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Abstract:

 For the effective production of hydrocarbon liquid fuel in the hydrocracking of the Fischer-Tropsch (FT) product, the catalytic performance of Pt-loaded catalysts with low Pt content was investigated using an autoclave at 250 °C, an initial H2 pressure of 0.5 MPa, and a reaction time of 1 h. A screening study using Pt-loaded catalysts with a Pt content of 0.1 wt. % indicated that zeolite supports were more favorable for jet fuel (carbon numbers 9–15) production than amorphous oxide supports. The small particle size of the supported Pt particles and the high amount of medium acid sites for the supports led to higher performance of the Pt-loaded zeolite catalysts. In the hydrocracking reaction over Pt catalysts using the zeolite support with the high amount of medium acid sites, the yields of the corresponding jet fuel at 0.02 and 0.1 wt. % were almost the same. Pt-loaded catalysts with a Pt content of 0.02 wt. % were prepared using water-in-oil (w/o) microemulsions and their particle size was controlled between 1.0 and 2.6 nm. While the yield of the corresponding jet fuel was independent of Pt particle size, smaller Pt particles typically promoted the production of lighter hydrocarbons.
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1. Introduction

In Japan, the annual demand for transportable liquid fuels is approximately 90 billion liters. Taking the reserve amounts of fossil fuel into account, the utilization of liquid fuel derived from biomass would contribute towards decreasing the consumption of fossil fuels because biomass is the only source of renewable energy that can be converted into liquid fuels (e.g., gasoline, light oil, and jet fuel), and the utilization of biomass-based fuel does not substantially increase the level of CO2 emission.

Among conversion technologies from biomass to liquid fuels, the biomass-to-liquid (BTL) process generally consists of biomass gasification for producing syngas (CO + H2), gas cleaning, Fischer-Tropsch (FT) synthesis, hydrocracking, and distillation. The process has the advantage of utilizing a wider range of feedstocks compared to other conversion technologies since biomass feedstock can be converted into syngas in the gasification step [1]. However, there are no standardized BTL plants in commercial operation anywhere in the world owing to a lack of economic sustainability.

The simulation study of the BTL process by Fujimoto et al. showed that the production of steam as a gasifying agent in the gasification step, compression of cleaned gas, and distillation required the dominant amount of input energy [2]. Therefore, biomass gasification without steam, as well as the enhancement of catalyst performance for FT synthesis and hydrocracking, has been reported previously.

Hydrocracking is one of the most important unit operations responsible for increasing the yield of hydrocarbon liquid fuel. In a petrochemical process, Ni-Mo and Co-Mo catalysts are generally employed because the feedstock has to be hydrocracked in the presence of sulfur compounds. In contrast, for the hydrocracking of clean feedstock derived from woody biomass, noble metals provide suitable active sites for the dehydrogenation/hydrogenation reactions [3]. In the hydrocracking of n-alkanes over Pt catalysts using SiO2-Al2O3 [4,5], sulfated zirconia [6,7,8], tungsta-zirconia [8,9,10,11,12,13], and zeolite [14,15], higher product yields were obtained under mild conditions. Pt is a promising catalytic metal but is extremely costly. Therefore, the amount of Pt employed as a hydrocracking catalyst should be as low as possible in order to enhance the economics of the BTL process.

Leu et al. reported that in the isomerization of n-hexane over Pt/H-β catalysts, the catalytic activity and product selectivity were maximized at a Pt content of 0.3–0.5 wt. % [14]. However, in almost all cases, the catalytic activity and product selectivity decreased drastically when the Pt content was less than 0.5 wt. %. On the contrary, high activity and selectivity were obtained above 0.5 wt. % [6,11]. Thus, it is unclear whether the previously reported synergetic effect between Pt and its support materials is applicable for Pt-loaded catalysts having a lower Pt content.

In the isomerization of naphtha with carbon numbers of 5–10, some studies have reported the use of Pt-loaded catalysts with a Pt content of approximately 0.1 wt. % [16,17,18,19,20,21]. However, the performance of catalysts with low Pt content (i.e., less than 0.1 wt. %) in the hydrocracking of the FT product has not been fully discussed. The authors previously reported the preparation of Pt-loaded catalysts using water-in-oil (w/o) microemulsions and the effect of Pt particle size on hydrocracking reaction [22,23]. This preparation method is advantageous as the size of the supported Pt particles is well controlled, regardless of the Pt content.

In this study, a screening study of support materials was performed using Pt-loaded catalysts with low Pt content. The effects of Pt content, particle size, and ratio between Pt and acid sites were investigated. As products, hydrocarbons with carbon numbers less than 8, 9–15 (i.e., corresponding jet fuel), and greater than 16 were focused on, and the effect of structure of Pt-loaded catalysts with low content on product yield was discussed.



2. Results and Discussion


2.1. Characterization

In the present study, 20 catalysts were used, including 19 catalysts prepared by the impregnation method and the deposition method using w/o microemulsions. The Pt-loaded catalysts prepared by the impregnation method are denoted as I-Pt(X)/support. X (0.01–0.1) represents the Pt content. Those prepared by the deposition method are denoted as D-Pt(A)/support. A represents the Pt complex forming agent. In the latter method, the Pt content was 0.02 wt. %.

Table 1 shows the surface area, pore volume, and average pore diameter of Pt-loaded catalysts. When zeolite supports were used (Entries 6–20), the Brunauer-Emmett-Teller (BET) surface areas were similar to the micropore areas. In contrast, the BET surface areas were similar to the mesopore areas when other supports were used (Entries 1–5). For these catalysts, no reasonable values of micropore areas were obtained by the t method [24]. These results indicated that mesopores were dominant in Entries 1–5, while micropores were dominant in Entries 6–20.


