

  catalysts-10-00047




catalysts-10-00047







Catalysts 2020, 10(1), 47; doi:10.3390/catal10010047




Article



Structure and Activity of Ni2P/Desilicated Zeolite β Catalysts for Hydrocracking of Pyrolysis Fuel Oil into Benzene, Toluene, and Xylene



Yong-Su Kim, Kye-Sung Cho and Yong-Kul Lee *[image: Orcid]





Laboratory of Advanced Catalysis for Energy and Environment, Department of Chemical Engineering, Dankook University, 152 Jukjeonro, Yongin 16890, Korea









*



Correspondence: yolee@dankook.ac.kr; Tel.: +82-31-8005-3466







Received: 6 December 2019 / Accepted: 25 December 2019 / Published: 1 January 2020



Abstract

:

The effects of desilication (DS) of the zeolite β on the hydrocracking of polycyclic aromatics were investigated using the Ni2P/β catalysts. The Ni2P/β catalysts were obtained by the temperature-programmed reduction (TPR) method, and the physical and chemical properties were examined by N2 physisorption, X-ray diffraction (XRD), 27Al magic angle spinning–nuclear magnetic resonance (27Al MAS NMR), extended X-ray absorption fine structure (EXAFS), isopropyl amine (IPA) and NH3 temperature-programmed desorption (TPD), CO uptake, and thermogravimetric analysis (TGA). The catalytic activity was examined at 653 K and 6.0 MPa in a continuous fixed bed reactor for the hydrocracking (HCK) of model compounds of 1-methylnaphthalene (1-MN) and phenanthrene or a real feedstock of pyrolysis fuel oil (PFO). Overall, the Ni2P/DS-β was observed as more active and stable in the hydrocracking of polycyclic aromatics than the Ni2P/β catalyst. In addition, the Ni2P/β suffered from the coke formation, while the Ni2P/DS-β maintained the catalytic stability, particularly in the presence of large polycyclic hydrocarbons in the feed.
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1. Introduction


Pyrolysis fuel oil (PFO), the by-product of naphtha cracking process, has been used as a low valued fuel oil as a heating source due to high content of polyaromatic hydrocarbon. In order to meet the increasing demand of engineering plastic (polyethylene, polypropylene), the conversion of PFO into benzene, toluene, xylenes (BTX) can be more beneficial for many petrochemical companies instead of building new naphtha cracking center. PFO is a mixture of alkyl–naphthalene, which can be converted into BTX by the hydrocracking process [1,2,3].



The hydrocracking process is known as the most effective process to convert polycyclic aromatics into BTX and distillates [4,5,6]. Most of the hydrocracking catalysts incorporate two functions of hydrogenation and cracking represented by a combination of a metal and an acidic support like silica-alumina or zeolites [7,8,9,10].



According to previous studies, NiMo/USY and NiW/USY catalysts exhibit good activity in hydrocracking reactions, but require high temperatures of around 773–1073 K and H2 pressures of around 8.0–15.0 MPa. Besides, the catalysts tend to undergo rapid deactivation by coke formation on the strong acid sites in the zeolite [11,12,13,14]. Metal phosphides, as a novel hydroprocessing catalyst group, have been introduced [15,16,17,18,19], in which Ni2P catalyst shows the best activity in hydroprocessing [16,17,18,19,20,21,22,23,24,25,26,27,28,29]. Our recent studies revealed that a Ni2P supported on zeolite β shows a good activity in the hydrocracking of naphthalene and 1-methyl naphthalene at 673 K and 3.0–5.5 MPa [29,30], in which a bifunctional catalytic activity and inter-particulate porosity contribute to the high conversion. Considering larger-sized polycyclic hydrocarbons in real feedstock, like pyrolysis fuel oils, the microporosity of zeolites can limit the diffusion of the molecules, causing coke formation. To lessen the diffusion limitation, desilication has been introduced to create mesoporosity within the zeolite structure [31], where Si can be selectively extracted from the zeolite framework in alkaline medium, typically NaOH [31,32,33,34,35,36]. Tarach et al. [36] confirmed the enhanced cracking activity of a mesoporous zeolite for gas–oils. Kenmogne et al. [37] demonstrated a bifunctional catalytic activity of a Pt/Al–MCM-48 in the hydrocracking of heavy oils.



