action of Pd–Pt alloys in CHClF2 hydrodechlorination considers an earlier finding that the rate of HdCl correlates well with the C–Cl bond energy, suggesting that the scission of this bond is rate-determining [66]. As mentioned in the Introduction, palladium is more active than platinum in HdCl. Therefore, we assume that the rupture of the C–Cl bond occurs mainly on Pd sites. If that is true, then the synergy in the Pd–Pt system would result from a beneficial modification of the Pd sites by introducing platinum via electronic interactions between both metals. The electron deficiency of Pt after alloying with Pd has been documented by others [67,68,69], and the formation of Ptxδ+–xPdδ− ionic bonds has also been suggested [69]. As mentioned in the previous subsection, such changes were found to be consistent with observations of the hydrogen storage capacity of Pt–Pd nanoparticles. The broadening of the valence band width and downshift of the d-band center away from the Fermi level upon Pt substitution also provided evidence for the enhanced stability of the hydride features of the Pd1−xPtx solid-solution nanoparticles with a Pt content of 8–21 atomic percent [55]. If one assumes-in line with Matsubayashi et al. [69]-that the presence of electrodeficient Pt species is associated with an electron transfer from platinum to palladium, then the extra negative charge on palladium atoms could make those atoms superior active centers in HdCl reactions. A number of earlier reports adopted this possibility. The presence of electron rich palladium species was obtained as a result of Pd–MgO support interactions [70,71,72]. Dal Santo et al. [72] found that the high hydrodechlorination (of CCl4) activity of Pd/MgO catalysts leading to the complete cleavage of C–Cl bonds can be ascribed to the strong hydridic character of hydrogen atoms chemisorbed on the electron-rich Pd particles in strong contact with O2− sites of MgO. A similar enhancement of HdCl activity was reported by other researchers who modified palladium properties using alkaline supports or additives [73,74,75]. As mentioned earlier, the reaction mechanism of catalytic hydrodechlorination generally considers the rupture of the carbon–chlorine bond to be the rate-determining step. In the CHClF2 molecule, this bond is usually stronger than that in other hydrochlorinated organic compounds, including CCl2F2. The much lower reactivity of CHClF2 compared to that of CCl2F2 leads not only to a significantly lower catalytic activity exhibited by the same catalysts in the former reaction but also implies a higher activation energy, which can be correlated with the C–Cl bond strength [66]. The available data on CCl2F2 hydrodechlorination by palladium catalysts can help to estimate the apparent energy of activation at the 50–70 kJ/mol level [28,38,76,77,78,79], whereas our present data, despite being varied over a wide range, indicate much higher values (80–110 kJ/mol, Table 3 and Table 4). Mechanistic indications for the beneficial role of electron-rich palladium atoms also originate from homogeneous catalysis. It was found that Pd complexes containing basic phosphines efficiently catalyze the reductive dechlorination of aryl chlorides via the oxidative addition step [80].



As mentioned earlier, the ex-acac catalysts appeared to be less active than the ex-chloride ones. The reasons for this difference cannot be rationalized in terms of possible contamination with carbon-containing species because the ex-acac catalysts were subjected to intensive oxidation at 300 °C. Such treatment appears sufficient not only for eliminating organic residuals of acetylacetonate precursors [48] but also for removing superficial carbon from palladium particles [59,60]. The differences in metal dispersion between both series were also not considered due to our knowledge about the structural sensitivity of the catalytic hydrodechlorination of CFCs on palladium catalysts. Less metal-dispersed ex-acac catalysts should show higher TOFs than the ‘acac’ ones [28,78,79], which is not the case here. The differences in the relative distribution of zerovalent and electrodeficient species on the surfaces of the two series of Pd–Pt/carbon catalysts (Table 2) may contribute to the catalytic behavior [3,39,40,41,64,65,66].





3. Methods


3.1. Catalyst Preparation


The catalyst support was Norit RO 0.8 (activated charcoal Norit, CAS # 7440-44-0) obtained from Sigma-Aldrich, Saint Louis, MO, USA (product #22875), pretreated in helium at 1600 °C for 2 h (henceforth referred to as Norit1600) in the form of cylindrical extrudes ~1 mm diameter. The catalyst’s nitrogen BET surface area measured with an ASAP 2020 instrument (Micromeritics Instrument Corporation, Norcross, GA, USA) was 173 m2/g, the BJH pore volume (from the desorption branch) was 0.264 cm3/g, and the cumulative micropore volume (t-Plot) was 0.005 cm3/g. The pore size distribution shows that the porosity of this carbon material is predominantly shaped by mesopores in the 2–43.5 nm range (Supplementary Material, SET S1, Table S1 and Figures S1 and S2).



Two series of Pd–Pt/Norit1600 catalysts with 2 wt.% overall metal loading were prepared by incipient wetness co-impregnation of Norit1600 with appropriate amounts of dissolved metal salts. During impregnation and drying, good mixing was assured through the rotary motion of a beaker containing catalyst precursor components. After 5 h of stirring, the resulting slurry was evaporated to an apparent dryness using infrared lamps. Finally, the obtained solid was further dried in an air oven at 120 °C overnight. One Pd–Pt/C series was prepared through impregnation of the Norit1600 with mixtures of Pd and Pt bis-acetylacetonate precursors (Pd(acac)2 and Pt(acac)2 from Sigma-Aldrich, 99%) dissolved in toluene (analytical reagent from Chempur, Piekary Śląskie, Poland). To remove the organic part of the acetylacetonates, dried powders were calcined in flowing 1% O2/Ar (50 cm3/min, at STP) at 300 °C for 1 h. The precalcined materials were purged with Ar, cooled to RT, and stored in a desiccator. To prepare the other series, slightly acidified acetone solutions of palladium(II) chloride and chloroplatinic acid hexahydrate (both 99.9% from Fluorochem (Hadfield, UK) were used. The introduction of a few drops of HCl was needed for the complete dissolution of PdCl2. In the text, both catalyst series are referred as to the ‘acac’ and the ‘chloride’ (or ‘Cl’) series, whereas particular catalysts are designated as PdXPtY(acac) or PdXPtY(Cl), respectively. X and Y stand for the atomic percentages of Pd and Pt in the metal phase. Catalysts with the following metal phase compositions were prepared, Pd100, Pd80Pt20, Pd60Pt40, Pd40Pt60, and Pt100, thereby more densely covering the area of palladium-rich catalysts, which, according to the literature, should exhibit higher catalytic activity in the test reaction.



Prior to the catalytic activity tests and characterization studies, the catalyst samples were reduced in the flow of the H2/Ar mixture (20 cm3/min, STP) at 400 °C.




