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Abstract:



The hierarchical HZSM-5 zeolite was prepared successfully by a simple NaOH treatment method. The concentration of NaOH solution was carefully tuned to optimal the zeolite acidity and pore structure. Under NaOH treatment conditions, a large number of mesopores, which interconnected with the retained micropores, were created to facilitate mass transfer performance. There are very good correlations between the decline of the relative zeolite crystallinity and the loss of micropores volume. The Ni nanoclusters were uniformly confined in the mesopores of hierarchical HZSM-5 by the excessive impregnation method. The direct deoxygenation in N2 and hydrodeoxygenation in H2 of the methyl laurate were compared respectively over the Ni/HZSM-5 catalysts. In the N2 atmosphere, the deoxygenation rate of the methyl laurate on the Ni/HZSM-5 catalyst is relatively slow. In the presence of H2, the synergistic effect between the hydrogenation function of the metal and the acid function of the zeolite supports can make the deoxygenation level more obvious. The yield of hydrocarbon products gradually reached the maximum with the appropriate treatment concentration of 1M NaOH, which could be attributed to the improved mass transfer in the hierarchical HZSM-5 supports.
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1. Introduction


Non-edible lipids are green renewable biomass energy, mainly including algae oil [1], jatropha oil [2] and cooking waste oil. Transforming the lipid raw material into high quality fuel through catalytic technology is a hot research and development field [3,4,5,6]. The first generation technology of lipid catalysis transformation is the production of fatty acid methyl ester biodiesel via transesterification methods over homogeneous base catalyst, which is currently a mature industrial production technology. However, the restricted utilization of biodiesel is inevitable due to the shortcomings such as high oxygen content and poor anticoagulant performance. Therefore, it is necessary to develop the second generation hydrocarbon fuel technology by further deoxygenation [7]. The different pathways for the deoxygenation of fatty acids include decarboxylation, decarbonylation, and hydrodeoxygenation. The reaction rate of deoxygenation of fatty acids through direct decarboxylation or decarbonylation is slow and needs to be carried out at higher reaction temperatures. Hydrodeoxygenation of lipid in hydrogen atmosphere is a promising solution.



The catalyst for hydrodeoxygenation of lipids mainly includes Co [8], Mo [9], W [10], Fe [11], or precious metals [12,13,14,15]. Conventional supported catalysts mainly use inert silica, alumina, and carbon as supports. In recent years, Ni-based bifunctional catalysts supported on silica–alumina zeolites have achieved satisfactory performance in the hydrodeoxygenation of lipids [16,17,18,19,20], by the integration of the hydrogenation function of the metal and the acid function of the supports.



Crystallized zeolites have ordered micropores, which is comparable to the reactant molecules in pore size, resulting in the large specific surface area and shape-selective catalysis. Compared with other porous materials, they exhibit high hydrothermal stability. Zeolites have been widely used in the petrochemical industry due to their tunable structure and acidity.



The diffusion and mass transfer resistance of molecules in and out of micropores often limit the space utilization in microporous zeolites. In the treatment of regenerated raw materials such as heavy oil, vegetable oils, and lignocellulosic feeds, it is necessary to optimize the accessibility of zeolites to these components. Some mesoporous zeolites have larger pore sizes, but industrial applications are hindered due to synthesis cost and poor stability. The pore structure of the hierarchical zeolite, which contains interconnected mesopores and micropores, is suitable for solving this accessibility problem. Zeolite micropores have the function of acid catalysis, while the extra creation of larger mesopores ensures the entry and mass transfer of large reactant molecules. In addition, when the zeolite is used as a support for an active component, it is possible to improve the load capacity and ensure the access of active components in the internal surface of the porous channel.



Desilication of a microporous zeolite using an alkaline solution, such as NaOH [20] or ammonia [21], creating intracrystalline mesopores through hydrolysis of the skeleton atom, is the most feasible preparation method for the hierarchical zeolite at large-scale industrial grade, which has been successfully applied to the Hβ [20], HUSY [21], and HZSM-5 [22] zeolites. Here, HZSM-5 was treated by a simple NaOH solution method. By carefully controlling the alkaline concentration, hierarchical HZSM-5 with optimal acidity and pore structure were successfully prepared. The hydrodeoxygenation of lipids over a Ni catalyst supported on the hierarchical HZSM-5 was investigated by evaluating the impact of mass transfer performance on the yield of paraffin products of methyl laurate. In so doing, new high-efficiency bifunctional catalysts of lipid hydrodeoxygenation can be further developed.




