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Abstract

:

Supercritical (SC) fluid technologies are well-established methods in modern green chemical synthesis. Using SC fluids as solvents instead of traditional liquids gives benefits of higher diffusivity and lower viscosity, which allows mass transfer intensification and, thus, an increased production rate of chemical transformations. Therefore, a conjugation of heterogeneous catalysis with SC media is a large step toward a green chemistry. Tetralin (TL) is an important hydrogen donor solvent used for biomass liquefaction. In industry, TL is obtained via catalytic hydrogenation of naphthalene (NL). Herein, for the first time we have demonstrated the NL hydrogenation with close to 100% selectivity to TL at almost full conversion in the SC hexane. The observed transformation rates in SC hexane were much higher allowing process intensification. The downstream processes can be also facilitated since hexane after depressurisation can be easily separated from the reaction products via simple rectification. The TL synthesis was studied in a batch reactor at variation of reaction temperature and overall pressure. For the first time for this process, low Pt-loaded (1 wt.%) nanoparticles stabilized within hyper-cross-linked aromatic polymer (HAP) were applied. The Pt/HAP catalyst was stable under reaction conditions (250 °C, 6 MPa) allowing its recovery and reuse.
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1. Introduction


Heterogeneous catalytic processes are considered as sustainable due to the possibility of catalyst recovery and recycling [1,2]. Supercritical (SC) fluid technologies are well-established in modern green chemical synthesis [3]. Using SC fluids as solvents instead of traditional liquids gives the benefits of higher diffusivity and lower viscosity, which allows mass transfer intensification and, thus, an increased production rate of chemical transformations [4]. Therefore, a conjugation of heterogeneous catalysis with SC media is a large step toward a green chemistry.



The environmental impact of global warming, caused by greenhouse gases, promoted the use of biomass, as it creates less environmental pollution and diminish health risks than fossil fuel combustion. Liquefaction of biomass using hydrogen donor (HD) solvents is a promising route to obtain clean high-quality biofuel. Tetralin (TL) is an important HD solvent for biomass liquefaction, which simultaneously serves as a stabilizing medium, a heat carrier and a trap for the formed radicals preventing their recombination.When deprived of two hydrogen atoms, TL enters the rearrangement resulting in naphthalene (NL) production. This process requires the regeneration of TL via hydrogenation of NL [5,6,7,8,9].



In industry TL is obtained via selective catalytic hydrogenation of naphthalene (NL) and generally follows the reaction scheme shown in Figure 1. According to this scheme, two moles of hydrogen spent per one mole of naphthalene lead to the formation of TL. Under certain reaction conditions in the presence of a catalyst, TL can be further hydrogenated to cis-DL and trans-DL while accepting three moles of hydrogen molecules per one mole of TL. Another way of TL transformation, as well as of the formed DLs, is hydrogenolysis or cracking with the opening of saturated cycles. It is noteworthy that the reaction of TL hydrogenation to DLs usually prevails over TL degradation reactions [5,10,11].



Hydrogenation of NL is well studied in gas-phase and liquid-phase processes [5,6,9,12,13,14]. A few studies have reported data on the hydrogenation of aromatics in SC CO2 [15,16] but, to date, there are no reports on TL catalytic synthesis in SC solvent (i.e., hexane) conditions. The best catalytic systems of NL hydrogenation are based on nanoparticles (NPs) of platinum, palladium, nickel and their combinations with other metals supported on coal, alumina, zinc oxide, and zeolites [6,9,10,11,14,16,17,18,19,20,21] allowing integral selectivity with respect to TL in the range of 94–99% at high NL conversions, or transforming TL to DLs under more stringent conditions. Typically, the activity of platinum-containing catalysts to produce TL is in the temperature range of 200–300 °C and pressures of 4–6 MPa. Higher temperatures cause hydrogenation of TL to DLs [10,11].



This work is devoted to selective hydrogenation of NL to TL in SC hexane as solvent over platinum NPs stabilized within hyper-cross-linked aromatic polymer (HAP) as a catalyst. For the first time, selective hydrogenation of NL to TL in SC hexane is studied.We found only one publication on the use of SC hexane for hydrogenation of aromatics, but it resultedin a ring opening and rearrangement of a carbon skeleton [22]. The aim of this work is to evaluate a potential of HAP as catalytic support for liquid-phase hydrogenation of aromatic substrates under SC conditions. The NL hydrogenation in SC hexane was used as a model reaction. We expected a higher productivity of Pt/HAP catalytic system under SC conditions due to improved masstransfer and better wettability by hexane of hydrophobic HAP, as compared to traditional hydrophilic oxides.




