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Abstract

:

Functionalized carbon nanofibers (CNF) are fascinating materials to be used as supports in Pd-based catalysts for the treatment of waste chloroform (TCM) to produce light olefins through the catalytic hydrodechlorination (HDC). The CNF were functionalized by HNO3, HCl, and urea. Compared to the Pd supported on un-treated CNF, all the catalysts using functionalized CNF as support showed lower turnover frequency values with higher stability, owing to their smaller Pd nanoparticles (NPs). These smaller Pd NPs are formed due to the stronger metal–support interactions promoted by the higher concentration of surface groups on the functionalized catalysts. Since the smaller Pd NPs could hinder the hydrogenation of olefins to paraffins, the selectivity to olefins increased on the functionalized catalysts. Moreover, the N-doped CNF was successfully formed on the catalyst functionalized by urea. Since the nitrogen functional groups (pyridinic N and pyrrolic N) could provide much stronger metal–support interactions compared to the oxygen functional groups on the other catalysts, the catalyst functionalized by urea showed the smallest Pd NPs among the four catalysts, leading to the highest selectivity to light olefins.
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1. Introduction


Chloroform (TCM) has been considered a dangerous waste volatile organic compound (VOC) which usually provokes environmental and health problems such as photochemical pollution, global warming, and cancer [1]. Catalytic hydrodechlorination (HDC) is a promising technology which can treat the TCM at moderated operating conditions and produce non-chlorinated products such as methane (CH4), and C2–C3 hydrocarbons. Some previous theorical studies [2,3] suggested that the chloromethanes such as TCM and dichloromethane (DCM) would be firstly fully dechlorinated into non-chlorinated hydrocarbon radicals adsorbed on the surface of active centers, which is energetically favorable. Then, the formed hydrocarbon radicals would be continually hydrogenated into CH4. On the other hand, these formed hydrocarbon radicals could also interact with each other to form C-C bonds leading to the generation of olefins which could be continually hydrogenated into related paraffins [4]. As a structure-sensitive reaction, the selectivity to these products is entirely dependent on the selected metal and catalyst support. Most of the studies reported successfully recovered the TCM to produce CH4 as the main product [5,6]. In some recent works [7,8], interesting results have been obtained for the production of light olefins, such as ethylene (C2H4) and propylene (C3H6), from HDC of TCM, which are more valuable for industry. Various noble metals (Pd, Pt, Ru, and Rh) have been studied as the active phase in the HDC of TCM [4], but Pd has demonstrated the highest selectivity to light olefins [4].



Carbon nanofibers (CNF) have attracted enormous interest as catalyst supports in various fields [9], owing to their outstanding mechanical and thermal-stable properties [10]. As a non-microporous material, catalyst deactivation could be resisted since the accumulation of carbon deposits on the catalysts is hindered [11,12]. Moreover, a previous work [7] suggested that mesoporous carbon materials favor the production of light olefins in the HDC of TCM. Since the CNF are a uniform mesoporous carbon material [13], using them as catalyst support would provide highly accessible active centers, promoting the TCM conversion and the formation of light olefins during the HDC of TCM.



The surface functional groups may also influence the olefins’ production during the TCM HDC [7]. The presence of surface functional groups usually yields small metal particles through strong metal–support interactions [7]. Small NPs sizes were found to promote the selectivity to olefins [7]. Moreover, the different nature of surface groups may modify the electron density of Pd, which also influences the activity of the catalysts. The modification of the surface chemical properties of CNF has been widely studied by employing different agents such as HCl [14], HNO3 [14,15], urea [16,17,18], H2SO4 [19,20], NH3 [19,21,22], and KOH [19]. CNF treated with HCl and HNO3 were employed as catalyst supports in the HDC of 1,2-dichlorobenzene [14] using Pd-based catalysts. The Pd/CNF-HCl provided highly dispersed small Pd NPs, favoring the catalyst activity. CNF-HNO3 generated a higher concentration of surface oxygen groups than CNF-HCl, but lower metal–support interactions [14,15]. Urea is considered a facile and economical nitrogen resource to synthesize N-doped CNF, which, used as catalyst support, could provide strong metal–support interactions and lead to highly stable activity [16]. Thus, the functionalized CNF seems to be an attractive catalyst supports to produce olefins by HDC.



