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ABSTRACT 15 

Hexadecane hydrocracking was investigated over bifunctional Ru-containing micro- and 16 

mesoporous USY zeolites at 250°C under 45 bar in the presence of hydrogen in a batch reactor. 17 

A comparative study was performed using the Ru-free zeolites in the protonic form. The highest 18 

yield of jet fuel products, C9 - C15, being 26% at 71% conversion, was obtained with 2.5 wt.% 19 

Ru deposited on a hierarchical micro-mesoporous USY zeolite, e.g. a material possessing 20 

secondary porosity, where a superior combination of acidity and mesoporosity was created by 21 

treatment of the parent zeolite with aqueous sodium hydroxide and tetrapropylammonium 22 

hydroxide.   23 

 24 

 25 
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1. Introduction 26 

Intensive research efforts have recently been devoted to development of renewable fuels 27 

from biomass, i.e., transformation of waste animal fats to green diesel [1] and algae oil to jet 28 

fuel [2]. There is also an urgent demand to develop jet fuels from alternative sources, e.g., even 29 

from green diesel composed of long-chain paraffins. Commercial jet fuels contain different 30 

types of compounds, i.e., aromatic, alkanes, and cycloalkanes [3]. Direct synthesis of jet-fuel-31 

range alkanes from long-chain hydrocarbons has been very scarcely investigated [2]. 32 

Hydrocracking of naturally occurring squalene (2,6,10,15,19,23-hexamethyltetracosane) was 33 

studied over Pt-Re/silica alumina in a continuous reactor in the temperature range of 290 – 34 

350°C under 19 bar hydrogen [2]. In that case, the main products were C10  ‒ C15 hydrocarbons 35 

with 47% yield at 350°C, while the second major group of products originated from further 36 

cracking. Hydroisomerization of C15 ‒ C18 alkanes was performed over Pt supported on a HY 37 

zeolite in a continuous reactor [4]. The results revealed that the highest selectivity to jet fuel 38 

components of 40 wt% was obtained at the lowest pressure of hydrogen (0.07 bar) at 310°C, 39 

while with a pressure increase, isomers of longer hydrocarbons became the main products. 40 

Hydrocracking of hexadecane has also been investigated using a fixed-bed reactor system using 41 

alumina- and ZSM-5-supported Ru, Pd, and Rh catalysts [5]. Therein, mainly C5 ‒ C7 42 

hydrocarbons were formed at a conversion level of 13% at 225°C under 29 bar over the Ru- 43 

and Rh-containing systems, while the product distribution was broader on Pd. Analogously, 44 

rather high yields of cracking products containing C2 – C8 hydrocarbons were formed at high 45 

conversion levels in hexadecane hydroisomerization/hydrocracking over Pd/SAPO-41 [6],  46 

Pt/silica-alumina [7], Pt-H-Ba2+-H-ZSM-12 [8], Pt/IZM-2 [9] and Pt-HZM-22 [10].  47 

Hexadecane hydrocracking was also investigated in a batch reactor over Ru/C, Ru/SiO2 and 48 

Ru/CeO2 catalysts at 240 oC and a total pressure of 60 bar [11]. The results showed that the 49 

main product over Ru/C and Ru/SiO2 catalysts was pentadecane in addition to rather high 50 
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amounts of C6 - C14 saturated hydrocarbons at 13 % conversion after 2 h. On the other hand, on 51 

a highly dispersed Ru/CeO2, the relative amounts of C8 - C15 saturated hydrocarbons were 52 

similar and, in all cases, only small amounts of methylpentadecane were formed. In addition, 53 

Ru-H-Beta-300 was successfully used in hexadecane hydrocracking at 240oC under 45 bar total 54 

pressure in hydrogen giving 24% jet fuel components at 34% conversion after a 4 h reaction in 55 

a batch reactor [12].  56 

Converting long-chain paraffins such as hexadecane into jet fuels, composed of C9 ‒ C15 57 

hydrocarbons, is a consecutive reaction involving dehydrogenation of hexadecane over metal 58 

sites followed by isomerization forming methylpentadecane as a primary product, which is 59 

consecutively cracked to C15 and smaller hydrocarbons [13]. A simplified reaction scheme for 60 

hydrocracking of hexadecane is 61 

 (1) 62 

where HD stands for hexadecane, isomer is methylpentadecane, C9-C15 denotes hydrocarbons 63 

with 9 -15 carbon atoms, CP - cracking products with 8 or less carbon atoms. Isomerization and 64 

cracking reactions are catalyzed by Brønsted-acid sites. The performance of zeolites in 65 

hydrocracking reactions depends on their pore topology, chemical composition, and 66 

concentration and strength of acid sites and. Zeolites are robust catalysts with tunable and 67 

abundant acidity, however, possessing small pore sizes which can hinder access to the active 68 

sites. On the contrary, ordered mesoporous materials exhibiting typically very mild acidity 69 

might result in limited conversion. Thus, hierarchical zeolites, prepared e.g. via desilication or 70 

alkaline leaching [14] and containing both micro- and meso/macropores as well as a sufficient 71 

amount of strong acid sites can be considered as a viable option to transform longer chain 72 