This study focuses on Ni2P catalysts supported on β zeolites to which desilication has been applied to obtain better accessibility toward acid sites. Moreover, pyrolysis fuel oils as a real feedstock were used in the feed for hydrocracking (HCK) over the Ni2P/DS-β.




2. Results and Discussion


2.1. Characterization of Ni2P Catalysts


The physical properties of the support and Ni2P catalyst samples are given in Table 1. The Si/Al ratio was found to decrease from 12.66 to 10.47 after desilication of the zeolite β, indicating the removal of Si being achieved by the alkaline treatment. The Brunauer-Emmett-Teller (BET) surface area of the β and DS-β were 609.6 and 588.3 m2g−1, respectively. The mesopore volume of the DS-β was much larger than that of parent β zeolite. These results indicate that the desilication increased the mesopore volume with little change of micropore volume. After the Ni2P was loaded on the support, the BET surface area of Ni2P/β and Ni2P/DS-β were 407.4 and 392.1 m2g−1, respectively, due to a reduction in the pore volume with the loadings of Ni2P. The spent samples of Ni2P/β underwent a significant reduction in the surface area due to the deposit of reaction products, including coke on the catalysts, resulting in the deactivation of the catalyst. Especially, in the presence of polyaromatic hydrocarbon such as phenanthrene, the micropore volume was almost blocked with the coke. This result indicates that the polyaromatic hydrocarbon compounds lead to coke formation during the HCK reaction. The amount of CO uptake for the spent samples was significantly reduced, indicating the loss of active sites, probably by the agglomeration of Ni2P particles or coke deposits during the reaction. However, in the case of Ni2P/DS-β, the amount of coke formation was lower than Ni2P/β. This result implies that the mesopore reduces the coke formation due to the enhanced accessibility of large aromatics towards active sites, resulting in a promotion of the hydrocracking activity. Furthermore, the mesopore in the desilicated β facilitates the accessibility of the reactants to the surface acid sites.



Figure 1 shows the N2 adsorption and desorption isotherms and the corresponding Barrett-Joyner-Halenda (BJH) pore size distribution for the β and DS-β samples. The parent β and DS-β showed type IV isotherms with an H3 hysteresis loop, indicating the existence of mesopores. The zeolite β is known to possess mesopores generated from the inter-particulate pore system [36]. It is notable that the DS-β increased the quantity of mesopore volume. Moreover, as shown in the pore size distribution in Figure 1, the mesopore distribution was remarkably developed (>10 nm).



Figure 2 shows the powder X-ray diffraction (XRD) patterns of the β and DS-β samples. The diffraction patterns for β and DS-β zeolite show main peak at 22.0°. The diffraction pattern of the DS-β shows that the β zeolite structure was mostly preserved, even after the desilication process, but with slightly being decreased in the crystallinity of the DS-β by 13% based on the diffraction peak intensity at 22.0°.



The local coordinations of Al species in the β and DS-β samples were examined by solid-state 27Al magic angle spinning–nuclear magnetic resonance (27Al MAS NMR). Figure 3 displays the 27Al MAS NMR spectra of the samples, exhibiting a strong peak at 57 ppm, corresponding to tetrahedral Al, and a weaker peak at 0 ppm to octahedral Al, which represents the Al species of in the framework (F-Al) and out of the framework (EF-Al), respectively [38,39,40]. For the samples, the peak areas were calculated to obtain the relative amount of F-Al and EF-Al. After desilication, the F-Al content of desilicated β was decreased from 85 to 71% while the EF-Al content increased from 15 to 29%.



