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Abstract
Depletion of fossil fuel reserves and environmental issue have led to the development of biofuels. Plant derived oil, such as palm oil, has been claimed as one of the promising source of renewable energy. However, high oxygen content in palm oil makes it unsuitable to be directly used as fuel. In the present study, the performance of Ni/ZSM-5, Mo/ZSM-5 and NiMo/ZSM-5 catalysts was investigated in catalytic cracking of used vegetable oil (UVO) into green fuel. The catalytic cracking reactions were carried out in a fixed bed reactor at 4 hour-1(WHSV), continuously for 3 hours. Conversions of the two major fatty acids: palmitic acid (84.72%) and stearic acid (74.10%) were found highest at 350 °C with Mo/ZSM-5. The optimum palmitic acid and stearic acid conversion with Mo/ZSM-5 were found at 400 °C. Comparison study was also done with Pd/Al2O3 at 400 °C for its performance in catalytic cracking of UVO. Similar conversion for palmitic acid was obtained for Mo/ZSM-5 (84.72%) and Pd/Al2O3 (86.37%) at steady state. However, system with Mo/ZSM-5 as catalyst approached steady state earlier at 60 mins compared to that of Pd/Al2O3 at 120 minutes. 
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Abstrak
Penurunan rizab bahan api fosil dan isu alam sekitar telah membawa kepada pembangunan bahan api bio. Minyak daripada tumbuhan, seperti minyak kelapa sawit telah dituntut sebagai salah satu sumber tenaga boleh diperbaharui yang menjanjikan. Namun, kandungan oksigen yang tinggi dalam minyak kelapa sawit menjadikannya tidak sesuai digunakan secara terus sebagai bahan bakar. Dalam kajian ini, prestasi pemangkin Ni/ZSM-5, Mo/ZSM-5 dan NiMo/ZSM-5 telah diuji dalam pemecahan bermangkin minyak sayuran terpakai (UVO) kepada bahan api hijau. Tindak balas pemecahan bermangkin tersebut adalah dijalankan dalam reaktor lapisan tetap pada 4 jam-1 (WHSV), secara berterusan selama 3 jam. Penukaran kedua-dua asid lemak utama: asid palmitik (84.72%) dan asid stearik (74.10%) didapati paling tinggi pada 350 °C dengan Mo/ZSM-5. Penukaran optimum asid palmitik dan asid stearik dengan Mo/ZSM-5 didapati pada 400 °C. Kajian perbandingan juga dilakukan dengan Pd/Al2O3 pada suhu 400 °C untuk prestasinya dalam pemecahan bermangkin UVO. Penukaran yang sama telah diperolehi untuk asid palmitik dengan Mo/ZSM-5 (84.72%) dan Pd/Al2O3 (86.37%) pada keadaan mantap. Namun begitu, sistem yang menggunakan Mo/ZSM-5 sebagai pemangkin mencecah keadaan mantap lebih awal pada 60 minit berbanding dengan Pd/Al2O3 pada 120 minit.

Kata kunci:  pemecahan bermangkin, minyak sayuran terpakai, bahan api hijau, ZSM-5 



Introduction
It is reported that biofuel leads to greenhouse gas reductions, on a well-to-wheel basis, of 40–60% when compared with conventional petroleum diesel [1]. In the USA alone, over 1.5 billion gallons of biofuel was produced from vegetable oils in year 2016 [2]. Meanwhile, global biodiesel production and consumption is forecast to rise by 14% from 2016 to 2020, driven by the fulfillment of current biofuel policies in the US, Argentina, Brazil, Indonesia and the EU. At the meantime, the biodiesel from waste-based production was forecast to grow to 4.4 billion liters [3]. 