3.2. Catalytic Tests


The hydrodechlorination of chlorodifluoromethane was conducted in a glass flow system equipped with a gradientless reactor, operating under atmospheric pressure. Prior to each reaction run, the catalyst (0.20 g sample) was subjected to reduction in 10% H2/Ar (20 cm3/min, STP) at 400 °C (1 h for the ‘acac’ and 3 h for the ‘chloride’ series). After reduction, the catalysts were cooled in an H2/Ar flow to the desired initial reaction temperature, i.e., 270 °C. For a typical reaction run, the total flow of the reactant mixture was 48 cm3/min and consisted of CHClF2 (1 cm3 /min), H2 (8 cm3/min), and Ar (39 cm3/min). These flows (at STP) were controlled by Bronkhorst HI-TEC (AK Ruurlo, The Netherlands) mass controllers, fixing the GHSV at 5760 h−1. This high value allowed us to maintain low conversions, usually <3%, and minimized secondary reactions. The reaction was carried out until a steady state was achieved at 270 °C (~16 h). Then, the reaction temperature was gradually decreased to 260 °C and 250 °C, and new experimental points were collected. A typical run lasted ~20 h. The post-reaction gas was analyzed by gas chromatography (Bruker SCION456-GC, with FID, from Bruker-Poland, Poznań) using a 5% Fluorocol/carbosieve column (20 ft) from Sigma-Aldrich (Saint Louis, MO, USA). Kinetic runs with an increasingly crushed Pd100(acac)/C catalyst showed a very negligible effect of the catalyst grain size on the percent conversion and selectivity (both within the reproducibility level), which suggested the lack of an effect from the internal diffusion process.




3.3. Catalyst Characterization by H2 Chemisorption, Temperature Programmed Techniques, XRD, TEM and XPS


A 10% H2/Ar mixture (20 cm3/min, at STP) was also used in the temperature-programmed reduction (TPR) study of the Pd–Pt/C catalysts. The catalyst temperature was increased from RT to 400 °C at 8 °C/min. The effluent gas was passed through a moisture trap (to remove H2O released from precalcined metal acetylacetonates) or a bath with an ethanol–liquid nitrogen slurry (to remove the HCl released from non-calcined ‘chloride’ catalyst precursors) and detected on-line using a Gow-Mac thermal conductivity detector (Bethlehem, PA, USA) kept in a water bath.



After TPR and further reduction in 10% H2/Ar at 400 °C, the Pd-rich (Pd100, Pd80Pt20, and Pd60Pt40) samples were cooled to RT in the H2/Ar flow to allow them to transform into their respective β-hydride phases. Next, the samples were heated to ∼400 °C under a temperature ramp of 8 °C/min. These runs, called temperature-programmed hydride decomposition (TPHD) and carried out in 10% H2/Ar flowing mixture, reveal how the stability and composition of the β-hydride phase is dependent on Pt’s introduction to Pd/C [53].



Hydrogen chemisorption carried out via the pulse method was attempted to measure the metal dispersion. However, this method failed. Extremely small hydrogen uptakes were accompanied by the release of very diffuse outgoing hydrogen pulses, suggesting that hydrogen only weakly/reversibly bonded to the surfaces of the tested metals. The irreversible form of hydrogen adsorption, which was characteristic for Pd and Pt, supported on nonreducible metal oxides, and crucial for using the pulse-flow method, was not marked. This finding is consistent with the understanding that the metal surface is blocked with carbon, resulting in kinetic limitations associated with an increase in the activation energy of H2 chemisorption. Therefore, as an alternative, we adopted the method recommended by Bartholomew for Fe, Co, and Ni catalysts [81], through which the desorption of hydrogen, irreversibly adsorbed at a higher temperature (here at 70 °C), was measured. After H2 adsorption at 70 °C, the reactor was shortly flushed with an Ar stream to remove the weakly adsorbed hydrogen, and the chemisorbed hydrogen was determined by the temperature programmed desorption, ramping the temperature at 20 °C/min in the Ar flow.



XRD (X-Ray Diffraction) studies of reduced and, in a few cases, post-reaction samples of Pd–Pt/C catalysts were performed on a standard Rigaku–Denki (Tokyo, Japan) diffractometer using Ni-filtered CuKα radiation. The samples were scanned by a step-by-step technique at 2θ intervals of 0.05° and a recording time of 10 s for each step.



TEM (Transmission Electron Microscopy) investigations of Pd–Pt/C samples prereduced at 400 °C were performed in a probe Cs-corrected S/TEM Titan 80e300 FEI microscope equipped with EDAX EDS (FEI Europe B.V., Einhoven, The Netherlands). The images were recorded in STEM mode, using the high angle annular dark field (HAADF) detector. A 300 keV electron beam with a convergence semi-angle of 17 and 27 mrad was used. The condensed beam analyzed using the X-ray energy-dispersive spectrometer in TEM mode and EDS, scanning at an energy resolution of 134 eV in HAADF-STEM mode using a EDAX detector, facilitated the estimation of the local concentration of chemical elements. Moreover, the surface-weighted average diameter of metal particles, determined as     d ¯  S    = Σnidi3/Σni di2, where ni is the amount of counted particles of an average diameter di, made it possible to compare the particle sizes determined by hydrogen chemisorption (Table 1). Similarly, the volume-weighted average diameter of the metal particles, determined as     d ¯  V    = Σnidi4/Σni di3, enabled a comparison with the crystallite sizes obtained from the XRD analysis.



X-ray photoelectron spectroscopic (XPS) measurements were performed using a PHI 5000 VersaProbe (ULVAC-PHI, Kanagawa, Japan) spectrometer with monochromatic AlKα radiation (hν = 1486.6 eV) from an X-ray source operating with a 100 µm spot size and at 25 W and 15 kV. After being pre-reduced in the H2/Ar flow (at 400 °C in another system), the catalyst samples were transferred through the air, mounted in the XPS instrument, and re-reduced in hydrogen at 325 °C for 1 h. Prior to the XPS analysis, residual pressure of less than 1 × 10−8 mbar was reached. The high-resolution (HR) XPS spectra were collected with the hemispherical analyzer at a pass energy of 117.4 and an energy step size of 0.1 eV. The X-ray beam was incident at the sample surface at an angle of 45° with respect to the surface normal, and the analyzer axis was located at 45° with respect to the surface. The CasaXPS software (2.3.23 version) was used to evaluate the XPS data. Deconvolutions of all HR XPS spectra were performed using a Shirley background and a Gaussian peak shape with 30% Lorentzian character. The binding energies (BE) of all detected spectra were calibrated with respect to the BE of C 1 s at 284.6 eV. Atomic concentrations of palladium and platinum were successfully quantified using the intensities of the most intense peak characteristics of both metals (Pd 3d and Pt 4f) and the relevant databases [82,83].