2. Results and Discussion


Preliminarily to NL hydrogenation, the catalyst was reduced in hydrogen flow for 3 h at 300 °C and the size of Pt NPs stabilized within HAP was characterized by Scanning Transmission Electron Microscopy (STEM) (see Figure 2). In a blank experiment under the identical reaction conditions but using the HAP without deposition of platinum, no conversion of NL was observed. This allowed us to conclude that Pt NPs are responsible for catalysis and we considered them as an active phase.



In order to optimize the yield of the target product TL, the influence of reaction temperature in the range of 240–270 °C at constant overall pressure of 5 MPa on the initial rate and selectivity was first studied. The initial reaction conditions were chosen to be higher than the critical temperature (234.5 ± 0.5 °C) and the critical pressure (3.02 ± 0.04 MPa) of pure hexane [23,24,25,26,27,28] in order to ensure the SC conditions in the reactor. It is noteworthy that the presence of NL cannot shift SC temperature and pressure to higher values since the molar ratio of hexane to NL is higher than 22, which gives an insignificant change of the critical temperature (by 0.1 °C).



As seen in Figure 3a,b, the highest initial rates of NL consumption (0.27–0.29 molNL∙molPt−1∙s−1) and the highest selectivity to TL (about 98% at conversion close to 100%) was observed at temperatures between 245 and 255 °C. However, at temperatures above 260 °C, the initial rate surprisingly decreases (Figure 3a). This fact can be ascribed to the change of SC fluid viscosity, which may negatively influence hydrodynamics in the reactor as well as even distribution of the catalyst inside the reactor volume—the suspended layer of catalyst granules can diminish.



The dependences of TL accumulation and the selectivity to TL on the conversion of NL are shown in Figure 3b. From the presented data, it can be seen that in the range of the substrate conversions from 0 up to 60%, NL is almost quantitatively converted to TL (Figure 3b). However, at higher conversions of NL, the concentration of TL in the reaction mixture becomes significant and the side process of DL accumulation accelerates, which results in the decrease in the integral selectivity with respect to TL. Since temperature 250 °C allows reaching highest selectivity at high NL conversion, all further experiments were carried out at 250 °C.



After optimizing the temperature, the effect of overall pressure in the range of 5–8 MPa on the rate of NL hydrogenation and TL selectivity in the presence of Pt/HAP was studied at constant temperature of 250 °C (see Figure 4 and Figure 5). As could be expected, the transformation rate increases with the increase in the overall pressure since partial hydrogen pressure also increases (Figure 4). The fact that the TL selectivity is close to 100% in the region of small NL conversion, allowed us to calculate the fractional reaction order with respect to H2. It was found to be n = 2.0 (Figure 4a), being in agreement with the theoretical value for selective hydrogenation of NL to TL. The observed reaction order towards NL (n = 1) was also estimated since all the experiments were conducted under isobaric conditions.



Unfortunately, the increase in partial hydrogen pressure above 6 MPa results in decrease in TL selectivity at NL conversion > 60%. This could be explained by the higher rate of side reaction (TL to DL transformation) (Figure 5a). At the same time, the observed selectivity close to 100% during the whole range of NL conversions can be achieved at the overall pressure of about 6 MPa (Figure 5b). Therefore, 6 MPa at 250 °C was determined as the optimal condition in view highest TL yield attained in this catalytic system.



It is well known that the polymeric network may influence, to some extent, the nucleation and growth of metal NPs [29,30,31], which can in turn have a significant impact on catalytic activity and selectivity. Therefore, in the reaction of NL hydrogenation, a series of experiments was carried out at chosen temperature of 250 °C and overall pressure in the reactor of 6 MPa, in which Pt-HAP was preliminarily reduced in hydrogen flow at 300 °C for 3, 12, and 24 h.



