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Abstract


The roles of catalyst acidity and basicity playing in catalytic conversion of oleic acid were studied in a fixed-bed micro-reactor at atmospheric pressure. The chemical compositions of the petroleum-like products were obtained and the reaction pathways of different catalysts are discussed. The metal oxides are suitable for upgrading oleic acid into organic liquid products (OLPs). Over 98% oxygen was removed when CaO, MgO, and TiO2 were implemented, whereas a minimum oxygen removal lower than 20% was obtained by using quartz. The oxygen removal was 73% by alumina; however, the light oil yield (to feed) and the valuable product yield received were the highest in all investigated catalysts. The hydrocarbons in OLPs, overwhelmingly presenting in the product, were found to be alkenes and cycloalkenes, followed by saturated hydrocarbons, and then aromatics lower than 4%. For Lewis acidic catalysts, higher acidity of the catalyst is beneficial to deoxygenation but also secondary cracking. CaO has higher dehydrogenation capability than MgO does.
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1. Introduction


With the development of the economy, the consumption of crude oil and its products keeps increasing. On the other hand, petroleum is non-renewable energy; therefore, oil products are becoming scarce. Furthermore, the ongoing strengthen environmental policies make the emission limitation continuously strict. Therefore, researchers have transferred their focus onto biofuels [1,2]. However, biofuels cannot be directly utilized because of the existence of oxygenates and unsaturated carbon–carbon double bonds [3]. Catalytic cracking is one of effective processes for biofuel upgrading [4,5,6,7].



As the structure, the active (acidic or basic) sites, and the bond between the metal and oxygen enhance the adsorption of reactants on the active sites, metal oxides are often used as biofuel upgrading catalysts [6]. The early acidic and basic cracking catalysts for biofuels upgrading dated back to the 1980s [8]. At 300~500 °C, Both acid and base metal oxide catalysts were found to be effective catalysts in the deoxygenation of fatty acids or triglycerides to a mixture of oxygen containing products and hydrocarbons [4,9,10,11,12]. The various impacts of oxygenates upgraded by both acid and base catalysts were also compared [13,14,15,16]. The Al2O3 was able to remove 94 wt.% of oxygen from waste cooking oil at the temperature of 470 °C [4]. The basic sites in a catalyst were found to be capable of strongly inhibiting secondary cracking, which resulted in high residual oil yields and low gas yields. Xu et al. found that the amounts of carboxylic acids and aldehydes, as well as the high acid value of liquid products, were significantly decreased by using base catalysts, and that the catalysts were modified by using base catalysts such as CaO rather than Al2O3. Furthermore, at low temperature, the product of the formers showed good solubility in diesel, good cold flow properties, and high heat value [14,15,16]. This is contributed to by the neutralization reactions taking place between the basic sites on catalysts and acidic intermediates in liquid products. The produced neutral hydrocarbons had more similar molecular structure to diesel fuels and better properties than acidic oxygenate intermediates.



Some literature reported the reaction processes of the catalytic cracking oxygenates to petroleum-like products over metal oxide catalysts; however, most of the catalytic cracking work has been performed using acid catalysts, and the effect of the basic sites on catalyst performance and reaction mechanisms have not been sufficiently discussed. In this study, the specific roles that the acidity and basicity, and the types of acidic sites of the catalyst, played in the product distribution of oleic acid were investigated.




2. Results and Discussion


2.1. Catalyst Characterization


2.1.1. Thermal Treatment


Catalyst thermal treatment results are shown in Figure 1a,b. The weight loss of the titania and alumina are only due to the absorbed water, and there was no weight loss during quartz thermal treatment. There was obvious weight loss in CaO and MgO thermal treatment process, which corresponded to the released water and CO2. Therefore, CaO and MgO were undergone in-situ drying with nitrogen at the temperature of 800 °C for 2 h before activity performance evaluation.




2.1.2. Physical Properties


The properties of all catalysts are given in Table 1.



Compared to other catalysts, quartz, the neutral catalyst, is bare of pore structures, and has extremely low surface area, and rather small pore volume. Generally speaking, acidic catalysts have higher surface areas and lager pore volume than alkaline catalysts do, which are in accordance with pore size distribution in Figure S1.