2. Results


2.1. Nitrogen Physisorption Characterization


Figure 1 shows the nitrogen adsorption/desorption isotherms of NaOH-treated HZSM-5 zeolites. Table 1 lists the corresponding specific surface area, pore volume, and average pore size. The parent HZSM-5 is characterized by typical microporous material properties, with a microporous surface area of 387 m2/g and a negligible mesoporous surface area of 19 m2/g. A high adsorption capacity was achieved on initial low relative pressure (p/p0 is less than 0.01), and the isotherm then remained flat with the increase in relative pressure, indicating that the parent HZSM-5 is a microporous material with a uniform pore structure. The pore structure of HZSM-5-0.1 changed little after treatment with 0.1 M NaOH solution, while the isotherm was almost overlapped with the parent HZSM-5. The adsorption capacity of HZSM-5-0.5 increased slightly in the higher relative pressure region of the isotherm (0.4 < p/p0 < 0.85). The mesoporous surface area increased to 35 m2/g, and the corresponding microporous surface area was reduced to 371 m2/g. The pore structure of HZSM-5-1 underwent great changes. The adsorption capacity increases continuously with the relative pressure, indicating the creation of pores with a wider pore size. At the same time, a significant hysteresis loop appears in the region with relative pressure of 0.4 < p/p0 < 0.85 on the isotherm, which indicates the presence of the intracrystalline mesopores characterized by the typical type IV isotherm of mesoporous materials. At this time, the mesoporous surface area increased significantly to 126 m2/g, while the microporous surface area decreased to 300 m2/g. When the concentration of NaOH increased to 1.5 M, the adsorption capacity on the isotherm at the initial relatively low relative pressure decreased significantly (p/p0 is less than 0.01), but there was a rapid increase in the high-pressure region (p/p0 is greater than 0.85). The mesoporous surface area and microspore surface area of HZSM-5-1.5 decreased to 63 m2/g and 161 m2/g, respectively. The microporous structure was destroyed, while some of the intergranular macropores were produced.


Figure 1. N2 physisorption (at 77 K) isotherms for parent HZSM-5 and the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M) at 343 K for 1 h.
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Table 1. Physicochemical properties of parent HZSM-5 and the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M) at 343 K for 1 h.







	
Sample

	
NaOH Concentration (mol/L)

	
SMeso (m2/g)

	
SMicro (m2/g)

	
VMeso (cm3/g)

	
VMicro (cm3/g)

	
Rel. Crystal. (%)






	
HZSM-5

	
0

	
19

	
387

	
0.05

	
0.16

	
100




	
HZSM-5-0.1

	
0.1

	
13

	
388

	
0.04

	
0.16

	
83




	
HZSM-5-0.5

	
0.5

	
35

	
371

	
0.08

	
0.15

	
78




	
HZSM-5-1

	
1

	
126

	
300

	
0.21

	
0.12

	
54




	
HZSM-5-1.5

	
1.5

	
63

	
161

	
0.22

	
0.06

	
45










Figure 2 shows the pore size distribution calculated from the adsorption branch of the isotherms using the BJH method. The additional NaOH treatment clearly resulted in a pore width of 5–15 nm for the formed mesopores in the hierarchical HZSM-5 zeolites. Especially for HZSM-5-1, the derived pore size distributions reveal that the newly formed pores were very uniform small mesopores, centered around 5 nm. Furthermore, the pore diameters shifted to large mesopores, around 15–30 nm when the NaOH concentration was1.5 M.


Figure 2. Pore size distribution of parent HZSM-5 and the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M) at 343 K for 1 h.
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Under NaOH treatment conditions, the lager mesopores were created by the amorphization and framework atom leaching to the filtrate [21]. Due to the strong alkaline nature of the NaOH solution, the treatment condition was very harsh with high pH values of 12.7–13.3 (0.05–0.2 M). The concentration of NaOH had to be controlled in a certain range due to the compromise between the formation of mesopores and the retention of micropores. A large number of mesopores, which interconnected with micropores, were created to facilitate mass transfer performance. However, excessive concentration of NaOH sometimes caused the micropores of HZSM-5 to disappear in large numbers.