From the kinetic curves shown in Figure 6a, it is obvious that the increase in duration of the catalyst reduction from 3 h up to 12 h resulted in twofold of the rate of NL consumption (initial hydrogenation rates were 0.26molNL∙molPt−1∙s−1 and 0.48 molNL∙molPt−1∙s−1, respectively). Further increase in the reduction duration up to 24 h did not lead to an increase in the observed hydrogenation rate (0.46 molNL∙molPt−1∙s−1). At the same time, it is noteworthy that in the presence of the catalysts with a long-time preliminary reduction, at high NL conversions the increase in the rate of side products (DLs) accumulation occurs and TL concentration drops (Figure 6b). The values of the integral selectivity calculated at 70% of NL conversion of 98.4%, 96.5% and 95.6% were achieved for the samples reduced for 3 h, 12 h and 24 h, respectively, but at higher conversion (96%) the difference in selectivity was more pronounced: 97.0%, 85.0%, and 79.2%. In other words, for Pt-HAP, the increase in reduction duration contributes to disproportionate increase in hydrogenation rates of NL to TL and TL to DL.



To find if any changes in the composition and functional groups of HAP and also the chemical state of platinum occurred during the reduction as well as during the catalytic process, Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and X-Ray Photoelectron Spectroscopy (XPS) studies of the catalysts were carried out.



Normalized IR-spectra of the initial and reduced catalyst are shown in Figure 7. It can be seen that, for all the samples, the spectra are in accordance with their chemical nature characterized by the following: the absorption bands at 3047 and 3018 cm−1 belonging to stretching vibrations of C–H bond in aromatic rings; 1610 and 1507 cm−1 belonging to stretching vibrations of C–C bond in aromatic rings; 2000–1650 and 815 cm−1 associated with the composite vibrations of p-substituted benzene rings. Absorption bands at 3000–2840 cm−1 correspond to stretching vibrations of C–H bond of the alkane part of HAP. The absorption bands in the range of 1470–700 cm−1 correspond to the deformation (torsion, rolling, pendulum) vibrations of CH2 and CH3 groups, while 1400–1000 cm−1 can be also attributed to stretching vibrations of C–N in tertiary amines, which are present in the chosen type of HAP [32,33]. The absorption band at about 3650 cm−1 refers to the vibrations of OH–groups of the polymer and water, which did not form hydrogen bonds; the bands in the region of 3500–3200 cm−1 belong to stretching vibrations of OH– groups that formed hydrogen bonds; 1012 cm−1 belong to stretching vibrations of C–O bond in alcohols; 567 cm−1 associated with extra plane vibrations of OH– group.



The absorption bands at 1780 and 1678 cm−1 in the polymer structure are the most controversial ones. In accordance with the reference data, their position corresponds to stretching vibrations of >C=O belonging to keto- and carboxyl groups. The wide range of 1790–1650 cm−1 can be attributed to stretching vibrations of >C=O group in esters [32,33], in which the band at about 1760 cm−1 can be ascribed to stretching vibrations of >C=O in esters of phenols and aliphatic acids, while the band at about 1735 cm−1 refers to stretching vibrations of >C=O belonging to esters of phenols and aromatic acids. However, the results obtained by Davankov et al. for hyper-cross-linked polystyrene [34] allow us assuming that the absorption bands in the region of 1740–1600 cm−1, as well as the band at 1604 cm−1, can be attributed to hindered vibrations of C–C bonds and bond angles in benzene rings.



From the data presented in Figure 7a it can be concluded that the reduction of the synthesized Pt-containing HAP-based catalyst at 300 °C for 3 h results in noticeable decrease in the signal intensity in the range of 3600–3200 cm−1, 1012 and 567 cm−1, which is likely due to the decrease in content of OH–groups and water. The shift of the absorption band of stretching vibrations of OH-groups to 3500 cm−1 indicates the decrease in OH– groups involved in the formation of hydrogen bonds. In this case, the absorption band at 1678 cm−1 is split into two components 1678 and 1796 cm−1, which can be associated with the destruction of carboxyl and ester groups [32,33] or partial destruction of stressed structures in the HAP network [34]. Further thermal treatment under hydrogen atmosphere with the duration up to 24 h does not cause significant changes in the composition of the functional groups of Pt-HAP.



FTIR spectra of the reduced catalyst samples taken after the reaction of NL hydrogenation slightly differ from each other (Figure 7b). The only difference can be pointed out is insignificant decrease in the content of oxygen-containing functional groups and tense sites of the polymer chain, as evidenced by the decrease in the intensity of absorption bands at 1678 and 1796 cm−1.



XPS analysis revealed that the surface of all the samples (initial, reduced and taken after the NL hydrogenation) contains carbon, oxygen, nitrogen and platinum (Table 1).