2.1.3. Amount, Types, and Strength of Active Sites


The amount and strength of active sites on acidic and alkaline catalysts are listed in Table 1. Compared to Al2O3, TiO2 has a higher amount of acids with higher strength. Both the amount and the strength of active sites on CaO are higher than those on MgO. There is no active site on quartz.



Figure S2a,b shows the Py-FTIR spectra of Al2O3 and TiO2, respectively. The peaks around 1450 cm−1, 1540 cm−1, and 1490 cm−1 are indicative of Lewis acids, Bronsted acid, and both [17]. Lewis acids are the only one appearing on these two catalysts.





2.2. Products


2.2.1. Catalytic Upgrading by TGA


Figure S3 shows the oleic acid decomposition process catalyzed by different catalysts by TGA tests. The corresponded MS spectra are shown in Figure S4. From Figure S3, the decomposition temperature of oleic acid ranged from 200 to 500 °C. As shown in Figure S3, 450–500 °C is an appropriate temperature range for oleic acid deoxygenation by alumina under experimental conditions and therefore then temperature of 475 °C was selected in the current study.




2.2.2. Product Distribution


The operational parameters and the product yield distributions are shown in Table S1 and Table 2, respectively. The total product yields reached 100 ± 5.0% during all investigated experiments. As expected, the conversion of quartz upgraded organic liquids was as low as 35%. Around 65% of the oleic acid was left in organic liquid products, and catalytic cracking resulted in lower liquid, higher gas, and higher coke yields.



All liquids spontaneously stratified into two phases: Oil and water. According to the type of catalysts, the yields of oil products are in the following order: Silica (93.4 wt.%) > alumina (82.5 wt.%) > titania (75.3 wt.%) > MgO (67.5 wt.%) > CaO (29.0 wt.%). In contrast, the total amount of water, carbon oxide, and hydrogen were found to increase during the catalytic process, indicating that dehydration, decarbonoxide reaction, and dehydrogenation were enhanced by catalyst. It has been reported that activated alumina was an effective catalyst in the decarboxylation of fatty acids under atmospheric pressure and at 450 °C, and the liquid product yields vary in the range between 65% and 79% with n-alkanes and n-alkenes [11].



Deoxygenation of oleic acid under the current condition showed variations when upgrading with different types of catalysts. All these catalysts underwent more deoxygenation by the removal of CO and CO2 than by water. The liquid yields, the gas hydrocarbon yields, and the coke yields appear to be closely associated with the types of active sites on the catalysts. Higher liquid but lower gas hydrocarbon and coke yields are achieved first by quartz, then by acidic catalysts, and finally by alkaline catalysts. The stronger the active sites on catalyst were, the lower liquid yields and the higher gas hydrocarbon yields reached. The more active sites on catalyst, the lower coke yields. However, CaO is an exception, which has lower gas hydrocarbon yield and higher coke yield than MgO.



Moreover, certain amount of hydrogen was detected by GC-RGA. Serrano et al. studied the feasibility to produce hydrogen, and received 0.12% hydrogen through the decomposition of vegetable and microalgal oils [18].



Oxygen removal and light oil yields in oil products are also shown in Table 2. The amount of active sites strongly affects the oxygen removal. Even though the oxygen removal of Al2O3 in oil products is lower than those of TiO2 and alkaline catalysts, the yield of light oils is the highest, which is supported by the previous publication [12].




2.2.3. Product Compositions


Table S2 shows the contents of gas hydrocarbons. C1–C3 olefin and paraffin are the principal organic gas products. Generally, the contents of olefins are higher than those of paraffin with the same carbon number. Only CaO caused different results that the content of methane is relatively higher than that of other organic gases, which might be because the high concentration of hydrogen reacting with CO forms methane. It is worth of noting that the contents of paraffin upgraded by CaO are higher than those of olefin with the same carbon number. The high concentration of hydrogen may make the olefins in CaO upgrading gases saturated [19,20,21].