Table 2 summarizes the acidity of the catalysts based upon the isopropyl amine temperature-programmed desorption (IPA-TPD) results. IPA-TPD measurements are useful to determine the strength and concentration of Brønsted acid sites. According to Gorte [41], Brønsted acid sites protonate amines to form alkylammonium ions that subsequently decompose to propene and ammonia above 575 K. Thus, desorption of propene indicates the presence of Brønsted sites. IPA-TPD profiles of the DS-β revealed that the propene desorption peak intensity slightly decreased, indicating the loss of Brønsted acid sites after the desilication process. After the nickel phosphide was loaded on the support by impregnation, the propene desorption peak intensities of Ni2P/β and Ni2P/DS-β were significantly reduced, due to the Ni2P nanoparticles blocking the micropore volume. These results are well correlated with the BET results, as shown in Table 2. However, the propene desorption peak intensity of Ni2P/DS-β was higher than those of Ni2P/β. These results imply that the Ni2P/DS-β catalyst retains larger porosity open to access for the reactants to better access the Brønsted acid sites. The total amount of acid sites and Brønsted acid sites were counted from the NH3-TPD and the IPA-TPD profiles, respectively. The amount of Brønsted acid sites of the DS-β was slightly lower than parent β zeolite, indicating the loss of FAL species during the desilication. These results imply that the Al atoms can leak out from the framework along with Si atoms during the desilication process [35]. These results are well correlated with the XRD and 27Al-MAS NMR results, as shown in Figure 2 and Figure 3. On the other hand, the amount of Brønsted acid sites of Ni2P/DS-β was higher than Ni2P/β. These results imply that the Ni2P/DS-β catalyst provides better accessibility of the reactants toward the Brønsted acid sites.



Figure 4 displays the Ni K-edge extended X-ray absorption fine structure (EXAFS) spectra for the Ni2P catalysts and bulk Ni2P reference sample. The spectrum for Ni2P exhibits a wider oscillation region in 30.0–80.0 nm−1 corresponding to Ni–P contribution and a narrower oscillation region in 80.0–140.0 nm−1 for Ni–Ni contribution, generating two distinct peaks in the Fourier transforms (FT), centered at 0.175 nm and 0.240 nm for Ni–P and Ni–Ni shells, respectively [42]. The zeolite-supported Ni2P catalysts also exhibit the similar FT profiles as those of the bulk Ni2P reference, implying the formation of Ni2P phase on the β and DS-β. The spent Ni2P samples also exhibit very similar spectra with only a slight decrease in Ni–Ni peak intensity of Fourier transforms, indicating that the Ni2P phase is mostly maintained during the reaction.




2.2. Hydrocracking Activity of Ni2P Catalysts


Figure 5 shows the conversion, 1-ring aromatics (1-Ar), and BTX yields of the hydrocracking of polycyclic aromatics over the Ni2P catalysts at 653 K, 6.0 MPa, and liquid hourly space velocity (LHSV) of 1.0 h−1. The Ni2P/DS-β also exhibited very high and stable conversion of 1-methylnaphthalene (1-MN, 2-Ar) over 98%, even in the presence of phenanthrene (3-Ar) with high and stable BTX yield of 43.1 wt.%, while the Ni2P/β gave relatively low 2-Ar and 3-Ar conversion below 55%. These results suggest that the coke deposition was accelerated on the catalyst surface, leading to the agglomeration of Ni2P particles and reduced exposed acid sites, as evident from the CO uptake and thermogravimetric analysis (TGA) summarized in Table 2. Moreover, the Ni2P/DS-β catalyst exhibited higher BTX yield than the Ni2P/β catalyst at the same reaction conditions in presence of 3-ring polycyclic aromatics. These results indicate that the catalytic activity for hydrocracking of polycyclic aromatics depends on both the concentration of acid sites and the accessibility toward the acid sites.



