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Graphical abstract: 

 

In this work, for the first time, we report the magnetically retrievable 

Fe3O4/C-MoS2 catalysts by a synergistic strategy that achieves enhanced 

hydrocracking performance for the actual heavy oil upgrading.  
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ABSTRACT 

A novel hybrid material consisted of carbon covered Fe3O4 nanoparticles and MoS2 

nanoflower (FCM) was designed and prepared by micelle-assisted hydrothermal 

methods. Multiple techniques, including X-Ray diffraction (XRD), high-resolution 

transmission electron microscopy (HRTEM) and X-ray photoelectron spectroscopy 

(XPS) were employed to characterize it. The results show that FCM has a flower-like 

morphology with a 330 nm Fe3O4 core as well as 70 nm highly crystalline MoS2 shell. 

FCM is superparamagnetic with a saturation magnetization of 35 emu/g. Then 
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hydrocracking of Canadian bitumen residue (CBR) was applied to estimate its 

catalytic activity. The results show that FCM exhibits superior catalytic hydrocracking 

activity compared to bulk MoS2 and commercial oil-dispersed Mo(CO)6 by the same 

Mo loading. Further measurement by elemental analysis, XPS and XRD reveals that 

the MoS2 nanoflower with abundant catalytic active sites and covered carbon layer 

with anti-coke ability donate to the superior upgrading performance. Besides, the 

catalysts can be easily recovered by the external magnetic field. This work provides a 

novel kind magnetic nanocatalyst which is potential for slurry-phase hydrocracking 

applications. 

Keywords: Magnetic; Carbon; MoS2; Catalyst; Heavy oil 

 

1. Introduction 

Catalytic hydrocracking is an essential component in refinery and petrochemical 

industries and is also one of the most important means to convert various heavy and 

inferior feeds into high-quality fuel, lube base oil and chemical raw material [1–7]. 

The effective catalysts such as finely-powdered (e.g. ores with a high content of iron, 

molybdenum and nickel) and soluble catalysts (e.g. water-soluble salts and oil-soluble 

salts of molybdenum, iron or vanadium) have been extensively investigated [8,9]. 

Among them, MoS2 has attracted continuous attraction as one of the main active 

catalysts because of its strong hydrogenation power, superior coke suppression and 

desulfurization activities [10–12]. Catalyst separation and recovery have become a 

bottleneck for its applications, catalysts present in the oil products also affect the 
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quality and stability of the oil products [13–16]. Besides, the catalytic activity of these 

catalysts needs to be further improved, Lee et al. reported that MoS2 formed by 

oil-soluble precursor such as Mo(CO)6 (in-situ sulfidation) have drawbacks such as 

poor dispersibility and loss of active sites due to the growth of its size and stacking 

number in the reaction conditions [17]. 

Magnetite (Fe3O4), with a cubic inverse spinel structure, has emerged as ideal 

catalysts or supports due to its low cost, easy preparation, size controllable and 

paramagnetic nature [18–21]. Introducing magnetic particles as cores can facilitate the 

fast and efficient hydrocracking catalysts recycling and avoid affecting product 

quality and stability [22–24]. On the other hand, molybdenum disulfide nanosheets 

can be dispersed and wrapped outside the nanoscale magnetic cores, enhancing the 

catalyst activity by increasing the number of active sites and further stabilizing the 

catalyst [24]. Zheng et al have prepared MoS2/SiO2/Fe3O4 catalysts and then tested for 

hydrodesulfurization of dibenzothiophene as a model compound [25]. However, the 

SiO2 coating layer couldn’t efficiently protect the Fe3O4 core from sulfidation in the 

high sulfur environment of the realistic heavy oil conditions, which was mentioned in 

their later report [26]. Carbon materials have attracted wide attention benefiting from 

their good acid and base resistance, low cost and high thermal stability, anti-coke 

ability [27–31]. It may have a better protective effect than SiO2. Du et al. revealed the 

synergistic effect of MoS2 and carbon by density functional theory and x-ray 

photoelectron spectroscopy, which exhibited outstanding catalytic activity for residue 

hydrocracking [32]. Moreover, compared with hydrophilic SiO2, carbon has lipophilic 
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properties that are more prone to disperse in heavy oil. 