The group and elemental compositions, and the carbon number distribution of hydrocarbons of oil products, are shown in Figure 2 and Figure 3, respectively. The types and carbon number distributions of oxygenates in organic liquid products (OLPs) are shown in Figure 4 and Figure 5. In general, the chemical compounds does not differ greatly between acidic and alkaline upgrading oils. The OLPs contained hydrocarbons of C6 to C18, and C22 to C24, including of alkanes, alkenes, cycloalkanes, cycloalkenes, aromatics, and oxygenates. Most oxygenates were removed by acidic and alkaline catalysts. It is easy to find the low aromatics content, which is in accordance with the molar ratio of hydrogen to carbon, which was 1.81 ± 0.06 in both acidic and alkaline catalyst upgrading oil products. The oxygen content well resembled oxygenate contents in all catalytic upgrading oil products. Demirbas et al. [22] reported the same trend with low concentration of aromatics, while some researchers obtained different results.



Aldehydes, esters, ketones, and alcohols were found in the OLPs. Certain amount of di-epoxide, aldehyde, epoxide, acid, and ester were presented in some samples. Low conversion with the high concentration of fatty acids was achieved when working with quartz. Ketones and aldehydes were found in the catalytic reactions, but were not detected during thermal cracking. Esters were found in both catalytic and non-catalytic upgrading oil products.



Figure S5 shows the TPO analysis results of all investigated catalysts except for the quartz. The reason is neither oxygen was consumed, nor water and CO2 were released (same to oxygen TGA results in Figure 6). As shown in Figure 6 and Figure S5, different catalysts have significantly different TPO results. For Alumina, the released water below 250 °C should be the produced water that was absorbed by the alumina; and the weight loss between 250 °C and 700 °C is from the coke because the oxygen was consumed within this range. For titania, TPO result is very simple and clear, and only coke is burnt out in the range of 300–600 °C. For CaO, the released water and CO2 were from coke when the temperature was lower than 500 °C, while the CO2 should be decomposed from CaCO3 when the temperature was higher than 500 °C for no oxygen was consumed. The MgO TPO result is similar to the CaO one, and only the temperature and the amount of released CO2 from metal carbonate are not the same. The coke was burnt out when the temperature was higher than 400 °C, while the released CO2 ranging from 150 to 400 °C is from MgCO3. All the relevant calculations, such as the produced water and CO2, as well as the coke content, were based on those results.





2.3. Reaction Pathways


The possible reaction mechanisms for the deoxygenation of oleic acid illustrated in Scheme 1 are included the followings [5,23]: (1) The production of anhydrides from the dehydration of acids, the decarboxylation of anhydrides to aldehyde/ketones, and the decarbonylation (or reduction) of aldehyde/ketones to alkenes (or alcohols); (2) the breaking of the C–H bond was promoted by the presence of Lewis acids and the generation of active hydrogen; the reduction of oleic acids to aldehydes, alcohols, alkenes, and eventually alkanes in turn by the produced active hydrogen; (3) the neutralization of acid and alkali to form salt, and the decarboxylation of the produced salt to form alkenes. The molarity compositions of deoxygenation products are shown in Table 3. The deoxygenation of oleic acid with nitrogen at 470 °C mainly proceed via DCO, yielding high concentration of carbon monoxide, and suggesting decarbonylation is the major deoxygenation pathway. Decarboxylation also occurred, demonstrated by the presence of carbon dioxide in Table 3. As discussed previously, CaO is still an exception, which favors decarboxylation over decarbonylation.



Deoxygenation of oleic acid under the current condition favors decarbonylation over decarboxylation. Tani et al. had the same conclusion when upgrading palm oil by silica and MgO-silica catalysts [24].



CaO is a good dehydrogenation catalyst, however, with high coke content. For other catalysts, more active sites result in higher concentrations of hydrocarbon gases and coke. When the reaction temperature is at 470 °C, CaO reacts with CO2, producing CaCO3 (see Figure 6), accelerating the water gas shift reaction (Equation (3)), resulting in a phenomenon in which carbon monoxide and water are consumed to release CO2 and H2, consequently leading to the high hydrogen concentration in CaO upgrading gas products. Gosselink gave the same explanation [19].


CO + H2O ↔ CO2 + H2



(1)







2.3.1. Acidic Catalysts


Alumina and titania were used to evaluate the effect of Lewis acids on the product distribution. Compared to other catalysts, yields of various products and compositions of gas products obtained with titania were rather close to those obtained with alumina. This is because both of them have relative high surface area, large pore volume, and rich of pore structures; proper amount and strength of acidic sites; and same acid type (Lewis acids only).



