









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Available online at www.sciencedirect.com



Applied Catalysis A: General 339 (2008) 187–195 www.elsevier.com/locate/apcata



Application of multi-walled carbon nanotubes as efficient support to NiMo hydrotreating catalyst I. Eswaramoorthi a,1, V. Sundaramurthy a, Nikhil Das a, A.K. Dalai a,*, J. Adjaye b a



Catalysis and Chemical Reaction Engineering Laboratories, Department of Chemical Engineering, University of Saskatchewan, Saskatoon, SK, S7N 5A9, Canada b Syncrude Edmonton Research Centre, Edmonton, AB, T6N 1H4, Canada Received 5 October 2007; received in revised form 12 January 2008; accepted 21 January 2008 Available online 31 January 2008



Abstract The feasibility of multi-walled carbon nanotubes (MWCNTs) as support to NiMo catalysts for hydrotreating of gas oil derived from Athabasca bitumen was tested in a trickle bed reactor at industrial conditions. High quality MWCNTs were prepared by CVD method using ferrocene as catalyst and toluene as carbon source. The produced MWCNTs were characterized by XRD, TEM, TGA and Raman spectroscopy in order to reveal the morphological and structural characteristics. Using functionalized MWCNTs as support, NiMo catalysts were prepared with varying Ni and Mo content by pore filling impregnation method. The calcined NiMo/MWCNTs catalysts were characterized by ICP-MS, N2 adsorption, XRD and TPR and the sulfide form of the catalysts was examined by DRIFT spectroscopy of adsorbed CO. The XRD patterns confirm the enhanced dispersion of MoO3 particles when increasing the Ni content from 0 to 4.5 wt.% over 12 wt.% Mo/MWCNTs. The TPR profiles indicate the two step reduction characteristics of Mo6+ to Mo in lower oxidation state such as Mo4+ and Mo0. The promoted and unpromoted MoS2 sites were clearly differentiated with the help of DRIFT of adsorbed CO over sulfided catalysts. The number of Ni promoted MoS2 (NiMoS phase) sites is increased significantly with increasing Ni addition up to 3 wt.% over 12 wt.% Mo/MWCNTs. The HDN and HDS activities of sulfided NiMo/ MWCNTs using bitumen derived light gas oil were carried out at different temperatures under industrial condition. The HDN and HDS activities of the catalysts increased with increasing Ni content up to 3 wt.% and Mo content up to 12 wt.%. Based on weight of the catalyst, the HDN and HDS activities of 3 wt% Ni–12 wt.% Mo/MWCNTs are significantly higher than those over conventional Al2O3-based catalyst under the experimental conditions studied. The introduction of 2.5 wt.% P to MWCNTs-based catalyst found to show a fall in hydrotreating activity. # 2008 Elsevier B.V. All rights reserved. Keywords: Multi-walled carbon nanotubes; NiMo catalyst; DRIFT of adsorbed CO; Hydrotreating; Light gas oil; NiMoS phase