Herein, we report the novel synthesis of catalysts that consist of 330 nm 

Fe3O4 as the core, which coated with carbon as the protective layer and then 

loaded with flower-like MoS2. Furthermore, the newly designed catalyst was 

applied for hydrocracking of residue and the catalytic activity was compared to 

commercial oil-soluble Mo(CO)6 and bulk MoS2. Among all, FCM showed a 

comparable result: 99.80% of viscosity reduction rate, 37% of 

hydrodenickelation and 20% of hydrodevanadium rate during the 30 min tests, 

the catalyst can be easily recovered from the product under an external 

magnetic field. This study provides new insights into the design and synthesis 

of novel highly efficient recyclable catalysts for heavy oil upgrading. 

2. Experimental Section 

2.1 Materials 

Ferric chloride hexahydrate (FeCl3∙6H2O>99%) was of analytical grade and 

purchased from Xilong Chemical Industry Co. Ltd. (Shantou, China). 

Polyvinylpyrrolidone (PVP K-30, Mw= 40,000) and ammonium acetate 

(NH4Ac) were obtained from Sigma–Aldrich Corp. Ltd. (St Louis, MO, USA). 

Ammonium acetate, Ammonium molybdate tetrahydrate ((NH)6Mo7O24∙4H2O) 

and thiourea (CH4N2S>99%) were purchased from Sinopharm Chemical 

Reagent Co. Ltd. (Beijing, China). All these reagents were used without any 

further purification. Molybdenum hexacarbonyl (Mo(Co)6, Sigma-Aldrich, 

98%) were used as reference samples. 
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2.2 Catalysts preparation 

Monodisperse Fe3O4 nano-spheres were synthesized through a one-pot 

solvothermal process with the presence of NH4Ac as the structure-directing 

agent as described previously [33]. Typically, 30 mmol FeCl3∙6H2O was 

dissolved in 300 mL of ethylene glycol, followed by the addition of 0.25 mol 

NH4Ac under magnetic stirring. The resulting mixture was transferred to a 500 

mL Teflon-lined autoclave and then maintained at 200 °C for 12 h. After the 

reaction, the autoclave was cooled to room temperature. The black colloidal 

particles were then washed 5 times with deionized water and separated by 

magnetic decantation. 

Fe3O4/C-MoS2 was prepared by a one-pot polyvinylpyrrolidone (PVP) 

micelle-assisted hydrothermal method. Firstly, a certain amount of PVP (K-30, 

Mw= 40 000) was dissolved in 300 mL of distilled water with stirring at room 

temperature for 1 h. Next, 3.08 g of ammonium molybdate tetrahydrate 

(NH4)6Mo7O24∙4H2O and 7.21 g of thiourea (CH4N2S) were added into the PVP 

solution. After stirred for 1 h, 2.0 g Fe3O4 nano-spheres prepared previously 

were added to the mixture solution and stirred for another hour. The mixture 

was transferred into a 500 mL Teflon-lined stainless steel autoclave and heated 

at 200 °C for 24 h and then the precipitates were separated from the solution by 

a hand-held magnet (neodymium). Afterward, the particles were washed five 

times with deionized water and then dried at 60 °C. At last, the intermediates 

were annealed at 800 °C for 2 h under Ar atmosphere to carbonize PVP and 
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improve the crystallinity of MoS2. MoS2 nanoflower was prepared by a similar 

procedure without the addition of Fe3O4.   

2.3 Catalyst characterization 

The FT-IR analysis was carried out by a Bruker T27 FT-IR 

spectrophotometer between 4000 and 500 cm−1 using the KBr pellet technique, 

with a resolution of 2 cm−1. The morphology of catalysts was determined by 

scanning electron microscopy (SEM, JEOL JSM-6700F, Japan). 