4. Conclusions


Commercial activated carbon pretreated in helium at 1600 °C, largely free of micropores and impurities, was used as a support for Pd–Pt catalysts, prepared by impregnating the support with metal acetylacetonates or metal chlorides. Through the use of physical (XRD, TEM) and chemical (temperature programmed, H2 chemisorption, and catalytic reaction) probes, it was found that this simple preparation method can obtain well-alloyed Pd–Pt nanoparticles, ca. 2–3 nm in size. The presence of zerovalent and electron-deficient metal species in the reduced catalysts was confirmed by XPS. In addition, the bimetallic Pd–Pt/C catalysts tested in the reaction of CHClF2 hydrodechlorination showed higher catalytic activity than the monometallic ones. This synergistic effect is attributed to the electron charge transfer from platinum to palladium. Overall, the monometallic Pd/carbon catalysts demonstrated the best selectivity to difluoromethane, whereas Pt/carbon was selective to methane formation. Further, the ex-chloride Pd–Pt/carbon samples were more active than their ex-acetylacetonates counterparts.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4344/10/11/1291/s1, SET S1: Characterization of Norit 1600: Table S1: Basic characteristics of Norit RO 08, Figure S1: Isotherm of N2 adsorption (at −196 °C) on Norit RO 08 carbon pretreated at 1600 °C (Norit1600), Figure S2: Pore size distribution in Norit1600; SET S2: XRD analysis of Norit heated in He at 1600 °C for 2 h: Figure S3: Identification of different forms of carbon in Norit 1600, Figure S4: PDF cards: #752078 for graphite (A) and #751621for hexagonal carbon (B), Figure S5: XRD of Norit1600. Intense C(002) reflection, characteristic for graphitized carbons is shown; SET S3: XRD analysis of Norit supported bimetallic Pd-Pt catalysts: Figure S6: Refined diffractograms of ex-chloride samples, Figure S7: XRD profiles of ex-chloride samples after subtracting the background from Norit, Figure S8: Refined diffractograms of ex-acac samples, Figure S9: XRD profiles of ex-acac samples after subtracting the background from Norit, Figure S10: The 2 theta region of 220 reflection; SET S4: XPS survey spectra of Pd-Pt/Norit1600 catalysts: Figure S11: Survey spectra of Pd-Pt/Norit1600 catalysts, Figure S12: C1s peak; SET S5. Catalytic data: Figure S13: Hydrodechlorination of CHClF2 at 270 °C. Time-on-stream behavior of Pt100(Cl) and Pd100(acac) catalysts, Figure S14: Steady state conversion as a function of the Pd-Pt alloy composition at two reaction temperatures: 251 and 272 °C. A – for ex-methyl acetylacetonates, B- for ex-metal chlorides. GHSV = 5760 h−1, Figure S15: Catalytic activity of Pd-Pt/Norit1600 catalysts for CH2F2 (left side) and CH4 (right side) formation at different reaction temperatures. GHSV = 5760 h−1, Table S2: Compilation of published data on catalytic activity of palladium in the hydrodechlorination of chlorodifluoromethane (HCFC-22).





Author Contributions


M.R. was responsible for the conceptual work, catalyst synthesis, and characterization by chemisorption, the temperature-programmed and reaction studies, experimental planning, and manuscript writing; W.J. was responsible for catalyst characterization by X.R.D.; K.M. was responsible for catalyst characterization by TEM; W.R.-P. was responsible for the preparation and characterization of the catalyst support; Z.K. was responsible for the conceptual work, experimental planning, and overall care for the manuscript writing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was carried out within the Research Project # 2016/21/B/ST4/03686 at the National Science Centre (NCN), Poland.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rylander, P.N. Catalytic Hydrogenation over Platinum Metals; Academic Press: London, UK; New York, NY, USA, 1967; pp. 9–11. [Google Scholar]

	



Li, H.; Sun, G.; Li, N.; Sun, S.; Su, D.; Xin, Q. Design and preparation of highly active Pt–Pd/C catalyst for the oxygen reduction reaction. J. Phys. Chem. 2007, 111, 5605–5617. [Google Scholar] [CrossRef]

	



Martin-Martinez, M.; Gómez-Sainero, L.M.; Bedia, J.; Arevalo-Bastante, A.; Rodriguez, J.J. Enhanced activity of carbon-supported Pd-Pt catalysts in the hydrodechlorination of dichloromethane. Appl. Catal. B 2016, 184, 55–63. [Google Scholar] [CrossRef]

	



Baldovino-Medrano, V.; Eloy, P.; Gaigneaux, E.M.; Giraldo, S.A.; Centeno, A. Development of the HYD route of hydrodesulfurization of dibenzothiophenes over Pd-Pt/gamma-Al2O3 catalysts. J. Catal. 2009, 267, 129–139. [Google Scholar] [CrossRef]

	



Sterchele, S.; Biasi, P.; Centomo, P.; Canton, P.; Campestrini, S.; Salmi, T.; Zecca, M. Pd-Au and Pd-Pt catalysts for the direct synthesis of hydrogen peroxide in absence of selectivity enhancers. Appl. Catal. A 2013, 468, 160–174. [Google Scholar] [CrossRef]

	



Du, M.; Qin, Z.; Ge, H.; Li, X.; Lü, Z.; Wang, J. Enhancement of Pd–Pt/Al2O3 catalyst performance in naphthalene hydrogenation by mixing different molecular sieves in the support. Fuel Process. Technol. 2010, 91, 1655–1661. [Google Scholar] [CrossRef]

	



Koutsopoulos, S.; Johannessen, T.; Eriksen, K.M.; Fehrmann, R. Titania-supported Pt and Pt–Pd nanoparticle catalysts for the oxidation of sulfur dioxide. J. Catal. 2006, 238, 206–213. [Google Scholar] [CrossRef]

	



Zhang, H.; Jin, M.; Wang, J.; Kim, M.J.; Yang, D.; Xia, Y. Nanocrystals composed of alternating shells of Pd and Pt can be obtained by sequentially adding different precursors. J. Am. Chem. Soc. 2011, 133, 10422–10425. [Google Scholar] [CrossRef]

	



Choi, I.; Ahn, S.H.; Kim, J.J.; Kwon, O.J. Preparation of Ptshell–Pdcore nanoparticle with electroless deposition of copper for polymer electrolyte membrane fuel cell. Appl. Catal. B 1996, 102, 608–613. [Google Scholar] [CrossRef]

	



Escudero, M.J.; Hontanon, E.; Schwartz, S.; Boutonnet, M.; Daza, L. Development and performance characterisation of new electrocatalysts for PEMFC. J. Power Sources 2002, 106, 206–214. [Google Scholar] [CrossRef]

	



Zheng, H.; Matseke, M.S.; Munonde, T.S. The unique Pd@Pt/C core-shell nanoparticles as methanol-tolerant catalysts using sonochemical synthesis. Ultrason. Sonochem. 2019, 57, 166–171. [Google Scholar] [CrossRef]

	



Wongkaew, A.; Zhang, Y.; Tengco, J.M.M.; Blom, D.A.; Sivasubramanian, P.K.; Fanson, P.T.; Regalbuto, J.R.; Monnier, J.R. Characterization and evaluation of Pt-Pd electrocatalysts prepared by electroless deposition. Appl. Catal. B 2016, 188, 367–375. [Google Scholar] [CrossRef]

	



Rousset, J.L.; Cadrot, A.M.; Lianos, L.; Renouprez, A.J. Structure and reactivity of Pd-Pt clusters produced by laser vaporization of bulk alloys. Investigations on supported bimetallic PdPt nanostructures. Eur. Phys. J. D 1999, 9, 425–428. [Google Scholar] [CrossRef]

	



Rousset, J.L.; Khanra, B.C.; Cadrot, A.M.; Cadete Santos Aires, F.J.; Renouprez, A.J.; Pellarin, M. Investigations on supported bimetallic PdPt nanostructures. Surf. Sci. 1996, 352–354, 583–587. [Google Scholar] [CrossRef]