On the other hand, compositions of hydrogen and OLP obtained with titania (both higher acidity and strength) were significantly different from those with alumina. A comparison of the compositions of hydrogen obtained with various catalysts (Table 2 and Table S2) shows that the hydrogen content in the gas product with alumina catalysts was lower than those with titania. This result is in accordance with the chemical composition of OLPs shown in Figure 2, where the unsaturated hydrocarbon (alkene, cycloalkane, and aromatics) contents of OLP upgraded by titania are much higher than those by alumina. Moreover, the oxygenate amount of titania upgrading OLP is much lower than that of alumina. These results show that there was a larger involvement of dehydrogenation and deoxygenation reactions with titania than with alumina, which may be caused by the higher amount of acidic site on titania. In addition, Table 2 shows that the gas hydrocarbon yield with titania was higher than that with alumina. The high gas hydrocarbon yield with titania may be attributed to the accelerated secondary cracking due to the stronger acidity and the higher density of acidity (the acidity on per surface area of catalyst).



The reaction mechanisms for the deoxygenation of oleic acid over Lewis acidic catalysts include the followings [5,23]: The breaking of the C–H bond and the generation of active hydrogen were promoted by Lewis acids, and therefore, the reduction of oleic acids to aldehydes, alcohols, alkenes, and finally alkanes by the produced active hydrogen were enhanced. As shown in Figure S4 and Table 3, the contents of alcohols, ketones, and ethers in the acidic catalyst upgrading products were lower than those in the basic catalyst upgrading products.




2.3.2. Neutral Catalyst


Analysis of the gas products upgraded by quartz showed the existence of CO and CO2, indicating that deoxygenation reaction proceeded through decarbonylation or decarboxylation mechanisms [25]. Analysis results of the OLP revealed that alkenes and fatty acids were the primary products, especially for fatty acid, which is as high as 94.4%, and predominance of C18 (65%), C16 (18%), and C14 (8%) fatty acids. Analysis of oxygenates in OLP shows the presence of a mixture of alcohols, esters, and acids. The results indicated that at 470 °C with quartz, the conversion of oleic acid to the anhydrides was low, which resulted in the lack of ketones in the OLP [26]. Bare aromatic compounds and only a small number of alkane and cycloalkane species were detected, which implies that less secondary thermal cracking occurred. All these results agree with other researchers’ [27]. Compared to the yields and compositions obtained by all investigated catalysts, the presence of the catalyst reduced the amount of the liquid product and caused further removal of the acid groups [9].




2.3.3. Alkaline Catalysts


Tests running over calcium oxide and magnesium oxide catalysts were used to assess the effect of basic sites on the product distribution. The yields of various products and the compositions of gas and OLPs are shown in Figure 2, Figure 3, Figure 4 and Figure 5, Figure S3, and Figure S4 and Table 2 and Table 3, and Table S2. Compared to other catalysts, the yields of OLPs, coke, and gas hydrocarbons, the oxygen removal, as well as the compositions and carbon number distributions of OLPs and oxygenates in OLPs obtained with CaO, were rather close to those obtained with MgO. This is probably due to their similar surface area, pore volume, and basic sites. It was an interesting observation that there was a difference between the yield of water and that of carbon oxide and hydrogen for calcium oxide, as well as the concentration of those for magnesium oxide. As discussed in Section 2.2.3, at a reaction temperature of 470 °C, CaO reacts with CO2, producing CaCO3 (see Figure 6), accelerating the water gas shift reaction, resulting in a phenomenon where carbon monoxide and water are consumed to produce CO2 and H2. This leads to the higher yields and concentration of carbon oxide and hydrogen obtained by CaO than by MgO. In addition, CaO has a relative high dehydrogenation capability, which is confirmed by the higher aromatic, cycloalkane, and alkene concentration in CaO upgrading OLP. Furthermore, the water yield obtained by MgO was rather higher than by CaO. Different from the literature [8], the alkaline catalysts (CaO and MgO) in the current study did not inhibit the secondary cracking, which was deduced by the low oil yields and the high gas yields.