As-synthesized Fe3O4 spheres were dispersed in ethanol and sonicated to ensure 

a uniform dispersion. The magnetic property of Fe3O4 spheres and FCM was 

measured by vibrating sample magnetometry (VSM; Model 4 HF VSM, ADE 

Technologies, USA). X-ray diffraction (XRD, X'PERT PRO MPD 

diffractometer, Cu Kα radiation, λ = 0.15418 nm, scanned a range of 5–90°) 

was used to identify the crystal structure of all prepared catalysts. Transmission 

electron microscopy (TEM, JEM-2100F) was utilized to investigate the 

morphology of all samples. X-ray photoelectron spectroscopy (XPS) data were 

collected using a PHI Quantera II monochromatized Al Ka cathode source of 

75–150 W under ultrahigh vacuum. Inductively coupled plasma optical 

emission spectrometry (ICP-OES) was utilized to quantify the molar contents 

of Fe, Ni, V, etc.  

2.4 Catalyst performance tests and characterization 

The reactor system used for this experiment is shown in Figure S1. The 

feed oil used for the hydroconversion experiments was CBR and the properties 
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of CBR are listed in Table S1. A 500 mL stirred autoclave reactor (0-1200 

rpm) was used to assess different catalysts in a batch mode at a reaction 

temperature of 415℃, initial H2 pressure of 10 MPa, and a reaction time of 30 

min. For this study, 200 g of feedstock was taken into the reactor and 0.10 g as 

prepared catalyst (500 ppm) was mixed with the hydrocarbon feed. The reactor 

was sealed and checked for leakage by nitrogen. Next, H2 was purged to 

remove all gas impurities. At the beginning of the reaction, the mixture was 

stirred at 300 rpm and the temperature was increased from room temperature to 

200℃ at a rate of 5℃/min. Then increased H2 pressure to 10 MPa, the rotating 

speed was further increased to 800 rpm for about 1 h. Afterward, the reactor 

was heated to 415℃ in 40 min; the autoclave was heated at 415℃ for 30 min 

under constant stirring. After each reaction test, the autoclave was cooled down 

to room temperature and the gaseous product was vented. Liquid products were 

collected manually using a syringe and the catalysts were recovered using 

Nd2Fe14B magnet. The size of the magnet used is 40 mm*20 mm*5 mm and its 

maximum tensile strength is 820 g. Then manually separate the catalysts from 

the magnet. The recovered solids were washed with diesel oil to remove diesel 

oil-soluble materials, followed by drying in a vacuum oven at 120 °C for 3−4 h 

until the weight became constant. For comparison, the reactions without 

catalysts were performed under the same condition. For comparison, MoS2 and 

commercial Mo(CO)6 were also used under the same reaction condition. 
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For the liquid products, the C, H, N and S contents were determined by 

elemental analysis (Vario MACRO cube), while Ni, V, Fe, Ca and the other 

elements contents were analyzed by inductived coupled plasma atomic 

emission spectroscopy (ICP-AES). The component analyses of four groups 

(saturate, aromatic, resin and asphaltenes) in the heavy oil were conducted 

according to the test method of NB/SH/T 0509-2010. Asphaltenes were 

precipitated from crude oil by n-heptane, saturates, aromatics and resins were 

rinsed by n-heptane, methylbenzene and methylbenzene and alcohol, 

respectively. Then, the viscosity and API gravity of CBR was recorded by the 

programmable viscometer (Brookfield DV-III). The viscosity reduction rate 

(VRR) of CBR was calculated by the method as below: 

1 2

1

u u
VRR

u

−=                                                (1) 

u1: heavy oil viscosity before upgrading without additives; u2: heavy oil 

viscosity after upgrading with additives. 