hydrocarbons. Several metal modified dealuminated zeolites, e.g. Pt/ZSM-22 treated with 73 

oxalic acid [15], Pd/H-Beta modified with citric acid [16], Pt/HY leached with NaOH [17] have 74 
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shown high activity and selectivity to C11-C16 isomers in hexadecane hydroisomerization. In 75 

addition less coking occurred in n-hexane [18] and cumene cracking [19] for ultrastable USY 76 

zeolite obtained by dealumination of Y-zeolite. Modification of USY with transition metals, 77 

such as Pt, Ru, improves catalytic activity in cracking and hydrogenation [18,20]. Mesoporosity 78 

has also several benefits in hydroconversion of hexadecane. Specifically, a higher rate was 79 

observed over the desilicated Pt/HY-30A in comparison to Pt-HY at 240°C under 20 bar 80 

hydrogen in [21] and a lower rate for the formation of carbon deposits was found over 81 

desilicated Ni-H-Beta than for Ni-H-Beta in hexadecane hydrocracking at 275°C under 30 bar 82 

hydrogen [22]. 83 

In the synthesis of hierarchical USY zeolites by alkaline treatment with NaOH, the micropore 84 

volume decreases and the crystals experience amorphization [14]. In addition, steaming and 85 

acid leaching have been used to prepare hierarchical USY zeolites [23]. An efficient method to 86 

produce hierarchical zeolites is to use pore directing agents during alkaline leaching, which 87 

helps to retain the zeolitic properties of the material upon creation of a network of 88 

intracrystalline mesopores. One of the most effective pore directing agents is 89 

tetrapropylammonium cation (TPA) during NaOH treatment of USY zeolite [14] and when 90 

treating ZSM-5 with NH4F [24]. For example, the resulting hierarchical zeolite prepared from 91 

USY-30 exhibited only a slightly lower micropore volume in comparison to the parent zeolite, 92 

and a 4.9-fold higher surface area. In addition, Brønsted acidity decreases during alkaline 93 

treatment of zeolites, while full preservation of acidity was observed for USY-30 desilicated in 94 

the presence of the tetrapropylammonium cation [14].  95 

Inspired by our previous results with zeolites bearing Ru as the active metal,  this work aims 96 

is to use for the first time bifunctional, Ru-containing hierarchical zeolites, exhibiting both 97 

micro- and mesopores in hexadecane hydrocracking in a batch reactor. For comparison, the 98 

parent USY zeolite was also investigated. The main effort was put on elucidation of the effect 99 
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of the catalyst structure, acidity, and influence of Ru on the product distribution in hexadecane 100 

hydrocracking. In addition to conventional GC the liquid phase reaction mixtures were analyzed 101 

by 2-dimensional GCXGC-TOF-MS-FID equipment to improve separation of different 102 

isomers.  103 

 104 

2. Materials and methods 105 

2.1.Catalyst preparation 106 

The parent USY zeolite with a bulk Si/Al ratio of 15 was purchased from Zeolyst 107 

International (CVB 720, coded as USY-15-P). The alkaline treatment of USY-15 for mesopore 108 

introduction was described elsewhere [6]. Briefly, NaOH (1.20 g, Sigma Aldrich, >98%) and 109 

tetrapropylammoniumhydroxide (TPA, 5.07 g, ABCR, 40% aqueous solution) were dissolved 110 

in deionized water (200 cm3) in a round and heated to 65°C. Thereafter, USY-15-P (6.6 g) was 111 

added to this solution and the resulting slurry was stirred vigorously for 30 min at 65°C, 112 

followed by quenching of the reaction by addition of chilled deionized water (500 cm3, 113 

ca. 5°C). The solid was separated by high-pressure filtration and washed by redispersion in 114 

deionized water (3 cycles, 500 cm3 each time). Then, it was dried in a vacuum oven (1.5 kPa, 115 

50°C, 12 h) and calcined in static air (200°°C, 5 h, 5°C min−1). The resulting zeolite was denoted 116 

as USY-15-AT-TPA.  117 

Ruthenium was added to USY-15-P and USY-15-AT-TPA by wet impregnation, targeting 118 

loadings of 2.5 or 5 wt.% Ru. A round-bottom flask was loaded with deionized water (50 cm3), 119 

a Ru(NO)(NO3)x(OH)y  solution (2.5 or 5 g, Sigma Aldrich, 1.5 wt.% Ru in diluted nitric acid), 120 

and the zeolite (1.5 g), and the resulting slurry was stirred for 1 h at room temperature. 121 

Thereafter, the solvent was removed in a Büchi R-114 rotary evaporator and the material dried 122 

in a vacuum oven (1.5 kPa, 50°°C, 12 h), followed by calcination in static air (350°C, 2°C min−1, 123 
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2 h). The Ru-containing catalysts were reduced in a H2 flow of 40 cm3 min−1 (350°C, 10°C 124 

min−1, 2 h). 125 

2.2.Catalyst characterization 126 

Nitrogen physisorption was performed using Carlo Erba Instrument and Micromeritics 3 127 

flex surface characterization. The samples were evacuated prior to the measurement at 150°C 128 

below 8 mbar for 3 h. The specific surface area was calculated using the BET method.  129 