The reduction of the initial catalytic system for 3 h leads to the decrease in the oxygen content on the surface in 1.9 times. Further reduction up to 12 and 24 h leads to slight decrease in the oxygen content on the surface (in 2 and 2.1 times, respectively, in comparison with the unreduced sample). This fact is in good agreement with FTIR data (see Figure 7a), which demonstrated the decrease in the intensity of absorption bands belonging to oxygen-containing groups after the first three hours of reduction.



Model deconvolution of C 1s (Figure 8a) sublevel for Pt-HAP (initial and reduced for 3 h) shows that the OH-groups associated with HAP are almost completely removed from the catalyst surface after the reduction (Figure 8b,c). The surface content of carboxyl or ester groups decreases in about 2 times, and the content of amino groups of the polymeric matrix slightly decreases, which is in good agreement with FTIR data. At the same time, removal of the significant part of the residual Cl−(Table 1) occurs, possibly remaining after the decomposition of chloroplatinic acid from the surface.



The content of Pt on the catalyst surface decreases slightly after the treatment in H2 flow for 3 h, and, after that, it remains constant for all the reduced samples, regardless the reduction duration (Table 1).



In the case of the samples taken after the use in hydrogenation of NL, slight decrease in platinum content (by 0.2–0.3 at.%) accompanied by the increase in oxygen content (by 1.5–2.0 at.%) can be found (see Table 1) in comparison with the initial preliminarily reduced samples. This fact is likely due to the adsorption of TL and oxygen of air on the surface of HAP, since all the samples were washed with hexane and dried in air after the catalytic experiments.



Analysis of high-resolution spectra of Pt 4f (see Figure 8d and Figure S1) revealed that, for the initial (unreduced) catalyst, the component 4f7/2 has binding energy of 72.9 eV, which corresponds to platinum (II) oxide [35]. For all the reduced samples, binding energy of Pt 4f7/2 is 71.4 eV, which can be ascribed to Pt(0) [35].



The stability of Pt-HAP (preliminarily reduced for 3 h in hydrogen flow) was studied in four consecutive runs. After the completion of NL hydrogenation, the catalyst was filtered under vacuum using membrane filter (0.45 μm pore size), washed with hexane and dried till constant weight at 70 °C. It is noteworthy that the catalyst weight remained the same in each run: several (at least 3) catalyst samples were collected from previous runs and average catalyst sample was taken for further run to keep all the reaction conditions unchanged. It was found that after the first use in NL hydrogenation the reaction rate increases in about 1.2 times; after that, it stabilized, while selectivity with respect to TL remained constant (in the range of 93–94%). For comparison, Su et al. recently reported 99.75% TL selectivity achieved at 95.62% NL conversion in hexane medium using 4 wt.%NiO-20 wt.%MoO3/Al2O3 catalyst at 200 °C and 6 MPa of hydrogen for 8 h in a batch mode. However, noticeable decrease in NL conversion was observed in the second reaction run that was likely due to the loss of active metals [14].




3. Materials and Methods


3.1. Materials


HAP (Macronet MN100 (Purolite Int., Wales, UK), which is hyper-cross-linked polystyrene bearing tertiary amino groups) was washed with distilled water and acetone and dried under vacuum as described elsewhere [36]. Naphthalene (NL, 99%), tetrahydrofuran (THF, ≥99.9%) and hexane (≥99%), were obtained from Sigma-Aldrich. Chloroplatinic acid hydrate (H2PtCl6*6H2O, Pt content 38.41%) was purchased from JSC “Aurat” (Moscow, Russia). All chemicals were used as received. Distilled water was purified with an Elsi-Aqua water purification system.




3.2. Catalyst Synthesis


Pt-NPs HAP-based catalyst was synthesized via wet-impregnation according to procedure, which is described elsewhere [37]. In a typical experiment, 1 gof pretreated, dried and crushed (<63μm) granules of HAP were impregnated with 2.8 mL of the THF solution of precursor (H2PtCl6*6H2O) of a choosen concentration. The Pt-impregnated HAP wasdried, washed with distilled water until a neutral pH was obtained, and dried again at70 °C until the constant weight was achieved. Thus, the catalysts Pt/HAP was synthesized containing 1.0 wt.% of Pt (confirmed by the elemental analysis).