3. Results and discussion 

3.1 Catalyst Characterization 

As displayed in Figure 1, scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) results show the morphologies of different catalysts. It 

can be found that the fabricated Fe3O4 particles have an average diameter of about 

330 nm (Figure 1a). The Fe3O4 nanoparticles are used as a catalyst carrier because of 

their fast, efficient and recycling abilities [34]. MoS2 nanoflowers have a diameter 

ranging from 170 to 200 nm (Figure 1b, 1e and 1f), the surfaces of these 
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microspheres manifest distinct nanoflakes-like morphology, signifying the existence 

of hierarchical structure [35]. FCM was prepared by one-pot polyvinylpyrrolidone 

(PVP) micelle-assisted growth of MoS2 on the surface of Fe3O4 nanoparticles using 

(NH4)6Mo7O24 and excess thiourea as precursors. The results show that FCM has a 

flower-like morphology with 330 nm Fe3O4 core as well as 70 nm highly crystalline 

MoS2 shell. (Figure 1c). HR-TEM was applied to further confirm the microstructure 

of FCM, as shown in Figure 1g, 1h and 1i. The lattice d-spacing is calculated to be 

0.64 nm, which corresponds to the (002) plane of MoS2. The fast Fourier transform 

(FFT) of the image in the inset of Figure 1i shows the lattice symmetry well matched 

with the (002) and (100) planes of MoS2 [36]. The high-angle dark field scanning 

transmission electron microscopy (HAADF-STEM) (Figure S2) and the 

corresponding energy-dispersive X-ray spectroscopy (EDS) element mapping results 

further reveal the nanoparticles and nanoflowers shapes which correspond to Fe3O4 

and C-MoS2, respectively. Figure S3 shows the infrared spectra of the synthesized 

Fe3O4 NPs (a) and FCM (b). The peak at 557 cm-1 can be ascribed to the stretching 

band of the Fe-O bonds [37], proving the existence of Fe3O4. Besides, a weak 

vibrational peak at 476 cm−1 is attributed to the stretching mode of the Mo-S linkage 

of MoS2 nanosheets [38]. All of these results are in agreement with the results of the 

SEM and TEM observations.  
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Figure 1. SEM images of (a) Fe3O4, (b) MoS2 and (c) FCM; TEM images of (d) Fe3O4 

(inset is the corresponding size distributions) and (e) MoS2; (f) HR-TEM images of MoS2; 

(g) TEM images of FCM; (h) Few layered MoS2 in FCM; (i) HR-TEM images of MoS2 in 

FCM (inset is the corresponding FFT image). 

The surface chemical composition and valence states of the samples were 

further confirmed by X-ray photoelectron spectroscopy analysis (XPS). The 

survey spectrum of FCM manifests the existence of S, Mo, C, O and Fe 

elements (Figure 2a). In the high-resolution of Fe 2p spectrum (Figure 2b), 

two peaks at 725.3 eV and 711.1 eV can be assigned to Fe 2p1/2 and Fe 2p3/2, 

and the binding energy at 713.3 eV represents Fe3+ oxide states, suggesting 

there exist Fe3O4 in FCM [39–41]. On the other hand, the high-resolution S 2p 

spectrum (Figure 2c) shows the existence of S 2p1/2 and S 2p3/2 of S2- at 163.7 

eV and 168.8 eV, the binding energy at 170.2 eV corresponds to S2
2-, indicating 

the partial oxidation of S2- [39,42]. Figure 2d depicts the Mo 3d3/2 and Mo 3d5/2 
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dominant peaks of Mo in MoS2 at 232.6 eV and 229.5 eV, a weak peak 

corresponds to the Mo6+ is obtained at 235.5 eV, which should be derived from 

MoO4
2- or MoO3, suggesting the partial oxidation of the catalyst in the air [43]. 

Moreover, the O 1s spectrum shown in Figure S4 can be convoluted into three 

spectral bands at 532.6, 531.5 and 530.0 eV, corresponding to the physically 

adsorbed H2O, the surface hydroxyl groups and the crystal lattice oxygen, 

respectively [44,45].  

 

Figure 2. (a) XPS survey spectra of FCM. (b, c and d) High-resolution XPS spectrum of 

Fe 2p (b), S 2p (c) and Mo 3d (d). 