	



Wells, P.P.; Crabb, E.M.; King, C.R.; Wiltshire, R.; Bilsborrow, B.; Thompsett, D.; Russell, A.E. Preparation, structure and stability of Pt and Pd monolayer modified Pd and Pt electrocatalysts. Phys. Chem. Chem. Phys. 2009, 11, 5773–5781. [Google Scholar] [CrossRef]

	



Cangul, B.; Zhang, L.C.; Aindow, M.; Erkey, C. Preparation of carbon black supported Pd, Pt and Pd–Pt nanoparticles using supercritical CO2 deposition. J. Supercrit. Fluids 2009, 50, 82–90. [Google Scholar] [CrossRef]

	



Cho, H.-R.; Regalbuto, J.R. The rational synthesis of Pt-Pd bimetallic catalysts by electrostatic adsorption. Catal. Today 2015, 246, 143–153. [Google Scholar] [CrossRef]

	



Huang, L. IR studies on the preservation of RhCo3 clusters on the surface of SiO2. J. Mol. Catal. A Chem. 1996, 112, 69–83. [Google Scholar] [CrossRef]

	



Renouprez, A.; Lebas, K.; Bergeret, G. A new method of direct synthesis of bimetallic phases: Silica supported Pd-Cu catalysts from mixed acetylacetonates. J. Mol. Catal. A 1997, 120, 217–225. [Google Scholar] [CrossRef]

	



Dossi, C.; Pozzi, A.; Recchia, A.; Fusi, S.; Psaro, R.; Dal Santo, V. An organometallic route to mono and bimetallic Pt and Pt-Pd catalysts supported on magnesium oxide: Thermoanalytical investigation and catalytic behavior in MCP conversion. J. Mol. Catal. A 2003, 204–205, 465–472. [Google Scholar] [CrossRef]

	



Renouprez, A.J.; Malhomme, A.; Massardier, J.; Cattenot, M.; Bergeret, G. Sulphur resistant palladium-platinum catalysts prepared from mixed acetylacetonates. Stud. Surf. Sci. Catal. 2000, 130C, 2579–2584. [Google Scholar]

	



Bazin, D.; Guillaume, D.; Pichon, C.; Uzio, D.; Lopez, S. Structure and size of bimetallic palladium–platinum clusters in an hydrotreatment catalyst. Oil Gas Sci. Technol. 2005, 60, 801–813. [Google Scholar] [CrossRef]

	



Radlik, M.; Śrębowata, A.; Juszczyk, W.; Matus, K.; Małolepszy, A.; Karpiński, Z. n‑Hexane conversion on γ‑alumina supported palladium–platinum catalysts. Adsorption 2019, 25, 843–853. [Google Scholar] [CrossRef]

	



Montzka, S.A.; McFarland, M.; Andersen, S.O.; Miller, B.R.; Fahey, D.W.; Hall, B.D.; Hu, L.; Siso, C.; Elkins, J.W. Recent trends in global emissions of hydrochlorofluorocarbons and hydrofluorocarbons: Reflecting on the 2007 Adjustments to the Montreal Protocol. J. Phys. Chem. A 2015, 119, 4439–4449. [Google Scholar] [CrossRef]

	



Montzka, S.A.; Dutton, G.S.; Yu, P.; Ray, E.; Portmann, R.W.; Daniel, J.S.; Kuijpers, L.; Hall, B.D.; Mondeel, D.; Siso, C.; et al. An unexpected and persistent increase in global emissions of ozone-depleting CFC-11. Nature 2018, 557, 413–417. [Google Scholar] [CrossRef]

	



Prignon, M.; Chabrillat, S.; Minganti, D.; O’Doherty, S.; Servais, C.; Stiller, G.; Toon, G.C.; Vollmer, M.K.; Mahieu, E. Improved FTIR retrieval strategy for HCFC-22 (CHClF2), comparisons with in situ and satellite datasets with the support of models, and determination of its long-term trend above Jungfraujoch. Atmos. Chem. Phys. 2019, 19, 12309–12324. [Google Scholar] [CrossRef]

	



Oram, D.E.; Ashfold, M.J.; Laube, J.C.; Gooch, J.L.; Humphrey, S.; Sturges, W.T.; Leedham-Elvidge, E.; Forster, G.L.; Harris, N.R.P.; Iqbal Mead, M.; et al. A growing threat to the ozone layer from short-lived anthropogenic chlorocarbons. Atmos. Chem. Phys. 2017, 17, 11929–11941. [Google Scholar] [CrossRef]

	



Coq, B.; Cognion, J.M.; Figuéras, F.; Tournigant, D. Conversion under hydrogen of dichlorodifluoromethane over supported palladium catalysts. J. Catal. 1993, 141, 21–33. [Google Scholar] [CrossRef]

	



van de Sandt, E.J.A.X.; Wiersma, A.; Makkee, M.; van Bekkum, H.; Moulijn, J.A. Mechanistic study of the selective hydrogenolysis of CCl2F2 (CFC-12) into CH2F2 (HFC-32) over palladium on activated carbon. Recl. Trav. Pays-Bas 1996, 115, 505–510. [Google Scholar] [CrossRef]

	



Moore, G.J.; O’Kell, J. Chemical Process. US Patent 5,877,360, 2 March 1999. [Google Scholar]

	



Ohnishi, R.; Wang, W.L.; Ichikawa, M. Selective Hydrogenation of CFC-12 to HFC-32 on Zr-Pd/C Catalyst. Stud. Surf. Sci. Catal. 1994, 90, 101–104. [Google Scholar]

	



Schoebrechts, J.-P.; Doiceau, G.; Wilmet, V. Catalytic System Comprising a Hydrogenation Catalyst on a Support and Process for the Hydrodechlorination of Chlorofluorinated Hydrocarbons. US Patent 5,561,069, 1 October 1996. [Google Scholar]

	



Morato, A.; Alonso, C.; Medina, F.; Cesteros, Y.; Salagre, P.; Sueiras, J.E.; Tichit, D.; Coq, B. Palladium hydrotalcites as precursors for the catalytic hydroconversion of CCl2F2 (CFC-12) and CHClF2 (HCFC-22). Appl. Catal. B 2001, 32, 167–179. [Google Scholar] [CrossRef]

	



Morato, A.; Medina, F.; Sueiras, J.E.; Cesteros, Y.; Salagre, P.; de Menorval, L.C.; Tichit, D.; Coq, B. Characterization and catalytic properties of several KMg1-xPdxF3 with perovskite-like structures for the hydroconversion of CHClF2. Appl. Catal. B 2003, 42, 251–264. [Google Scholar] [CrossRef]

	



Yu, H.; Kennedy, E.M.; Uddin, M.A.; Sakata, Y.; Dlugogorski, B.Z. Gas-phase and Pd-catalyzed hydrodehalogenation of CBrClF2, CCl2F2, CHClF2, and CH2F2. Ind. Eng. Chem. Res. 2005, 44, 3442–3452. [Google Scholar] [CrossRef]

