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Abstract:



Recently, the catalytic upgrading of bio-oil to renewable diesel has been attracting more and more attention. In the current paper, carbon nanotube (CNT)-supported nickel catalysts, namely, 5% Ni/CNTs, were prepared for liquid hydrocarbon production through the deoxygenation of palmitic acid, the model compound of bio-oil under a mild condition of 240 °C reaction temperature and 2 MPa H2 pressure. The experimental results revealed that the main reaction product was pentadecane (yield of 89.64%) at an optimum palmitic acid conversion of 97.25% via the hydrodecarbonylation (HDC) process. The deoxygenation mechanism for palmitic acid conversion was also investigated. This study provides technical parameters and a theoretical basis for further industrialization in the bio-oil upgrading process.
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1. Introduction


The worsening pollution induced by the increasing consumption of conventional fossil fuels and the ever-increasing dependency on imported oil make researchers search for eco-friendly energy which is sustainable and renewable [1,2]. Biomass is regarded as the most prospective alternative energy source, as it is the only renewable resource which can be directly translated into liquid carbon fuels, and it is carbon dioxide neutral due to photosynthesis. Generally, bio-oil is the liquid produced from lignocellulosic biomass, such as rice husk, miscanthus, pinewood, cellulose, and lignin, through thermochemical conversion [3,4]; it has some similarities to the chemical composition of petroleum crude and is recognized as the most promising alternative to petroleum, which could improve the nation’s energy independence as well as reduce greenhouse gas emissions [5]. However, compared to petroleum, the bio-oil contains a significant quantity of oxygen (up to 35–40 wt %), which results in its lower pH and calorific value, chemical and thermal instability, and poor storage stability [6,7,8,9], and these properties make it difficult to directly use bio-oil as the liquid fuel for transportation. So, upgrading of the bio-oil method is needed.



Long-carbon-chain (C16–C22) fatty acids are normally selected as a model compound of bio-oil, especially algae-based bio-oil, to investigate bio-oil upgrading via deoxygenation reactions [10]. After upgrading, long-carbon-chain hydrocarbons are obtained as final products, which can be a substitution for traditional diesel oil. Recently, there have been three deoxygenation approaches for fatty acids as follows: decarboxylation (DCX: R–COOH → R–H + CO2), hydrodecarbonylation (HDC: R–COOH + H2 → R–H + CO + H2O) and hydrodeoxygenation (HDO: R–COOH + 3H2 → R–CH3 + 2H2O) [11,12,13,14,15]; further, three main catalyst systems have been applied to the deoxygenation of fatty acids: (1) NiMo or CoMo sulfide/supported catalysts [16,17]; (2) noble metal–supported catalysts, mainly including Pt- or Pd-based catalysts [1,18,19,20]; (3) supported non-noble transition metal catalysts (e.g., Fe, Co, Ni, Mo et al.) [21,22,23,24]. Sulfide/supported catalysts may contaminate the products as a result of sulfur leaching, and the noble metals are high in price, and these deficiencies restrict the practical usage for the former two catalyst systems. Meanwhile, the supported non-noble transition metal catalysts have the most promising prospect for their high catalytic activity and low cost and are feasible for application in the fatty acid deoxygenation process. In the published literatures, Chao et al. [25] deoxygenated palmitic acid with the presence of water at 300 °C and 0.69 MPa of H2 pressure over Ni/ZrO2 and concluded that decarbonylation was the major route to generate 30.2% of C15, 26.0% of C8–C14 and 18.6% of CH4 as the main products. Imane et al. [26] studied nickel supported on SiO2 and γ-Al2O3 performed in HDO of stearic acid in a 3 MPa hydrogen atmosphere at 300 °C, obtaining both 100% acid conversion and 96.3% and 96.2% of n-heptadecane selectivity, respectively. Hui et al. [27] used activated carbon-supported nickel phosphide catalyst in the deoxidation of palmitic acid at 350 °C and 5% H2/Ar with the rate of 30 mL/min, and found that the coexistence of Ni2P and Ni12P5 resulted in the optimum C15 selectivity of 74.9%. Ning and his colleagues [25,28] examined different metal acetate salts for the catalytic deoxygenation of stearic acid, and found Ni(OAc)2 exhibited the highest activity with 62% yield achieved at 350 °C for 4.5 h with only 1 mol % of the catalyst in the absence of H2 and solvent; furthermore, they stated the diversified applications of nickel-based bimetallic catalysts for energy and the environment since Ni has a high alloying efficiency with all noble metals as well as many transition metals in different mass ratios.