The crystalline structure of the as-prepared Fe3O4 and FCM were 

characterized by XRD (Figure 3a). All the diffraction peaks of Fe3O4 match 

well with the standard card (JCPDS 89–2355) [46] and the strong diffraction 

peaks at 30.08°, 35.43°, 43.06° and 62.53° correspond to the (220), (311), (400) 
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and (440) planes of face-centered cubic Fe3O4, suggesting its high crystallinity. 

Compared with Fe3O4, new diffraction peaks at 14.40°, 32.69° and 39.57° 

matching the amorphous MoS2 phase (JCPDF 87–2416), no other peaks have 

been observed. The results indicated that Fe3O4/C-MoS2 composites are formed 

at the reaction conditions [47]. Figure S5 shows the XRD pattern of the MoS2, 

the diffraction peaks at 14.38°, 29.03°, 32.68°, 33.51°, 35.87°, 39.54°, 49.79° 

and 58.33° are observed, which are assigned to (002), (004), (100), (101), (102), 

(103), (105) and (110) planes of the hexagonal MoS2 (JCPDS No.37-1492) [48]. 

As for the Mo(CO)6 sample (Figure S6), the peak at 15.5°, 20.1°, 28.5°, 35.1°, 

42,4°, 56.7°, 66.2°, 73.3° can respectively be indexed to the (101), (201), (102), 

(222), (103), (004), (044), (015) planes of hexacarbonyl molybdenum (JCPDS: 

75-1336). 

A magnetization test was performed to investigate the effect of MoS2 on 

the magnetic properties of FCM, as shown in Figure 3b, saturation value for 

bare magnetite particles and FCM are 82 emu g-1 and 34.87 emu g-1 respectively. 

With such high saturated magnetization, FCM catalysts could be quickly 

separated from the products with the aid of an external magnetic field.  
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Figure 3. (a) Experimental XRD patterns of as-prepared catalysis; (b) Magnetization 

curves for Fe3O4 and FCM measured at 298K. (The inset illustrates the magnetic 

separation of FCM from aqueous solution under the application of an external magnetic 

field and the time from (A) to (B) was less than 30 seconds.) 

3.2 Catalytic performance 

The hydrocracking effects of catalysts were evaluated using the reactor 

assembling given in Figure S1. The process includes a three-phase reaction 

including fine catalyst, H2, and high molecular weight oil CBR. The type of 

catalyst is thus an important factor affecting the reaction.[49,50] To test the H2 

taking capacity of the different catalysts in the CBR hydrocracking process, 

hydrocracking without catalyst is regarded as a reference standard. Figure S7a 

presented the temperature and pressure files of the hydrocracking process. 

Figure S7b shows the reactor pressure profile for the effects of different 

catalysts. In normal operation, the initial condition was set 10.0 MPa at 200 °C, 

and the reactor pressure increased to about 13.0 MPa upon the temperature 

ramping to 415 °C. In the presence of the catalyst, the pressure of the reactor 

decrease due to H2 consumption prevailing via hydrocracking.[49] All catalysts 

except Mo(Co)6 exhibit the same trend of pressure decrease. Because Mo(CO)6 

is an oil-soluble catalyst, it has better dispensability in oil and more 
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opportunities to contact with hydrogen. Therefore, the hydrogen pressure is 

rapidly reduced due to catalytic hydrocracking when the reactor temperature 

reaches nearly 380℃. The same trend was also reported by Yong-Kul Lee [51]. 

As displayed in Figure S7b, when the reaction progressed to about 10 minutes, the H2 

pressure began to drop due to H2 consumption prevailing via hydrocracking. However, 

in the reaction stage, the H2 pressure curve without catalyst hardly changes, thus we 

can conclude that the fabricated FCM catalyst has the hydrocracking ability. 