Figure 6 shows the 1-Ar and BTX yields of the hydrocracking of PFO over the Ni2P catalysts at 653 K, 6.0 MPa, and LHSV of 1.0 h−1. Similarly, the Ni2P/β exhibited high 1-Ar and BTX yield of 46.3 and 31.6 wt.% at the steady-state condition, but a gradual decrease of BTX yield was observed over the Ni2P/β catalyst, especially over 168 h of reaction, suggesting that a coke deposit might occur on the Ni2P/β catalyst with causing a loss in cracking activity. In contrast, the Ni2P/DS-β exhibited high and stable HCK activity with 1-Ar and BTX yields of 52.7 and 35.1 wt.%, respectively. Therefore, these results demonstrate that the desilication of the zeolite supports plays a crucial role in the hydrocracking of PFO into BTX with providing better accessibility toward active centers, leading to enhanced stability toward 2- or 3-Ar enriched feedstocks.





3. Experimental


3.1. Materials and Catalysts Preparation


Model compounds of 1-methylnaphthalene (Alfa Aesar, Haverhill, MA, USA, 98%) and phenanthrene ((Aldrich, Montgomery, AL, USA, 95%)) were used as received. The PFO feed was supplied from Hanwha Total petrochemical company in Seosan, Korea, and the specification is given in Table 3. PFO fractions of boiling temperature below 573 K are composed mainly of alkyl-derivate naphthalenes, which were easy to produce BTX through hydrocracking process. Commercial zeolite (β, CP814E, SiO2/Al2O3 = 25) was obtained from Zeolyst. Desilication was carried out using alkaline treatment as reported in literature [11]. Zeolite β (5 g) sample was treated with NaOH aqueous solution (300 mL, 0.2 M, 363 K, 30 min) with tetrapropylammonium bromide (0.2 M), as a pore directing agent (PDA). The sample was then filtrated, thoroughly washed with deionized water, and dried at 393 K overnight, followed by calcined at 773 K in air for 5 h to remove organic material. The calcined sample was converted to ammonium forms by three times ion-exchange (0.2 M NH4NO3, 363 K, 1 h). Then, the obtained sample was calcined in air at 773 K for 5 h, to obtain the H-forms, which was denoted as DS-β.



The loading amount of Ni was 1.5 mmol g−1 of support with the initial Ni/P ratio in the precursors of 0.5. The oxidic precursors were obtained by incipient wetness impregnation of the supports with a solution of Ni(NO3)26H2O (Alfa Aesar, Haverhill, MA, USA) and (NH4)2HPO4 (Samchun, Seoul, Korea), and the mixture was dried at 393 K for 7 h and calcined at 673 K for 6 h. The calcined materials were reduced at 873 K in quartz U-tube reactors under 1000 mol H2 s−1 (1500 cm3 (NTP) min−1) per gram of sample. After reduction, the catalyst samples were cooled down to room temperature in He flow, followed by passivation in 0.2% O2/He flow for 4 h.