The amount of fatty acid left in the liquid products decreased most drastically and reached a rather lower level than that in other catalyst upgrading OLPs, except with titania. This was probably attributed to the saponification of the fatty acid by the base [9]. However, the removal of the acid functions in the liquid products did not necessarily lead to oxygen groups-free products. The liquid product consisted of an certain amount of ketones and aldehydes with –C=O, alcohols with –OH, esters (especially di-esters) with –COOC-, and epoxides (especially di-epoxides) with –C-O-C-, as shown in Figure 4.



MgO/CaO reacts with the produced CO2 to form MgCO3/CaCO3, which promote the decarboxylation of oleic acid. It should be noted that CaCO3 is so stable under reaction condition (470 °C) that a high temperature (>700 °C) is needed to decompose it to CaO [28]. However, MgCO3 is easy to be decomposed to CO2 and MgO under the investigated reaction conditions. In practice, the TGA-MS analysis results (Figure 1) showed that both MgCO3 and Mg(OH)2 were decomposed to MgO at 450 °C.



The reaction mechanisms for the deoxygenation of oleic acid over basic catalysts include the following: (1) The production of anhydrides from the dehydration of acids, the decarboxylation of anhydrides to aldehyde/ketones, and the decarbonylation of aldehyde/ketones to alkenes were enhanced by the basic catalysts; (2) the neutralization of acid and alkali to form salt, and the decarboxylation of the produced salt to form alkenes; and (3) the reduction of oleic acids to aldehydes, alcohols, alkenes, and eventually alkanes in succession by the produced active hydrogen. As shown in Figure S4 and Table 3, the acid and ester contents in the acidic catalyst upgrading products were much higher than those in the basic catalyst upgrading products, which further illustrates the neutralization of oleic acids with basic catalysts.




2.3.4. Aromatization


As shown in Figure 2, the aromatic contents upgraded by all investigated catalysts (neutral, base, Lewis acids only) are lower than 3.9 wt.%. Thus, the similarity in product distribution between acidic catalysts (titania and alumina) and other catalysts shows clearly that Lewis acid is not the dominative factor in aromatization involving oleic acid as feed, although Cerny et al. has reported over 40% and around 85% aromatics in the <150 °C and >150 °C fractions when a ultra-stable zeolite Y (USY, with the same amount Bronsted and Lewis acid) was used as the catalyst [29]. In addition, Omar et al. found that adding ZSM-5 (with both Bronsted and Lewis acids) catalyst produced an appreciable quantity of aromatic compounds [27]. Therefore, a key property, the existence of Bronsted acids on catalyst surface, was important to the formation of aromatics. Frety et al. got the same conclusion [30]. Part of the acidic sites (Lewis and Brønsted acids) will change to each other during the reaction process with the presence of water, which is confirmed by the higher yields of aromatic hydrocarbons when running with titania and alumina (Lewis acid only catalysts) as compared to quartz (non-acid catalyst). Other reasons, such as pore structures of catalysts [12] and high-power treatment (by microwave [27]), were found to affect the formation of aromatics.






3. Materials and Methods


3.1. Catalyst Reaction Performance Evaluation


Oleic acid (CAS No.: 112-80-1, purchased from Fisher Scientific, Canada) was used as the feed in the current study. For obtaining the information between the catalytic decomposition of oleic acid and reaction conditions, a mixture of oleic acid and catalysts was tested first by the TGA combined with an Residue gas analyzer (mass spectrometer), which was used to record the decomposed volatile gases. An amount of 10 mg catalyst was loaded in the TGA testing pan and was pretreated at 700 °C for 2 h. Then, around 10 mg oleic acid was added into the testing pan and tested with a heating rate of 10 °C/min to 800 °C. A quartz fixed-bed reactor was used as the reaction system under atmospheric pressure. The schematic of the reaction system is shown in Figure S6. This system consists of a quartz tube reactor (inner diameter: 10 mm; length: 100 mm), a nitrogen gas feed system, a liquid feeding syringe, a heater and temperature control system, a condenser, and a mixture of iced ethanol-saturated salt cooling system; in addition, liquid and gas products collection systems were also introduced. The reaction conditions are shown in Table S1 in the Supplemental Files.