The test was performed with the same load of catalysts (500 ppm) and in the 

catalyst hydrocracking processes, MoS2 is the main active component [52]. Through 

the ICP measurement, the Mo content for MoS2, Mo(CO)6 and FCM was calculated to 

be 599.3 mg/g, 363.4 mg/g and 204.1 mg/g respectively. Because Fe3O4 and MoS2 are 

the main components of FCM, we also prepared Fe3O4 and MoS2 for comparison 

(Table S2). Of note, the fabricated MoS2 catalyst showed a similar viscosity reduction 

activity with the commercial MoS2. However, the fabricated Fe3O4 catalyst showed 

poor viscosity reduction activity. Figure 4 shows the viscosity reduction per unit Mo 

of CBR after hydrocracking with FCM, MoS2 and Mo(CO)6. The viscosity of CBR 

before catalytic hydrocracking is 56600 cP. It can be seen that MoS2, FCM and 

Mo(CO)6 can effectively reduce the viscosity of CBR. After hydrocracking without 

catalyst, the viscosity decreased to 83.8 cP. But a large amount of thermal coke can be 

seen attached to the agitator at the end of this process (Figure S8). The high 

production of thermal coke reduced the upgraded crude oil yield, these problems 

make the non-catalyzed hydrocracking reaction commercially unavailable [9]. 
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However, no thermal coke was found when tested in the presence of different 

catalysts. Surprisingly, we find that FCM has a better performance than oil-soluble 

Mo(CO)6 and MoS2. The viscosity reduction per unit active component follows the 

order: FCM > Mo(CO)6 > MoS2. According to the “Rim-Edge” model [53], the 

amorphous MoS2 leads to more unsaturated S atoms at the edges, thereby increasing 

the active sites available for reaction. Furthermore, the weak metal–support 

interaction effect in the C-MoS2 catalyst resulted in the negligible formation of coke 

and inhibited the growth of MoS2 during the reaction [54]. The results indicate that 

the generated MoS2 nanoflower with abundant active sites and covered carbon layer 

with anti-coke ability donate to the superior upgrading performance. While bulk MoS2 

or Mo(CO)6 can easily aggregate to form longer crystals with more layer, resulting in 

loss of active sites of the catalyst [55].  

 
Figure 4. The variation of viscosity reduction per unit Mo with different catalysts. 

The infrared spectrums of CBR before and after upgrading with different 

catalysts are displayed in Figure 5a. It is used to analyze the changes of 

functional groups from the view of molecules. The peaks at the 2860 cm-1 and 

1376 cm-1 are assigned to symmetrical stretching vibration and symmetrical 

deformation vibration of methyl. While the peaks at 2925 and 1460 cm-1  
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assigned to methylene in the CBR after the reaction was stronger, which 

suggested that the aromatics ring-opening reactions went on during the process 

[56]. Besides, the peaks at 1603 and 1705 cm-1 assigned to carbon-carbon 

double bond and carbonyl groups of aromatics hydrocarbons were weaker after 

reactions with different catalysts, which implied that the hydrogenations of the 

unsaturated groups during the process of the reaction [57,58]. 

 

Figure 5. (a) The FT-IR spectrum of CBR before and after upgrading with different 

catalysts; (b) SARA analysis of CBR before and after hydrocracking with different 

catalysts. 

The changes of SARA (saturates, aromatics, resins, and asphaltenes) 

composition of CBR before and after hydrocracking are summarized in Figure 

5b. It could be seen that the portion of aromatics and asphaltenes decreased 

while the amount of light components saturates and resins in the CBR increased 

after the reactions, which could be attributed to the dissociation of asphaltenes 

macromolecules, thus leading to the viscosity reduction of CBR [59].  

The elemental analysis of CBR before and after hydrocracking with 

different catalysts was illustrated in Table S3. The initial sulfur content in CBR 

was 5.144 wt%, after hydrocracking without catalyst, 4.505 wt%, in other 
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words, the removal conversion was 12.4%. The sulfur conversion rate for MoS2, 

FCM and commercial Mo(Co)6 catalysts was 16.01, 34.8 and 31.7% 

respectively. The HDS activity follow the order FCM > commercial Mo(Co)6 > 

MoS2.  