1. Introduction Hydrotreating is an important crude oil refining process that removes N and S containing hydrocarbon molecules from gas oil by reacting them with H2 over a catalyst. Developments in petroleum refining are moving in a direction to produce clean fuels with less than 15 ppm of sulfur. This is a challenging task. It is reported that to bring the sulfur level from present 500 to 15 ppm level needs catalysts, which are 7 times more active than the existing ones [1]. This urgent need of drastic reduction of
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the sulfur level in transportation fuels motivated the search for novel and more efficient catalysts. Industrial hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) processes have been largely carried out over sulfided Mo-based catalysts promoted with Ni or Co, supported on g-alumina [2,3]. g-Alumina is the most widely used support material for preparing commercial hydrotreating catalysts due to its good mechanical and textural properties. Notable features of alumina support include their ability to provide high dispersion of the active metal components [4]. However, a major drawback of alumina is its strong chemical interactions that exist between the amorphous Al2O3 and transition metal oxides from precursors in the catalyst preparation step, which makes the complete sulfidation of supported metal oxides difficult. There are number of approaches, like changing the active component, varying the preparation method and changing the support, to prepare better catalysts with enhanced
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activity in hydrotreating of gas oils. Supports such as clays [5], zeolites [6], oxides such as SiO2 [7], TiO2, ZrO2 [8–10], and carbon [11] and several combination of metal oxides [12] have been studied in detail as support to NiMo and CoMo catalysts for hydrotreating of various gas oils and model compounds. Recently, the attention is shifted to mesoporous materials like MCM-41 [13], HMS [14] and siliceous and transition metal substituted SBA-15-based systems [15–16]. In the carbon-based supports, new forms of carbon nanomaterials such as carbon nanotube (CNT), fullerene nanotube (FNT) and carbon nanosphere (CNS) are considered as important nanomaterials due to their potential application in many fields in nanotechnology and few attempts have been made to use them in catalysis. Among the above carbon allotropes, multi-walled carbon-nanotubes (MWCNTs) are drawing increasing attention recently as a novel support material in catalysis and number of reports appeared in open literature [17,18]. The catalytic applications involve selective hydrogenation [19], hydrofomylation [20], selective dehydrogenation [21], ammonia synthesis [22], Fischer-Tropsch synthesis [23], methanol synthesis [24] and higher alcohol synthesis [25]. Dong et al. [26] studied the usage for MWCNTs as support to Co–Mo sulfide catalyst for HDS of thiophene. They found a significant increase in the molar percentage of catalytically active Mo species in the total Mo-amount and hence pronounced enhancement of the reversibly adsorbed hydrogen at the surface of the functioning catalyst, resulting in a significant increase in HDS activity. Shang et al. [27] compared that HDS activities of oxide state of Mo, Co–Mo and sulfide state of Mo on CNTs and Al2O3 and found that the main active molybdenum species in the oxide state MoO3/CNTs catalysts was MoO2, rather than MoO3 as generally expected. The HDS of DBT showed that Co–Mo/CNTs catalyst was more active than that of Co–Mo/Al2O3 and the hydrogenolysis/hydrogenation selectivity of Co–Mo/CNTs catalyst was also much higher than Al2O3-based catalyst. Further, catalyst with Co/Mo atomic ratio of 0.7 showed the higher activity. The effect of surface modification of MWCNTs with HNO3 on HDS activity of Co–Mo/MWCNTs was studied and found that the dispersion of Co–Mo on MWCNTs improved significantly after the modification by acid treatment [28]. Even though there are number of reports on MWCNTs in catalysis, none of the studies have targeted the Ni–Mo-related catalysts for the hydrotreating of gas oil derived from Athabasca bitumen at industrial condition. Hence, in the present work, highly active MWCNT supported NiMo sulfide catalysts were prepared and their catalytic performances in HDN and HDS of light gas oil (LGO) derived from Athabasca bitumen are evaluated, and compared with the reference system based on conventional Al2O3 under similar experimental conditions. Also, the effect of P addition to NiMo/ MWCNTs catalyst on hydrotreating activity was studied. 2. Experimental 2.1. Synthesis and purification of MWCNTs High quality MWCNTs were synthesized by CVD method using ferrocene as catalyst and toluene as carbon source in a



tubular quartz reactor. The detailed experimental procedure is given in our earlier report [29]. The MWCNTs were produced at 800 8C with Fe/C ratio of 0.45 with residence time of 15 s. The as-grown CNT product was purified by treating with 5 M HCl (50 ml/g) under reflux condition for 24 h. The purified MWCNTs were treated with 52% nitric acid and refluxed for 8 h in order to create various functional groups in the surface of MWCNTs, which are highly beneficial in preventing the leaching of Ni and Mo particles during the reaction. The filtered MWCNTs product was then washed several times with deionized water and dried at 110 8C for 24 h. 2.2. Characterization of MWCNTs support The morphological as well as structural features of the purified MWCNTs were analyzed by SEM, TEM, XRD and Raman spectroscopy. The SEM image of the MWCNTs was recorded in JEOL 840A SEM instrument. The CNTs sample was first coated with gold and used for scanning. Similarly, the microstructure of MWCNTs was studied by TEM using Philips CM 12 instrument. The MWCNTs sample was dispersed in acetone by sonication and a drop of the sample was placed over a holey carbon coated copper grid and subjected to imaging. Using Rigaku XRD instrument with Cu Ka radiation (l = 0.1541 nm) and Ni filter, the XRD pattern of the MWCNTs sample was recorded in the 2u range 20–508 with a scan rate of 0.058/s. The vibrational modes of MWCNTs were measured in the range of 1000–2000 cm 1 using Raman spectrometer (Renishaw) equipped with a Nd:YAG laser source. 2.3. Synthesis and characterization of NiMo/MWCNTs catalysts Using the functionalized MWCNTs as support, NiMo catalysts with varying Ni and Mo contents were prepared by pore filling wet impregnation method. The functionalized MWCNTs were first impregnated with required amount of aqueous ammonium heptamolybdate [(NH4)6Mo7O244H2O] solution and dried at 120 8C for 4 h. The dried materials were calcined at 450 8C for 5 h in air. Then, the Mo/MWCNTs were impregnated with required amount of aqueous Ni(NO3)2, dried and calcined at 450 8C for 5 h in air obtain NiMo/MWCNTs catalyst. The Mo and Ni contents were varied as 0, 5, 12 and 20 wt.% and 0, 1.5, 3.0 and 4.5 wt.%, respectively. Similarly, using conventional Al2O3 as support, 3 wt.% Ni–12 wt.% Mo catalyst was prepared for comparison purpose. The effect of order of impregnation of Mo and Ni over MWCNTs was studied with 3 wt.% Ni and 12 wt.% Mo over MWCNTs prepared by impregnating Ni first followed by Mo following the same procedure (3 wt.% Ni–12 wt.% Mo/MWCNTs*). In order to study the effect of addition of phosphorus promoter, 2.5 wt.% P was loaded over 3 wt.% Ni–12 wt% Mo/CNTs by co-impregnation method. The support was impregnated with an aqueous solution (pH 4) containing the appropriate amounts of ammonium heptamolybdate (99.9%, Aldrich), nickel nitrate (99%, BDH) and phosphoric acid (AnalaR, BDH) and dried at 120 8C for 5 h before calcination at 450 8C for 5 h in air. The
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Table 1 The chemical compositions and textural properties MWCNTs and Al2O3-based catalysts Catalyst no.