Catalytic cracking is a process widely used in petroleum refining for converting heavy portion into lighter products. Catalytic cracking of vegetable oil into green fuel is favorable as it does not require additional infrastructure to be build [4]. The process can be carried out in the catalytic cracker in the conventional petroleum refinery. Further, green fuel derived from it has the similar chemical properties as the conventional petroleum fuel and can be used directly as the fossil derived fuel. This is attractive as compared to biofuel produced from transesterification of vegetable oil with ethanol or methanol that being converted to fatty acid methyl ester (FAME). Unlike green diesel, biodiesel can only be used in diesel engines blended (<20%) with diesel in order to avoid excessive buildup of carbon in diesel engines. Another major issue with the biodiesel is the tendency to freeze at low temperature, which makes it not suitable to be used in winter or other cold period of the year [5]. Therefore, production of green fuel from catalytic cracking is getting more attention. Zeolite is one of the most common catalysts used in catalytic cracking reaction [6, 7, 8]. Its tunable acid-basic properties, easy modification by ion exchange and molecular sieving properties make it widely favorable [8].

There are a few common types of zeolites, such as ZSM-5, β zeolite, γ zeolite, Mordenite, silico alumino phosphate and several mesoporous materials, were studied in converting vegetable oil into biofuels [9, 10]. Several studies reported catalytic cracking of pure vegetable oils, like cottonseed [11], sunflower [12] and palm oils [10, 13] with the yields of gasoline being about 30% in all the cases. Some reported catalytic cracking of mixture of 5-10% vegetable oil with vacuum gas oil [4, 12]. Most studies were carried out with commercial zeolite catalyst. Snåre et al. [14] studied a series of metals of high selectivity performance: palladium (Pd), platinum (Pt), nickel (Ni), ruthenium (Ru), rhodium (Rh) and Osmium (Os) towards conversion or deoxygenation of stearic acid in vegetable oil. Pd and Pt metal catalyst was reported to give a promising performance [14-17]. Later, there were several studies on Pd base catalysts such as Pd/ZSM-5 [18] and Pd/SiO2 [19] on cracking or deoxygenation in biofuel production and derivatives. Recently, TiO2 has also been tested as potential catalyst for deoxygenation of triglyceride to hydrocarbon-like biofuel [20]. Although these noble metals gave promising performance, the price is very expensive.  Catalyst with similar performance and lower price is essential for an economic process.

Nickel (Ni) and molybdenum (Mo) are transition metals of group 10 and group 6 elements in periodic table, respectively. These two transition metals were chosen in this study for zeolite functionalization. Ni was chosen due to its properties similar with other group 10 element such as Pd and Pt [21]. On the other hand, Mo is a transition metal which is commonly used as catalyst in various cracking and treating of petroleum products. The main objective of the present study is to study the performance of a series of metal functionalized zeolite in catalytic cracking of UVO in order to explore for a more efficient and cheaper catalyst. 

Materials and Methods
Materials 
The feedstock, waste cooking oil used in the reaction was collected from the Universiti Sains Malaysia’s engineering campus cafeteria. For catalyst preparation, ammonium molybdate tetrahydrate, (NH4)6Mo7O24.4H2O (≥ 99%) and 5 wt% palladium on alumina, Pd/Al2O3 were from Aldrich. ZSM-5 zeolite (CV2314) was from Zeolyst International and nickel (II) nitrate, Ni(NO3)2.6H2O (99%) used was from Acros. Palmitic acid, as the model compound was from Merck.

Catalyst preparation
Zeolite based catalysts prepared in the present study were functionalized with different metals. Incipient wetness impregnation method was applied to load different type of metals at 5 wt% on ZSM-5 zeolite. Firstly, the desired amount of zeolite (95 wt%) and metal precursor (5 wt% metal equivalent), such as Ni(NO3)2.6H2O was dissolved in deionized water. Then, the mixture was stirred at room temperature for 8 hours to enhance the distribution of metal precursor on ZSM-5. Next, the mixture was dried in the oven at 120°C for 16 hours. The dried material was then calcined at 550 °C for 2 hours in a furnace. The formed catalyst is termed Ni/ZSM-5. The procedure was repeated by replacing nickel precursor with (NH4)6Mo7O24.4H2O as molybdenum precursor at metal loading of 5 wt% to obtain Mo/ZSM-5 catalyst. Catalyst prepared after calcinations is in oxide form. In order to obtain ZSM-5 with reduced metal, a reduction step would be performed in-situ prior to the catalytic cracking reaction. 