3.2. Catalyst Characterization


N2 isotherms of the catalyst samples were measured on Micromeritics ASAP 2060. The specific surface area was obtained from the linear portion of BET plots (P/P0 = 0.01–0.10) at 77 K. The pore size distribution was obtained from the desorption branch of the isotherm following the BJH method. The XRD patterns of the samples were obtained using a diffractometer (Rigaku DMAX-2500) operated at 60 kV and 300 mA with Cu Kα radiation (λ = 0.15418 nm). The X-ray fluorescence (XRF) measurements were used to determine the Si/Al molar ratio of the zeolite samples with a Shimadzu XRF-1700 sequential XRF spectrometer at 30 mA and 40 kV. CO uptake measurements were conducted at room temperature using pulses (100 μL) of CO on the passivated and air-exposed samples re-reduced in H2 at 723 K for 2 h. Ammonia and isopropyl amine (IPA) temperature-programmed desorption (TPD) measurements were conducted to determine the acidity of the catalysts. For TPD measurements, 0.1 g of the sample was pretreated in He for 2 h at 723 K, and then cooled to 373 K. For NH3-TPD, the sample was exposed to 1 vol% NH3 in a He flow of 100 cm3min−1 at 373 K until saturation, whereas for IPA-TPD, it was exposed to 5 vol% IPA in a He flow of 100 cm3min−1 at 373 K until saturation. During the adsorption the effluent from the reactor was sampled into a mass spectrometer (HP 5973N inert) to monitor species. After then, the reactor was heated to 1073 K at a ramping rate of 10 K min−1. Again, the effluent gas was monitored by the mass spectrometer during the heating. Thermogravimetric analysis (SDT2960, TA instruments) was conducted to measure the amounts of the coke on the spent Ni2P catalysts after reaction tests. 27Al Magic Angle Spinning–Nuclear Magnetic Resonance (27Al MAS NMR) were measured with a Bruker Avance III HD 500 NMR spectrometer using a 4-mm triple-resonance probe head at the resonance frequency of 130.3 MHz, the pulse length of 2 μs, and the spinning speed of 10 kHz. An Al reference of (NH4)Al(SO4)2·12H2O was used as the 27Al chemical shifts. The Ni K edge X-ray absorption spectra of the catalyst samples were obtained at the beamlines 8C and 10C of the Pohang Light Source (PLS).




3.3. Activity Tests for Hydrocracking of Polycyclic Aromatic Hydrocarbons and PFO


Hydrocracking tests were performed at 653 K and 6.0 MPa in a continuous fixed bed reactor with a model feed mixture including 2- to 3-Ar or pyrolysis fuel oils. The model feed mixture was obtained by mixing 20 wt.% phenanthrene (Aldrich, Montgomery, AL, USA, 95%) in 1-methylnaphthalene (Alfa Aesar, Haverhill, MA, USA, 98%). The feed mixture was fed at 0.017 cm3min−1 using a liquid pump (Laballiance series II, Selangor, Malaysia) with a He flow of 100 cm3min−1. The Ni2P catalysts of 1.0 cm3 were loaded and the liquid hourly space velocity (LHSV) was 1.0 h−1. The products were quantified using a GC (Agilent 6890, Santa Clara, CA, USA), equipped with a dimethylsiloxane column (Hewlett Packard, HP-1, 30 m, 0.32 mm i.d.), on samples collected at 3–4 h intervals. Conversions and yields of the model compounds and BTX products were defined as Equations (1)–(4).


  2  Ar   conversion     (  wt . %  )  =   1   MN   i n i t i a l   − 1   MN   f i n a l     1   MN   i n i t i a l     × 100  



(1)






  3  Ar   conversion     (  wt . %  )    =       Phe   i n i t i a l     −      Phe    f i n a l       Phe   i n i t i a l       ×   100  



(2)






   BTX   yield     (  wt . %  )    =      Benzene    +    Toluene    +    Xylenes    1   MN   i n i t i a l   +   Phe   i n i t i a l       ×   100  



(3)






  1  Ar   yield     (  wt . %  )    =     BTX +  (   ethyl    +    propyl    +    butyl   )  Benzene   1   MN   i n i t i a l     +     Phe   i n i t i a l       ×   100  



(4)









4. Conclusions


The effects of desilication of β zeolite (DS-β) on the formation of mesoporosity were studied using Ni2P supported on β or desilicated β for the hydrocracking polycyclic hydrocarbons at 6.0 MPa and 653 K in a fixed bed reactor. The Ni2P/DS-β exhibited more active and stable behavior for the hydrocracking of polycyclic aromatics than the Ni2P/β. It was noted that the DS-β had well-developed intra-mesopores with better dispersion of Ni2P catalysts and more accessible acid sites, leading to remarkable activity in the hydrocracking of polycyclic aromatics. In contrast, the Ni2P/β underwent deactivation by coke formation in the presence of 3-Ar in the feed. Thus, it can be suggested that the desilicated β-supported Ni2P catalyst can be a good hydrocracking catalyst for converting polycyclic aromatics into value-added light aromatic compounds.
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Figure 1. N2 physisorption isotherms of β and DS-β. 
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Figure 2. XRD patterns of β and DS-β. 
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Figure 3. 27Al magic angle spinning–nuclear magnetic resonance (27Al MAS-NMR) spectra of β and DS-β. 
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Figure 4. Ni K-edge extended X-ray absorption fine structure (EXAFS) spectra for the fresh and spent Ni2P catalysts and bulk Ni2P samples. 
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Figure 5. Hydrocracking (HCK) performances for 1-methylnaphthalene and phenanthrene over Ni2P/β (A) and Ni2P/DS-β (B) at 653 K and 6.0 MPa. 