2.2. Structural XRD Characterization


Figure 3 shows the XRD patterns of NaOH-treated HZSM-5. The typical diffraction peaks of the parent HZSM-5 located at 22.4 degrees. With the increase of NaOH concentration, the crystal structure of the hierarchical HZSM-5 was basically maintained. At the same time, the intensity of the diffraction peak decreased gradually, indicating the decrease of the relative crystallinity of HZSM-5 [21]. The relative crystallinity was calculated according to the intensity of the typical diffraction peak located at 22.4 degrees, assuming that the crystallinity of the parent HZSM-5 material was 100%. For example, when the NaOH concentration was 1 M, the relative crystallinity was only 54% of the parent HZSM-5. There is a very good correlation between the decline of the relative crystallinity and the loss of microporous volume.


Figure 3. XRD patterns for parent HZSM-5 and the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M) at 343 K for 1 h.
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Figure 4 shows the XRD patterns of Ni/HZSM-5 catalysts after the reduction. For Ni catalyst supported on NaOH-treated HZSM-5, only the characteristic peaks of Ni0 metal were observed on the XRD diffraction patterns, indicating that the pretreatment conditions can reduce the impregnated nickel species completely. Zhao Chen [20] had previously reported that Ni nanoparticles were mainly deposited on the outer surface for the microporous HBEA zeolite. While high loading Ni nanoclusters can be uniformly confined in the mesopores for the hierarchical HBEA zeolite.


Figure 4. XRD patterns for reduced Ni catalysts supported over parent HZSM-5 and the hierarchical HZSM-5.
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2.3. NH3-TPD Characterization


Figure 5 shows the NH3-TPD patterns of HZSM-5 treated with NaOH. Two ammonia desorption peaks can be observed, in which the low temperature peak is due to the weakly adsorbed ammonia molecules via hydrogen bonding, instead of the acid sites [21]. The high temperature peaks can be attributed to strong Bronsted acid sites. It had been previously reported that the alkaline treatment of HZSM-5 may not significantly decrease the acidity. FT-IR measurement of adsorbed pyridine verified that a large part of Lewis acid sites, which formed in the partial desilication, was selectively removed by the following acid treatment [23]. During our NaOH treatment process, Na+ ions were exchanged into the cationic sites of the HZSM-5 samples. The Bronsted acidity could be recovered by following ion exchanging with NH4+. Thus, Bronsted acid sites mainly exist over NaOH-treated hierarchical HZSM-5.


Figure 5. NH3-TPD profiles for parent HZSM-5 and the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.5 and 1.5 M) at 343 K for 1 h.
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With the increase in NaOH concentration, the low temperature peak did not change. Although the desorption temperature of the high temperature peak remained essentially unchanged, the peak area gradually increased. This indicates that NaOH treatment has little effect on the strength of the Bronsted acid sites, but the Si/Al ratio increases with the desilication under alkaline conditions. The Bronsted acid sites are mainly due to the Al in the framework, so the number of Bronsted acid sites per unit mass of catalyst increases.




2.4. Transmission Electron Microscopic Observation


Figure 6 shows the typical TEM micrographs for 10 wt % Ni catalysts supported over the parent HZSM-5 and the hierarchical HZSM-5-1. The mean sizes of Ni particles in both samples were similar and were distributed in a range of 8–11 nm by counting ca. 50–100 particles. Similar particle sizes for impregnated metal (Ru or Ni) supported over various hierarchical zeolites have been proposed in previous studies [20,21], suggesting that the hierarchical zeolite itself plays crucial roles in reaction activity. Table 2 summarizes the physicochemical properties of the Ni/HZSM-5 catalysts.


Figure 6. Transmission electron micrograph of Ni/HZSM-5 (left) and Ni/HZSM-5-1 (right) catalysts.
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Table 2. Physicochemical properties of Ni catalysts supported over parent HZSM-5 and the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M) at 343 K for 1 h.