Table 1. Surface area, pore volume, and pore diameter of Pt-loaded catalysts.



	
Catalyst

	
BET Surface Area (m2/g)

	
Total Pore Volume (cm3/g)

	
Average Pore Diameter (nm)

	
Micropore Area (m2/g)

	
Mesopore Area (m2/g)




	
Entry

	
Remarks






	
1

	
I-Pt(0.1)/SiAl8.7

	
333

	
0.83

	
10.0

	
-

	
368




	
2

	
I-Pt(0.1)/SiAl(28.6)

	
399

	
0.84

	
8.4

	
-

	
453




	
3

	
I-Pt(0.1)/SiAl(13)

	
515

	
0.67

	
5.2

	
-

	
523




	
4

	
I-Pt(0.1)/SiAl5.5

	
426

	
0.44

	
4.1

	
-

	
339




	
5

	
I-Pt(0.1)/S-ZrO2

	
108

	
0.19

	
7.1

	
-

	
123




	
6

	
I-Pt(0.1)/FAU110

	
758

	
0.55

	
2.9

	
918

	
112




	
7

	
I-Pt(0.1)/MOR18

	
495

	
0.27

	
2.2

	
645

	
33




	
8

	
BEA28

	
701

	
0.67

	
3.8

	
849

	
209




	
9

	
I-Pt(0.01)/BEA28

	
719

	
0.58

	
3.2

	
876

	
211




	
10

	
I-Pt(0.02)/BEA28

	
709

	
0.57

	
3.2

	
864

	
211




	
11

	
I-Pt(0.04)/BEA28

	
709

	
0.66

	
3.7

	
862

	
211




	
12

	
I-Pt(0.06)/BEA28

	
719

	
0.63

	
3.5

	
871

	
215




	
13

	
I-Pt(0.1)/BEA28

	
719

	
0.62

	
3.4

	
874

	
213




	
14

	
I-Pt(0.1)/BEA40

	
640

	
0.30

	
1.9

	
836

	
59




	
15

	
I-Pt(0.1)/BEA41.6

	
603

	
0.31

	
2.0

	
784

	
76




	
16

	
I-Pt(0.1)/BEA510

	
608

	
0.39

	
2.6

	
781

	
96




	
17

	
D-Pt(CTAC)/BEA28

	
723

	
0.65

	
3.6

	
880

	
211




	
18

	
D-Pt(TPAB)/BEA28

	
727

	
0.62

	
3.4

	
884

	
209




	
19

	
D-Pt(TEAC)/BEA28

	
731

	
0.73

	
4.0

	
887

	
213




	
20

	
D-Pt(HTAB)/BEA28

	
740

	
0.67

	
3.6

	
894

	
214











The surface area, pore volume, and pore diameter of catalysts prepared using w/o microemulsions (Entries 17–20) were similar to those of impregnated catalysts using BEA28 (Entries 8–13). These properties were independent of the catalyst preparation methods when the same support was employed. BEA28 (Entry 8) was obtained from a calcination process performed at 500 °C for 2 h. The preparation procedure of the Pt-loaded BEA28 catalysts, by either the impregnation or deposition methods, did not significantly affect the structure of the BEA28 support. The Pt-loaded zeolite catalysts in Entries 8–13, and 17–20 had larger average pore diameters and mesopore areas compared to other zeolite catalysts (Entries 6, 7, and 14–16).

Table 2 shows the results of temperature-programmed desorption of ammonia (NH3-TPD) of Pt-loaded catalysts. The NH3-TPD analysis is generally employed to estimate the strength and amount of acid sites. NH3 molecules are likely to be desorbed from acid sites at higher temperatures when the adsorbed NH3 molecules interact with acid sites more strongly. Therefore, the acid amount and acidity can be estimated from the amount of desorbed NH3 molecules and desorption temperature. In the present study, the acid sites from which the NH3 molecules were released, in the temperature range from 100 to 250 °C, were regarded as weak acid sites. Meanwhile, those from which the NH3 molecules were released, in the range of 250–450 °C and 450–800 °C, were regarded as medium and strong acid sites, respectively. The total amount of NH3 molecules desorbed from 100 to 800 °C was regarded as the acid amount.


Table 2. Acid amounts of Pt-loaded catalysts.



	
Catalyst

	
Acid Amount a (mmol/g)

	
Weak b (mmol/g)

	
Medium c (mmol/g)

	
Strong d (mmol/g)




	
Entry

	
Remarks






	
1

	
I-Pt(0.1)/SiAl8.7

	
0.43

	
0.19

	
0.15

	
0.09




	
2

	
I-Pt(0.1)/SiAl(28.6)

	
0.80

	
0.30

	
0.22

	
0.28




	
3

	
I-Pt(0.1)/SiAl(13)