X-ray diffraction (XRD) was measured with a PANalytical Empyrean diffractometer in 130 

Bragg-Brentano mode. The incident X-ray beam was collimated with parallel beam optics 131 

consisting of a 0.5° divergence slit, a 10-mm mask, a 0.04-rad Soller, a Göbel mirror, and a 1° 132 

antiscatter slit. On the diffracted side, a 7.5-mm antiscatter slit, a 0.04-rad Soller, and a 133 

PIXcel3D detector array with 255 × 255 pixels were used. The Göbel mirror monochromatizes 134 

the beam into Cu-K1 and Cu-K2 lines giving an average wavelength of 1.541874 Å. The 135 

powder samples were measured on a siliceous zero background sample holder from 4.3 to 100 136 

° with a step size of 0.026° and counting for 120 s per step. The XRD data was fitted by Rietveld 137 

refinement using the MAUD software [25]. 138 

The ruthenium content in the zeolites was determined by X-ray fluorescence spectroscopy 139 

(XRF) using an Orbis Micro-EDXRF spectrometer equipped with a Rh source operated at 140 

35 kV and 500 mA and a silicon drift detector. 141 

Scanning electron microscopy was used for the characterization of the surface morphology 142 

and the size, shape, and distribution of crystals. Elemental analysis of fresh and spent catalysts 143 

was carried out using energy-dispersive X-ray analysis (EDX). All the measurements were 144 

performed with a Leo Gemini 1530 microscope combined with secondary electron and back-145 

scattered electron detectors. For the analysis, about 10-15 mg of catalyst were placed on a thin 146 

film and coated with carbon to enhance conductivity.  147 
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The ruthenium particle size and the structure and periodicity of pores were analyzed by 148 

transmission electron microscopy using a JEOL JEM1400 PLUS, JOEL ltd. Japan device and 149 

the metal particle sizes were determined from the TEM image using the software ImageJ.  150 

Fourier transform infrared spectroscopy of adsorbed pyridine (pyridine-FTIR) was 151 

performed using an ATI Mattson instrument to quantify Brønsted- and Lewis-acid sites. A thin 152 

self-supported catalyst wafer of around 10-20 mg was pressed and placed in the FTIR cell, 153 

which was evacuated followed by heating to 450°C under vacuum for 1 h. The background 154 

spectrum was measured at 100°C. Pyridine (Sigma-Aldrich, >99.5%) was absorbed on the 155 

sample for 30 min at 100°C followed by desorption at 250°C, 350°C, and 450°C for 1 h. The 156 

spectra of the catalysts were recorded at these temperatures. Brønsted- and Lewis-acid sites 157 

were quantified using spectral bands at 1545 and 1450 cm−1, respectively. The molar extinction 158 

coefficients of Emeis [26] were used for calculations. 159 

The acidity of some catalysts was also determined by adsorption of 2-phenylethylamine 160 

(Acros Organics, 99%) from water on 50 mg of catalyst. The catalyst was added to an amine-161 

distilled water solution (0.03 M) and stirred for 2 h, after which a sample was taken and filtered. 162 

The amount of non-adsorbed amine in the filtrate was analyzed by UV-Vis spectroscopy using 163 

a Shimatzu UV-2550 instrument using the band at 252 nm for calculations according to [26]. 164 

 165 

2.3. Catalytic tests 166 

Hydrocracking of hexadecane was performed in a batch reactor under 45 bar total pressure 167 

at 250°C in the presence of hydrogen (AGA, 99.999%). In a typical experiment, 30 cm3 of 168 

hexadecane were used together with 1 g of pre-reduced catalyst with a small particle size (below 169 

63 µm) to suppress internal mass transfer limitations. After the pre-reduction, 10 cm3 of 170 

hexadecane were added to avoid catalyst oxidation. A second portion of hexadecane, 20 cm3, 171 

was added to the reactor, which was flushed with argon to remove oxygen. Thereafter, the 172 
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reactor was flushed with flowing hydrogen and pressurized to 20 bar. When the desired 173 

temperature was reached, the final pressure was adjusted. The reaction was initiated by starting 174 

the stirrer. The stirring speed was 900 rpm to suppress external mass transfer limitations.  175 

2.4. Analysis of the liquid and gaseous products 176 

Liquid samples were analyzed both with a gas chromatograph and a two-dimensional gas 177 

chromatograph with concurrent detection on a time-of-flight mass spectrometer and a flame 178 

ionization detector. For gas chromatographic analysis an instrument from Agilent 123-506E 179 

with DB-5 column (60 m x 328 μm x 0.50 μm) was used. The following temperature program 180 

was used: 80°C - 3°C min−1 - 140°C – 6°C min−1 – 270°C - 15°C min−1 - 300°C (10 min). The 181 

following components were used as standards for liquid-phase analysis: 2-methylpentane 182 

(Sigma-Aldrich, analytical standard), 2-methyl-heptane (Sigma-Aldrich, 98%), octane (Sigma-183 