	
Catalyst

	
Si/Al (mol/mol) a

	
dNi (nm) b

	
SBET (m2/g)






	
Ni/HZSM-5

	
22

	
8–11

	
259




	
Ni/HZSM-5-0.1

	
-

	
-

	
284




	
Ni/HZSM-5-1

	
14.2

	
8–11

	
232




	
Ni/HZSM-1.5

	
-

	
-

	
286








a Determined by EDX analysis. b Determined by TEM micrographs.









2.5. Deoxygenation of Methyl Laurate over Ni HZSM-5 Catalysts in N2


Table 3 summarizes the comparison of methyl laurate conversion over 10 wt % Ni catalysts loaded on the hierarchical HZSM-5. Figure 7 shows the product distribution of methyl laurate conversion in the N2 atmosphere. In the nitrogen atmosphere, the conversion of methyl laurate over the parent Ni/HZSM-5 catalyst was 25.4%, and the main products were lauric acid and a small amount of undecane. With the increase in NaOH concentration, the conversion of methyl laurate over treated Ni/HZSM-5 catalysts gradually increased. The highest conversion was 61.5% for Ni/HZSM-5-1, and the corresponding yield of lauric acid and undecane were 26.3% and 5.9%. However, when the treatment concentration of NaOH increased to 1.5 M, the conversion of methyl laurate and the yield of lauric acid decreased to 50.5% and 19.6%, respectively.


Figure 7. Yields for deoxygenation of methyl laurate in N2 over 10 wt % Ni catalysts loaded on the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M). Experimental conditions: methyl laurate (3.5 mmol), n-hexane (20 mL), catalyst (0.1 g), 280 °C, 2 MPa of N2 (Room temperature), and stirring at 600 rpm for 5 h.
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Table 3. Comparison of methyl laurate conversion over 10 wt % Ni catalysts loaded on the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M).







	
Catalyst

	
Atmosphere

	
Conversion (%)

	
Yield (wt %)




	
Oxygenates

	
C12

	
C11

	
Cracking






	
Ni/HZSM-5

	
N2

	
25.4

	
11.8

	
-

	
2.5

	
-




	
Ni/HZSM-5-0.1

	
N2

	
39.6

	
16.9

	
-

	
4.3

	
-




	
Ni/HZSM-5-0.5

	
N2

	
54.2

	
21.0

	
-

	
5.2

	
-




	
Ni/HZSM-5-1

	
N2

	
61.5

	
26.3

	
-

	
5.9

	
-




	
Ni/HZSM-1.5

	
N2

	
50.5

	
19.6

	
-

	
6.8

	
-




	
Ni/HZSM-5

	
H2

	
86.2

	
6.4

	
26.3

	
18.6

	
4.4




	
Ni/HZSM-5-0.1

	
H2

	
87.6

	
3.6

	
26.3

	
19.3

	
4.7




	
Ni/HZSM-5-0.5

	
H2

	
87.8

	
6.2

	
28.6

	
21.0

	
4.2




	
Ni/HZSM-5-1

	
H2

	
89.8

	
2.6

	
37.6

	
27.7

	
10




	
Ni/HZSM-1.5

	
H2

	
68.7

	
4.6

	
13.2

	
9.1

	
4.6








Experimental conditions: methyl laurate (3.5 mmol), n-hexane (20 mL), catalyst (0.1 g), 280 °C, 2 MPa of N2 or H2 (room temperature), and stirring at 600 rpm for 5 h.








In a nitrogen atmosphere, methyl laurate can hydrolyze to lauric acid, while the undecane is derived from the direct decarboxylation of lauric acid [24]. The decarboxylation rate of fatty acids on the Ni/HZSM-5 catalyst was relatively slow, so the yield of undecane was very low. The acidity of the zeolite supports had little contribution to the direct decarboxylation reaction. The increase in methyl laurate conversion can be attributed to the improved mass transfer in the hierarchical HZSM-5 supports, which well correlate with the trend of the surface area of the mesopores.