1 2 3 4 5 6 7a 8 MWCNTs 9b a b



Targeted composition (wt%)



Measured composition (wt%)



Ni



Mo



Ni



Mo



0 1.5 3 4.5 3 3 3 3 – 3



12 12 12 12 20 5 12 0 – 12



0 1.37 3.37 4.86 2.90 3.02 2.96 3.03 – –



10.75 11.40 11.93 12.13 16.86 4.92 12.42 0 – –



BET surface area (m2/g)



Pore volume (cm3/g)



Average pore diameter (nm)



70 58 56 46 48 63 58 88 112 194



0.18 0.16 0.15 0.12 0.08 0.21 0.17 0.21 0.23 0.62



12.1 9.6 7.8 7.2 7.1 8.2 7.5 8.9 12.9 8.7



Ni impregnated first followed by Mo. Al2O3 support.



targeted compositions of the prepared catalysts are shown in Table 1. The elemental compositions of NiMo catalysts were analyzed on PerkinElmer ELAN 5000 ICP-MS instrument. Using Rigaku XRD instrument with Cu Ka radiation (l = 0.1541 nm) and Ni filter, the XRD pattern of the MWCNTs sample was recorded in the 2u range 20–508 with a scan rate of 0.058/s. The reducibility of the prepared NiMo/ MWCNTs catalysts was studied by H2-TPR in ChemBET-3000 instrument. Before the analysis, 50 mg of sample in a quartz tube was purged with He at 200 8C for 1 h in order to remove the impurities on the surface of the catalyst. After the sample was cooled to room temperature in flowing He, TPR was carried out using 3% H2/He (v/v) mixture with a flowing rate of 30 ml/min at a heating rate of 5 8C/min from room temperature to 800 8C and the H2 consumption was recorded with a TCD. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of adsorbed CO is an efficient tool to monitor the changes in the nature of Mo-related active species due to Ni addition. Hence, sulfided NiMo/MWCNTs catalysts were subjected to DRIFT spectroscopy of adsorbed CO analysis in a PerkinElmer Spectrum GX instrument equipped with DTGS detector and a KBr beam splitter. Approximately 10 mg of powdered catalyst was placed in the sample cup inside a Spectrotech diffuse reflectance in situ cell equipped with ZnSe windows and a thermocouple which allows the direct measurement of the sample surface temperature. Spectra for each experiment were averaged over 128 scans in the region 2500–1000 cm 1 with a nominal 4 cm 1 resolution. Prior to the CO adsorption, the catalyst was in situ sulfided using 10% (v/v) H2S/H2 (50 ml/min) at 375 8C for 4 h. After sulfidation, the flow was switched to He (50 ml/min) and the temperature was decreased to 30 8C and then background spectrum was recorded. The CO adsorption process was carried out at 30 8C by introducing pure CO (30 ml/min) into the sample cell for 30 min for saturation of adsorption. After adsorption, the system was subsequently purged with He (50 ml/min) for 30 min to remove the physically adsorbed CO molecules. Then the spectra were collected under He flow and the background s5pectrum was subtracted from the post-adsorption spectra.