	



Patil, P.T.; Dimitrov, A.; Kirmse, H.; Neumann, W.; Kemnitz, E. Non-aqueous sol–gel synthesis, characterization and catalytic properties of metal fluoride supported palladium nanoparticles. Appl. Catal. B 2008, 78, 80–91. [Google Scholar] [CrossRef]

	



Ha, J.-M.; Kim, D.; Kim, J.; Ahn, B.S.; Kim, Y.; Kang, J.W. High-temperature hydrodechlorination of ozone-depleting chlorodifluoromethane (HCFC-22) on supported Pd and Ni catalysts. J. Environ. Sci. Health Part A 2011, 46, 989–996. [Google Scholar] [CrossRef]

	



Legawiec-Jarzyna, M.; Śrębowata, A.; Juszczyk, W.; Karpiński, Z. Hydrodechlorination over Pd-Pt/Al2O3 catalysts A comparative study of chlorine removal from dichlorodifluoromethane, carbon tetrachloride and 1,2-dichloroethane. Appl. Catal. A 2004, 271, 61–68. [Google Scholar] [CrossRef]

	



Martin-Martinez, M.; Gómez-Sainero, L.M.; Palomar, J.; Omar, S.; Rodriguez, J.J. Dechlorination of dichloromethane by hydrotreatment with bimetallic Pd-Pt/C catalyst. Catal. Lett. 2016, 146, 2614–2621. [Google Scholar] [CrossRef]

	



Bedia, J.; Gómez-Sainero, L.M.; Grau, J.M.; Busto, M.; Martin-Martinez, M.; Rodriguez, J.J. Hydrodechlorination of dichloromethane with mono- and bimetallic Pd-Pt on sulfated and tungstated zirconia catalysts. J. Catal. 2012, 294, 207–215. [Google Scholar] [CrossRef]

	



Garcia, C.M.; Woolfolk, L.G.; Martin, N.; Granados, A.; de los Reyes, J.A. Evaluation of mono and bimetallic catalysts supported on Al2O3-TiO2 in the reaction of hydrodechlorination of 1,2-dichloroethane. Rev. Mex. Ing. Quim. 2012, 11, 463–468. [Google Scholar]

	



Han, W.; Li, X.; Liu, B.; Li, L.; Tang, H.; Li, Y.; Lu, C.H.; Li, X. Microwave assisted combustion of phytic acid for the preparation of Ni2P@C as a robust catalyst for hydrodechlorination. Chem. Commun. 2019, 55, 9279–9282. [Google Scholar] [CrossRef]

	



Coloma, F.; Sepúlveda-Escribano, A.; Rodríguez-Reinoso, F. Heat-treated carbon blacks as supports for platinum catalysts. J. Catal. 1995, 154, 299–305. [Google Scholar] [CrossRef]

	



Zheng, X.; Zhang, S.; Xu, J.; Wei, K. Effect of thermal and oxidative treatments of activated carbon on its surface structure and suitability as a support for barium promoted ruthenium in ammonia synthesis catalysts. Carbon 2002, 40, 2597–2603. [Google Scholar] [CrossRef]

	



Okhlopkova, L.B.; Lisitsyn, A.S.; Likholobov, V.A.; Gurrath, M.; Boehm, H.P. Properties of Pt/C and Pd/C catalysts prepared by reduction with hydrogen of adsorbed metal chlorides, Influence of pore structure of the support. Appl. Catal. A 2000, 204, 229–240. [Google Scholar] [CrossRef]

	



Wiersma, A.; van de Sandt, E.J.A.X.; Makkee, M.; Luteijn, C.P.; van Bekkum, H.; Moulijn, J.A. Process for the selective hydrogenolysis of CC12F2 (CFC-12) into CH2F2 (HFC-32). Catal. Today 1996, 27, 257–264. [Google Scholar] [CrossRef]

	



van de Sandt, E.J.A.X.; Wiersma, A.; Makkee, M.; van Bekkum, H.; Moulijn, J.A. Selection of activated carbon for the selective hydrogenolysis of CCl2F2 (CFC-12) into CH2F2 (HFC-32) over palladium-supported catalysts. Appl. Catal. A 1998, 173, 161–173. [Google Scholar] [CrossRef]

	



Łomot, D.; Juszczyk, W.; Karpiński, Z.; Bozon-Verduraz, F. Evolution of Pd/SiO2 catalysts prepared from chlorine-free precursors. J. Chem. Soc. Faraday Trans. 1997, 93, 2015–2021. [Google Scholar]

	



Chou, C.-W.; Chu, S.-J.; Chiang, H.-J.; Huang, C.-Y.; Lee, C.-J.; Sheen, S.-R.; Perng, T.P.; Yeh, C.-T. Temperature-programmed reduction study on calcination of nano-palladium. J. Phys. Chem. B 2001, 105, 9113–9117. [Google Scholar] [CrossRef]

	



Amorim, A.; Yuan, G.; Patterson, P.M.; Keane, M.A. Catalytic hydrodechlorination over Pd supported on amorphous and structured carbon. J. Catal. 2005, 234, 268–281. [Google Scholar] [CrossRef]

	



Coloma, F.; Sepúlveda-Escribano, A.; Fierro, J.L.G.; Rodriguez-Reinoso, F. Preparation of platinum supported on pregraphitized carbon blacks. Langmuir 1994, 10, 750–755. [Google Scholar] [CrossRef]

	



Gurrath, M.; Kuretzky, T.; Boehm, H.P.; Okhlopkova, L.B.; Lisitsyn, A.S.; Likholobov, V.A. Palladium catalysts on activated carbon supports. Influence of reduction temperature, origin of the support and pretreatments of the carbon surface. Carbon 2000, 38, 1241–1255. [Google Scholar] [CrossRef]

	



Bonarowska, M.; Karpiński, Z. Characterization of supported Pd-Pt catalysts by chemical probes. Catal. Today 2008, 137, 498–503. [Google Scholar] [CrossRef]

	



Noh, H.; Flanagan, T.B.; Sonoda, T.; Sakamoto, Y. Solubility and thermodynamics of hydrogen in homogeneous f.c.c. Pd-Pt alloys. J. Alloys Compd. 1995, 228, 164–171. [Google Scholar] [CrossRef]

	



Rosantha Kumara, L.S.R.; Sakata, O.; Kobayashi, H.; Song, C.; Kohara, S.; Ina, T.; Yoshimoto, T.; Yoshioka, S.; Matsumura, S.; Kitagawa, H. Hydrogen storage and stability properties of Pd–Pt solid-solution nanoparticles revealed via atomic and electronic structure. Sci. Rep. 2017, 7, 14606. [Google Scholar] [CrossRef]

	



Vannice, M.A. Kinetics of Catalytic Reactions; Springer Science+Business Media, Inc.: New York, NY, USA, 2005; Ch. 3.3.2.1. Line Broadening of X-Ray Diffraction (XRD) Peaks, p. 20. [Google Scholar]

	



Ichikawa, S.; Poppa, H.; Boudart, M. Disproportionation of CO on small particles of silica-supported palladium. J. Catal. 1985, 91, 1–10. [Google Scholar] [CrossRef]