Aldrich, ≥ 99%), nonane (Sigma-Aldrich, ≥ 99%), 2,6-dimethyloctane (Sigma-Aldrich, 99%), 184 

decane (Sigma -Aldrich, ≥ 99%), undecane (Sigma-Aldrich, >99%), dodecane (Sigma-Aldrich, 185 

≥ 99%), pentadecane (Acros Organics, 99%), hexadecane (Sigma-Aldrich, 99%), octadecane 186 

(Sigma-Aldrich, 99%), heneicosane (Acros Organics, 98%), and tetracosane (Aldrich, 99%).  187 

Analysis of liquid samples was also conducted by two-dimensional gas chromatography with 188 

concurrent detection on a time-of-flight mass spectrometer and a flame ionization detector 189 

(GC×GC–TOF-MS–FID) on a Leco Pegasus GCHRT 4D instrument. The instrument includes 190 

an Agilent 7890A gas chromatograph with an embedded second oven, a flow splitter, and a 191 

flame ionization detector; a two-stage cryomodulator; and a Leco Pegasus 4D time-of-flight 192 

mass analyzer. Analysis conditions are given below:  Injector temperature was 300°С and the 193 

sample volume was 0.2 μL. Helium was used as a carrier gas with the flow rate of 1 mL/min 194 

and the split ratio was 500. The pressure was adjusted to maintain a constant flow rate. 195 



9 
 

For chromatographic separation two column were used: a polar phase column Rxi-17Sil (30 m 196 

× 0.25 mm × 0.25 μm) and a nonpolar phase column, Rxi-5Sil (1.7 m × 0.10 mm × 0.10 μm) 197 

and line to the mass detector (0.6 m × 0.10 mm). Temperature regime of the first oven was the 198 

following: initial temperature, 40°C (2 min); heating to 320°C at a rate of 3 °C min-1; holding 199 

for 5 min. The temperature of the second oven and the modulator was maintained at a level of 200 

6 and 21°C higher than the temperature of the first oven, respectively. Modulation time on the 201 

modulator is 6 s. Flame ionization detector temperature was 340°С. Hydrogen and air flow rates 202 

were 40 cm3 min-1 and 450 cm3 min-1, respectively. The line to the detector had dimensions of 203 

1.4 m × 0.25 mm. The temperature was set by the first oven. The mass detector ion source 204 

temperature was 280°С and the frequency of 100 Hz was applied facilitating the mass detection 205 

range between 35–520. The recording rate was 100 spectra per second with the electron energy 206 

of 70 eV. The line to the detector had the dimensions of 3.0 m × 0.18 mm and its temperature 207 

was 280°С. Analysis results were processed using the CromaTOF software (Leco). 208 

After an experiment, when taking one liquid phase sample at the reaction conditions after 4 h, 209 

the reactor was cooled to room temperature. Thereafter, a gas sample was taken and analyzed 210 

qualitatively offline, followed by a decrease of the gas pressure and flushing with argon prior 211 

opening the reactor. The liquid phase remaining in the reactor was weighed. Furthermore, the 212 

solid residue containing the catalyst and organic residue was weighed. The carbon content in 213 

the spent catalyst was analyzed by CHNS organic elemental analysis. The organic content was 214 

recalculated to the hexadecane mass (containing hydrogen) to add this mass to the total liquid 215 

mass. Disappearance of the liquid disappearance was calculated as follows:  mass of liquid in 216 

the beginning minus mass of the liquid after the reaction plus the liquid sample mass plus mass 217 

of the organic residue in the catalyst. This corresponds to the formation of gaseous products.  218 

 Only qualitative gas phase analysis of Ru-modified catalysts was performed. Gas samples of 219 

0.5 cm3 were taken directly from the reactor and injected to a gas chromatograph equipped with 220 
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an Agilent QO4+M56 column of 60 m of length. The following temperature program was used: 221 

35°C (8 min) – 20°C min−1 - 150°C (35 min). Calibration was done with methane, ethane, 222 

ethylene, propane, n-butane, and isobutane. 223 

 224 

3. Results and discussion 225 

3.1. Catalyst characterization 226 

The measured XRD patterns of the samples are shown in Figs. 1a and b. The reference 227 

pattern fitted to the data is a zeolite structure with the faujasite (FAU) framework. In addition 228 

to the FAU framework, the Ru-USY-15-P and Ru-USY-15-AT-TPA catalysts display a RuO2 229 

phase, while the reduced and the spent Ru-USY-15 and Ru-USY-15-AT-TPA contain a Ru 230 

phase. Rutile (TiO2) and the hcp structure were used to fit RuO2 and Ru phases, respectively. 231 

The fitting results (Table 1) show the lattice parameters obtained from the Rietveld refinements 232 

and the crystal sizes estimated from the FWHMs of the (331) reflections using the Scherrer 233 

equation after correcting the FWHMs for the instrument resolution. All samples have a well-234 

defined faujasite framework with almost the same crystallite size. In the spent 2.5 wt% Ru-235 