Catalyst characterization
The metal functionalized zeolites prepared were characterized by using x-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) spectroscopy. XRD was carried out using a Philips x-ray diffractometer (generator: PW 1729, Goniometer: PW 1820, diffraction controller: PW 1710). The diffractometer was used with monochromatized Cu-Kα radiation at λ = 0.15418 nm and taken in the range of 10o to 90o (2θ). The x-ray tube was operated at 40kV and 120mA. SEM was carried out by using a Scanning Electron Microscope model Leo Supra 50 VP Field Emission. The SEM unit was equipped with an INCA 400 Energy Dispersive X-ray (EDX) microanalyser with an operating voltage in the range of 0.1kV to 30kV. The EDX analysis used Mn Kα as the energy source operated at 15kV of accelerating voltage, 155eV resolution with 22.4° take off angle. 

Catalyst activity test
The catalytic cracking reactions of UVO were conducted in a fixed-bed reactor system with reactor outer diameter of ½ inch as shown in Figure 1. First, 1 g of catalyst was loaded on top of the flattened quartz wool. The reactor’s temperature was raised to the desired reaction temperature in a tube furnace (Nabertherm B170). A mass flow controller (model M100B by MKS Instrument) was used to control the flow of hydrogen or nitrogen gas into the reactor. Prior to a reaction, whenever necessary, a catalyst reduction step was carried out by flowing through hydrogen (100cm3(STP) min-1) for 2 hours at 200°C with starting heating rate at 10 °C min-1. Then, the reactor system was switched to 10 ml/min of N2 flow. N2 gas was used as the carrier gas in the reaction. The reactant, UVO in a volumetric flask with magnetic stirrer stirring continuously, was charged into the reactor from the top using a Series I high performance metering pump by Lab Alliance. The feed rate was set at 4 hour-1 (weight hourly space velocity, WHSV). The reaction time was considered to start once the metering pump was started. The liquid product samples were collected from the bottom of the reactor via outlet tubing every half an hour interval continuously for 3 hrs.

[image: ]
Figure 1.  Schematic diagram of fixed bed reactor system
Product analysis 
Possible components of liquid products were identified by gas chromatograph-mass spectrometer (GC-MS). The liquid products were analyzed by using gas chromatography (GC-FID) equipped with a flame ionization detector (FID) and a NUKOL column with dimension of 15m x 0.53mm x 0.5 μm. The gas chromatography oven temperature program was set at: initial oven temperature at 110 °C and hold it for 0.5 minutes, heating from 110 °C to 220 °C at 10 °C/min and finally hold 220 °C for 10 minutes.

Results and Discussion
Catalyst characterization
ZSM-5 used was the aluminosilicate zeolite with SiO2/Al2O3 mole ratio of 23 and Na2O of 0.05 wt%. It has large surface area of 425 m2/g. Elements such as Al, C, O, Si, and Na are present in ZSM-5 [22]. However, EDX spectroscopy did not detect Al and Na. According to Danilina et al. [23], aluminum in ZSM-5 crystallized structure was preferentially located in the rim, while silicon and oxygen were well distributed. Because of its limited penetration, EDX could have failed to detect the enrichment.

Anyhow, the EDX Spectroscopy does show that the metal has successfully loaded onto the zeolite. EDX results are shown in Figure 2. If any foreign element or impurity presents in the catalyst, it can be identified. EDX showed there is no impurity in all three tested catalysts.
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Figure 2.  EDX Spectroscopy of (a) Ni/ZSM-5, (b) Mo/ZSM-5 and (c) NiMo/ZSM-5

The SEM images of Ni/ZSM-5, Mo/ZSM-5 and NiMo/ZSM-5 at magnification of 10 000x are shown in Figure 3. The figure shows that all three catalysts are porous with well-formed particle of sphere-like-structure. These porous structure make the material possessed a large surface area. However, the particles are non-uniform due to different metals were impregnated on ZSM-5.
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Figure 3.  SEM images of (a) Ni/ZSM-5, (b) Mo/ZSM-5, (c) NiMo/ZSM-5 at magnification of 10000x