	
0.70

	
0.27

	
0.23

	
0.20




	
4

	
I-Pt(0.1)/SiAl5.5

	
0.56

	
0.25

	
0.20

	
0.11




	
5

	
I-Pt(0.1)/S-ZrO2

	
0.63

	
0.16

	
0.18

	
0.30




	
6

	
I-Pt(0.1)/FAU110

	
0.13

	
0.05

	
0.05

	
0.03




	
7

	
I-Pt(0.1)/MOR18

	
1.18

	
0.68

	
0.22

	
0.28




	
8

	
BEA28

	
1.37

	
0.65

	
0.67

	
0.04




	
9

	
I-Pt(0.01)/BEA28

	
1.38

	
0.68

	
0.63

	
0.07




	
10

	
I-Pt(0.02)/BEA28

	
1.35

	
0.70

	
0.61

	
0.05




	
11

	
I-Pt(0.04)/BEA28

	
1.41

	
0.70

	
0.64

	
0.07




	
12

	
I-Pt(0.06)/BEA28

	
1.36

	
0.66

	
0.64

	
0.06




	
13

	
I-Pt(0.1)/BEA28

	
1.32

	
0.62

	
0.61

	
0.08




	
14

	
I-Pt(0.1)/BEA40

	
1.08

	
0.52

	
0.50

	
0.06




	
15

	
I-Pt(0.1)/BEA41.6

	
0.77

	
0.34

	
0.34

	
0.09




	
16

	
I-Pt(0.1)/BEA510

	
0.14

	
0.03

	
0.03

	
0.08




	
17

	
D-Pt(CTAC)/BEA28

	
1.46

	
0.70

	
0.70

	
0.06




	
18

	
D-Pt(TPAB)/BEA28

	
1.38

	
0.67

	
0.65

	
0.06




	
19

	
D-Pt(TEAC)/BEA28

	
1.38

	
0.69

	
0.64

	
0.05




	
20

	
D-Pt(HTAB)/BEA28

	
1.44

	
0.71

	
0.67

	
0.06






a Calculated by assuming 1:1 stoichiometry for the amounts of NH3 and acid; b The acid sites where NH3 desorbed from 100 to 250 °C; c The acid sites where NH3 desorbed from 250 to 450 °C; d The acid sites where NH3 desorbed from 450 to 800 °C.






The acid amount was largely dependent on the type of catalysts. When MOR18, BEA28, and BEA40 were employed as support materials (Entries 7–14 and 17–20), the acid amounts were more than 1.00 mmol/g, exceeding those of other support materials. In particular, the Pt-loaded BEA28 (Entries 8–13 and 17–20) had the highest acid amount. Similar to the pore structure for these catalysts in Table 1, the acid amount and acidity were independent of the Pt content and catalyst preparation methods.



2.2. Screening of the Hydrocracking Reaction

Firstly, a screening study using Pt-loaded catalysts with the same content but different support materials was performed to investigate how different factors associated with Pt-loaded catalysts with low Pt content affect the product yield. Table 3 shows the analyses of the FT product as a feedstock of hydrocracking. The feedstock contained hydrocarbons with carbon numbers 5–56. Meanwhile, Table 4 shows the hydrocracking behavior of the FT product over Pt-loaded catalysts employed in this study. The product yields for hydrocarbons with carbon numbers 1–8, 9–15, and greater than 16 were denoted as YC1–C8, YC9–C15, and YC16+, respectively. The reaction temperature and initial H2 pressure were set at 250 °C and 0.5 MPa, respectively, with a reaction time of 1 h. The reactor temperature was maintained at 250 ± 6 °C in all experimental runs.


Table 3. Analyses of the FT product as a feedstock of hydrocracking.



	
Content/% on a Carbon Basis

	
Elemental Analysis/wt %






	
C5–C8

	
C9–C15 a

	
C16 b

	
C17+

	
C

	
H

	
N

	
S

	
O c




	
0.1

	
9.7

	
61.7

	
28.5

	
84.4

	
14.8

	
0.0

	
0.0

	
0.8






a Corresponding jet fuel; b Mixture of product obtained in the FT synthesis and solvent charged at the initial stage of the FT synthesis; c By difference.





Table 4. Hydrocracking reaction over Pt-loaded catalysts and Pt particle size by CO chemisorption.



	
Catalyst

	
Product Yield/% on a Carbon Basis

	
dpulse (nm)




	
Entry

	
Remarks

	
YC1–C8

	
YC9–C15

	
YC16+

	
Loss






	
1

	
I-Pt(0.1)/SiAl8.7

	
0.8

	
10.2

	
86.6

	
2.5

	
42.5




	
2

	
I-Pt(0.1)/SiAl(28.6)

	
0.3

	
11.5

	
89.2

	
−1.0

	
56.5




	
3

	
I-Pt(0.1)/SiAl(13)