2.4. Catalytic activity Hydrotreating experiments were performed in a trickle bed reactor under typical industrial conditions. The LGO derived from Athabasca bitumen is used as a feed for hydrotreating studies. The important characteristics of the LGO are given in Table 2. The high pressure reaction set up used in this study simulates the process that takes place in industrial hydrotreater. The system consist of liquid and gas feeding sections, a highpressure reactor, a heater with temperature controller, which can precisely control the temperature of the catalyst bed, a scrubber for removing the ammonium sulfide from the reaction products, and a high pressure gas–liquid separator. The length and internal diameter of the reactor were 240 and 14 mm, respectively. Typically, the catalyst bed, approximately 10.5 cm long, was packed with 5 ml of catalyst diluted with 90 mesh silicon carbide. The NiMo/MWCNTs catalysts were pelletized by applying 4-ton pressure in a pelletizer and made into small particles of 20–25 mesh size. Then, 5 ml of pelletized catalyst diluted with silicon carbide (90 mesh) was loaded into the reactor. The details of catalyst loading into the reactor are Table 2 Characteristics of LGO derived from Athabasca bitumen Characteristic Nitrogen (wt.%) Sulfur (wt.%) Density (g/ml) Simulated distillation IBP(8C) FBP(8C)



LGO 0.024 1.600 0.90 171 461



Boiling range (8C)



Hydrocarbon (wt.%)



IBP–250 250–300 300–350 350–400 401–450 450–500 500–600 600–650



37.6 21.2 20.7 14.5 4.8 1.2 0 0
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described in our previous report [30]. The sulfidation of catalyst was carried out by injecting 2.9 vol.% of butanethiol in straight run atmospheric gas oil (5 ml/h) at a pressure and temperature of 8.8 MPa and 193 8C, respectively, for 24 h. The H2 flow rate was kept at a rate corresponding to H2/sulfiding solution ratio of 600 ml/ml. The temperature of the reactor was increased to 343 8C and maintained for another 24 h. Following sulfidation, the catalyst was precoked (stabilized) with LGO for 3 days at a temperature of 375 8C, pressure of 8.8 MPa, and WHSV of 4.5 h 1. After precoking, HDN and HDS activities of catalysts were studied at 375 8C using LGO for 3 days each at three different temperatures (375, 360, and 345 8C). The pressure, H2/feed ratio and WHSV were maintained constant at 8.8 MPa, 600 ml/ml and 4.5 h 1, respectively. The products were collected at 12 h interval. The products were stripped with N2 for removing the dissolved NH3 and H2S. The total nitrogen content of the liquid product was measured by combustion/ chemiluminescence technique following ASTM D4629 method, and the sulfur content was measured using combustion/fluorescence technique following ASTM 5463 method. Both sulfur and nitrogen were analyzed in an Antek 9000 NS analyzer. The instrumental error in N and S analysis was 3%. 3. Results and discussion 3.1. Characterization of MWCNTs It is well known that carbon materials formed from catalytic decomposition of toluene and ferrocene may include amor-



phous carbon along with Fe residues. The typical SEM image shown in Fig. 1a for the purified CNTs grown from toluene and ferrocene at 800 8C indicates that the grown CNTs product is of high purity and quality. Further, TEM observation (Fig. 1b) provides evidence for the well structured walls with uniform thickness as well as pore diameter of around 10–15 nm. The average wall thickness of the tube is above 10 nm indicating the produced CNTs are multi-walled in nature (MWCNTs) and the length of the tubes are estimated as more than several tens of micrometers. Moreover, there is no amorphous carbon or other impurities in and around the tubes claiming its advantage to be used as support in catalysis. The nature of the carbon in purified MWCNTs was analyzed by XRD and Raman spectroscopy. The structure and crystallinity of MWCNTs were revealed by the typical XRD pattern presented in Fig. 1c. Two major peaks are observed, one is near 2u = 268 corresponding to 002 reflection of graphite. The other small asymmetric peak near 43.58 is due to 100 reflection of graphite, indicating the graphitized nature of carbon in MWCNTs [31]. The vibrational characteristics of MWCNTs were analyzed by Raman spectroscopy and the typical spectrum is shown in Fig. 1d. Two prime intense Raman bands, one at 1347 cm 1 and the other at 1588 cm 1 were observed, corresponding to fundamental vibrational modes of D46h of graphite. The band around 1588 cm 1 [32] can be interpreted as E2g mode referred as Gband due to the stretching mode of graphite and the other band at 1347 cm 1 as D-band mostly interpreted for the extent of disorder in graphite layer [33]. The intensity ratio (ID/IG = 0.91) indicates the better graphitization of MWCNTs with less