Therefore, in this work, CNF and functionalized CNF will be used as supports of Pd catalysts tested in the HDC of TCM for producing light olefins, analyzing their physicochemical properties through different characterization technologies.




2. Results and Discussion


2.1. Characterization Results


The prepared catalysts are denoted as un-treated catalyst (Pd/CNF), catalyst functionalized by HCl (Pd/CNF-Cl), catalyst functionalized by HNO3 (Pd/CNF-N), and catalyst functionalized by urea (Pd/CNF-U). The total-reflection X-ray fluorescence (TXRF) results are shown in Table 1. As can be seen, the four catalysts show similar Pd composition (around 1 wt.%). Their Brunauer–Emmett–Teller (BET) surface areas are also summarized in Table 1. All catalysts present similar surface areas, between 12–13 m2 g−1. These results suggest that the functionalization treatments do not significantly influence the loaded Pd composition or the surface area of the catalysts.



The mean Pd NP sizes were determined by the statistical average employing about 250 NPs sizes obtained from transmission electron microscopy (TEM) images of the catalyst samples. The distributions of these Pd NPs sizes are shown in Figure 1. The mean NP sizes and the dispersion of the NPs are listed in Table 1. The dispersion of Pd NPs is calculated supposing spherical geometry, employing the following equation [8]:


  D i s p e r s i o n    %  =   6 ×   10  5   M w     ρ M  ·  σ M  ·  N A  · d    



(1)




where Mw represents the atomic mass of Pd (106.42 g/mol), ρM is the density of Pd (12.02 g/cm3), σM stands for the Pd effective surface area per atom (7.87 × 10−20 m2), NA is the number of Avogadro and d corresponds to the mean Pd NP size (in nm), acquired from TEM (Table 1).



As can be seen, the functionalized catalysts showed smaller NP sizes with higher NPs dispersion than the un-treated catalyst, suggesting the effect of surface functional groups on the metal–support interaction. The mean NP size increases (and NPs dispersion decreases) in the following order: Pd/CNF-U < Pd/CNF-Cl < Pd/CNF-N < Pd/CNF. Among them, Pd/CNF-U shows the smallest mean NP size (1.67 nm), where most NPs are between 0.5–2 nm.



The X-ray diffraction (XRD) patterns of the fresh reduced catalysts are shown in Figure 2. The peaks present at around 26°, 42.5°, 45°, 54°, and 78° are related to the typical crystalline carbon facets usually appearing on structured carbon materials: C(002), C(100), C(101), C(004), and C(110), respectively [23]. The peak at around 40° corresponds to Pd (111) [24]. As can be seen, the intensity of the Pd peak increases in the following order: Pd/CNF-U < Pd/CNF-Cl < Pd/CNF-N < Pd/CNF, as did the mean NP sizes (Table 1). Pd/CNF-U shows two other peaks at around 33° and 36° related to the urea [25]. Probably, the interaction between urea and CNF is forming N-doped CNF.



The X-ray photoelectron spectroscopy (XPS) spectra and the deconvoluted species of all fresh reduced catalysts are shown in Figure 3 and Figure 4. The elemental atomic compositions of all species and the relative atomic compositions of O 1s, Pd 3d, and N 1s are summarized in Table 2, Table 3, Table 4 and Table 5. In all cases, the O 1s spectrum can be deconvoluted into four species: C=O: 531.1 eV; C-OH: 532.3 eV; C-O-C: 533.5 eV; and COOH: 534.7 eV (Figure 3a). Each Pd 3d spectrum can be deconvoluted into a doublet (Pd 3d5/2 and Pd 3d3/2) separated by 5.26 eV. The peaks at around 335.6 eV (and 340.9 eV) are related to the zero-valent Pd (Pd0), the peaks at around 336.7 eV (and 342.0 eV) correspond to PdO, and the peaks at around 338.3 eV (and 343.6 eV) correspond to PdCl2 (Figure 3b). The sum of their values is listed in Table 4 presented as electro-deficient species (Pdn+). On Pd/CNF-U, the N 1s spectrum can be deconvoluted into two species: pyridinic N: 398.5 eV; pyrrolic N: 400 eV; [26].