	



Rioux, R.M.; Vannice, M.A. Dehydrogenation of isopropyl alcohol on carbon-supported Pt and Cu–Pt catalysts. J. Catal. 2005, 233, 147–165. [Google Scholar] [CrossRef]

	



Krishnankutty, N.; Li, J.; Vannice, M.A. The effect of Pd precursor and pretreatment on the adsorption and absorption behavior of supported Pd catalysts. Appl. Catal. A 1998, 173, 137–144. [Google Scholar] [CrossRef]

	



Tengco, J.M.M.; Lugo-José, Y.K.; Monnier, J.R.; Regalbuto, J.R. Chemisorption–XRD particle size discrepancy of carbon supported palladium: Carbon decoration of Pd? Catal. Today 2015, 246, 9–14. [Google Scholar] [CrossRef]

	



Simonov, P.A.; Romanenko, A.V.; Prosvirin, I.P.; Moroz, E.M.; Boronin, A.I.; Chuvilin, A.L.; Likholobov, V.A. On the nature of the interaction of H2PdCl4 with the surface of graphite-like carbon materials. Carbon 1997, 35, 73–82. [Google Scholar] [CrossRef]

	



Wojnicki, M.; Socha, R.P.; Pędzich, Z.; Mech, K.; Tokarski, T.; Fitzner, K. Palladium(II) chloride complex ion recovery from aqueous solutions using adsorption on activated carbon. J. Chem. Eng. Data 2018, 63, 702–711. [Google Scholar] [CrossRef]

	



de Pedro, Z.M.; Gómez-Sainero, L.M.; González-Serrano, E.; Rodriguez, J.J. Gas-phase hydrodechlorination of dichloromethane at low concentrations with palladium/carbon catalysts. Ind. Eng. Chem. Res. 2006, 45, 7760–7766. [Google Scholar] [CrossRef]

	



Álvarez-Montero, M.A.; Gómez-Sainero, L.M.; Martín-Martínez, M.; Heras, F.; Rodriguez, J.J. Hydrodechlorination of chloromethanes with Pd on activated carbon catalysts for the treatment of residual gas streams. Appl. Catal. B 2010, 96, 148–156. [Google Scholar] [CrossRef]

	



Martin-Martinez, M.; Gómez-Sainero, L.M.; Alvarez-Montero, M.A.; Bedia, J.; Rodriguez, J.J. Comparison of different precious metals in activated carbon-supported catalysts for the gas-phase hydrodechlorination of chloromethanes. Appl. Catal. B 2013, 132–133, 256–265. [Google Scholar] [CrossRef]

	



Chen, N.; Rioux, R.M.; Barbosa, L.A.M.M.; Ribeiro, F.H. Kinetic and theoretical study of the hydrodechlorination of CH4-xClx (x = 1-4) compounds on palladium. Langmuir 2010, 26, 16615–16624. [Google Scholar] [CrossRef] [PubMed]

	



Yoshimura, Y.; Toba, M.; Matsui, T.; Harada, M.; Ichihashi, Y.; Bando, K.K.; Yasuda, H.; Ishihara, H.; Morita, Y.; Kameoka, T. Active phases and sulfur tolerance of bimetallic Pd-Pt catalysts used for hydrotreatment. Appl. Catal. A 2007, 322, 152–171. [Google Scholar] [CrossRef]

	



Yu, Y.; Fonfé, B.; Jentys, A.; Haller, G.L.; van Veen, J.A.R.; Gutiérrez, O.Y.; Lercher, J.A. Bimetallic Pt-Pd/silica-alumina hydrotreating catalysts-Part I: Physicochemical characterization. J. Catal. 2012, 292, 1–12. [Google Scholar] [CrossRef]

	



Matsubayashi, N.; Yasuda, H.; Imamura, M.; Yoshimura, Y. EXAFS study on Pd-Pt catalyst supported on USY zeolite. Catal. Today 1998, 45, 375–380. [Google Scholar] [CrossRef]

	



Kappers, M.; Dossi, C.; Psaro, R.; Recchia, S.; Fusi, A. DRIFT study of CO chemisorption on organometallics derived Pd/MgO catalysts: The effect of chlorine. Catal. Lett. 1996, 39, 183–189. [Google Scholar] [CrossRef]

	



Dal Santo, V.; Dossi, C.; Recchi, S.; Colavita, P.E.; Vlaic, G.; Psaro, R. Carbon tetrachloride hydrodechlorination with organometallics-based platinum and palladium catalysts on MgO. J. Mol. Catal. A 2002, 182–183, 157–166. [Google Scholar] [CrossRef]

	



Dal Santo, V.; Sordelli, L.; Dossi, C.; Recchia, S.; Fonda, E.; Vlaic, G.; Psaro, R. Characterization of Pd/MgO catalysts: Role of organometallic precursor-surface interactions. J. Catal. 2001, 198, 296–308. [Google Scholar] [CrossRef]

	



Jujjuri, S.; Ding, E.; Hommel, E.L.; Shore, S.G.; Keane, M.A. Synthesis and characterization of novel silica-supported Pd/Yb bimetallic catalysts: Application in gas-phase hydrodechlorination and hydrogenation. J. Catal. 2006, 239, 486–500. [Google Scholar] [CrossRef]

	



Shore, S.G.; Ding, E.; Park, C.; Keane, M.A. Vapor phase hydrogenation of phenol over silica supported Pd and Pd-Yb catalysts. Catal. Commun. 2002, 3, 77–84. [Google Scholar] [CrossRef]

	



Jujjuri, S.; Ding, E.; Shore, S.G.; Keane, M.A. Gas-phase hydrodechlorination of chlorobenzenes over silica-supported palladium and palladium-ytterbium. Appl. Organometal. Chem. 2003, 17, 493–498. [Google Scholar] [CrossRef]

	



Öcal, M.; Maciejewski, M.; Baiker, A. Conversion of CCl2F2 (CFC-12) in the presence and absence of H2 on sol–gel derived Pd/Al2O3 catalysts. Appl. Catal. B 1999, 21, 279–289. [Google Scholar] [CrossRef]

	



Bonarowska, M.; Malinowski, A.; Juszczyk, W.; Karpiński, Z. Hydrodechlorination of CCl2F2 (CFC-12) over silica-supported palladium–gold catalysts. Appl. Catal. B 2001, 30, 187–193. [Google Scholar] [CrossRef]

	



Juszczyk, W.; Malinowski, A.; Karpiński, Z. Hydrodechlorination of CCl2F2 (CFC-12) over γ-Al2O3 Supported Palladium Catalysts. Appl. Catal. A 1998, 166, 311–319. [Google Scholar] [CrossRef]

	



Malinowski, A.; Łomot, D.; Karpiński, Z. Hydrodechlorination of CH2Cl2 over Pd/γ-Al2O3. Correlation with Hydrodechlorination of CCl2F2 (CFC-12). Appl. Catal. B 1998, 19, L79–L86. [Google Scholar]

	



Ben-David, Y.; Gozin, M.; Portnoy, M.; Milstein, D. Reductive dichlorination of aryl chlorides catalyzed by palladium complexes containing basing, chelating phosphines. J. Mol. Catal. 1992, 73, 173–180. [Google Scholar] [CrossRef]

	



Bartholomew, C.A. Hydrogen adsorption on supported cobalt, iron and nickel. Catal. Lett. 1990, 7, 27–52. [Google Scholar] [CrossRef]

	



Moulder, F.; Stickle, W.F.; Sobol, P.E.; Bomben, K.D. Handbook of X-ray Photoelectron Spectroscopy; Chastain, J., King, R.C., Jr., Eds.; Physical Electronics Inc.: Eden Prairie, MN, USA, 1995. [Google Scholar]

	



NIST X-ray Photoelectron Spectroscopy Database 20, Version 4.1. Available online: https://srdata.nist.gov/xps (accessed on 8 November 2020).