	
0.2

	
9.2

	
90.6

	
0.0

	
66.6




	
4

	
I-Pt(0.1)/SiAl5.5

	
0.2

	
10.3

	
89.2

	
0.2

	
28.8




	
5

	
I-Pt(0.1)/S-ZrO2

	
0.8

	
12.9

	
87.3

	
−1.0

	
13.4




	
6

	
I-Pt(0.1)/FAU110

	
1.0

	
9.8

	
89.0

	
0.2

	
26.3




	
7

	
I-Pt(0.1)/MOR18

	
2.3

	
13.3

	
85.8

	
−1.4

	
13.0




	
8

	
BEA28

	
19.4

	
20.7

	
58.5

	
1.4

	
-




	
9

	
I-Pt(0.01)/BEA28

	
24.1

	
22.4

	
54.2

	
−0.7

	
1.8




	
10

	
I-Pt(0.02)/BEA28

	
26.5

	
23.9

	
47.9

	
1.7

	
1.9




	
11

	
I-Pt(0.04)/BEA28

	
28.0

	
24.0

	
44.3

	
3.7

	
2.3




	
12

	
I-Pt(0.06)/BEA28

	
30.9

	
24.7

	
42.2

	
2.2

	
3.5




	
13

	
I-Pt(0.1)/BEA28

	
37.4

	
23.1

	
37.5

	
2.0

	
4.6




	
14

	
I-Pt(0.1)/BEA40

	
23.1

	
22.1

	
53.2

	
1.6

	
3.1




	
15

	
I-Pt(0.1)/BEA41.6

	
15.7

	
20.6

	
65.1

	
−1.4

	
4.8




	
16

	
I-Pt(0.1)/BEA510

	
4.2

	
10.6

	
83.8

	
1.4

	
35.4




	
17

	
D-Pt(CTAC)/BEA28

	
29.2

	
21.5

	
46.5

	
2.8

	
2.6




	
18

	
D-Pt(TPAB)/BEA28

	
27.5

	
23.9

	
48.6

	
0.0

	
2.0




	
19

	
D-Pt(TEAC)/BEA28

	
25.1

	
22.6

	
47.9

	
4.4

	
2.3




	
20

	
D-Pt(HTAB)/BEA28

	
27.4

	
22.7

	
47.5

	
2.4

	
1.0




	
21

	
None

	
0.8

	
9.4

	
90.9

	
−1.0

	
-













In all experimental runs, the mass balance on a carbon basis was almost 100%; therefore, the loss was only −1.4%–4.4% (Table 4). The individual product yield was largely dependent on the type of Pt catalysts.

Firstly, the effect of the support material on the hydrocracking reaction was investigated using impregnated catalysts, which had a Pt content of 0.1 wt. % (Entries 1–7 and 13–16). I-Pt(0.1)/BEA28, I-Pt(0.1)/BEA40, and I-Pt(0.1)/BEA41.6 (Entries 13–15) exhibited higher YC9–C15 values (20.6%–23.1%) compared to those of other catalysts. In contrast, the product yields obtained in Entries 1–6 were almost the same as the run without a catalyst (Entry 21) and the feedstock composition, as shown in Table 3. Accordingly, the zeolite supports were promising for jet fuel production while the amorphous oxide supports hardly contributed to the hydrocracking of the FT product.

Figure 1 shows the effect of the amount of medium acid site on the individual product yield in the hydrocracking reaction (Entries 1–7 and 13–16 in Table 2 and Table 4, respectively). Increasing the amount of medium acid site led to an increase in YC1–C8 and YC9–C15 but a decrease of YC16+. The correlation factors associated with YC1–C8, YC9–C15, and YC16+ (denoted as R) were 0.898, 0.895, and −0.903, respectively. The R values linked to the acid, weak acid, and strong acid amounts are not shown; but the R values associated with YC1–C8 and YC9–C15 in Figure 1 were closer to 1, while the value with YC16+ was closer to −1, when compared to other values. These results indicated that there was a strong positive correlation between the amount of medium acid site and product yields for YC1–C8 and YC9–C15, but a strong negative correlation for YC16+. Moreover, the observations also suggested that other factors, in addition to the medium acid amount, influence the product yield.

Figure 1. Relationship between acid amount and product yield in the hydrocracking reaction over Pt-loaded catalysts. Entries 1–7 and 13–16 in Table 4, Pt content: 0.1 wt. %, ■: YC1–C8; ○: YC9–C15; ▲: YC16+.
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Table 4 also shows the Pt particle size by CO chemisorption (denoted as dpulse) and Figure 2 shows the effect of the dpulse value on the product yield. The Pt catalysts shown in the figure were prepared by the impregnation method. Therefore, the size distribution of the supported Pt particles would not be narrow. However, the dpulse value could be regarded as the average particle size. When the dpulse value increased to approximately 13 nm, YC1–C8 and YC9–C15 decreased while YC16+ increased. These product yields remained almost constant at dpulse values of more than 13 nm. The dpulse values of I-Pt(0.1)/BEA28, I-Pt(0.1)/BEA40, and I-Pt(0.1)/BEA41.6 were 4.6, 3.1, and 4.8 nm, respectively, and they were smaller compared to other catalysts (Table 4). I-Pt(0.1)/MOR18, I-Pt(0.1)/BEA28, and I-Pt(0.1)/BEA40 had higher acid amounts (>1.08 mmol/g, Table 2) and the dpulse value of I-Pt(0.1)/MOR18 (13.0 nm, Table 4) was relatively large compared to the other two catalysts. Although the support materials were largely different, these results are consistent with the trends shown in Figure 1 and Figure 2. Based on the hydrocracking results afforded by I-Pt(0.1)/BEA28, a small Pt particle size and high medium acid amount would be conducive toward improving the catalyst performance.

Figure 2. Effect of dpulse on product yield in the hydrocracking reaction over Pt-loaded catalysts. Entries 1–7 and 13–16 in Table 4, Pt content: 0.1 wt. %, ■: YC1–C8; ○: YC9–C15; ▲: YC16+.
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2.3. Effect of Pt Content on the Hydrocracking Reaction over Pt-Loaded BEA28 Catalysts

In the previous section, BEA28 was established as a promising support. Therefore, it was used to study the catalytic performance of Pt-loaded catalysts with low Pt content. Figure 3 shows the effect of Pt content (0–0.1 wt. %) on the hydrocracking reaction over impregnated Pt-loaded BEA28 catalysts (Entries 8–13 in Table 4). The dpulse values are also shown in Figure 3.