Fig. 1. Characteristics of MWCNTs produced by CVD method; (a) SEM; (b) TEM; (c) XRD; (d) Raman spectrum.
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disordered carbon [34]. All the above characterization results suggest that the grown MWCNTs sample is highly suitable to use as support for NiMo hydrotreating catalysts. 3.2. Characterization of NiMo/MWCNTs catalysts 3.2.1. ICP-MS The elemental compositions of calcined NiMo/MWCNTs catalysts measured by ICP-MS are given in Table 1 along with the targeted compositions. It indicates that the compositions of most of the catalysts closely match with the targeted values. The discrepancies between targeted and measured concentrations are somewhat higher for catalysts with higher Ni loading. The discrepancies are due to agglomeration of Ni at specific sites resulting poor dispersion when it is in excess. Also, the significant difference in Mo concentration could be due to the hygroscopic nature of the Mo precursor (ammonium heptamolybdate) thus preventing complete impregnation of Mo from the solution to the support. 3.2.2. Textural characteristics of NiMo/MWCNTs The textural characteristics of the NiMo/CNTs catalysts were analyzed by N2 adsorption following BET procedure. The N2 adsorption studies showed typical Type II isotherm for all the NiMo/MWCNTs catalysts and the typical isotherm of 3 wt.% Ni–12 wt.% Mo/MWCNTs is presented in Fig. 2. The BET surface area values shown in Table 1 are found to be less compared to that of pure MWCNTs (112 m2/g). This may be due to the blocking of pores of MWCNTs by the added Ni and Mo species. Similar trend is observed in pore volume and average pore diameter of the catalysts. It indicates that the added Ni and Mo particles entered into the pores of the nanotubes, resulting a significant fall in textural characteristics of the catalysts. 3.2.3. XRD The XRD patterns of calcined NiMo/MWCNTs are shown in Fig. 3. The peaks marked as 1, 2 and 3 in Fig. 3 correspond to the crystalline structure of graphitic carbon, NiO and MoO3,



Fig. 2. Typical N2 adsorption–desorption isotherm of 3 wt.% Ni–12 wt.% Mo/ MWCNTs catalyst.



Fig. 3. XRD patterns of calcined NiMo/MWCNTs catalysts with varying Ni and Mo content prepared by pore filling impregnation method.



respectively. The corresponding peaks are determined by matching the JCPDS chemical spectra data bank with the generated peaks. In the case of 3 wt.% Ni–5 wt.% Mo/ MWCNTs, no peaks corresponding to either NiO or MoO3 species are noted indicating that the added metals species are finely dispersed and the particle sizes are below the detection limit of XRD instrument. When increasing the Ni and Mo contents, the peaks for both NiO and MoO3 appear significantly. It indicates that the sizes of NiO and MoO3 particles are grown significantly at higher metal loading. At a fixed Mo loading of 12 wt.%, the intensities of peaks for MoO3 decreased significantly when increasing the Ni loading from 0 to 4.5 wt.%. It indicates that the added Ni species increases the Mo dispersion, leading to smaller particles resulting a fall in intensity of XRD peaks for MoO3 species. None of the peaks match any of the Ni–Mo oxide structures from the JCPDS data library. This indicates that the formed NiO does not interact with the MoO3 structures. The same was investigated for the C– Ni–Mo interaction which can form several complex oxides and found no matching peaks. This also implies that there are no chemical interactions between MWCNTs and Ni or Mo to form oxides or other compounds. 3.2.4. TPR of NiMo/MWCNTs The reducibility of the calcined NiMo/MWCNTs catalysts was studied by TPR and the profiles of the catalysts are presented in Fig. 4. It is observed that all the catalysts showed typical pattern for the reduction of Mo species in the catalysts. In the case of catalyst without Ni, the larger and broad peak around 500 8C is due the reduction of Mo6+ to Mo4+, and another smaller peak around 650 8C is due the second step reduction of Mo4+ to lower oxidation state (Mo0) [35–37]. When increasing the Ni loading from 0 to 4.5 wt.%, the maximum temperature for the reduction of Mo6+ to Mo4+ was found to shift to lower side indicating that the added Ni species increases the Mo dispersion and hence smaller particles. The reduction temperature of smaller NiMo particles is generally less compared to that of particles in larger size under identical
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Fig. 5. DRIFT spectra of adsorbed CO on sulfided NiMo/MWCNTs catalysts with varying Ni and Mo contents, (a) 0 wt.% Ni–12 wt.% Mo/MWCNTs; (b) 1.5 wt.% Ni–2 wt.% Mo/MWCNTs; (c) 3 wt.% Ni–12 wt.% Mo/MWCNTs; (d) 4.5 wt.% Ni–12 wt.% Mo/MWCNTs; (e) 3 wt.% Ni–20 wt.% Mo/ MWCNTs; (f) 3 wt.% Ni–12 wt.% Mo/MWCNTs*; (g) 3 wt.% Ni–5 wt.% Mo/MWCNTs.