USY-15-P and 2.5 wt% Ru-USY-15-P samples, a broad peak with maximum at 20° indicates 236 

an amorphous component, which can either originate from carbonaceous deposits or part of the 237 

framework that could have been amorphized into SiO2. Since the intensity of the faujasite 238 

reflections is very similar between parent and treated samples, the latter explanation is less 239 

likely. The sizes of RuO2 and Ru particles are similar, marginally exceeding 12-14 nm, which 240 

implies location of ruthenium at the external surface of zeolite crystals. 241 

Catalyst synthesis comprised a conventional impregnation method, in which the ruthenium 242 

cations are expected to anchor to the zeolite preferentially at ion exchange sites.  The fact that 243 

Ru particles are located on the external surface of the zeolite indicates that the ruthenium 244 

precursor penetrated into the pores of the zeolite during impregnation, was dragged out of the 245 
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channels by capillary forces to a substantial extent upon solvent evaporation despite rather mild 246 

conditions applied. An alternative explanation is that interactions of the metal precursor with 247 

the zeolite are not strong enough to prevent sintering during subsequent calcination. A protocol 248 

including freeze drying with solvent sublimation can conceivably address the former point, 249 

which was beyond the scope of the current work.  250 

Reflections of metallic hexagonal Ru associated with 010, 002, ad 011 planes are clearly 251 

visible in the spent 2.5 wt% Ru-USY-15P and 2.5 wt% Ru-USY-15-AT-TPA catalysts at 2 252 

theta values close to 38, 41, and 43° [28], respectively, while tetragonal RuO2 diffracting along 253 

the 110, 011, and 121 planes was found at 2 theta values of 28, 35.1, and 54° [29], respectively, 254 

in the fresh catalysts. The intensities of the diffraction peaks for Ru-USY-15-AT-TPA are ca. 255 

20% smaller than for the other sample, indicating that this catalyst contains more amorphous 256 

phase than Ru-USY-15P. A lower crystallinity of Ru-USY-15-AT-TPA is due to the alkaline 257 

treatment causing amorphization, analogously to the work of Verboekend et al. [14]. 258 

According to EDX analysis, the spent Ru-USY-15-P catalyst exhibited a Si/Al ratio of 17.4 259 

(Table 2), while it was 13.9 in the fresh one. Analogously, the Si/Al ratio of the spent 2.5 wt% 260 

Ru-USY-AT-TPA material was 11.3, while it was 8.1 for the fresh one. The results showed that 261 

the carbon content of the spent 2.5 wt% Ru-USY-15-P-AT-TPA was 9.8 wt%, being higher 262 

than for 2.5 wt% Ru-USY-15-P. The corresponding carbon contents determined by organic 263 

elemental analysis were 11.6 and 10.4 wt%, respectively. It should, however, be pointed out 264 

here that the lower Al contents are observed in the spent catalysts are most probably due to 265 

presence of coke deposits, which can decrease the Al signal in the EDX analysis. In addition, 266 

the measurement error is rather large and the uncertainty in EDX measurements is increased 267 

for the powder catalyst making it difficult to make any strict conclusions based on Si/Al 268 

changes.    269 
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The amount of Ru was not determined by XRD, since the peaks from Ru, RuO2 and USY-270 

15 were partially overlapping.  In the fresh catalysts Ru loading was 2.4 wt% determined by 271 

XRF and when comparing these amounts with Ru amounts determined by EDX in the spent 272 

catalysts and taking into account to error in EDX, it can be stated that Ru loading remained 273 

approximately the same. The Ru loading in the fresh 5 wt% Ru-USY-15-P and 5 wt% Ru-USY-274 

AT-TPA catalysts are 4.8 and 4.9 wt%, respectively, as determined by XRF. The EDX analysis 275 

results of spent 2.5 wt% Ru-USY-15-P and 2.5 wt% Ru-USY-15-AT-TPA show that they 276 

contain 4% and 17% less Ru than the corresponding fresh catalysts, indicating minor Ru 277 

leaching (Table 2).  278 

As expected, the specific surface areas for USY-15-P was very large, 1075 m2 g−1. This 279 

catalyst also showed the highest micropore volume and a very low amount of mesopores (Table 280 

3). After alkaline treatment, USY-15-AT-TPA exhibited a ca. 8% smaller specific surface area 281 

than the parent zeolite with ca. 41% of the pore volume located in mesopores. After loading 282 

with Ru, the specific surface area of 2.5 wt% Ru-USY-15P decreased by 31%, and at the same 283 

time its micropore volume decreased. The total pore volume and mesopore volume were 2.1 284 

and 4.5 larger than for corresponding fresh microporous 2.5 wt% Ru-USY-15P showing clearly 285 

the effect of alkali treatment creating mesopores. For the spent 2.5 wt% Ru-USY-15P the 286 

micropore volume decreased by 23% and simultaneously the mesopore volume increased in 287 

comparison to the fresh one. This is due to blocking of the small pores by coke. For the spent 288 