Figure 3. Effect of Pt content on the hydrocracking reaction over Pt-loaded BEA28 catalysts prepared by the impregnation method. Entries 8–13 in Table 4, Pt content: 0–0.1 wt. %, ■: YC1–C8; ○: YC9–C15; ▲: YC16+; +: dpulse.
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The dpulse value steadily increased to 4.6 nm as the Pt content reached 0.1 wt. %. This is a general trend for impregnated catalysts. With an increase of the Pt content (i.e., with increasing Pt particle size), YC1–C8 increased from 19.4% to 37.4%, whereas YC16+ decreased from 58.5% to 37.5%. In contrast, YC9–C15 increased to 23.9% against a Pt content of 0.02 wt. % and remained almost constant thereafter. At a Pt content of 0.02 wt. %, the yield of the corresponding jet fuel was almost the same as that for 0.1 wt. % Pt content.

Batalha et al. have previously reported a quantified understanding of metal-acid balance involving hydrocracking catalysts. The turn over frequency increased with the ratio of accessible Pt sites (CPt) to acid sites (CA), i.e., up to 0.03 and the value remained constant in the range of 0.03 to 0.1 [25]. In the present study, the amount of medium acid site affected the product yield (Figure 1). Figure 5 shows the effect of the ratio of accessible Pt sites to the amount of medium acid site (denoted by CPt/CMA) on the hydrocracking reaction. The relationship between dpulse and CPt is as follows [23]:

Figure 5. Effect of dpulse on product yield in the hydrocracking reaction over Pt-loaded BEA28 catalysts. Entries 10 and 17–20, Pt content: 0.02 wt. %, ■ YC1–C8; ○: YC9–C15; ▲: YC16+.
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(1)




where W (wt. %) is Pt content and CPt (mol/g) is the amount of adsorbed CO per gram of catalyst. The CMA (mol/g) was used in Table 2.
The trend in Figure 4 is similar to that in Figure 3. The correlation factors associated with YC1–C8 and YC16+ were 0.891 and 0.976, respectively, while that with YC9–C15 was 0.419. These results indicated that there was a strong positive correlation between the CPt/CMA and product yields for YC1–C8 and YC16+, but a weak correlation for YC9–C15. In a study about acid-metal balance of a hydrocracking catalyst by Thybaut et al., non-ideal cracking would be favored for higher carbon numbers of feedstock in the range of 8 to 16 [26]. In this case, the kinetic effect became larger than the thermodynamic effect. The feedstock in the present study contained hydrocarbons with carbon numbers of 5 to 56. Therefore, the kinetic effect would affect the product yield.

Figure 4. Effect of CPt/CMA on the hydrocracking reaction over Pt-loaded BEA28 catalysts prepared by the impregnation method. Entries 9–13 in Table 4, Pt content: 0.01–0.1 wt. %, ■: YC1–C8; ○: YC9–C15; ▲: YC16+.
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Here, the CPt/CMA values (0.0005–0.002) were much smaller compared to those (i.e., 0.03–0.1) listed in Ref. [25], indicating that a high jet fuel yield needed a larger CPt/CMA ratio. To obtain a desirable cracking of longer chains, the enhancement of the cracking rate was required. The higher yield of the corresponding jet fuel was obtained at such a high CPt/CMA ratio because the turn over frequency of the cracking rate associated with the medium acid sites would increase.

Hydrocarbons with carbon numbers of 9–15 are intermediates during the hydrocracking of longer chain hydrocarbons. With a large CPt/CMA value, the production of lighter hydrocarbons was favored because of a higher cracking rate. As shown in Figure 3, at more than 0.02 wt. %, an increase in Pt sites would promote hydrogenation/dehydrogenation reactions, followed by a decrease in YC16+, and an increase in YC1–C8. In this case, increasing the Pt content had a positive effect on both the Pt particle size as well as the amount of Pt particles. Therefore, these results suggested that there were distinct optimum values of Pt content and particle size for producing the corresponding jet fuel in the hydrocracking reaction over Pt-loaded catalysts. Moreover, an optimum Pt particle density was also anticipated, as reported in a previous study [27]. Therefore, the effect of Pt particle size on the individual product yield was investigated using Pt-loaded BEA28 catalysts with a Pt content of 0.02 wt. %.



2.4. Effect of Pt Particle Size on the Hydrocracking Reaction over Pt-Loaded Catalysts with Low Pt Content

Table 5 shows the dpulse values of Pt-loaded BEA28 catalysts prepared using w/o microemulsions. The Pt-complex forming agent and the type of Pt complex synthesized in microemulsion [28] are also shown. The dpulse value was dependent on the type of Pt complex forming agents and varied in the range of 1.0–2.6 nm. The value increased in the order of tetraethylammonium chloride (denoted as TEAC) < tetrapropylammonium bromide (denoted as TPAB) < hexyltrimethylammonium bromide (denoted as HTAB) < cetyltrimethylammonium chloride (denoted as CTAC), as forming agents. Results in Table 1 indicated that Pt-loaded BEA28 catalysts (Entries 8–13 and 17–20) had larger average pore diameters and mesopore areas compared to those of the Pt-loaded BEA41.6 (Entry 15). This suggested that the smaller size of the Pt complex particles synthesized in the liquid phase promotes particle diffusion into the mesopore of the BEA28 support.


Table 5. Pt particles synthesized in w/o microemulsions and their dpulse values.