Our group also explored the hydroconversion of octanoic acid with Ni/ZrO2 at 320 °C and 3 MPa of H2, obtaining 69.9% yield of C7 as the main product through HDC of ocatnoic acid [29]. These papers revealed Ni active particles as promising catalytically active components for fatty acid deoxygenation, but the reaction conditions were too demanding for the reaction temperatures all greater than or equal to 300 °C. It is well known that a relatively higher reaction temperature results in high energy consumption, and can induce undesirable side reactions such as coking or polymerization, which sequentially leads to catalyst deactivation [11]. So, it is meaningful to investigate the deoxygenation of fatty acids under milder conditions. In our other former research, carbon nanotubes (CNTs)-supported MoO2, Co-MoO2 or β-Mo2C catalysts were applied to the conversion of palmitic acid and stearic acid at 220 °C or 180 °C with 4 MPa of H2, and these catalysts all had sufficient deoxygenation activity to obtain 100% acid conversion with around a 90% yield of alkanes without carbon loss [30,31,32]. This phenomenon demonstrates that the CNTs are a promising catalyst support since the CNTs have high thermal conductivity, accessibility of the active phase, good chemical stability in aggressive media and a high surface area [33,34]; the unique electronic structure of CNTs exhibits a large charge transfer and deficient electron, as well as gaps, which decrease the diffusion resistance kinetically [35,36]. In addition, the active metal atoms have a stronger interaction with outside CNTs over the supported catalysts, which can also lead to structure defects of CNTs that affect the physical properties and chemical behavior of the catalysts, and further affect the hydrodeoxygenation of the reactant and the transfer of products inside or outside the CNTs [37]. Furthermore, the CNTs possess a hydrophobic surface with relatively few or no functional groups, which decreases the probability of side reactions [38] and promotes water desorption that favors the HDO reaction [39,40]. Although the reaction temperature has been lowered, the high H2 pressure of 4 MPa is unfavorable to the safety and expense of hydrogenation equipment, so it is of significance to further research fatty acid conversion to alkanes at much milder reaction conditions.



In this paper, CNTs-supported Ni catalyst (5% Ni loading) was synthesized and applied in the deoxygenation of palmitic acid, and the 5% Ni/CNTs catalyst was characterized by XRD (X-ray powder diffraction), TEM (Transmission electron microscope) and nitrogen sorption. This work aims to design a new style of catalyst, displaying high efficiency for palmitic acid hydroconversion at a milder reaction condition, and hopes to further disclose the deoxygenation mechanism for fatty acids, sequentially contributing to the upgrading of bio-oil.




2. Results and Discussion


2.1. Characterization of Catalyst


The XRD patterns of CNTs and 5% Ni/CNTs are shown in Figure 1. With a hexagonal structure, the diffraction peaks of CNTs distributed at 26.0° and 44.0° [30]. Meanwhile, the diffraction peaks appearing at 2θ of 44.3°, 51.7° and 76.4° are assigned to the planes of (111), (200) and (220) of metal Ni, respectively (JCPDS: 65-0380). Only Ni0 and CNTs were observed by XRD. It can be verified that Ni/CNTs catalyst was formed in sample (b), and the Ni0 was dispersed in the CNT support. Additionally, well-crystallized structures were indicated in samples (a) and (b) with narrow and intensive diffraction peaks.


Figure 1. XRD patters for CNTs (a) and 5% Ni/CNTs (b).
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The typical N2 adsorption-desorption isotherm and BJH (Barrett-Joyner-Halenda) pore size distribution plot of 5% Ni/CNTs are displayed in Figure 2. A representative-type IV curve was exhibited in the nitrogen adsorption-desorption isotherm with sharp capillary condensation steps at relative pressures of 0.8–0.98 (Figure 2a) [41]. The H1-type hysteresis loop demonstrates the typical mesoporous material property [42]. In addition, from Figure 2b, the narrow pore size distribution of 5% Ni/CNTs was 2.7 nm.


Figure 2. N2 sorption-desorption isotherm (a) and pore size distribution (b) of 5% Ni/CNTs.
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To further study the particle distribution, shape and size of 5% Ni/CNTs, TEM images of 5% Ni/CNTs are shown in Figure 3. A relatively uniform distribution of nanoparticles was displayed on the CNTs’ surface. Figure 3a shows that spherical nanostructured Ni particles were well distributed on the surface of CNTs with an average Ni particle size of 10 nm with no evident agglomerations observed. It is considered that the CNTs-supported Ni catalyst reveals a model of “support dispersion”, for CNTs can disperse Ni particles adequately and take on sintering barriers efficiently to restrain Ni particles from sintering. The high-resolution TEM (HRTEM) image of 5% Ni/CNTs is shown in Figure 3b, and a lattice distance of 0.20 nm was obtained, which can be assigned to the (111) plane of the metal Ni phase [43]. This indicates that the synthetic method is facile for CNTs to be uploaded individual Ni nanoparticles.