2.5 wt% Ru-USY-15-AT-TPA the micropore volume decreased by 38%, but at the same time 289 

also higher conversion was obtained with this catalyst due to the presence of mesopores (see 290 

below). The Ru-containing USY catalysts after hexadecane hydrocracking exhibited a 24 – 45% 291 

smaller specific surface area than the fresh catalysts (Table 3, Fig. 2). The decrease of the 292 

specific surface areas in the spent catalysts increased with increasing conversion (Table 6) and 293 
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decreasing concentration of the Brønsted-acid sites (Table 4).  These somewhat expected results 294 

can be attributed to catalyst fouling.   295 

The SEM image of 2.5 wt% Ru-USY-15-AT-TPA revealed that the external surface area 296 

increased in comparison to 2.5 wt% Ru-USY-15-P, because more holes and cracked surface 297 

could be identified (Fig. 2). This is in line with the nitrogen physisorption data (Table 3). The 298 

particle sizes of these two materials are in the same range of 300 – 650 nm (Figs 4 and b). No 299 

big differences between 2.5 wt% and 5 wt% Ru supported on USY-15-AT-TPA (Figs 4a, c) 300 

and on USY-15-P (Figs 3b and d) were visible. 301 

TEM results (Table 4) showed that the smallest metal particles were found in 2.5 wt% Ru-302 

USY-15-AT-TPA and with increasing Ru loading a slight increase in the average Ru particle 303 

size was observed (Fig. 4). The metal loading did not, however, had any large effect on the 304 

metal particle size of Ru when it was supported on USY-15-P. Ru particles are quite large in 305 

comparison to the pore sizes of support indicating that a large part of the metal is located outside 306 

the pores. The average metal particle sizes of 2.5 wt% Ru-USY-15-AT-TPA and 2.5 wt% Ru-307 

USY-15-P (Table 4) are slightly smaller than determined by XRD (Table 1) due to difficulties 308 

in detection by XRD of particles smaller than 3 nm. 309 

Catalyst acidity determined by pyridine-FTIR is shown in Table 5. The results indicate that 310 

the concentration of Brønsted-acid sites in 2.5 wt% Ru-USY-15-AT-TPA was smaller than for 311 

2.5 wt% Ru-USY-15-P, which is expected, since desilication typically diminishes Brønsted 312 

acidity [29]. The highest concentration of Brønsted-acid sites in Ru supported on USY materials 313 

was found for 2.5 wt% Ru-USY-15-P, which is higher than that for 5 wt% Ru-USY-15-P, being  314 

in agreement with the literature data reporting that introduction of a metal typically decreases 315 

the Brønsted-acid sites concentration, typically strong ones [31]. Explanations of the origin of 316 



14 
 

this effect were related to either metal- support interactions or most probably exposure of the 317 

zeolites to solutions containing metal precursors during the deposition phase [31].  318 

Moreover, larger Ru loading with relatively large metal particles leads to partial blocking 319 

of the pores, making acid sites not accessible for pyridine. As a comparison acidity for the 320 

parent USY-15-P from [32] determined by pyridine desorption at 250 oC was slightly lower 321 

than those observed for Ru-loaded USY-15-P catalysts (Table 5). On the other hand the parent 322 

USY-15-P contained a much higher amount of medium and strong acid sites in comparison to 323 

Ru-loaded USY-15-P catalysts, which can cause catalyst deactivation (see below). It is also 324 

well established [31] that introduction of a metal to zeolites typically decreased the amount of 325 

strong acid sites. The Si/Al ratio determined by EDX correlates well with the increasing molar 326 

ratio of Si/Al (Table 2). In addition to pyridine adsorption from the gas phase, also amine 327 

adsorption from the liquid phase was investigated showing that the ratio between the sum of 328 

Brønsted- and Lewis-acid site concentration for 2.5 wt% Ru-USY-15-P and 2.5 wt% Ru-USY-329 

AT-TPA obtained by these two methods was the same (1.3). This comparison shows that 330 

determination of acidity by a widespread method of pyridine adsorption from the gas phase 331 

gives results analogous to adsorption of phenylethylamine from the liquid phase, i.e., the phase 332 

in which the catalytic reactions were conducted.  333 

 334 

3.2.Catalyst evaluation 335 

3.2.1. Comparison of the performance of conventional and hierarchical zeolites in 336 

hexadecane hydrocracking 337 

In this work, Ru supported USY zeolite and its alkaline-treated USY-AT-TPA catalysts 338 

with two different Ru loadings were tested in hexadecane hydrocracking at 250°C (Table 6). In 339 

addition, comparative experiments with USY-15P, and USY-15-AT-TPA in the absence of Ru 340 

were performed. The results revealed that relatively low conversion levels were obtained in the 341 
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absence of Ru (Table 6, entries 1 and 2). The parent USY-15P contains in addition to large 342 

amounts of weak acid sites also medium and strong acid sites (Table 5, entry 1) which can cause 343 

coking of the microporous catalyst and lead to low conversion. Noteworthy is also that the 344 

alkali treated USY-15-AT-TPA with its 1.9 fold lower amount of Brønsted acid sites facilitated 345 

almost the same conversion of hexadecane (Table 6, entry 1 and 2).  For Ru-modified catalysts 346 

the conversion of hexadecane after 4 h decreased as follows: 5 wt% Ru-USY-15-P > 5 wt% 347 

Ru-USY-15-AT-TPA > 2.5 wt% Ru-USY-15-AT-TPA, i.e. the highest conversion was 348 

obtained with the microporous 5.0 wt% Ru-USY-15P, exhibiting an optimum amount of 349 