Fig. 4. TPR profiles of calcined NiMo/MWCNTs catalysts with varying Ni and Mo contents.



experimental conditions. There is no significant difference in reduction temperature noted due to the Ni addition in catalyst prepared by impregnating Ni first followed by Mo. It is observed that all the catalysts showed typical pattern for the reduction of Mo species in the catalysts. A shoulder peak in the temperature range 350–370 8C appeared for catalysts with more amount of Ni due to the reduction of bulk NiO related species. When comparing the profiles of catalysts with varying amount of Mo, it is clear that the reduction temperature for both Mo6+ to Mo4+ and Mo4+ to lower oxidation state (Mo0) increased significantly due to the larger NiMo particles resulted from excess Mo content. 3.2.5. DRIFT spectroscopy of adsorbed CO over sulfided NiMo/MWCNTs The nature of active species in the sulfided form of catalysts was studied by DRIFT spectroscopy of CO adsorbed catalysts. The typical DRIFT bands for NiMo/MWCNTs are shown in Fig. 5. All the NiMo/MWCNTs show two major bands. The band around 2086 cm 1 is due to the stretching mode of CO molecule adsorbed on MoS2 sites. It indicates that part of added Mo is in unpromoted MoS2 form. The Ni promoted MoS2 sites (NiMoS phase) was indicated by a band around 2058 cm 1 in all the Ni containing MoS2 catalysts [38–40]. In the case of catalyst without Ni, the band for promoted MoS2 sites is missing. It indicates that added Ni forms NiMoS phase with part of the Mo added and the remaining Mo is as unpromoted MoS2. A low intensity band at 2013 cm 1 is due to the CO adsorbed lower oxidation state Mo sites [41]. When comparing the intensities of bands and Ni and Mo content of the catalysts, a linear relationship between them is clearly visible in Fig. 5. The intensity of band for promoted MoS2 sites increased steadily



while that of unpromoted MoS2 sites decreased when the Ni content varied from 0 to 4.5 wt.% over 12 wt.% Mo/MWCNTs catalyst. It clearly indicates that while increasing the Ni loading from 0 to 4.5 wt.%, the number of promoted MoS2 sites is increased accordingly. This observation is in same line with the XRD and TPR results observed. When increasing the Mo content from 5 to 20 wt.%, significant increase in number of unpromoted sites is noted as revealed from the high intensity band at 2086 cm 1 for 3 wt.% Ni–20 wt.% Mo/MWCNTs. Also, in the case of catalysts with more Mo, the intensity of band for CO adsorbed on lower oxidation state Mo species is significantly high. 3.3. HDN and HDS activities of NiMo/MWCNTs 3.3.1. Pre-coking All the hydrotreating experiments were carried out in a trickle bed high pressure reactor under similar operating conditions. In order to stabilize the HDN and HDS activities of NiMo/MWCNTs catalysts, pre-coking was carried out with LGO feed at 375 8C for a period of 5 days. The corresponding HDN and HDS activities of all the catalysts are presented in Fig. 6a and b, respectively. It is observed that all the catalysts show a falling trend in both N and S conversion up to 3 days and after that there is no significant change in conversion noted. It indicates that the activities of the catalysts are stabilized after 3 days. Hence, all the catalysts were precoked for 3 days at 375 8C with LGO to stabilize the activity of the catalysts. 3.3.2. Optimization of Ni loading In order to optimize the Ni content in 12 wt.% Mo/ MWCNTs catalyst, the hydrotreating experiments were carried out over catalysts with 0, 1.5, 3.0 and 4.5 wt.% Ni loading under similar experimental conditions and their corresponding HDN and HDS activities at three different temperatures are shown in Fig. 7a and b, respectively. It is observed that the activities are significantly increased with increasing Ni content up to 3 wt.%
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Fig. 7. HDN (a) and HDS (b) activities of NiMo/MWCNTs catalysts with varying Ni content (catalyst = 5 cm3, P = 8.8 MPa, WHSV = 4.5 h 1 and H2/oil ratio = 600 (v/v)). Fig. 6. HDN (a) and HDS (b) activities of NiMo/MWCNTs catalysts during pre-coking with LGO at 375 8C (catalyst = 5 cm3, P = 8.8 MPa, WHSV = 4.5 h 1 and H2/oil ratio = 600 (v/v)).