[image: Catalysts 10 01291 g001 550] 





Figure 1. Temperature-programmed reduction (TPR) profiles of Pd–Pt/C, (A) ex-acac series, (B) ex-chloride series. 






Figure 1. Temperature-programmed reduction (TPR) profiles of Pd–Pt/C, (A) ex-acac series, (B) ex-chloride series.



[image: Catalysts 10 01291 g001]







[image: Catalysts 10 01291 g002 550] 





Figure 2. Temperature-programmed hydride decomposition profiles of Pd–Pt/C catalysts. 
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Figure 3. XRD spectra of prereduced Pd–Pt/C catalysts. (A) ex-metal acetylacetonates, (B) ex-metal chlorides. Only the area with the most important XRD reflections from the metallic fcc phase (Pd/Pt) is shown. 
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Figure 4. TEM images and size distributions of Pd–Pt(ex-acac)/C catalysts. Selected EDS areas: for Pd80Pt20(acac): 1—Pd87Pt13, 2—Pd69Pt33; for Pd60Pt40(acac): 1—Pd81Pt19, 2—Pd91Pt9, 3—Pd71Pt29; for Pd40Pt60(acac): 1—Pd62Pt38, 2—Pd67Pt33. 






Figure 4. TEM images and size distributions of Pd–Pt(ex-acac)/C catalysts. Selected EDS areas: for Pd80Pt20(acac): 1—Pd87Pt13, 2—Pd69Pt33; for Pd60Pt40(acac): 1—Pd81Pt19, 2—Pd91Pt9, 3—Pd71Pt29; for Pd40Pt60(acac): 1—Pd62Pt38, 2—Pd67Pt33.
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Figure 5. TEM images and size distributions of Pd–Pt(Cl)/C catalysts. EDS areas: for Pd80Pt20(Cl): 1—Pd75Pt25, 2—Pd89Pt11; for Pd60Pt40(Cl): 1—Pd80Pt20, 2—Pd63Pt38; for Pd40Pt60(Cl): 1—Pd40Pt60, 2—Pd39Pt61, 3—Pd51Pt49. 
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Figure 6. XPS profiles in the Pt 4f region (right) and the Pd 3d region (left) of the Pd–Pt(ex-acac) catalysts. Thin black lines—deconvoluted spectra, red lines—fitted overall profiles, thick black lines—envelope spectra. 
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Figure 7. XPS profiles in the Pt 4f region (right) and the Pd 3d region (left) of the Pd–Pt(ex-Cl) catalysts. Thin black lines—deconvoluted spectra, red lines—fitted overall profiles, thick black lines—envelope spectra. 






Figure 7. XPS profiles in the Pt 4f region (right) and the Pd 3d region (left) of the Pd–Pt(ex-Cl) catalysts. Thin black lines—deconvoluted spectra, red lines—fitted overall profiles, thick black lines—envelope spectra.



[image: Catalysts 10 01291 g007]







[image: Catalysts 10 01291 g008 550] 





Figure 8. Product selectivity as a function of the Pd–Pt alloy composition for the ex-acac series (A,B) after additional calcination at 300 °C and the ex-chloride series (C). Reaction temperature 272 °C. GHSV = 5760 h−1. 
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Figure 9. Catalytic activity (TOFs) of the Pd–Pt/Norit1600 catalysts vs. nominal Pd–Pt alloy composition. 
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Table 1. Metal particle size (from TEM), crystallite size from XRD, and metal dispersion in two series of carbon-supported Pd–Pt catalysts subjected to reduction in H2/Ar at 400 °C.
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Catalyst a

	
Particle Size from TEM (nm) b

	
Crystallite Size, from XRD c (nm)

	
MFE from TEM d

	
H/(Pd + Pt) from Chemisorption




	
     d ¯  N    

	
SD e

	
SE e

	
     d ¯  S    

	
     d ¯  V    






	
Pd100(acac)

	
4.75

	
1.66

	
0.19

	
5.91

	
6.47

	
7.5

	
0.19

	
0.097




	
Pd80Pt20(acac)

	
2.87

	
1.23

	
0.14

	
3.97

	
4.57

	
2.8

	
0.28

	
0.155




	
Pd60Pt40(acac)

	
2.69

	
0.9

	
0.10

	
3.28

	
3.58

	
2.5

	
0.34

	
0.222




	
Pd40Pt60(acac)

	
2.24

	
0.79

	
0.09

	
2.87

	
3.35

	
2.1

	
0.39

	
0.276




	
Pt100(acac)

	
2.59

	
0.80

	
0.09

	
3.06

	
3.28

	
3.0

	
0.37

	
0.416




	
Pd100(Cl)

	
2.84

	
0.73

	
0.09

	
3.24

	
3.43

	
3.9

	
0.35

	
0.229




	
Pd80Pt20(Cl)

	
2.31

	
0.75

	
0.08

	
2.79

	
3.01

	
~2

	
0.40

	
0.214




	
Pd60Pt40(Cl)

	
1.36

	
0.40

	
0.05

	
1.63

	
1.85

	
~2

	
0.70

	
0.235




	
Pd40Pt60(Cl)

	
1.45

	
0.42

	
0.05

	
1.70

	
1.83

	
~2

	
0.66

	
0.339




	
Pt100(Cl)

	
1.93

	
0.52

	
0.06

	
2.19

	
2.31

	
<2

	
0.59

	
0.596








a For the catalyst designation, see Section 3.1. b     d ¯  N   ,     d ¯  S   ,     d ¯  V    stand for the number-, surface- and volume-weighted average diameters. c From XRD line broadening (Scherrer equation). d Metal fraction exposed (MFE = dispersion) = 1.12/    d ¯  S    for Pd (Ichikawa et al. [57]) and 1.13/    d ¯  S    for Pt (Rioux and Vannice [58]). e SD = Standard deviation of     d ¯  N   , SE = standard error of     d ¯  N   .
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Table 2. Relative distribution of zerovalent and electrodeficient species on the surfaces of two series (acac and Cl) of Pd–Pt/carbon catalysts. For catalyst designation, see Section 3.1.
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	Catalyst
	Pt0
	Pt2+
	Pd0
	Pd2+





	Pd100(acac)
	