2.6. Hydrodeoxygenation of Methyl Laurate over Ni/HZSM-5 Catalysts in H2


Figure 8 shows the products distribution of methyl laurate conversion in the H2 atmosphere. According to Table 3, in the hydrogen atmosphere, the conversion of methyl laurate was significantly higher than that of nitrogen. The conversion of methyl laurate on the Ni/HZSM-5 catalyst was 86.2%. The product distribution was more complicated than that in the nitrogen atmosphere. In terms of hydrocarbon products, in addition to undecane, dodecane, some isoparaffin, and some cracking alkane products were distributed. In terms of oxygenate products, in addition to a small amount of lauric acid, dodecanal and dodecanol, which were not produced in the nitrogen atmosphere, were distributed. With the increase in NaOH treatment concentration, the conversion of methyl laurate on the Ni/HZSM-5 catalyst almost remained unchanged until the NaOH concentration was 1 M. The yield of undecane and dodecane products gradually increased, which reached a maximum of 65.3% when the NaOH concentration was 1 M. However, when the NaOH concentration increased to 1.5 M, the conversion of methyl laurate decreased to 68.7%, while the yield of undecane and dodecane was reduced to 22.3%. Compared with the nitrogen atmosphere, the yield of the oxygenate products was remarkably reduced in the hydrogen atmosphere, whereas a small amount of cracking hydrocarbons was produced.


Figure 8. Yields for hydrodeoxygenation of methyl laurate in H2 over 10 wt % Ni catalysts loaded on the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M). Experimental conditions: methyl laurate (3.5 mmol), n-hexane (20 mL), catalyst (0.1 g), 280 °C, 2 MPa of H2 (Room temperature), and stirring at 600 rpm for 5 h.
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In a hydrogen atmosphere, the hydrogenolysis of methyl laurate generates lauric acid. The deoxidation of lauric acid proceeds via more complex reaction paths: (1) First, tandem hydrogenation to intermediate oxygenates, such as dodecanal and dodecanol, and then to dodecane through dehydration/hydrogenation of dodecanol, which is an alkane with the same number carbon atoms as the fatty acid; (2) Direct decarboxylation/decarbonylation of the oxygenates (acid, aldehyde or alcohol) to undecane, which is one carbon atom less than the fatty acids [25]. The deoxygenated alkanes can be transformed into isoparaffins and light hydrocarbons by isomerization and cracking reaction. For the Ni/HZSM-5 bifunctional catalyst, the main function of metal Ni is to catalyze the hydrogenolysis of methyl laurate, the decarbonylation of aldehyde/alcohol, and the hydrogenation of acids/aldehyde, while that of Bronsted acid sites from the HZSM-5 supports is to catalyze the dehydration of fatty alcohols and the isomerization and cracking of alkanes.



The yield of dodecane was significantly higher than that of undecane in alkane products. In a hydrogen atmosphere, over Ni catalysts supported on acidity Zeolite, the predominant reaction path is the tandem hydrogenation of lauric acid carboxyl group to form dodecanal/dodecanol intermediates, and further the dehydration/hydrogenation of alcohol to dodecane, instead of the metal-catalyzed decarbonylation of the dodecanal to undecane.



With the increase of the concentration of NaOH, the molar ratio of dodecane to undecane, which is the ratio of hydrodeoxygenation to direct deoxidation, was maintained at approximately 1.4, indicating relative equilibrium between the amount of Bronsted acid sites and the metal active sites for the hierarchical Ni/HZSM-5 catalysts. Zhao had reported that the main product of hydrodeoxygenation of stearic acid on a Ni/HBEA bifunctional catalyst was octadecane, with low heptadecane selectivity, indicating that the main reaction route was stearic acid hydrogenation to the corresponding fatty alcohol, followed by tandem dehydration–hydrogenation, which is consistent with our results [20]. The increase in hydrocarbon (C11 and C12) yield with NaOH concentration can be ascribed to the improved mass transfer in the mesopores space of the hierarchical HZSM-5 supports. When the NaOH concentration increased to 1.5 M, due to the destruction of the microporous structure and the formation of the amorphous phase, a large number of active sites disappeared, resulting in a substantial decrease in methyl laurate conversion. In the presence of hydrogen, the direct decarboxylation/decarbonylation rate of fatty acid, aldehyde, or alcohol was promoted.



In addition, the dehydration–hydrogenation initiated by Bronsted acid function made the level of deoxygenation more obvious. Due to the high deoxygenation rate of the oxygenates, only trace amounts of aldehyde or alcohol could be detected. Dodecanal and dodecanol were present in the reaction system as key intermediate species of carboxylic acid hydrogenation. The literature reports that the dodecanal and dodecanol can be easily transformed in the equilibrium state [26]. At the same time, the cracking hydrocarbons products also increased. A large number of Bronsted acid sites catalyze the hydroisomerization and hydrocracking reaction.