	
Catalyst

	
Pt Complex Forming Agent

	
Pt Particle Type

	
dpulse (nm)




	
Name

	
Rational Formula

	
Name

	
Rational Formula






	
D-Pt(CATC)/BEA28

	
CTAC

	
C16H33(CH3)3N+Cl−

	
(CTA)2PtCl6

	
[C16H33(CH3)3N]2PtCl6

	
2.6




	
D-Pt(TPAB)/BEA28

	
HTAB

	
C6H13(CH3)3N+Cl−

	
(HTA)2PtCl6

	
[C6H13(CH3)3N]2PtCl6

	
2.0




	
D-Pt(TEAC)/BEA28

	
TPAB

	
(C3H7)4N+Br−

	
(TPA)2PtCl6

	
[(C3H7)4N]2PtCl6

	
2.3




	
D-Pt(HTAB)/BEA28

	
TEAC

	
(C2H5)4N+Cl−

	
(TEA)2PtCl6

	
[(C2H5)4N]2PtCl6

	
1.0











The CTAC molecule has a larger hydrophobic volume (C16H33– and (CH3)3–) compared to the TEAC molecule ((C2H5)4–). Therefore, the occupied volume of (TEA)2PtCl6 would be smaller compared to (CTA)2PtCl6. In addition, the HTAB molecule has a longer hydrophobic group (C6H13–) than the TPAB molecule. The carbon numbers associated with the hydrophobic group of HTAB (=9) are smaller than that of TPAB (=12). However, the chain of the hydrophobic group (C6H13–) might fold up to form a smaller occupied volume of (HTA)2PtCl6 particles compared to the (TPA)2PtCl6 particles. When the forming agents had a smaller hydrophobic occupied volume, smaller complex particles were more likely to diffuse into the mesopores of the support. As a result, the aggregation of complex particles was inhibited owing to the deposition of the smaller particles on the BEA28 support after calcination and reduction.

Figure 5 shows the effect of dpulse value on product yield in the hydrocracking reaction over Pt-loaded BEA28 catalysts with a Pt content of 0.02 wt. %. The product yields of the impregnated catalyst (Entry 10) are also shown in Figure 5. I-Pt(0.02)/BEA28 and D-Pt(TPAB)/BEA28 had a similar particle size (Table 4), resulting in comparable product yields. With a Pt content of 0.2 wt. %, the size distribution of Pt particles obtained by the impregnation method was broader compared to that afforded by the deposition method using w/o microemulsions [27]. In the present study, the Pt content was 0.02 wt. %. For the impregnation method, the dried precursor was calcined to aggregate the Pt oxide particles. With a very low Pt content, the distance between the Pt oxide particles would be further apart. Therefore, the inhibition of particle aggregation during the calcination process would lead to the formation of small particles, with a relatively narrow size distribution.

The correlation coefficient between the dpulse value and the respective product yield was −0.36–0.08, indicating a lack of correlation between the two variables. In the dpulse range of 1.0–2.6 nm, YC1–C8 was higher than YC9–C15. These results were similar to those of the Pt-loaded catalysts with a size of less than 4.6 nm (Table 4 and Figure 2). The product yield was independent of the CPt/CMA value in the range of 0.0005 to 0.0018 (not shown in figure). These results suggested that the cracking reaction was dominant compared to the dehydrogenation/hydrogenation reaction on the Pt sites (within the specified particle range), leading to an excessive cracking reaction.



We previously reported that a high jet fuel yield was obtained using a Pt particle size of 7.6 nm; in contrast, decreasing the Pt particle size to 2.3 nm increased YC1–C8, whose values exceeded those of YC9–C15 [22]. Supported Pt particles consist of atoms at different positions, namely the plane, edge, and corner. The ratio of the number of Pt atoms contributing to each position to those contributing only to the surface of a Pt particle was dependent on the particle size [29]. For the hydrocracking of 2-methylpentane, it was suggested that the Pt(111) terrace was the least reactive while the Pt(119) site was the most active cracking surface among the four types of Pt single-crystal surfaces ((111), (557), (119), and (311)) [30]. Increasing the Pt particle size to 6 nm, the ratio of Pt atoms for plane to those for surface increased rapidly, with the effect gradually leveling off as Pt particle size exceeds 6 nm [22]. In this study, when the particle size was less than 2.6 nm, the ratio of Pt atoms consisting of planes to the total Pt atoms was very low. Increasing the Pt particle size to 2.6 nm, the excess cracking reaction was inhibited by a decrease in the Pt sites, which contributes to the edge position such as Pt(119). Therefore, YC9–C15 was lower than YC1–C8.

However, it was unclear as to why the product yield was independent of the dpulse value. The critical size above which the band structure appears is about 2 nm [31]. In the present study, the Pt-Pt bond responsible for the formation of the supported Pt particles might be affected by the interaction between particle defects and the surface of the zeolite support, followed by an inhibition of the Pt bulk’s catalytic activity. Alternatively, the small particles would be likely to be sintered. Therefore, the product yields were independent of the initial Pt particle sizes because the sintering would proceed to form Pt particles with a similar size during the reaction.

In this study, the utilization of support material with a high amount of medium acid sites contributed to an increase in the yield of the corresponding jet fuel by 14% when the Pt content was very low, compared to Pt-loaded amorphous support materials and feedstock. The screening study suggested that a smaller Pt particle size would increase the yield. The dpulse value was controlled in the range of 1.0–2.6 nm, with a Pt content of 0.02 wt. %. Controlling the size within this range led to an increase of YC9–C15 by only 3%, while it favored the increase in the yield of lighter hydrocarbons, as shown in Table 4 and Figure 3. This suggests that it is very important to control the supported Pt particle size and we believe that the precise control of the Pt particle size (i.e., more than 2.6 nm) contributes to the enhancement of corresponding jet fuel yield.