	
	67.2
	32.8



	Pd80Pt20(acac)
	100
	0
	66.6
	33.4



	Pd60Pt40(acac)
	100
	0
	60.6
	39.4



	Pd40Pt60(acac)
	50.5
	49.5
	59.2
	40.8



	Pt100(acac)
	42.2
	57.8
	
	



	Pd100(Cl)
	
	
	55.5
	44.5



	Pd80Pt20(Cl)
	74.6
	25.4
	61.3
	38.7



	Pd60Pt40(Cl)
	54.9
	45.1
	76.0
	24.0



	Pd40Pt60(Cl)
	42.8
	57.2
	70.8
	29.2



	Pt100(Cl)
	52.7
	47.3
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Table 3. CHClF2 hydrodechlorination on two series of Pd–Pt/C catalysts. Turnover frequencies, product selectivities, and activation energies.
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Catalyst a

	
Reaction Temperature

°C

	
TOF b

s−1

	
Product Selectivity, %

	
Activation Energy,

kJ/mol




	
CH4

	
CH3F

	
CHF3

	
CH2F2






	
Pd100(acac)

	
272

	
4.1 × 10−4

	
28.5

	
1.9

	
-

	
66.3

	
100.7 ± 13.4




	
262

	
2.85 × 10−4

	
25

	
4

	
-

	
69.9




	
252

	
1.7 × 10−4

	
28

	
-

	
-

	
72




	
Pd80Pt20(acac)

	
272

	
9.2 × 10−4

	
30.3

	
8.2

	
7.7

	
53.8

	
110.1 ± 8.5




	
262

	
5.25 × 10−4

	
22.3

	
4.9

	
21.2

	
51.5




	
251

	
3.6 × 10−3

	
19

	
5

	
25

	
51




	
Pd60Pt40(acac)

	
272

	
1.32 × 10−3

	
41

	
14

	
-

	
45

	
83.1 ± 4.6




	
261

	
9.4 × 10−4

	
36.7

	
14.5

	
-

	
48.8




	
251

	
6.3 × 10−4

	
33.5

	
14.5

	
-

	
52.0




	
Pd40Pt60(acac)

	
272

	
1.46 × 10−3

	
45.6

	
16.7

	
-

	
37.7

	
77.1 ± 5.2




	
262

	
1.09 × 10−3

	
42.0

	
14.9

	
-

	
44.6




	
252

	
7.44 × 10−4

	
37.5

	
17.7

	
-

	
44.8




	
Pt100(acac)

	
271

	
3.5 × 10−4

	
58.8

	
20.5

	
5.0

	
15.7

	
87.8 ± 6.6




	
262

	
2.5 × 10−4

	
56.5

	
20.6

	
-

	
22.9




	
251

	
1.65 × 10−4

	
53.5

	
18.6

	
11.0

	
16.9




	
Pd100(Cl)

	
271

	
1.3 × 10−3

	
36.8

	
1.2

	
-

	
62.0

	
88.8 ± 2.9




	
261

	
9.2 × 10−4

	
33.6

	
1.2

	
-

	
65.2




	
251

	
6.15 × 10−4

	
30.1

	
-

	
-

	
69.9




	
Pd80Pt20(Cl)

	
271

	
2.2 × 10−3

	
47.6

	
4.0

	
-

	
48.4

	
84.7 ± 4.2




	
262

	
1.6 × 10−3

	
44.1

	
4.1

	
-

	
51.8




	
252

	
1.08 × 10−3

	
39.8

	
4.2

	
-

	
56.0




	
Pd60Pt40(Cl)

	
271

	
2.5 × 10−3

	
53.4

	
5.6

	
-

	
41.0

	
76.1 ± 1.1




	
262

	
1.87 × 10−3

	
50.9

	
5.9

	
-

	
43.2




	
252

	
1.35 × 10−3

	
47.4

	
6.3

	
-

	
46.2




	
Pd40Pt60(Cl)

	
272

	
2.17 × 10−3

	
59.4

	
7.0

	
-

	
33.5

	
92.2 ± 1.5




	
262

	
1.5 × 10−3

	
55.6

	
7.6

	
-

	
36.8




	
252

	
1 × 10−3

	
44.5

	
7.6

	
6.4

	
41.4




	
Pt100(Cl)

	
272

	
6.8 × 10−4

	
71.9

	
11.9

	
0.3

	
15.8

	
75.7 ± 2.1




	
262

	
4.9 × 10−4

	
68.8

	
12.6

	
-

	
18.5




	
252

	
3.6 × 10−4

	
66.5

	
13.7

	
-

	
19.8








a As in Table 1 and Table 2. b Based on metal dispersions measured by H2 chemisorption (Table 1). GHSV 5760 h−1, catalyst weight 0.20 g. Averaged values from a few measurements.
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Table 4. CHClF2 hydrodechlorination on two series of Pd–Pt/C catalysts. Turnover frequencies, product selectivities, and activation energies, acac series after additional calcination at 300 °C, 1 h.
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Catalyst a,b

	
Reaction Temperature

°C

	
TOF

s−1

	
Product Selectivity, %

	
Activation Energy,

kJ/mol




	
CH4

	
CH3F

	
CHF3

	
CH2F2






	
Pd100(acac)

H/Pd = 0.110

	
272

	
7.0 × 10−4

	
27.4

	
-

	
-

	
72.6

	
89.4 ± 10.0




	
262

	
4.5 × 10−4

	
24.4

	
4

	
-

	
75.6




	
252

	
3.3 × 10−4

	
21.5

	
-

	
-

	
78.5




	
Pd80Pt20(acac)

H/(Pd + Pt) = 0.182

	
272

	
1.20 × 10−3

	
26.8

	
4.6

	
-

	
68.6

	
88.1 ± 5.4




	
262

	
8.0 × 10−4

	
24.7

	
5.2

	
-

	
70.1




	
251

	
5.5 × 10−4

	
24.9

	
6.0

	
-

	
69.1




	
Pd60Pt40(acac)

H/(Pd + Pt) = 0.210

	
272

	
1.80 × 10−3

	
42.4

	
4.5

	
-

	
53.0

	
85.1 ± 4.6




	
261

	
1.2 × 10−3

	
35.9

	
9.1

	
-

	
55.0




	
251

	
8.9 × 10−4

	
32.6

	
9.8

	
-

	
57.6




	
Pd40Pt60(acac)

H/(Pd + Pt) = 0.282

	
272

	
1.6 × 10−3

	
44.4

	
13.5

	
-

	
42.1

	
77.1 ± 5.2




	
262

	
1.05 × 10−3

	
14.0

	
14.9

	
-

	
45.7




	
252

	
7.2 × 10−4

	
14.9

	
17.7

	
-

	
49.1




	
Pt100(acac)

H/Pt = 0.351

	
271

	
3.0 × 10−4

	
58.9

	
14.9

	
12.6

	
13.6

	
86.2 ± 12.0




	
262

	
2.0 × 10−4

	
59.2

	
16.8

	
9.0

	
15.0




	
251

	
1.5 × 10−4

	
80.3

	
19.7

	
-

	
-








a As in Table 1 and Table 2. b Metal dispersion data under catalyst designation.
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