This catalyst was reduced in a hydrogen flow (100 mL/min) at 300 °C for 3 h at variation of reduction duration: 3 h, 12 h or 24 h




3.3. Catalytic Testing


Testing of Pt-HAP was carried out in a stainless steel autoclave reactor (Parr Instruments, Moline, IL, USA) having internal volume of 80 mL. In a typical experiment, 0.1 g of preliminarily reduced Pt/HAP was placed in the reactor. Then 1.5 g of NL and 40 mL of hexane were added. After that the reactor was sealed, purged with nitrogen and heated under stirring (1500 rpm) up to operating temperature at 5 MPa of N2. After reaching working temperature, the first sample of the reaction mixture was taken. Then nitrogen was replaced with hydrogen, overall working pressure was attained (time “zero” for the reaction) and the reaction was started. Sampling of the reaction mixture was carried out via long narrow capillary (internal diameter of 0.1 mm); the volume of each sample was 200 μL.



Composition of the reaction mixture was identified via GC-MS (Shimadzu GCMS-QP2010S) equipped with a capillary column HP-1 MS (100 m × 0.25 mm i.d., 0.25 μm film thickness). Helium was used as a carrier gas at pressure of 74.8 kPa and linear velocity of 36.3 cm/s. Oven temperature was programmed: 120 °C (0 min) → 10 °C/min (160 °C) → 25 °C/min (300 °C) →300 °C (2.4 min). Temperature of injector, interface and ion source was at 260 °C, range from 10 up to 500 m/z.



Quantitative analysis of reaction mixture was carried out via GC (Kristallux 4000 M) equipped with FID and capillary column ZB-WAX (60 m × 0.53 mm i.d., 1 μm film thickness). Temperature of detector and injector was 240 °C. Column temperature was programmed as follows: 50 °C (5 min), then heating up to 90 °C (10 °C/min) and then up to 160 °C (40 °C/min) and finally 160 °C for 5 min. Helium (30 mL/min) was used as a carrier gas. The concentrations of the reaction mixture components were calculated using absolute calibration method using chemically pure components.



The resulting “concentration vs. time” dependences were approximated by spline curves, which were used for calculation of NL conversion and specific instantaneous reaction rate.



Conversion of NL was defined as


XNL (%) = (CNL,0– CNL)× CNL,0−1× 100



(1)







Integral selectivity with respect to TL was given as


STL (%) = CTL× (CNL,0– CNL)−1× 100



(2)







Specific instantaneous reaction rate was designated as w, [molNL∙molPt−1∙s−1].


w = dCNL× CPt−1× dτ−1



(3)




where CNL and CPt are concentrations (mol/L) of NL and Pt, respectively, and τ is the reaction time (s).




3.4. Catalyst Characterization


Pt/HAP catalyst was characterized by liquid nitrogen physisorption, X-Ray Photoelectron Spectroscopy (XPS), Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and Scanning Transmission Electron Microscopy (STEM).



DRIFTS was carried out using an IRPrestige-21 FTIR spectrometer (Shimadzu, Kyoto, Japan) equipped with a DRS-8000 diffuse reflectance accessory (Shimadzu, Kyoto, Japan). The background sample was a mirror of the material of the optical system of the DRS-8000 accessory. All spectra were recorded in the4000–500 cm−1 range of wavenumbers at a resolution of 4 cm−1.



XPS data were obtained using Mg Kα (hν = 1253.6 eV) radiation with ES-2403 spectrometer (Institute for Analytic Instrumentation of RAS, St.Petersburg, Russia) equipped with energy analyzer PHOIBOS 100-MCD5 (SPECS, Berlin, Germany) and X-Ray source XR-50 (SPECS, Berlin, Germany). All the data were acquired at X-ray power of 250 W. Survey spectra were recorded at an energy step of 0.5 eV with an analyzer pass energy 40 eV, and high-resolution spectra were recorded at an energy step of 0.05 eV with an analyzer pass energy 7 eV. Samples were allowed to outgas for 180 min before analysis and were stable during the examination. The data analysis was performed by CasaXPS.



STEM characterization was carried out using FEI Tecnai Osiris instrument (Thermo Fisher Scientific, Waltham, MA, USA) operating at an accelerating voltage of 200 kV, equipped with high-angle annular dark field (HAADF) detector (Fischione, Export, PA, USA) and energy-dispersive X-ray (EDX) microanalysis spectrometer (EDAX, Mahwah, NJ, USA). Samples were prepared by embedding the catalyst in epoxy resin with following microtomming (ca. 50 nm thick) at ambient temperature. For the image processing Digital Micrograph (Gatan, Pleasanton, CA, USA) software and TIA (Thermo Fisher Scientific, Waltham, MA, USA) were used. Holey carbon/Cu grid was used as a sample support.