3. Experimental Section


3.1. Catalyst Preparation

Pt-loaded catalysts employed in the present study were prepared by the impregnation method and the deposition method using w/o microemulsions. A total of 11 types of supports were employed. Four types of silica-alumina: SiO2-Al2O3 308 (Si/Al = 8.7, Fuji Silysia Chemical, Aichi, Japan, denoted as SiAl8.7), JRC-SAH-1 (28.6% Al2O3, JGC Catalysts and Chemicals, Kanagawa, Japan, denoted as SiAl(28.6)), JRC-SAL-3 (13% Al2O3, JGC Catalysts and Chemicals, Kanagawa, Japan, denoted as SiAl(13)), and JRC-SAL-4 (Si/Al = 5.5, JGC Catalysts and Chemicals, Kanagawa, Japan, denoted as SiAl5.5); an amorphous metal oxide: sulfated zirconia (Wako Pure Chemical Industries, Osaka, Japan, denoted as S-ZrO2); four β-type zeolites: HSZ-930NHA (SiO2/Al2O3 = 28, Tosoh, Tokyo, Japan, denoted as BEA28), HSZ-940NHA (SiO2/Al2O3=40, Tosoh, Tokyo, Japan, denoted as BEA40), HSZ-940HOA (SiO2/Al2O3 = 41.6, Tosoh, Tokyo, Japan, denoted as BEA41.6), and HSZ-980HOA (SiO2/Al2O3 = 510, Tosoh, Tokyo, Japan, denoted as BEA510); a mordenite-type zeolite: HSZ-640HOA (SiO2/Al2O3 = 18, Tosoh, Tokyo, Japan, denoted as MOR18); and a Y-type zeolite: HSZ-385HUA (SiO2/Al2O3 = 110, Tosoh, Tokyo, Japan, denoted as FAU110).

The impregnation method is described as follows. The support powder was first immersed in an aqueous solution of H2PtCl6·6H2O (Kishida Chemical Co., Osaka, Japan) and then dried at 105 °C overnight in an oven. The dried precursors were calcined in air at 500 °C for 2 h in a muffle furnace, and subsequently reduced with H2 (99.999%, 50 mL/min) at 400 °C for 30 min to obtain the impregnated catalysts (I-Pt(X)/support, where X is the Pt content in wt. %). The Pt content was in the range of 0.01–0.1 wt. %.

The deposition method, carried out according to literature procedures, is described as follows [22,23]. The Pt complex particles were synthesized in the liquid phase and then immobilized onto support materials. The complex particle synthesis and immobilization were performed at 45 °C. Polyoxyethylene (n = 5.5) cetyl ether (Union 67-55R; New Japan Chemical Co., Osaka, Japan, denoted as CE-5.5) was used as a surfactant, whereas the solvent of choice was n-hexadecane (Tokyo Chemical Industry Co., Tokyo, Japan). A microemulsion consisting of CE-5.5/n-hexadecane/aqueous solution of H2PtCl6 (0.019 mol/L) was denoted as ME-A (50 mL), whereas ME-B (50 mL) referred to a microemulsion consisting of CE-5.5/n-hexadecane/aqueous solution of a Pt complex-forming agent (0.32 mol/L).

Four types of Pt complex-forming agents were used: tetraethylammonium chloride (Wako Pure Chemical Industries, Osaka, Japan), tetrapropylammonium bromide (Wako Pure Chemical Industries, Osaka, Japan), hexyltrimethylammonium bromide (Tokyo Chemical Industry Co., Tokyo, Japan), and hexadecyltrimethylammonium chloride (Wako Pure Chemical Industries, Osaka, Japan).

The Pt complex particles were synthesized in the liquid phase by mixing ME-A and ME-B. The molar ratio of water to surfactant was six, and the molar ratio of the Pt complex-forming agent to Pt was 10. The particles were synthesized with stirring for 10 min. An ammonia solution (28%, Nacalai Tesque Inc., Kyoto, Japan, 2 mL), ethanol (10 mL), and BEA28 powder (39 g) were added to the solution, and the Pt complex particles were gradually deposited onto the zeolite support with vigorous stirring for 10 min. Next, the liquid-solid mixture was centrifuged at 3000 rpm for 10 min, followed by a separation of the precipitate from the transparent liquid. The precipitate was dried at 105 °C in an oven. The dried precursors were calcined in the muffle furnace at 500 °C for 1 h. After cooling down to room temperature, the calcined precursors were stirred to obtain uniformity, and re-calcined at 500 °C for an additional 1 h. The calcined precursors were reduced with H2 (99.999%, 50 mL/min) at 400 °C for 30 min to obtain the deposited catalysts (D-Pt(A)/BEA28, where A is the Pt-complex forming agent). The Pt content of the catalysts was 0.02 wt. %.



3.2. Characterization

The specific surface area, pore volume, and average pore diameter were estimated by an automatic specific area/pore size distribution measurement system (BELSORP-mini; MicrotracBEL Co., Osaka, Japan). The N2 adsorption-desorption isotherm at −196 °C was measured under the relative pressures of 0.01 to 0.99. The total specific surface area, pore volume, and average pore diameter were calculated by the BET method [32]. The specific surface area and pore volume of the micropores were obtained by the t method [24]. The parameters for the mesopores were obtained by the Barrett-Joyner-Halenda (BJH) method [33].

The NH3-TPD analysis was performed using a chemisorption catalyst analyzer (BELCAT-B; MicrotracBEL Co., Osaka, Japan). The catalyst samples (approximately 0.05 g) were prepared at 400 °C for 1 h under a He flow of 50 mL/min. After decreasing the temperature to 100 °C, ammonia was adsorbed onto the sample surface by passing NH3/He (5/95% (v/v), 50 mL/min) through the sample for 30 min, followed by an evacuation step for 1 h at 100 °C to eliminate the weakly adsorbed ammonia. The NH3-TPD analysis was then carried out from 100 to 800 °C at a heating rate of 10 °C/min.