Figure 3. TEM (Transmission electron microscope) images of 5% Ni/CNTs.
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2.2. Deoxygenation at Different Temperatures


As a significant parameter, temperature affects both the reaction rate and equilibrium. The conversion of palmitic acid and detailed distributions of the products over 5% Ni/CNTs with the changes in temperature are summarized in Figure 4. The palmitic acid conversion increased distinctly when the reaction temperature was below 240 °C, at which a conversion of 97.25% was obtained. Continuously increasing the reaction temperature to 260 °C, the palmitic acid conversion rose to 100% slowly, and no more conversions were obtained. From Figure 4, the main product of palmitic acid deoxygenation was pentadecane with one carbon loss through decarbonylation, and the yield was changed significantly with the rise of the temperature. With the temperature increasing, the conversion rose to 240 °C, at which the highest yield of 89.64% for pentadecane was achieved. Further increasing the temperature to 280 °C, the yield of pentadecane decreased to 38.43% dramatically, meanwhile the yield of light alkanes generated through cracking increased from 5.34% to 59.64% when the temperature increased from 240 °C to 280 °C. This shows that a temperature higher than 240 °C favors hydrocracking at the cost of decarbonylation. Hence, the desired temperature is 240 °C. A larger amount of hexadecanol with a yield of 4.63% produced by palmitic acid hydrogenation was observed at a lower temperature of 220 °C; further increasing the reaction temperature to 240 °C, the hexadecanol almost disappeared through the dehydration process to generate hexadecane, which suggests a higher temperature barrier for the dehydration of alcohol. Due to the small amount of hexadecene and the very reactive C=C bond, there was no hexadecene detected in the reaction process. Besides, through the deoxgenation process, a certain amount of hexadecane was also observed, which was produced through a sequence of hexadecanol dehydration-hydrogenation reactions; further, the yield of hexadecane was 2.47% at a reaction temperature of 240 °C.


Figure 4. The product distributions of palmitic acid conversion at different temperatures over 5% Ni/CNTs. Reaction conditions: palmitic acid (0.5 g), decane (50 mL), catalyst (0.25 g), H2 2 MPa, reaction time 4 h.
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2.3. Deoxygenation at Different Hydrogen Pressures


The initial hydrogen pressure is a prominent parameter that affects the deoxygenation rate of palmitic acid. Figure 5 showed the palmitic acid conversion and product distributions over 5% Ni/CNTs as the function of H2 partial pressure. The yield of pentadecane and the conversion of palmitic acid were proportional to the hydrogen pressure until the pressure was increased to 2 MPa, at which the optimum values of 97.25% acid conversion and 89.64% pentadecane yield were achieved, respectively. Further elevating the hydrogen pressure, the palmitic acid conversion and pentadecane selectivity started to decrease distinctly, for a specified volume of H2 can restrain the carbon deposition on a catalyst’s surface which is beneficial for the activity; nevertheless, too much hydrogen would contend for the adsorption sites with palmitic acid [29], so a decreased tendency appeared when the hydrogen pressure exceeded 2 MPa.


Figure 5. The product distributions of catalytic hydrogenation of palmitic acid under different hydrogen pressures over 5% Ni/CNTs. Reaction conditions: palmitic acid (0.5 g), decane (50 mL), catalyst (0.25 g), reaction temperature 240 °C, reaction time 4 h.
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From Figure 5, it can also be concluded that the yield of hexadecane increased with the increase of the hydrogen pressure, and reached 6.75% when the hydrogen pressure was 4 MPa. Meanwhile, the yields of hexadecanal and hexadecanol reached maximum values of 9.85% and 10.32% at lower hydrogen pressures of 0.5 MPa and 1 MPa, respectively Equilibrium exists between hexadecanal and hexadecanol, and hydrogen is necessary to convert hexadecanal into hexadecanol. These results were in accordance with the preceding reports that low hydrogen pressure raised the selectivity of decarbonylation to generate pentadecane, whereas high hydrogen pressures benefited the HDO of palmitic acid to produce hexadecane [44]. A certain amount of light alkanes also existed, which accounted for about 5% and had little change with the increase of the hydrogen pressures.