The formation of Pd0 seems to be promoted by the presence of electron-donating groups. As can be seen in Table 2, the proportion of oxygen (O 1s %) is higher in the functionalized catalysts than in the untreated catalyst. Regarding the oxygen functionalities, although different compositions of each species are observed (Table 3), C-OH and C-O-C, are the main oxygen functional groups in all catalysts, which are electron-donating groups, that was found to favor the selectivity to olefins [7]. The catalysts show slight differences in the proportion of electron-donating groups (C-OH + C-O-C), increasing in the order: Pd/CNF-U (72%) < Pd/CNF-N (78.1%) < Pd/CNF (82.0%) < Pd/CNF-Cl (91.5%) in agreement with the increasing order of Pd0 species (Table 4). Among the four catalysts, Pd/CNF-U shows a much lower Pd0 proportion (20.7%) than Pdn+ (79.3%) (Table 4), owing to the stronger metal–support interactions given by the presence of nitrogen functional groups, pyridinic N and pyrrolic N on the N-doped CNF (Figure 4 and Table 5). According to a previous DFT study [27], these nitrogen functional groups may strongly interact with Pd atoms.



As the N-doped structured carbon materials usually present outstanding metal–support interactions [9,16,28], they have been employed as supports to synthesize single-atom catalysts [9,27,29,30]. Although the single atomic level is not reached in the active centers on Pd/CNF-U, the strong interactions between pyridinic N and pyrrolic N groups and Pd atoms conduct the smallest Pd NPs among the four catalysts (Table 1 and Figure 1).



Elsewhere, since PdCl2 is used to synthesize all Pd-based catalysts, it is normal to find the presence of chlorine in all the catalysts (Table 2) [31].




2.2. Activity Results


The activity and selectivity results obtained during the HDC of TCM using the four catalysts (Pd/CNF, Pd/CNF-Cl, Pd/CNF-N, and Pd/CNF-U) are shown in Figure 5. The products obtained are: C1 (CH4); C1+ paraffins: ethane (C2H6), propane (C3H8), and traces of n-butane (n-C4H10); Olefins: C2H4, C3H6, and traces of 1-butene (1-C4H8); Chloromethanes: monochloromethane (MCM) and DCM. Figure 5a shows the influence of support functionalization on the activity of the catalysts at different reaction temperatures. The functionalized catalysts show considerably lower TCM conversion owing to the formation of the smaller Pd NPs by the interaction with the surface functional groups. As expected, TCM conversion of all catalysts increases when reaction temperature increases. Turnover frequency (TOF) values were calculated at 150 °C. The relationship between the TOF values of catalysts and their mean Pd NP sizes is shown in Figure 6. TOF values decrease in the following order Pd/CNF (12 h−1) > Pd/CNF-N (5 h−1) > Pd/CNF-Cl (3 h−1) > Pd/CNF-U (1 h−1), as Pd NP sizes decrease, similar results were observed in some previous studies using Pd-based catalysts in the HDC of chloromethanes [8,32].