The dpulse value was calculated based on the amount of CO molecules adsorbed on the catalyst surface and measured using the chemisorption catalyst analyzer (BELCAT-B; MicrotracBEL Co., Osaka, Japan). The catalyst samples (approximately 0.2 g) were charged into a sample holder and oxidized at 400 °C for 15 min under an O2 flow (99.999%) of 50 mL/min, and subsequently reduced at 400 °C for 30 min under a H2 flow of 50 mL/min. The samples were then cooled down to 50 °C under a He flow of 50 mL/min. CO/He (10/90% (v/v)) was intermittently injected into the holder at 50 °C until the amount of CO leaving the holder became constant. The calculation method has been reported in detail previously [23]. The CO pulse analysis was performed three times, and the average value from these replicates was taken as the dpulse value.



3.3. Hydrocracking Tests

Hydrocracking tests were performed using an autoclave made of the Inconel alloy (inner volume: 75 mL). The FT product produced by a bench-scale BTL plant (AIST Chugoku, Hiroshima, Japan) was employed as feedstock. The woody biomass gasification was performed with oxygen-enriched air and CO2 as the gasifying agents to obtain the syngas. Subsequently, the FT synthesis was conducted over a (Co-Mn-Zr)/SiO2 catalyst prepared by the impregnation method [34,35]. The Co content was 20 wt. %. During the FT synthesis, n-hexadecane (Tokyo Chemical Industry Co., Tokyo, Japan, 4 L) was initially charged into the reactor to give a slurry phase reactor. The reaction was performed for 8 h. Table 3 shows the elemental and chemical analyses of the biomass-derived FT product. The FT product comprised of hydrocarbons, with the largest fraction being those with a carbon number of 16. Generally, the product distribution of the FT synthesis reaction follows the Anderson-Schulz-Flory (ASF) distribution. Based on the product distribution, the FT product mixture still contained n-hexadecane, which was initially charged into the reactor, because the FT reaction did not go to completion. The target product in the hydrocracking reaction was hydrocarbons with carbon numbers of 9–15. Table 3 lists the content of hydrocarbons with carbon numbers of 9–15, which serve as the feedstock. Therefore, we believe that it is worthwhile to discuss the results of the hydrocracking tests using the FT product.

The FT product exists as a solid at room temperature. A uniform feedstock was obtained by heating the FT product at 50 °C with stirring. The Pt-loaded catalyst (0.2 g) and heated feedstock (5 g) were charged into the autoclave. The gas in the reactor was replaced with hydrogen (99.999%) and the inner pressure was set at 0.5 MPa. The autoclave was heated by an electric furnace, stirring at 300 rpm. The temperatures of the reactor and furnace were recorded with a data acquisition system (NR-250; Keyence Co., Osaka, Japan) The reaction time of the hydrocracking reaction was regarded as 0 min when the reactor temperature reached 245 °C. The reaction temperature and time were set at 250 °C and 1 h, respectively. After the hydrocracking reaction, the furnace was removed and the reactor was cooled to room temperature with a fan. The gas in the autoclave was purged with N2 (99.9998%) and collected into a gas collection bag using a wet gas meter (W-NKA-0.5A; Shinagawa Co., Tokyo, Japan). The reaction mixture in the reactor was collected after opening the autoclave.

The inorganic gas and gaseous hydrocarbons with carbon numbers of 1–9 in the collected gas were analyzed using gas chromatographs equipped with a thermal conductivity detector (GC323; GL Science Inc., Tokyo, Japan, Column: Molecular Sieve 5A) and a flame ionization detector (GC353B; GL Sciences Inc., Tokyo, Japan, Column: RT-QPLOT). The products collected from the reactor were analyzed using a chromatograph with a flame ionization detector (GC353B; GL Sciences Inc., Tokyo, Japan, Column: Ultra Alloy-DX30) using 2-methyl naphthalene (Tokyo Chemical Industry Co., Tokyo, Japan) as the internal standard. Carbon tetrachloride (Sigma-Aldrich Co., Tokyo, Japan) and n-hexadecane (Tokyo Chemical Industry Co., Tokyo, Japan) were used as solvents.

The yield of the products, i, on a carbon basis (Yi: i = C1–C8, C9–C15, and C16+, respectively) and loss are defined as follows:
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where Cj (mol) is the total carbon number of the hydrocarbon product, with a carbon number of j, and Cin (mol) is the total carbon number contained in the feedstock that was charged into the reactor.



4. Conclusions

A screening study using Pt-loaded catalysts with a Pt content of 0.1 wt. % was performed to investigate the effective production of hydrocarbon liquid fuel in the hydrocracking of FT product. Zeolite supports were more favorable for jet fuel production compared to amorphous oxide supports. The small Pt particle size of the supported Pt particles and the high amount of medium acid sites for zeolite supports led to a higher performance of Pt-loaded zeolite catalyst with low Pt content. For the Pt-loaded BEA28 catalysts, the yields of the corresponding jet fuel at 0.02 and 0.1 wt. % were almost the same. The Pt particle size was controlled in the range of 1.0–2.6 nm by preparing Pt-loaded BEA28 catalysts with a Pt content of 0.02 wt. % using w/o microemulsions. There was no correlation between the Pt particle size and product yield. Small Pt particles were beneficial for the production of lighter hydrocarbons such as gasoline.
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