and beyond that (4.5 wt.%) there is no significant increase in both HDN and HDS activities observed. Catalyst without Ni shows significantly less hydrotreating activity. The N conversion increased as 31.5, 64.7 and 71.3% when increasing the Ni content as 0, 1.5 and 3 wt.%, respectively. With Ni content of 4.5 wt.%, the N conversion decreased to 67.5 wt.%. Similar trend is observed in the case of S conversion. It indicates that 3 wt.% Ni is the optimum for the better activity of 12 wt.% Mo/ MWCNTs catalysts. The better activity of 3 wt.% Ni–12 wt.% Mo/MWCNTs can be explained by the enhanced dispersion of added metal particles as observed from XRD and TPR analyses as well as more number of Ni promoted MoS2 sites revealed from DRIFT spectroscopy of adsorbed CO (Fig. 5). When comparing the activities of the catalysts at three different temperatures, 375 8C is always found to be the optimum one for all the catalysts studied. 3.3.3. Optimization of Mo loading It is well known that Mo content plays an important role in determining the activity of the hydrotreating catalysts. In this way, attempt has been made to optimize the Mo content over 3 wt.% Ni loaded MWCNTs catalyst. The Mo content was



varied as 0, 5, 12 and 20 wt.% and their corresponding N and S conversions at three different temperatures are presented in Fig. 8a and b, respectively. Both N and S conversion increased steadily when increasing the Mo content from 0 to 12 wt.% over 3 wt.% Ni/MWCNTs. The N and S conversions are found to be 6.2, 54.9, 71.3% and 30.9, 68.3 and 90% at 375 8C when the Mo content increased as 0, 5 and 12 wt.%, respectively. The similar trend is observed at all the temperatures studied. But, similar type of enhancement in N and S conversions is not observed when increasing the Mo content to 20 wt.%. It can be better explained from the XRD, TPR and DRIFT spectra of adsorbed CO over catalysts with varying Mo content. When the Mo content exceeds 12 wt.% over 3 wt.% Ni, it is clear from XRD and TPR that the MoO3 particle size increased largely, which is responsible for poor performance of the catalyst. Also, the number of Ni promoted MoS2 sites is less in catalyst with 20 wt.% Mo compared to other catalysts which is revealed by DRIFT spectra of adsorbed CO (Fig. 5). Similar to the observation made over catalysts with varying Ni content, the HDN and HDS activities of catalysts with varying Mo content increases with increasing temperature. 3.3.4. Comparison with conventional NiMo/Al2O3 catalyst and effect of P addition To confirm the practical applicability of NiMo/MWCNTs catalysts, a comparative study was made on catalyst volume
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Fig. 8. HDN (a) and HDS (b) activities of NiMo/MWCNTs catalysts with varying Mo loading (catalyst = 5 cm3, P = 8.8 MPa, WHSV = 4.5 h 1 and H2/ oil ratio = 600 (v/v)).



(5 ml) basis with conventional Al2O3 supported NiMo catalyst under identical operating conditions. The Ni and Mo contents in both the catalysts were 3 and 12 wt.%, respectively. The HDN and HDS activities of these catalysts are given in Fig. 9a and b, respectively. The activities of conventional Al2O3-based catalyst in HDN and HDS are found to be higher than those of MWCNTs-based catalyst at all the temperatures studied. Since the density of MWCNTs is very less compared to Al2O3, attempt has been made to compare the activities of the catalysts on weight basis. In this way, 1.9 g of Al2O3 catalyst was subjected to hydrotreating and its N and S conversions are included in Fig. 9a and b, respectively. It is interesting to note that the N and S conversions of MWCNTs supported catalyst are significantly higher than those of conventional Al2O3 supported catalyst. When the reaction temperature is low (360 and 345 8C), the better performance of NiMo/MWCNTs catalyst over NiMo/ Al2O3 is clearly visible. But at higher temperature (375 8C) the activities of both Al2O3 and MWCNTs-based catalysts are almost equal. It may be due to the attainment of maximum activity of catalyst at higher temperature. On catalyst weight basis, the performance of MWCNTs-based NiMo catalyst is better than that of conventional Al2O3-based catalysts with similar Ni and Mo content under identical experimental conditions. The better performance of MWCNTs supported NiMo catalyst can be accounted in terms of the uniform pore size of MWCNTs which can facilitates the mass transfer in