As seen in Figure 5, the higher temperature increases TCM conversion and selectivity to olefins, which was also observed in some previous works [4,7]. Therefore, the highest temperature (250 °C) was selected to show the selectivities to the main products (Figure 5b). Selectivity to olefins increases in the following order: Pd/CNF (ca. 25%) < Pd/CNF-Cl (ca. 31%) < Pd/CNF-N (ca. 50%) < Pd/CNF-U (ca. 70%). On the contrary, selectivity to CH4 decreases in the same order. In contrast with most of Pd carbon supported catalysts used in previous studies [1,7,31], Pd/CNF supported catalysts show a considerable selectivity to olefins at mild reaction temperature which can be ascribed to the high proportion of electron-donating surface groups. However, the functionalized catalysts show higher and more stable selectivity to olefins compared to the un-treated catalyst (Figure 7), promoted by their smaller Pd NPs, formed by the interaction with the surface functional groups (Figure 1 and Figure 2, Table 1), smaller Pd NPs, hinder the olefins’ hydrogenation into paraffins, as observed in a previous work [7]. A previous simulation study [3] indicated that, over the Pd surface, the TCM would be fully dechlorinated into a CH* radical. Then, the CH* would be hydrogenated into CH2* and CH3* radicals, and CH4. It seems that smaller Pd NPs on the functionalized catalysts show lower hydrogenation ability than the bigger NPs of the un-treated catalyst, occurring the hydrogenation of CH* to a lesser degree. The formation of the C-C bond might be favored over the Pd surface on the functionalized catalysts, promoting the formation of C1+ hydrocarbons, especially olefins due to the lack of hydrogen, since the olefins were be found to be an intermediate in the hydrodechlorination of chloromethanes to C2 hydrocarbons, which could be continually hydrogenated into paraffins [4]. Among the functionalized catalysts, the Pd/CNF-U presents the highest selectivity to olefins (ca. 70%, Figure 7d) owing to its smallest NPs size formed by the interaction with pyridinic N and pyrrolic N groups (Table 1, Figure 4). Herein, nitrogen functional groups present a strong metal–support interaction, hindering the growth of Pd NPs, leading to the formation of the smallest Pd NPs and promoting the highest selectivity to olefins among the four catalysts.



Figure 7 also shows the stability of the catalysts at 250 °C. The un-treated catalyst shows the highest initial TCM conversion (ca. 70%, Figure 7a), but its deactivation is evident. On the contrary, the three functionalized catalysts show a similar lower TCM conversion (ca. 40%) and no significant deactivation, suggesting that although their smaller Pd NPs may not present high activity (Table 1), they may promote higher catalyst stability in the HDC of TCM, as it was also observed in a previous study [7,31].





3. Materials and Methods


3.1. Functionalization of CNF


Commercial CNF (Sigma-Aldrich, St. Louis, MO, USA, diameter ≈ 100 nm, length ≈ 20–200 µm) have been functionalized by: (i) physical mixture of CNF with urea (proportion 7:3 in weight), ball-milled in a Orto-Alresa de 250 RPM for 4 h at a vibration frequency of 1.5 rounds s−1, followed by thermal treatment at 600 °C under N2 flow for 1 h, as described by Soares et al. [33]; (ii) oxidation with HNO3, adapting the procedure used by Rocha et al. [34], stirring a mixture of 7.5 g L−1 of CNF and HNO3 (7 mol L−1) in a round flask at boiling temperature for 3 h; and treatment with HCl, sonicating for 20 min a mixture of 13.3 g L−1 of CNF and concentrated HCl (37%), followed by overnight stirring, as described by Yang et al. [35]. The solids functionalized with HNO3 and HCl were washed with distilled water until neutral pH and dried at 110 °C overnight.




3.2. Preparation of Catalysts


These solids have been used as supports for the synthesis of 1 wt.% Pd/CNF catalysts, prepared by incipient wetness impregnation, employing PdCl2 (>99%, Sigma-Aldrich) dissolved in an acidic aqueous solution as Pd precursor. The catalysts were dried at 100 °C with a heating rate of 20 °C h−1 for 2 h. Finally, the dried catalysts were activated through a reduction process under a 50 Ncm3 min−1 H2 flow (>99.999%, supplied by Nippon Gases) at 250 °C for 2 h.