2.4. Deoxygenation Mechanism on 5% Ni/CNTs


To research the catalytic performance of 5% Ni/CNTs for palmitic acid conversion as a function of time, we took and detected the liquid products every 30 min during the reaction process, and the results are shown in Figure 6. The final conversion of palmitic acid was 97.25% with the yield of 89.64% for pentadecane, 2.47% for hexadecane, 5.34% for light alkanes, 0.31% for hexadecanal and hexadecanol over 5% Ni/CNTs at 240 °C in an atmosphere of 2 MPa H2. Hexadecanal was the initial product and it reached a maximum yield of 9.85% at 60 min, and then decreased rapidly to 0.31% at 240 min. Meanwhile, the yield of hexadecanol increased gradually and reached the maximum of 13.89% after 90 min, which then decreased to 0.31% eventually. Hexadecanal was in equilibrium with hexadecanol. The major product pentadecane, produced through hexadecanal decarbonylation, increased gradually with the reaction progressing. Hydrocarbons with fewer than 15 carbon atoms were produced through cracking over acid sites or hydrogenolysis over metallic sites of 5% Ni/CNTs [45]. The yield of light hydrocarbons increased continuously, and increased to 5.34% eventually. Resulting from hexadecanol dehydration-hydrogenation reactions, a small quantity of hexadecane was also detected in the product. Because of the fast hydrogenation rate and low yield of the double bond, the hexadecanol dehydration product hexadecene was not detected.


Figure 6. The product distributions of catalytic hydrogenation of palmitic acid at different reaction times over 5% Ni/CNTs. Reaction conditions: palmitic acid (0.5 g), decane (50 mL), catalyst (0.25 g), reaction temperature 240 °C, hydrogen pressure 2 MPa.
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Table 1 summarizes the experimental results of the deoxygenation of different fatty acids over nickel- or molybdenum-based catalysts that our group has published before. From [29], 0.5 g of 5% Ni/ZrO2 catalyst was applied to the deoxygenation of octanoic acid (1 g) with 100 mL solvent in a 150 mL stainless autoclave, obtaining 92.79% acid conversion at a high reaction temperature of 320 °C and a H2 pressure of 3 MPa with the main product of heptane (yield of 69.68%) which was generated through octanoic acid HDC. When a Mo particle was introduced into 5% Ni/ZrO2 to generate 10% Mo–5% Ni/ZrO2, the main product for octanoic acid deoxygenation was octane with a yield of 77.07% through the HDO process. In our other work [30], the removal of oxygen from the long-chain fatty acid palmitic acid was studied with 0.25 g of 5% MoO2/CNTs as a catalyst at a relatively low reaction temperature of 220 °C and a higher H2 pressure of 4 MPa in a 150 mL autoclave with 50 mL solvent, obtaining a 92.20% yield of hexadecane as the main product. In our previous work [31], we further modified 5% MoO2/CNTs by doping 1.5% Co particles, and applied it into the deoxygenation process of palmitic acid, achieving a 89.30% yield of hexadecane at a lower reaction temperature of 180 °C. Our group also put the CNTs-supported molybdenum catalyst into use for the deoxygenation of stearic acid, revealing that HDO was prevailing and octadecane was the leading product with a yield of 91.24% in the deoxygenation process [32]. These catalysts all had outstanding catalytic activity for fatty acid conversions; however, the reaction systems consumed too much H2 (4 MPa) which increased the cost of the hydrogenation equipment. In this paper, we investigated palmitic acid deoxygenation using 5% Ni/CNTs as catalyst at a mild condition of a 240 °C reaction temperature with only 2 MPa H2 pressure, and obtained 97.25% palmitic acid conversion, 89.64% pentadecane yield through HDC and 2.47% hexadecane yield via HDO. Besides, we also proposed a reasonable reaction pathway for fatty acid conversion over the 5% Ni/CNTs catalyst in Scheme 1.



Table 1. Experimental results for fatty acid deoxygenation that our group has published.







	
Reactant

	
Catalyst

	
Vreactor (mL)

	
Vsolvent (mL)

	
Wacid (g)

	
Wcatalyst (g)

	
T (°C)

	
PH2 (Mpa)

	
Con. (%)

	
Main product Distribution (%)

	
Ref.