Table 1 shows the metal analysis of oil samples before and after the 

reaction. When the test was performed by using FCM, about 90% of catalysts 

can be recovered from the oil products, however, when using MoS2 or 

Mo(CO)6, a large amount of metal molybdenum have been introduced 

artificially, which are harmful to the next step of oil treatment. Metal 

compounds such as V and Ni are harmful to catalytic processes [60], which 

may result in the corrosion of fluid catalytic cracking (FCC) catalysts [61] and 

the deactivation of hydrotreating catalysts. Therefore, the removal of metal 

compounds is important to heavy oil processing [62]. Based on the above metal 

analysis, it can be concluded that FCM has better metal (V and Ni) removal 

efficiency than MoS2 or Mo(CO)6, the concentration of vanadium and nickel 

was decreased by 63 mg/kg and 56 mg/kg, which is thought to be the 

decomposition of the CBR during the reaction [63]. 

Table 1 Metal analysis of CBR before and after upgrading with different catalysts. 

Metal analysis CBR CBR+FCM CBR+MoS2 CBR+Mo(CO)6 

Ni (mg/Kg) 151 95 121 101 

V (mg/Kg) 326 263 304 265 

Fe (mg/Kg) 50 83 45 43 

Mo (mg/Kg) 17.1 23 377 155 

 

3.3 Activity of recycled catalyst 
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Catalyst recycling is critical to the slurry hydrocracking process; however, 

very few studies have reported the use of recycled (both supported and 

unsupported) catalysts in the process as stated in the introduction [13]. The 

stability of the FCM composite was investigated by reusing the catalyst for 

CBR upgrading. Traditional catalysts used in slurry-phase hydrocracking are 

usually separated by high-speed centrifugation, which is expensive and 

time-consuming. In contrast, the magnetic separation method has the 

advantages of convenience, simplicity, high efficiency, rapidity and suitable for 

mass production [64–66]. After the reaction, the magnet was put into the oil 

product and almost all the catalysts went straight towards the magnet within 3 

minutes. When the magnet was removed from the oil product, it could be seen 

that a large number of solids adhered tightly to the surface of the magnet 

(Figure S9). Recycling of the catalyst is very essential for the slurry-phase 

hydrocracking process, the first recycle run of the test was repeated three times 

and the best recovery rate of the catalyst is about 90%. To investigate the 

activity of the recovered catalyst, another round of reaction was assessed at the 

same conditions. The viscosity of CBR after hydrocracking with the recovered 

catalyst was 121 cP at 50℃, only a slight decrease in catalytic activity (99.7% 

in viscosity reduction) compared to the freshly added catalyst (99.8% in 

viscosity reduction) and no thermal coking was seen after the reaction. It 

indicated that the catalyst still maintained its catalytic activity and coke 

suppression ability. 
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To investigate the changes in the crystal structure of the FCM, XRD 

analysis was performed (Figure 6a). MoS2 has three characteristic peaks 

corresponding to the (003), (101) and (110) planes at 14.49°, 33.07° and 58.36°, 

no peak corresponding to the (002) plane of MoS2 was observed in the 

diffraction pattern. The lack of a reflection corresponding to the (002) plane 

indicates the existence of highly dispersed crystallites with only a few atomic 

layers, which have higher hydrogenation activity than crystalline MoS2 that 

shows a prominent (002) peaks [15]. Since a large amount of S was present in 

the feed, a sharp peak at 43.83° characteristic of pyrrhotite-4H (Fe1-xS) was 

observed in the recovered catalyst. Attar and Martin postulated that the Fe1-xS 

facilitate the transfer of molecular hydrogen to organically bound hydrogen and 

plays a catalytic role in coal liquefaction[67]. Yang et al found that the (Fe, 

Ni)9S8 phases exist in catalysts, should be responsible for the high 

hydrogenation activity by using density functional theory calculations and 

experiment. The newly formed composites may also promote the hydrocracking 

of heavy oil[68]. 