3.3. Characterization


The porous structure of the catalysts was analyzed by N2 adsorption–desorption at—196 °C employing a Micromeritics equipment (Tristar II 3020). The catalyst samples were previously outgassed at 150 °C overnight. The BET equation was used to calculate the specific surface areas. The loaded Pd concentration was analyzed by TXRF. A TXRF 8030C spectrometer (Cameca, Gennevilliers, France) is used together with a 3 kW X-ray tube with a Mo/W alloy anode connected to a double-W/C multilayer monochromator. A Si(Li) detector (Oxford Instruments, Abingdon, UK) was employed with an active area of 80 mm2. The resolution of this detector was 150 eV at 5.9 keV. The catalyst samples were analyzed at 50 kV with an auto-adjusted intensity for achieving nearly 8500 cps with a signals-collection frequency of 500 s/signal. The Pd NP sizes were measured through the TEM images obtained from a JEOL JEM-2100F microscope, which operated at 200 kV with a resolution of 0.19 nm. The mean Pd NP size of each catalyst was calculated through measurements of about 250 NP. The crystalline structure of the catalysts was measured through XRD analysis in an X’Pert PRO PANalytical diffractometer with a θ-θ configuration. The samples were scanned by CuKα radiation (λ = 1.5406 Å, 45 kV, 40 mA). The scan range (2θ) was 4–90° with a step size of 0.04 and a counting time of 20 s. The catalysts’ surface composition and oxidation state were analyzed by XPS using a Multitechnique System of Physical Electronics 5700 C with a MgKα radiation equal to 1253.6 eV. The composition was analyzed by a broad spectrum obtained through binding energy (BE) up to 1200 eV. C1s peak (284.6 eV) was used as an internal standard to correct the changes in BE caused by sample charging. After smooth Shirley background subtraction, the deconvolution of XPS spectra was realized using mixed Gaussian–Lorentzian functions with a least-squares method. The relative atomic composition of elements was related to the area of deconvoluted peaks obtained from related core-level curves applying Wagner sensitivity factors [36].




3.4. Catalytic Activity Tests


The activity of the catalysts in the HDC of TCM was tested in a continuous flow Microactivity (PID Eng&Tech, São Paulo, Brazil) reaction system described elsewhere [37], consisting of a quartz fixed-bed microreactor (internal diameter 9 nm), connected to a gas-chromatograph (Agilent 7820A) equipped with a capillary column (CP-SilicaPLOT, 60 m × 0.53 mm ID, Agilent, Madrid, Spain), using a Flame Ionization Detector (FID) to measure the concentration of TCM and products. The experiments were performed at atmospheric pressure, with a total flow rate of 100 Ncm3 min−1, a TCM inlet concentration of 1000 ppmv, an H2/TCM molar ratio of 50:1, and a τ = 0.2 kg h mol−1. Various reaction temperatures were tested: 150 °C, 175 °C, 200 °C, 225 °C, and 250 °C.



The performance of the catalysts in the HDC of TCM reaction was measured in terms of TCM conversion (X(TCM)) and selectivities to different products (S(i)):


  X   T C M   =   C     T C M     i n l e t   − C     T C M     o u t l e t     C     T C M     i n l e t     × 100 %  



(2)






  S  i  =   C    i    o u t l e t   × N     C a r b o n    i    C    i    o u t l e t   × N     C a r b o n    i  + C    j    o u t l e t   × N     C a r b o n    j  + ⋯   × 100 %  



(3)




where C(TCM)inlet and C(TCM)outlet refer to TCM concentration at the inlet and outlet of the microreactor, respectively, C(i)outlet and C(j)outlet refer to the concentrations of the products i and j, respectively, at the outlet of the microreactor, and N(Carbon)i and N(Carbon)j are carbon atoms number in the products i and j, respectively.



The TOF was calculated as the number of TCM molecules converted per number of accessible Pd atoms and time. The number of accessible Pd atoms is calculated using the nominal Pd content (μmol g−1) of the catalysts multiplied by the dispersion value (Table 1).





4. Conclusions


The CNF supported catalysts tested promote olefins formation in the HDC of TCM when compared to other carbonaceous materials supported Pd catalysts because of their high amount of electron-donating surface groups. Moreover, the surface chemistry of the functionalized catalysts has a great influence in the production of olefins by HDC of TCM through the reduction in Pd NPs size. Compared to the un-treated CNF, the functionalized catalysts show higher concentrations of surface functional groups, which promote the formation of smaller Pd NPs due to a stronger metal–support interaction. The functionalized catalysts, with smaller Pd NPs, demonstrate lower TOF but higher selectivity to olefins and stability than the un-treated catalyst. Smaller Pd NPs present lower hydrogenation ability of reaction intermediates and hinder the hydrogenation of adsorbed olefins into paraffins.