3.2. Catalyst Preparation


Alumina was prepared from Boehmite. An amount of 100 g Boehmite was dissolved in about 150 mL deionized water and was acidified by HCl to the PH value at 3–4 under a temperature of 60–65 °C until the colloidal substances were produced. The solution was dried in an oven at 105 °C for 5 h and then was calcined in a muffle oven under 700 °C for 2 h [31]. TiO2 and quartz were used to maintain the state when they were purchased. CaO and MgO were undergone in-situ drying with nitrogen at 800 °C in order to remove the metal hydroxide and metal carbonate, and to remain in the state of metal oxide only during the reaction process (see Section 2.1).




3.3. Products Analysis


Compositions of inorganic gases, such as CO, CO2, and H2, were tested by GC (Varian GC-3400, Varian, Agilent Technologies, Inc., Santa Clara, CA, USA), which is equipped with an Agilent HP-PLOT Q column and combined with the residue gas analyzer (RGA-200, Stanford Research Systems, Sunnyvale, CA, USA). Compositions of hydrocarbons in gas products were determined by GC/FID (GC-17A, Shimadzu Scientific Instruments, Kyoto, Japan).



The contents of carbon, hydrogen, and oxygen were tested by LECO CHNS-932. Samples were combusted in an oxygen atmosphere at 1150 °C. Boiling point distribution of liquid products was tested in accordance with ASTM D2887, using a gas chromatography (Shimadzu GC-2010, Shimadzu, Shimadzu Scientific Instruments, Kyoto, Japan), which is equipped with Agilent Technologies DB-2887 column. The compositions of liquid products were analyzed by a gas chromatography (SHIMADZU GC-17A, Shimadzu Scientific Instruments, Kyoto, Japan) coupled with mass spectrometry (SHIMADZU MS-QP5000, Shimadzu Scientific Instruments, Kyoto, Japan) (GC/MS), which was equipped with an Agilent HP-5MS column.



The coke content of spent catalysts was determined by TGA-Q500 (TA Instruments, New Castle, DE, USA). The sample treatment procedures and analyzing program were the same to the TPO testing indicated in Section 3.4.




3.4. Catalysts Characterization


Surface area, pore volume, and pore size distribution were measured at 77K on an Autosorb-1 (ANTON PAAR USA INC., Ashland, VA, USA). The specific surface area of the catalyst powder was calculated by employing the Brunauer-Emmet-Teller (BET) method. The total pore volume of nitrogen was adsorbed under relative pressure p/p0 0.995. Pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH) method.



The strength and amount of acidic/alkaline sites on the surface of catalysts was determined by NH3/CO2 temperature program desorption (TPD) using a Quantachrome Autosorb 1-C and a Residue Gas Analyzer (RGA-200, Stanford Research Systems, Sunnyvale, CA, USA). About 100–1000 mg catalyst sample was loaded into a U-shaped quartz tube, which was then installed in a furnace. The catalyst was treated in-situ at 120 °C for 1 h in helium and then was vacuumed (lower than 3000 micron) for 30 min. The catalyst underwent NH3 or CO2 adsorption at 120 °C for 1 h, and then physi-desorption at 120 °C by helium purging. Finally, the catalyst was heated up to 900 °C (at a rate of 10 °C per minute) for chemi-desorption. The weak, medium, and strong active sites of the catalyst were assigned to the peak areas of the NH3/CO2-TPD curves lower than 350 °C, between 350 and 500 °C, and above 500 °C.



The types and strengths of acids on the surface of catalysts were tested by Pyridine-FTIR. A catalyst sample of 2–15 mg was pressed to form wafers (1 cm in diameter) and installed on the support located in a cell. The cell included two KBr windows through which IR could be transmitted. The IR cell was degassed at 450 °C by an N2 flow for 1 h. When the cell’s temperature cooled down to 150 °C, the pressure of the system was evacuated to 100 micron by a high vacuum pump. Pyridine was then introduced for adsorption. The excess or physisorbed pyridine was purged by N2. Infrared spectra were recorded on a Nicolet FTIR-6700 (Thermo Fisher Scientific, Waltham, MA USA) at temperatures of 150, 250, 350, and 450 °C. Data obtained from the spectrometer were analyzed by Omnic 8 software. The characteristic bands at 1450 cm−1 and 1550 cm−1 were assigned to Lewis acid sites and Bronsted acid sites [17], respectively.