Figure 6b shows the SEM images of the catalyst recovered from the oil 

sample after upgrading. The surface of carbonaceous material became a little 

bit smooth in the recovered catalyst. This suggested that a mild catalytic coke 

had formed on the catalyst surface. The magnetic properties of the recovered 

catalyst were also studied using VSM. As is shown in Figure S10, the 

saturation magnetization values for the recovered FCM were 8.9 emu/g. 
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Although the magnetism of the recovered catalyst decreased, it still has a good 

separation property under an external magnetic field. 

 

Figure 6. (a) XRD patterns of FCM and recovered catalyst; (b) SEM image of recovered 

catalyst; 

To gain further insight into the possible changes of catalysts, the XPS 

survey spectra of FCM before and after the upgrading were collected (Figure 

7). As shown in Figure S11, C, Fe, O, Mo and S were all present in the survey 

spectrum. The relative atomic concentrations of C, Fe, O, Mo, S, Ni and V 

listed in Table S3 shown that the carbon content increased and the O, Fe 

content decreased. Furthermore, vanadium was detected at the surface of the 

recovered catalyst. It demonstrates that vanadium deposited on the surface of 

the catalyst may cause the decrease of catalyst activity. Because of the low 

concentration of vanadium in the catalyst after upgrading (compared to oxygen), 

further analysis of vanadium can’t be done because of the overlapping between 

vanadium and oxygen [69]. As shown in Figure 7a of the oxygen spectra, the 

binding energy values increased slightly with 532.7 eV for O-H, 531.5 eV for 

Mo-O and 530.0 eV for Fe-O in comparison with the fresh sample, suggesting 

that the ratios between O-H, Mo-O and Fe-O were changed after upgrading 
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[43,70]. The ratio of O-H, Mo-O and Fe-O on the catalyst surface account for 

15.9%, 55.7% and 28.4% before upgrading, respectively, whereas it accounted 

for 39%, 32.5% and 28.5% after upgrading, suggesting the fraction Mo-O 

decreased during the upgrading process, which might originate from the 

sulfided of molybdenum oxide in the high sulfur environment. The XPS 

characterization of the FCM catalyst above found that the catalyst was partially 

oxidized to MoO3 in the air, but in the high temperature and high sulfur 

environment of heavy oil evaluation, MoO3 was sulfided in situ into MoS2, 

that’s why the Mo-O decreased during after reaction. The catalytic activity of 

FCM was further enhanced with the increase of sulfurization degree. While the 

ratio of Fe-O remains unchanged, indicating that Fe3O4 can still exist stably 

under the reaction conditions. The carbon shell protects the Fe3O4 cores against 

damage from harsh chemical environments. While for the Fe 2p XPS spectra 

before and after upgrading, the Fe 2p3/2 binding energy values of the catalyst 

after upgrading decreased slightly to 710.8 (711.5 eV for the fresh catalyst), 

indicating the alternation of ratios of Fe(Ⅱ) and Fe(Ⅲ) after hydrocracking 

process [41]. Based on the deconvolution of Fe(Ⅱ) and Fe(Ⅲ) envelop, Fe(Ⅱ) 

and Fe(Ⅲ) accounted for 52.7% and 47.3% before upgrading, respectively, and 

for 13.4% and 86.6% afterward. The alternation indicates that the Fe2+ ions 

react with the CBR and Fe3+ was formed.   
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Figure 7. (a) O 1s XPS spectrum before and after upgrading. (b) Fe 2p XPS spectrum 

before and after upgrading. 

4.0 Conclusions 

In summary, the magnetically retrievable Fe3O4/C-MoS2 catalysts used for 

heavy oil upgrading were successfully synthesized by a simple micelle-assisted 

hydrothermal strategy. Benefiting from the synergy effect between MoS2 and 

carbon support, the prepared Fe3O4/C-MoS2 catalysts exhibited superior 

hydrocracking performance, which reduced the viscosity of heavy oil by 99.8%, 

increased the API from 6.9 to 13.2 and hydrodenickelation and 

hydrodevanadium rate reached 37% and 20%, respectively. Furthermore, the 

catalyst can be easily recovered from the product without affecting its quality 

and stability. The designed catalyst has the advantage of high catalytic 

efficiency and ease for separation which is promising for industrial application.  
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