3. Discussion


Figure 9 shows the influence of reaction atmosphere on methyl laurate conversion over 10 wt % Ni catalysts loaded on the hierarchical HZSM-5. First, methyl laurate was converted to lauric acid via hydrolysis or hydrogenolysis. The hydrolysis reaction catalyzed by the acidic zeolite dominated in the N2 atmosphere. The strength of the Bronsted acid sites of NaOH-treated HZSM-5 zeolites almost remained unchanged. The enhancement of mass transfer ability of mesopores promoted the hydrolysis reaction rate. Therefore, the formation of oxygenate (mainly lauric acid) increased with the mesopore amount. Even whenHZSM-5-1.5 had a substantially damaged microporous structure, the methyl laurate conversion was still higher than that of the parent HZSM-5 due to the higher mesoporous volume. The subsequent lactic acid decarboxylation occurred under the catalysis role of metallic nickel, so the generation of undecane was inconsistent with the variation trend of the mesopore. In the H2 atmosphere, hydrogenolysis reaction catalyzed by metal Ni particles dominated in the H2 atmosphere. Since the reaction rate of hydrogenolysis was much faster than the hydrolysis step, the methyl laurate conversion in the H2 atmosphere had an advantage over the N2 atmosphere. The methyl laurate conversion was almost unchanged for the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1 M), except for the HZSM-5-1.5 with a substantially damaged microporous structure. The conversion of the methyl laurate was substantially decreased by the increased size of the loaded metallic nickel particles. In the H2 atmosphere, given the pivotal role of acidic zeolites, the dehydration reaction of lauric acid was also affected by the mass transfer performance. Therefore, the formation of dodecane was also consistent with the variation trend of the mesopores, reaching a maximum when the treatment concentration of NaOH was 1.0 M.


Figure 9. Influence of reaction atmosphere on methyl laurate conversion over 10 wt % Ni catalysts loaded on the hierarchical HZSM-5 treated with different concentrations of NaOH solution (0.1–1.5 M). Experimental conditions: methyl laurate (3.5 mmol), n-hexane (20 mL), catalyst (0.1 g), 280 °C, 2 MPa of N2 or H2 (room temperature), and stirring at 600 rpm for 5 h.
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In the N2 atmosphere, the total yield of products was significantly lower than the conversion of methyl laurate, indicating that the carbon balance was much worse than that in the H2 atmosphere. Coke or light carbon-containing components (such as methanol, methane, and COx) may be produced in the reaction process, which calls for further analysis and measurement.




4. Materials and Methods


4.1. Materials and Chemicals


The HZSM-5 zeolite with a Si/Al ratio of 25 was obtained from Nankai University Catalyst Co. Ltd. (NKC, Tianjin, China). The chemical reagents Ni(NO3)2·6H2O (99%, Sinopharm, Shanghai, China), hexane (98%, Aladdin, Shanghai, China), methyl laurate (99%, Aladdin, Shanghai, China), n-tetradecane (99%, Aladdin, Shanghai, China), lauric acid (98%, Aladdin, Shanghai, China), lauryl alcohol (98%, Aladdin, Shanghai, China), undecane (98%, Aladdin, Shanghai, China), and dodecane (99.5%, Aladdin, Shanghai, China) were used without further purification.




4.2. Catalyst Preparation


The hierarchical HZSM-5 was prepared by treating the HZSM-5 using NaOH aqueous solutions [21]. Typically, HZSM-5 powders (5.0 g) were added into NaOH aqueous solutions (40 mL) with different concentrations (0.1–1.5 M). Then, the suspension was heated to 343 K and stirred at 343 K for 1 h. After cooled down to room temperature, the solid was recovered by filtration and washed thoroughly with deionized water. The recovered solid sample was further exchanged to H-form with an aqueous solution of NH4NO3, followed by drying at 373 K for 8 h and calcination in air at 573 K for 3 h. The hierarchical HZSM-5 was denoted as HZSM-5-x, where x was the corresponding concentration among the NaOH aqueous solutions.