The type and the amount of coke on the spent catalysts, was determined by TPO, using a Quantachrome Autosorb 1-C and an RGA-200. About 100–200 mg sample of catalyst was loaded in a U-shaped quartz tube and installed in a furnace. The catalyst was exposed to a flow of helium (50 mL/min), and heated to 120 °C at a rate of 10 °C/min, remaining at 120 °C for 1 h. The physisorbed water in the catalyst sample was removed. Subsequently, the catalyst was heated up to 900 °C at a rate of 10 °C/min and under a flowing gas mixture of 2% vol oxygen (1 mL/min) in helium (49 mL/min).




3.5. Calculations


Oxygen removal (OR)


OR = (MOF – MOO)/MOF * 100%,



(2)




where



OR: Oxygen removal, %



MOF: Mass of Oxygen in the Feed, g. “M” means mass, “O” and “F” respectively stands for “oxygen” and “feed”.



MOO: Mass of Oxygen in the Oil products, g. “M” means mass, “O” and “O” respectively stands for “oxygen” and “oil products”.





4. Conclusions


Under inert N2 atmosphere, liquid product yields fall into the range of 29.0 and 93.4 wt.% of the feed but are lower with active sites. The higher oxygen removal (97.7–100.0 wt.%) are obtained with the presence of CaO, MgO, and Titania, whereas a minimum oxygen removal (18.5 wt.%) is obtained with quartz. Even though the oxygen removal of alumina is as high as 73.0 wt.%, light oil yield (to feed) and the valuable product yield are still the highest in all investigated catalysts. Liquid products were composed mainly of hydrocarbons ranging from 6 to 18 in the terms of carbon number, while oxygenates from 10 to 18, 20, 22, and 24. The hydrocarbons in OLPs majorly were found to be alkenes and cycloalkenes, followed by cycloalkanes and alkanes, and aromatics content was lower than 3.9 wt.%. For Lewis acidic catalysts, more acidity of the catalyst is beneficial for deoxygenation and secondary cracking as well. For basic catalysts, the saponification of oleic acid occurred. CaO has higher dehydrogenation capability than MgO does. The existence of Bronsted acids is important to the formation of aromatics.
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Figure 1. (a) Weight loss and derived weight loss of catalysts; (b) released substrates. 
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Figure 2. Chemical compositions of organic liquid products (OLPs). 
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Figure 3. Carbon number distribution of hydrocarbons. 
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Figure 4. Types of oxygenates. 
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Figure 5. Carbon number distribution of oxygenates. 
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Figure 6. Weight loss of spent catalysts. 
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Scheme 1. Possible reaction mechanisms in the current study. M stands for the metal elements. 
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Table 1. Physical and chemical properties of catalysts.






Table 1. Physical and chemical properties of catalysts.





	
Properties

	
Surface Area (m2/g)

	
Pore Volume (cm3/g)

	
Amount of Active Sites (× 10−2 mmol/g) *




	
Weak

	
Medium

	
Strong






	
Quartz 1

	
0.1

	
4.8 × 10−4

	
0.0

	
0.0

	
0.0




	
MgO 1

	
11.6

	
0.2

	
20.7

	
0.0

	
0.0




	
CaO 1

	
13.7

	
0.1

	
0.0

	
0.0

	
153.8




	
TiO2 2

	
56.9

	
0.9

	
39.8

	
10.8

	
8.0




	
Al2O3 2

	
152.9

	
0.5

	
14.0

	
3.9

	
7.5








* the specific testing procedures are shown in Section 3.4 Catalyst Characterization. 1 was tested by NH3-TPD. 2 was tested by CO2-TPD.













 





Table 2. Product distributions and oxygen removal.
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	Yields (%)
	Oil
	Coke
	Gas Hydrocarbons
	Water
	CO/CO2
	H2
	Light Oil * Yields
	OR





	Quartz
	93.4
	0.1
	0.9
	0.5
	2.6
	0.1
	20.8
	18.5



	Al2O3
	82.5
	5.1
	3.0
	1.6
	10.6
	0.4
	40.8
	73.0



	TiO2
	75.3
	2.0
	3.6
	0.9
	16.3
	1.4
	29.1
	100.0



	MgO
	67.5
	5.3
	5.5
	2.3
	14.9
	0.1
	22.0
	99.4



	CaO
	29.0
	51.2
	3.8
	0.0
	19.8
	1.0
	16.6
	97.7







* light oil represents that the oil product fractions with the boiling point lower than 350 °C.