From XRD analysis (XRD spectra not shown), nickel and molybdenum oxides as expected were formed. Oxide formed on Ni/ZSM-5 was identified as monoclinic nickel oxide, NiO, while crystalline structure of orthorhombic molybdenum trioxide, MoO3 was formed on Mo/ZSM-5. For NiMo/ZSM-5, in addition to nickel oxide and molybdenum trioxide, crystalline monoclinic nickel molybdenum oxide, NiMoO4 had also been identified.

Different metal functionalized ZSM-5 catalyst in catalytic cracking of UVO
In the current study, two major types of fatty acids, namely palmitic acid, C16H32O2 (86.9%) and stearic acid, C18H36O2 (13.1%), were identified from the UVO composition. This is different from the other studies using palm oil as feedstock, where significant oleic acid (40-53%) and linoleic acid (6-14%) were found [24, 25]. This could be due to the different compositions of the fresh cooking oil used, the different cooking conditions and the food cooked.

From previous study by Chiam and Tye [26], a significant amount of alkane and alkene had been found in the liquid product after a non-catalytic thermal reaction of the UVO. It can tell that cracking and deoxygenation of fatty acids to alkane and alkene occurred during the reaction at high temperature (>300 oC). Therefore, it can be deduced that higher conversion of fatty acid leads to higher production of lighter oil in the system. Due to the complex mixture of different types of cracking fatty acid products formed in the liquid such as decanoic acid (C10H20O2), lauric acid, (C12H24O2), tetradecanoic acid (C14H28O2), oleic acid (C18H34O2) etc. in the present study, the catalyst cracking activities were compared in terms of the conversion of palmitic acid and stearic acid.

ZSM-5 and ZSM-5 functionalized with different reduced metals: Ni, Mo and NiMo were tested for their catalytic cracking activities of UVO.  As shown in Figure 4(a), generally the conversion of palmitic acid reached steady state after 60 minutes of the catalytic cracking reaction of UVO except for the reaction using pure ZSM-5 zeolite as catalyst. The conversion of the palmitic acid for different catalyst used is in increasing order of ZSM-5 (50.66%) < Ni/ZSM-5 (60.84%) < NiMo/ZSM-5 (76.75%) < Mo/ZSM-5 (84.72%) after 150 minutes. Similar trend was observed for conversion of stearic acid: ZSM-5 (48.02%) < Ni/ZSM-5 (60.43%) < NiMo/ZSM-5 (67.01%) < Mo/ZSM-5 (74.10%). This clearly shows that the Mo/ZSM-5 gives the highest conversion of both palmitic acid and stearic acid in catalytic cracking of UVO.
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Figure 4. 	Conversion profiles of UVO with respect to (a) palmitic acid, and (b) stearic acid with different catalyst (Temperature = 350 °C, UVO feed WHSV = 4 hour-1)

Effect of oxidation state of Metal/ZSM-5 catalyst for catalytic cracking of UVO 
Since Mo/ZSM-5 catalyst towards catalytic cracking reactions of UVO was found to be the best performing catalyst in the present study, Mo/ZSM-5 was then tested with different oxidation states: oxide state and reduced state to study the influence of oxidation state of the metal on zeolite catalyst in catalytic cracking reactions of UVO. The conversion of both palmitic acid and stearic acid over reduced state (Mo/ZSM-5) and oxide phase (MoOx/ZSM-5) catalyst was shown in Figure 5.
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Figure 5.  	Conversion profiles of UVO with respect to (a) palmitic acid, (b) stearic acid with reduced Mo/ZSM-5 and oxide Mo/ZSM-5 catalyst (Temperature = 350 °C, UVO feed WHSV = 4 hour-1)

From the conversion profile in Figure 5, it was shown that the steady state of the catalytic cracking reaction of UVO was achieved around 90 minutes. It is clear that the conversion profile of reduced molybdenum is better compared to that of the molybdenum oxide. The highest conversion found for reduced Mo/ZSM-5 catalyst was 84.72% for palmitic acid and 74.10% for stearic acid. The highest conversion obtained for oxide Mo/ZSM-5 was 75.00% for palmitic acid and 63.18% for stearic acid. The catalytic cracking reaction of reduced Mo/ZSM-5 gave better results compared to oxide Mo/ZSM-5. Reduced catalyst would be used in the next section to test the operating temperature in catalytic cracking of UVO.