Figure 5. Hydrocracking (HCK) performances for 1-methylnaphthalene and phenanthrene over Ni2P/β (A) and Ni2P/DS-β (B) at 653 K and 6.0 MPa.



[image: Catalysts 10 00047 g005]







[image: Catalysts 10 00047 g006 550] 





Figure 6. HCK performances for pyrolysis fuel oil (PFO) over Ni2P/ β (A) and Ni2P/DS-β (B) at 653 K and 6.0 MPa. 
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Table 1. Physical properties of the support and Ni2P catalysts.
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Samples

	
Conditions

	
BET Surface Area (m2g−1)

	
Pore Volume (cm3g−1)

	
CO Uptake (μmol g−1)

	
Coke Formation d (wt.%)

	
Si/Al Raio e




	
Stotal

	
Smicro a

	
Smeso b

	
Vmicro a

	
Vmeso c






	
β

	
As calcined

	
609.6

	
484.2

	
125.3

	
0.24

	
0.39

	
-

	
-

	
12.66




	
DS-β

	
As calcined

	
588.3

	
347.4

	
240.9

	
0.15

	
0.77

	
-

	
-

	
10.47




	
Ni2P/β

	
Fresh

	
407.4

	
307.3

	
100.3

	
0.17

	
0.30

	
35.6

	
-

	
-




	
Spent

	
110.7

	
34.8

	
75.9

	
0.01

	
0.25

	
10.7

	
14.2

	
-




	
Ni2P/DS-β

	
Fresh

	
392.1

	
205.3

	
186.8

	
0.12

	
0.61

	
41.3

	
-

	
-




	
Spent

	
261.5

	
87.1

	
174.4

	
0.06

	
0.58

	
32.8

	
5.7

	
-








a Calculated by the t-plot method; b Stotal − Smicro; c Vtotal − Vmicro; d measured by thermogravimetric analysis (TGA) analysis; e measured by X-ray fluorescence (XRF) analysis.
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Table 2. Acidic properties of the β and DS-β zeolites.
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	Samples
	Amount of Total Acid Sites a (μmol g−1)
	Amount of Brønsted Acid Sites b (μmol g−1)
	Fraction of Brønsted Acid Site c (%)





	β
	710.0
	315.0
	48



	DS-β
	630.6
	283.7
	45



	Ni2P/β
	380.6
	67.9
	18



	Ni2P/DS-β
	517.2
	113.0
	22







a The total acidity was determined by quantifying the desorbed NH3 using NH3-TPD. b The Brønsted acidity was determined by quantifying the desorbed propylene using isopropyl amine temperature-programmed desorption (IPA-TPD). c The ratio of the amount of Brønsted acid sites to the total amount of acid sites.
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Table 3. The composition of pyrolysis fuel oil (PFO).
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Physical Properties

	
PFO






	
C (wt.%)

	
87.5




	
H (wt.%)

	
9.0




	
S/ppm

	
70




	
N/ppm

	
-




	
Aromatics/wt.%

	
Total

	
77.6




	
Mono

	
31.1




	
Di

	
43.0




	
Tri+

	
3.5




	
Distillation/K

	
IBP/5/10

30/40/50

60/90/95/EP

	
343/388/408/

448/488/538/

593/848/873/-
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