	
Octanoic acid

	
5% Ni/ZrO2

	
250

	
100

	
1

	
0.5

	
320

	
3

	
92.79

	
Heptane/69.68

	
Octane/5.00

	
[29]




	
Octanoic acid

	
10% Mo-5% Ni/ZrO2

	
250

	
100

	
1

	
0.5

	
320

	
3

	
100

	
Heptane/10.67

	
Octane/77.07

	
[29]




	
Palmitic acid

	
5% MoO2/CNTs

	
150

	
50

	
0.5

	
0.25

	
220

	
4

	
100

	
Pentadecan/7.60

	
Hexadecane/92.20

	
[30]




	
Palmitic acid

	
1.5% Co-5% MoO2/CNTs

	
150

	
50

	
0.5

	
0.1

	
180

	
4

	
100

	
Pentadecan/5.20

	
Hexadecane/89.30

	
[31]




	
Stearic acid

	
β-Mo2C/CNTs

	
150

	
50

	
0. 5

	
0.25

	
180

	
4

	
100

	
Heptadecan/8.76

	
Octadecan/91.24

	
[32]










Combined with the results of palmitic acid conversion in this paper, Scheme 1 showed the fatty acid deoxygenation mechanism over the 5% Ni/CNTs catalyst. Firstly, the fatty acids hydrogenated to aldehydes over the nickel active sites, and most generated aldehydes preferred to convert into hydrocarbons with one-carbon loss via the HDC process for palmitic acid to produce 89.64% of pentadecane as the main product. Meanwhile, a small amount of aldehydes hydrogenated to alcohols, and then through successive dehydration and hydrogenation, they generated alkanes without carbon loss via the HDO routine as the minor reaction pathway. A small quantity of lighter alkanes was also generated, which was produced by hydrogenolysis over metallic sites or by cracking over acid sites. The experimental results mentioned above also revealed that the different kinds of active components might impact the deoxygenation pathways for fatty acids, which deserves to be further investigated in detail.





3. Experimental


3.1. Catalysts Preparation


Ni/CNTs catalyst (5% Ni loading) was synthesized by incipient- wetness impregnation method: CNT support was impregnated in a desired concentration of aqueous Ni(NO3)2·6H2O solution, and the metal ion was incorporated into CNTs at room temperature for over 4 h. After drying for 12 h at 105 °C, the catalyst was calcined for 3 h in air and reduced for 4 h in hydrogen at 500 °C with the rate of 80 mL·min−1. All the chemicals were purchased from Shanghai Macklin Biochemical Coltd, Shanghai, China.




3.2. Catalysts Characterization


A Micromeritics ASAP2010 instrument was used to measure N2-adsorption isotherm at −196 °C. Typically, the sample was degassed for 3 h at 300 °C firstly. The surface area was calculated through Brunauer–Emmett–Teller (BET) method. A FEI tecnai F20 instrument was applied to Transmission electron microscope (TEM, FEI F20 Field Emission Electron Microscope). The Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Advance X-ray diffractometer (D/MAX-2500) with the Cu Kα radiation (36 kV, 20 mA, λ: 0.1541 nm, scanning step: 2°∙min−1). Data were recorded in the 2θ range of 5°–80°.




3.3. Activity Measurements


A 150 mL stainless autoclave was selected to study the catalytic reaction. The autoclave was heated by the electrical furnace and the temperature was tested by a thermocouple, which was controlled to ± 1 °C. Typically, 0.5 g palmitic acid as reactant and 0.25 g catalyst were placed in the reactor with 50 mL of decane as the solvent. The reactor was purged with H2 for three times and then pressurized to 2 MPa at room temperature. Next, the sealed reactor was heated at 240 °C for 240 min with the stir rate of 300 rpm. After the reactor being cooled down, 1 µL products was injected in the Agilent GC6820 with a FID (hydrogen flame ionization detector, Agilent, Santa Clara, CA, USA) detector and the GsBP-Inowax capillary column (30 m × 0.32 mm × 0.25 µm). The detect and the inlet temperatures were 280 °C, and split ratio was 10:1. The column temperature starting at 50 °C for 2 min, was increased to 220 °C by the rate of 10 °C·min−1 and holding for 5 min.



Conversion = (moles of the converted reactant / moles of the gross reactant) × 100%;



Yield = (moles of each product / moles of total product) × 100%





4. Conclusions


The 5% Ni/CNTs catalysts was synthesized and applied in the deoxygenation of palmitic acid under relatively mild conditions of a 240 °C reaction temperature and 2 MPa H2 pressure, obtaining 97.25% of palmitic acid conversion with a yield of 69.68% for pentadecane as the main product. The catalyst was characterized through XRD, TEM and nitrogen sorption methods, and the results showed a relatively symmetrical distribution of Ni nanoparticles on the surface of CNTs with a mesoporous material property. In addition, this paper summarized the fatty acid deoxygenation results, and proposed that HDC process was the major reaction routine for fatty acid deoxygenation over 5% Ni/CNTs.
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Scheme 1. Proposed reaction pathway of fatty acid conversion on 5% Ni/CNTs. 
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