4. Conclusions


We have shown for the first time that NL can be hydrogenated selectively to TL in SC hexane using Pt-NPs stabilized within HAP network. HAP was shown to be relatively stable at the reaction conditions used (250 °C, 6 MPa) as well as during the activation in hydrogen flow at 300 °C. The use of supercritical hexane conjugated with such heterogeneous catalytic system is advantageous for NL selective hydrogenation to TL as hexane after depressurizing can be easily separated from the reaction products by simple cooling of the final reaction mixture. The Pt/HAP catalyst was stable in four consecutive reaction runs without loss of activity and electivity.
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Figure 1. Schematic presentation of naphthalene (NL) hydrogenation. 
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Figure 2. High-Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF STEM) image (a), bright-field Transmission Electron Microscopy (TEM) images (b,c) and histogram of NPs size-distribution (d) of Pt/HAP (reduced for 3 h in hydrogen flow at 300 °C). 
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Figure 3. Diagrams of specific instantaneous reaction rate (a) and of integral selectivity with respect to TL (b) as a function of both NL conversion and temperature (1.5 g of NL, 0.1 g of catalyst, 40mL of hexane, 6 MPa). 
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Figure 4. Dependence of NL consumption on time at variation of the overall pressure (a) and diagram of specific instantaneous reaction rate as a function of both NL conversion and pressure (b) (1.5 g of NL, 0.1 g of catalyst, 40 mL of hexane, 250 °C). 
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Figure 5. Dependence of TL accumulation on the conversion of NL at variation of the overall pressure (a) and diagram of integral selectivity with respect to TL as a function of both NL conversion and pressure (b) (1.5 g of NL, 0.1 g of catalyst, 40 mL of hexane, 250 °C). 
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Figure 6. Dependence of NL consumption on time (a) and accumulation of TL on the NL conversion (b) at variation of duration of the catalyst reduction (1.5 g of NL, 0.1 g of catalyst, 40 mL of hexane, 250 °C, 6 MPa). 






Figure 6. Dependence of NL consumption on time (a) and accumulation of TL on the NL conversion (b) at variation of duration of the catalyst reduction (1.5 g of NL, 0.1 g of catalyst, 40 mL of hexane, 250 °C, 6 MPa).



[image: Catalysts 10 01362 g006]







[image: Catalysts 10 01362 g007 550] 





Figure 7. Normalized IR-spectra of Pt-HAP (unreduced (black line) and reduced for 3 h (red line), 12 h (green line) and 24 h (blue line)) (a) and of the three preliminarily reduced samples taken after the NL hydrogenation (b). 






Figure 7. Normalized IR-spectra of Pt-HAP (unreduced (black line) and reduced for 3 h (red line), 12 h (green line) and 24 h (blue line)) (a) and of the three preliminarily reduced samples taken after the NL hydrogenation (b).



[image: Catalysts 10 01362 g007]







[image: Catalysts 10 01362 g008 550] 





Figure 8. High-resolution spectrum of C 1s (a) for initial Pt-HAP (red circles) and the samples reduced for 3 h (green triangles), 12 h (blue squares) and 24 h (black rhombs) and deconvolution of C 1s of the Pt-HAP (initial (b) and reduced for 3 h (c)) and high-resolution spectrum of Pt 4f (d). 
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Table 1. Elemental composition of the catalyst surface.
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Element and Band

	
Surface Content, at.%




	
Initial (Unreduced) Catalyst

	
After the Reduction

	
After the Use in NL Hydrogenation




	
3 h

	
12 h

	
24 h

	
3 h

	
12 h

	
24 h






	
Pt 4f

	
1.6

	
1.4

	
1.4

	
1.4

	
1.2

	
1.1

	
1.1




	
Cl 2p

	
1.4

	
0.4

	
0.3

	
0.1

	
0.2

	
0.2

	
0.1




	
C 1s

	
83.6

	
91.8

	
92.3

	
92.9

	
91.0

	
90.4

	
90.9




	
O 1s

	
10

	
5.2

	
5.0

	
4.9

	
6.6

	
7.0

	
6.7




	
N 1s

	
3.4

	
1.2

	
1.0

	
0.9

	
1.0

	
1.3

	
1.2
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