The 10% Ni-based catalysts were prepared by the excessive impregnation method [8]. In a typical synthesis, Ni(NO3)2·6H2O (2.9 g, 0.01 mol) and citric acid (3.84 g, 0.02 mol) were dissolved in distilled water (20 mL), and the carriers (5.86 g) were then added into the mixed solution with stirring. After impregnation, the mixture was kept at 20 °C for 12 h and dried at 90 °C for 12 h. At last, the catalysts were calcined in the flowing N2 at 500 °C for 5 h and reduced in flowing H2 at 500 °C for 4 h.




4.3. Catalyst Characterization


BET surface area, pore size, and pore volume were measured by the physisorption method using nitrogen as absorbent at 77 K (TriStar 3020, Micromeritics, Norcross, GA, USA). The specific surface area SBET was determined from the linear portion of the BET plot (0.01 < p/p0 < 0.08). The total pore volume was calculated by means of the total amount of adsorbed gas at p/p0 = 0.98. The mesopore portion was evaluated by the t-plot method. Prior to the physisorption measurements, the samples were degassed in vacuum at 573 K for 3 h to remove physically adsorbed components.



X-ray powder diffraction (XRD) patterns of the prepared samples were measured on a Philips CM-1 (Cu Kα, λ = 0.1543 nm) powder X-ray diffractometer (Panalytical, Almelo, The Netherlands). Typically, the data was collected from 10° to 80° (2θ) for conventional wide-angle XRD patterns. The software X’Pert Highscore was used to perform microstructure analysis.



Temperature-programmed desorption of NH3 (NH3-TPD) were carried out in an automatic chemisorb analyzer (ChemiSorb 2720, Micromeritics, Norcross, GA, USA). One hundred milligrams of each sample was introduced into a U-shaped tubular quartz reactor. Each sample was first treated at 573 K for 1 h and then cooled down to room temperature in He. NH3 was absorbed at 393 K for 30 min (5 mL/min) of 10% NH3/He followed by a He purge. TPD experiments were performed under a flow of He (25 mL/min) from 393 to 973 K at a constant heating rate (10 K/min). The desorbed NH3 was monitored with a thermal conductivity detector (TCD).



Transmission electron microscopic (TEM) images of the powder samples were obtained in a JEM-2100F microscope (JOEL, Tokyo, Japan) operating at 200 KV. Si/Al ratios of the samples were determined using EDX analysis.




4.4. Catalyst Testing


Experiments were performed in a100 mL batch reactor (Parr, Moline, IL, USA). The reactor was charged with 3.5 mmol methyl laurate feed, 100 mg of catalyst, and 20 mL of n-hexane solvent. Before reaction, the reactor was purged by N2 to remove air residue and was then pressurized to 2 MPa of N2 or H2. The system was then heated to 280 °C and kept at this temperature for 5 h.



The liquid product was analyzed by a gas chromatograph-mass spectrometer and quantified by a gas chromatograph equipped with an FID detector and an HP-5MS column, using n-tetradecane as the internal standard.



The conversion is given as the weight of converted reactant per weight of the starting reactant multiplied by 100%. The yield in (wt %) is given as the weight of each product per weight of the starting reactant multiplied by 100%.
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5. Conclusions


Desilication of microporous zeolite by alkaline solution post-processing is the most feasible preparation method for the hierarchical zeolite at large-scale industrial grade. Here, by carefully controlling the NaOH solution concentration, hierarchical HZSM-5 with an optimal acidity and pore structure was prepared successfully. The crystallinity of the microporous HZSM-5 zeolite was maintained while a large number of interconnected mesopores were created. However, excessive concentration of NaOH caused the micropores of HZSM-5 to disappear in large numbers. In the nitrogen atmosphere, the increase in methyl laurate conversion can be attributed to the improved mass transfer in the hierarchical HZSM-5 supports. In a hydrogen atmosphere, the yield of the oxygenate products was, remarkably, further reduced via hydrodeoxygenation. Under optimal NaOH treatment conditions, the maximal hydrocarbon products yield of 65.3% can be ascribed to the equilibrium between the Bronsted acidity and mass transfer in the mesopore space of the hierarchical HZSM-5 supports.
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