Brønsted-acid sites (Table 5, Table 6, entry 6). It is noteworthy that a lower Ru-content on 350 

mesoporous catalyst facilitated only slightly lower conversion in comparison to the 351 

performance of the microporous Ru-USY-15-P with 5 wt% metal loading. The TOF calculated 352 

from converted moles of hexadecane dividing by the moles of surface Ru in 4 h decreased in 353 

the following order: 2.5 wt% Ru-USY-15P (566 h-1) > 2.5 wt% Ru-USY-15-AT-TPA (429 h-354 

1) > 5 wt% Ru-USY-15P (415 h-1) > 5 wt% Ru-USY-15-AT-TPA (308 h-1), which are rather 355 

high in comparison to those reported in [11], in which TOF for 5 wt% Ru/SiO2 was 180 h-1 and 356 

for 5 wt% Ru/CeO2 only 39 h-1 at 240 oC under  60 bar total pressure and the latter one exhibited 357 

very high Ru dispersion. The current results show clearly that bifunctional Ru supported on 358 

zeolites are very active in hexadecane hydrocracking.   359 

Note that the results reported above, especially TOF, can be influenced by the initial 360 

deactivation of the catalyst, which may vary from one catalyst to another. 361 

The liquid disappearance, calculated according to the protocol described in section 2.4, 362 

over Ru-supported catalysts at 250°C (Table 6) is very high for 2.5 wt% Ru-USY-15-AT-TPA, 363 

while it was much lower for microporous 2.5 wt% Ru-USY-15-P catalysts. Liquid 364 

disappearance does not directly correlate with the concentration of Brønsted-acid sites but 365 
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rather with mesoporosity of the catalysts being in line with a large formation of gaseous 366 

products over alkaline-treated catalysts (see below). 367 

The primary product in hexadecane transformation of methylpentadecane, isomer of 368 

hexadecane, formed via dehydrogenation on the metal sites followed by isomerization forming 369 

after initial dehydrogenation of hexadecane on the metal sites [33, 34]. Methylpentadecane can 370 

further undergo cracking generating linear and branched hydrocarbons. In the current case Ru 371 

is mainly located at the external surface of the zeolite crystals. Methylpentadecane formation 372 

was the highest for 5 wt% Ru-USY-15P followed by 2.5 wt% Ru-USY-15P, which exhibited 373 

also the highest acidity (Table 5). This result is in accordance with [11], when in hexadecane 374 

hydrocracking over non-acidic Ru/SiO2 and mildly acidic Ru-CeO2 only minor amounts of 375 

methylpentadececane were formed.  376 

The product distribution results are shown in Figs 5-6. In this work the main aim was to 377 

maximize the jet fuel range hydrocarbons (C9-C15) and thus the yields of jet fuel components 378 

(between C9- C15) in hexadecane hydrocracking at 250°C are shown in Fig. 6. Parent zeolites 379 

in the absence of Ru were not selective towards jet fuel components, while the highest yield of 380 

these components was obtained with 5 wt% Ru-USY-15-AT-TPA (Table 6, entry 6), which 381 

exhibits an optimum concentration of Brønsted-acid sites (Table 4) and mesoporous texture 382 

(Table 3). It is also clearly visible from Fig. 6 that the yield of jet fuel components increased 383 

with increasing conversion, since hexadecane hydrocracking is a consecutive reaction, in which 384 

the primary product methylpentadecane, C16-I reacts rapidly further under these conditions [34] 385 

and only small amounts of C16-I are observed in the liquid phase after 4 h under the studied 386 

reaction conditions.  387 

The main product over 2.5 wt% Ru-USY-15-AT-TPA is pentadecane and other linear 388 

hydrocarbons (Figs 6a, b) with the ratio between the four most dominant products  C15 :  C14 : 389 
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C13 : C12 being 2.5 : 1.5 : 1.2 : 1.0. The ratio between non-branched to branched C15 isomers is 390 

4.3 while the corresponding ratio for C14 was 5.7. Among the jet fuel range hydrocarbons the 391 

ratio between different linear to branched C9-C15 isomers was the highest for 5 wt% Ru-USY-392 

15-AT-TPA and 2.5 wt% Ru-USY-15P (Fig. 5b). Noteworthy is also that 2.5 wt% Ru-USY-393 

15-AT-TPA with a slightly higher metal dispersion than the other ones (Table 4) gave a high 394 

yield of jet fuel components. It has been reported in the literature [35] that the hydrogenolysis 395 

activity of Ru is increased when the particle size of Ru decreased. On the other hand, the 396 

microporous 2.5 wt% Ru-USY-15P promoted formation of hydrocarbons smaller than C12 397 

(Figs 6c,d) and a bell-shape distribution of hydrocarbons in the range of C4-C13 was observed 398 

over this catalyst. Analogously to microporous 2.5 Ru-USY-15P, a bell-shaped product 399 

distribution of the cracking products was also observed over microporous Pt/HY-30 zeolite for 400 

hexadecane hydrocracking at 260 oC under 20 bar total pressure in [21]. This C8 centered 401 

product distribution is typical for bifunctional, microporous, acidic catalysts, since the 402 

intermediate cationic species have a longer residence time inside the pores promoting extensive 403 

cracking. Alkali treated metal containing zeolites gave more C8- C14 products also in [21]. 404 