N-dopped CNF is successfully synthesized using urea. Since the interactions between the nitrogen functional groups (pyridinic N and pyrrolic N) and Pd atoms are much stronger than that given by oxygen functional groups, the smallest Pd NPs are formed on Pd/CNF-U among the four catalysts, leading to its highest selectivity to olefins.
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Figure 1. Distribution of Pd NP size on different catalysts ((a) Pd/CNF; (b) Pd/CNF-Cl; (c) Pd/CNF-N; (d) Pd/CNF-U). 
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Figure 2. XRD patterns of the catalysts (I: C(002); II: Pd(111); III: C(100); IV: C(101); V: C(004); VI: C(110)). 
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Figure 3. XPS profiles of catalysts: (a) O 1s; (b) Pd 3d. 
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Figure 4. XPS profiles of N 1s in Pd/CNF-U. 
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Figure 5. Influence of surface functionalization at different reaction temperature on (a) TCM conversion and (b) selectivity to olefins (space-time (τ) = 0.2 kg h mol−1; H2/TCM = 50). 
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Figure 6. TOF (150 °C) versus mean Pd NP sizes values of the catalysts. 
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Figure 7. Stability of catalysts during the HDC of TCM: (a) Pd/CNF, (b) Pd/CNF-Cl, (c) Pd/CNF-N, (d) Pd/CNF-U (Treaction = 250 °C; τ = 0.2 kg h mol−1; H2/TCM = 50). 
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Table 1. Pd composition, BET surface area, mean NP sizes, and dispersion of NPs of the catalysts.






Table 1. Pd composition, BET surface area, mean NP sizes, and dispersion of NPs of the catalysts.












	
	Pd/CNF
	Pd/CNF-Cl
	Pd/CNF-N
	Pd/CNF-U





	Mean NP size (nm)
	3.8
	2.4
	2.7
	1.7



	Dispersion of NPs (%)
	29
	46
	42
	67



	Loaded Pd (wt.%)
	1.0
	1.0
	1.1
	1.0



	BET surface area (m2 g−1)
	12.3
	13.0
	12.3
	12.5
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Table 2. XPS elemental atomic composition of supports and catalysts.
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	O 1s (%)
	N 1s (%)
	Cl 2p (%)
	Pd 3d (%)





	Pd/CNF-U
	4.3
	1.4
	0.1
	0.5



	Pd/CNF-N
	4.6
	-
	0.1
	0.9



	Pd/CNF-Cl
	5.9
	-
	0.1
	0.4



	Pd/CNF
	3.6
	-
	0.1
	0.8
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Table 3. Distribution of oxygen-containing species on the catalysts.
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O 1s




	
C = O (%)

	
C-OH (%)

	
C-O-C (%)

	
COOH (%)






	
Pd/CNF-U

	
19.7

	
39.5

	
32.5

	
8.4




	
Pd/CNF-N

	
14.8

	
60.8

	
17.3

	
7.1




	
Pd/CNF-Cl

	
4.5

	
30.1

	
61.4

	
4.0




	
Pd/CNF

	
13.4

	
45.6

	
36.4

	
4.6











[image: Table] 





Table 4. Distribution of Pd species on the catalysts.
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Pd 3d




	
Pd0 (%)

	
Pdn+ (%)






	
Pd/CNF-U

	
20.7

	
79.3




	
Pd/CNF-N

	
49.7

	
50.4




	
Pd/CNF-Cl

	
66.8

	
33.3




	
Pd/CNF

	
58.4

	
41.6
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Table 5. Distribution of nitrogen-containing species on Pd/CNF-U.
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N 1s




	
Pyridinic N (%)

	
Pyrrolic N (%)






	
Pd/CNF-U

	
21.4

	
78.2
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