Fig. 9. HDN (a) and HDS (b) activities of NiMo/MWCNTs and NiMo/Al2O3 catalysts based on volume and weight of the catalysts and NiMo/MWCNTs with 2.5 wt.% P. ( ): 3Ni12Mo/MWCNTs; ( ): 3Ni12Mo2.5P/MWCNTs; ( ): 3Ni12Mo/Al2O3 (wb); ( ): 3Ni12Mo/Al2O3 (vb); (wb): weight basis comparison; (vb): volume basis comparison; P = 8.8 MPa, WHSV = 4.5 h 1 and H2/oil ratio = 600 (v/v).



the process. The absence of strong acid sites in MWCNTs reduces the strong interaction between metal particles and support and favors the complete sulfidation of Mo species. Also, the conducting nature of MWCNTs may facilitate the electron transfer between active sites and the reacting molecules. Since the industrial hydrotreating catalysts has significant amount of P as promoter, 2.5 wt.% of P was added to 3 wt.% Ni–12 wt.% Mo/MWCNTs catalyst by co-impregnation method and its N and S conversions are presented in Fig. 9a and b, respectively along with P free catalyst. But, the activity of P containing catalyst is significantly less compared to P free MWCNTs-based catalyst at all the temperatures studied. Generally, P promoted Al2O3 supported NiMo catalysts show higher hydrotreating activity than P free catalysts. But in the present case, the same enhancement was not observed. It can be explained that P addition to Al2O3 supported catalysts occupy the strong acid sites of support, resulting in a reduced interaction between the support and metal particles. But, there are no strong acid sites in MWCNTs, and the P addition obviously may lead to prevention of formation of promoted and unpromoted MoS2 sites, which are more responsible for hydrotreating activity of NiMo/MWCNTs catalysts.



I. Eswaramoorthi et al. / Applied Catalysis A: General 339 (2008) 187–195



4. Conclusions High quality multi-walled carbon nanotubes are grown by CVD method using ferrocene as catalyst and toluene as carbon source. The SEM and TEM analyses of purified MWCNTs confirm their structural and morphological characteristics. The graphitic nature of carbon in grown MWCNTs was confirmed by XRD and Raman spectroscopy. The N2 adsorption of NiMo/ MWCNTs catalysts indicates that the added NiMo particles entered inside the pores of MWCNTs. The XRD and TPR of NiMo/MWCNTs catalysts showed that the MoO3 dispersion increased with increasing Ni addition resulting smaller particles. The number of Ni promoted MoS2 sites is found to increase with increasing Ni addition while a fall in unpromoted MoS2 sites noted from DRIFT spectra of catalysts adsorbed with CO. The precoking at 375 8C with light gas oil showed that after 3 days of time, the hydrotreating activities of the catalysts are stabilized. Among the catalysts studied, 3 wt.% Ni and 12 wt.% Mo was found to be optimum for higher hydrotreating activity under the experimental conditions studied. The comparison with conventional Al2O3-based catalyst indicated that the hydrotreating activity of 3 wt.% Ni–12 wt.% Mo/MWCNTs catalyst is significantly higher than that of conventional Al2O3-based catalyst on catalyst mass basis. The addition of 2.5 wt.% P to 3 wt.% Ni–12 wt.% Mo/ MWCNTs catalyst leads to fall in hydrotreating activity at all the temperatures studied. Acknowledgments The authors are grateful to Syncrude Canada Ltd. and Natural Sciences and Engineering Research Council of Canada for financial support for this research and Jafar S. Soltan Mohammadzadeh for his useful discussion. References [1] C. Song, Catal. Today 86 (2003) 211. [2] F. van Looij, P. van der Laan, W.H.J. Stork, D.J. DiCamillo, J. Swain, Appl. Catal. A: Gen. 170 (1998) 1. [3] H. Shimada, T. Sato, Y. Yoshimura, J. Hiraishi, A. Nishijima, J. Catal. 110 (1988). [4] H. Topsoe, B.S. Clausen, Appl. Catal. 25 (1–2) (1986) 273. [5] S.K. Maity, B.N. Srinivas, V.V.D.N. Prasad, A. Singh, G. Murali Dhar, T.S.R. Prasada Rao, Stud. Surf. Sci. Catal. 113 (1998) 579. [6] Y. Okamoto, Catal. Today 39 (1997) 45. [7] B. Delmon, in: H.F. Barry, P.C.H. Mitchell (Eds.), Proceedings of the Third International Conference on Chemistry and Uses of Molybdenum, vol. 73, Climax Molybdenum Co., Ann Arbor, MI, 1979. [8] P. Afanasiev, C. Geantet, M. Breysse, J. Catal. 153 (1995) 17.
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