Effect of operating temperature for the catalytic cracking of UVO 
The effect of operating temperature for the catalytic cracking reaction of UVO was carried out using the best catalyst with the highest conversion of palmitic acid, reduced Mo/ZSM-5. Effect of temperatures for the catalytic cracking reaction of UVO was carried out at 350 °C, 400 °C, and 450 °C. The conversion profile for the palmitic acid was found to be no significant difference in the range of temperature studied. However, slightly higher than average conversion (73.50%) was observed for stearic acid at 400 oC in the catalytic cracking of UVO at steady state compared to temperature at 350 oC (69.44%) and 450 oC (68.12%).

Theoretically, the conversion increases with the temperature due to higher kinetic energy possessed by the molecules in the system. In the present case, optimum temperature for conversion of palmitic acid and steric acid is found to be around 350-400 oC. These can be deduced that unwanted reactions start to be significant at temperature higher than 400 oC.

Comparison to catalytic cracking with palladium catalyst 
In the present studies, the highest conversion for palmitic acid and stearic acid over catalytic cracking reaction of UVO was obtained by using Mo/ZSM-5 catalyst at temperature 400 °C. The performance this catalyst was then compared with a promising catalyst, Pd/Al2O3 in catalytic cracking of UVO. The commercially obtained Pd/Al2O3 was used directly in the reaction. The results obtained from the test were plotted in Figure 6.
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Figure 6. 	Conversion profiles of UVO with respect to (a) palmitic acid, (b) stearic acid (Temperature = 400 °C, UVO feed WHSV = 4 hour-1)

The conversion profile shows that there is no significant difference in terms of the conversion of both palmitic acid and stearic acid for both catalysts after the system reached steady state. However, Mo/ZSM-5 approaches steady state faster at 60 minutes than Pd/Al2O3 which is after 120 minutes. In the present study, the conversion remained stable even after 3 hours of operation which showed the catalyst remained active. There is still further study needed to be carried out to have better understanding of the Mo/ZSM-5 catalyst in catalytic cracking of UVO since coking is commonly reported as an issue in catalytic cracking. Anyhow, Mo/ZSM-5 is found to be an effective catalyst which is much cheaper compared to Pd/Al2O3 as catalyst used in catalytic cracking of UVO. 

Conclusion
Catalytic cracking reaction of UVO with Ni, Mo or NiMo functionalized zeolite as catalyst into conventional fuel-like hydrocarbons or green fuels was investigated. The two major components in UVO used, palmitic acid and stearic acid, were analysed for their conversions in the reaction. The conversion of the palmitic acid and stearic acid for different catalysts used is in increasing order of ZSM-5< Ni/ZSM-5 < NiMo/ZSM-5 < Mo/ZSM-5. Mo/ZSM-5 outperformed the other catalysts in the conversion of palmitic acid (84.72%) and stearic acid (74.10%). As expected, reduced Mo/ZSM-5 was found to be more effective than MoOx/ZSM-5 in the reaction. Among the studied temperature, conducting catalytic cracking of UVO with Mo/ZSM-5 at 400°C gives the best results. When comparing to Pd/Al2O3, a promising catalyst in catalytic cracking of UVO, system with Mo/ZSM-5 is not only giving similar conversion at steady state but also approaches steady state much earlier than Pd/Al2O3. Cheaper Mo/ZSM-5 can be deduced a potential favorable catalyst for catalytic cracking of UVO. Nevertheless, further investigation is needed in order to optimize the final product, hydrocarbon yield as there were significant intermediates or side products in the liquid product.
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