 





Table 3. Molarity compositions of deoxygenation products.
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	Molarity (mol/mol Oleic Acid)
	CO
	CO2
	H2O





	Quartz
	0.13
	0.05
	0.06



	Al2O3
	0.52
	0.21
	0.19



	TiO2
	1.11
	0.39
	0.14



	MgO
	0.82
	0.27
	0.30



	CaO
	0.02
	0.89
	0.00











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



























nav.xhtml


  catalysts-09-01063


  
    		
      catalysts-09-01063
    


  




  





media/file8.jpg
Ll - Quartz

50 - (I Alumina

40 - (I C20
[ MgO
I Titania

Content (%)
S S

Lo

€8 C8 €9 CI0 ClI CI2 CI3 Cl4 CIS CI6 €17 CI§ C19 €20 €21 €22 C:
Carbon No. distributions





media/file11.png
| Quartz

CaO

1 N\ .

100.0

\V
©
o]
X

|
<
N

98.5 |-

o))

(%) SSOT WSO

92

38 |-

300 400 500 600 700 300

200

100

Temperature (°C)





media/file6.jpg
Content (%)

95

I Alumina
I C-0

-COOH  -COOC- -COoC- Others

Structures of oxygenates






media/file1.png
Weight loss (%)

100.0

75.0

CaO

200

400 600
Temperature (°C)

(a)

800

1000

CO, Intensity (%)

2.4x107

2.0x107

1.6x107

1.2x107

8.0x10°

4.0x10®

a0-H,0

Temperature (°C)

(b)

6.0x107

4.0x107

2.0x107

-2.0x107

-4.0x107

-6.0x107

H, O Intensity (%)





media/file13.png
Co,

20 W

(
a1 C17H33COOCOC17H3‘3\

C,-H;;CHO . 1-4
Cy7H33;COOH 73 (1-3) Chain ") Alkenes

C18H350H o
5 oK 2H H,0

M(OH), H,0





media/file10.jpg
Weight Loss (%)

100.0

995

99.0
98.5
98.0,
\ Ca0)
92
88 I 1 I I L L
100 200 300 400 500 600 700

Temperature (°C)

800





media/file7.png
Content (%)

-OH -C=0

-COOH  -COOC-

Structures of oxygenates






media/file12.jpg
110

i € H,CO0COC ;HiT

€, CO0H

1,0

(CiHCOO)M.

M(OH), H,0





media/file9.png
Content (%)

C8- C8 (C9 Cl10 Cl11 C12 C13 C14 C15 Cl16 C17 C18 C19 C20 C21 C22 C23 C24
Carbon No. distributions






media/file5.png
Content (%)

Bl Quartz
I Alumina

12+ |l ca0O
B Mg0
I Titania

8

4

Co C7 C8 (C9 Cl10 Cl11 C12 C13 C14 C15 C16 C17 C18 C18+
Carbon No. distributions





media/file3.png
Chemical compositions (%)

100

80

60

40

20

X B Alkanes
O Alkenes
€ Cycloalkanes
{ Cycloalkenes
¥r  Aromatics
X Oxygenates
[ ] Oxygen element content
a
[m]
5 2
X
&
&
0 -1
m % A 5 A ot A $
Quartz Al203 CaO MgO TiO2

Catalysts

Oxygen element contents (%)





media/file14.png





media/file4.jpg
Content (%)

16

I Quartz
I Alumina

12 Ca0O
[ Mgo
I Titania

8

0

C6 €7 €8 €9 CI0 ClI CI2 CI3 Cl4 CI5 Cl6 C17 CI§ CI8+
Carbon No. distributions





media/file0.jpg
seono






media/file2.jpg
Chemical compositions (%)

80

40

20

x s
s
s
Fiirernens
s
it
] Oxygen clement content
&
& s
R X
&
° re; © -
2 [ : 2 i
Quartz A203 CaO MgO TiO2

Catalysts

10

Oxygen element contents (%)