When comparing the yield of jet fuel components in the current case with those in [14], in which 405 

hexadecane hydrocracking was performed at 240oC under 45 bar hydrogen in a batch reactor 406 

over microporous 2.5 wt% Ru-H-Beta-300, it can be observed that the microporous catalyst 407 

exhibited lower conversion than mesoporous 2.5 wt% Ru-USY-15-AT-TPA, however, giving 408 

approximately the same yield. 409 

The ratio between the sum of normal alkanes to sum of the isomers between C9-C15 410 

were  5.4 and 9.3, for  2.5 wt% and 5 wt% Ru-USY-15-AT-TPA with a relatively low amount 411 

of acid sites (Table 5) respectively, while for microporous 2.5 wt% and 5 wt% Ru-USY-15P 412 

the corresponding ratio was very low, i.e. 0.36 and 0.37, respectively. This result shows clearly 413 

that mesoporous Ru-zeolites produced more linear alkanes in comparison to branched ones. 414 
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The microporous material exhibited also more Brønsted-acid sites (Table 5). The benefit of 415 

large mesopores is in more efficient transport of the cationic intermediate to the acid sites 416 

located inside mesopores and diffusion of the formed products to the bulk phase.  417 

In the current work the only disubstituted hydrocarbon observed by GC×GC–TOF-MS–418 

FID was 2,5-dimethylheptane. Its amount was the highest for 5 wt% Ru-USY-15P, which also 419 

gave the highest conversion, while among Ru-modified zeolites the lowest amount of 2,5-420 

dimethylhexane was formed over a mildly acidic  5 wt% Ru-USY-15-AT-TPA. No olefins were 421 

present in the reaction mixtures because high amounts of hydrogen together with Ru facilitated 422 

generation of alkanes. One possible explanation is related to the beneficial effect of large 423 

mesopores which enhance formation of jet fuel components after initial dehydrogenation of 424 

hexadecane on the metal sites [33]. At the same it should be noted that acidity and mesoporosity 425 

change simultaneously. Large mesoporosity is linked to lower acidity, which per se decreases 426 

conversion as well as secondary branching and cracking yields. 427 

The most prominent formation of liquid cracking products in the range of C4-C8 was 428 

found over the microporous 2.5 wt% Ru-USY-15P (Figs 7a, b). Incorporation of ruthenium into 429 

USY pores leads to significant improvement in catalyst activity. The most significant difference 430 

in the product yield is observed for light hydrocarbons – from C5 to C8. The relative ratio 431 

between the total sum of C4-C8 cracking products for 5 wt% Ru-USY-15P : 2.5 wt% Ru-USY-432 

15P : 2.5 wt% Ru-USY-15-AT-TPA : 5 wt% Ru-USY-15-AT-TPA was 4.1 : 2.2 : 1.1 : 1 433 

showing clearly that microporous 5 wt% Ru-USY-15P promoted cracking, while both alkali-434 

treated Ru-USY catalysts gave much lower yields of cracking products. Due to the consecutive 435 

nature of the reaction, the amount of cracking products increases with increasing conversion. 436 

Noteworthy is, however, that over 2.5 wt% Ru-USY-15P a relatively high amount of cracking 437 

products was formed despite of its rather low conversion, 56%. This result can be ascribed to a 438 

high amount of Brønsted acid in 2.5 wt% Ru-USY-15P which causes both catalyst deactivation 439 
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and promotes cracking. The most prominent cracking products with microporous 2.5 wt% Ru-440 

USY-15P and 5 wt% Ru-USY-15P catalysts were C8 compounds (Fig. 7a), while their presence 441 

was slightly lower over 2.5 wt% Ru-USY-15-AT-TPA. The ratio between the concentration of 442 

the jet fuel components to liquid cracking products plotted as a function of conversion in Fig. 443 

6b shows clearly that the catalysts in the absence of Ru are not selective for formation of jet 444 

fuels. It can be concluded that the highest ratio was obtained over microporous 5 wt% Ru-USY-445 

15-P (Table 6, entry 6), displaying the highest conversion and giving the highest yield of jet 446 

fuel components.  447 

In the current case the highest yield among liquid cracking products was obtained for C8 448 

hydrocarbons over microporous Ru-USY-15P catalysts, while over Pt-HY-30 the major 449 

hydrocarbon among cracked products was hexane [35]. The current results differ from those 450 

reported in [5], when hexadecane transformation was performed in a continuous reactor at 451 

225°C under 29 bar over 3 wt% Ru/Al2O3 combined with H-ZSM-5. In that case, the main 452 

products were C5 – C7 hydrocarbons at the conversion level of ca. 13%, while very low amounts 453 

of C13 – C15 hydrocarbons were formed. Moreover, the results were nearly independent on the 454 

metal to acid ratio.  455 

It is worth noting that the reaction products also contain a small amounts of cycloalkanes 456 

and aromatic hydrocarbons, which indicates coke formation in the pores of zeolites. For the 457 

mesoporous catalyst the content of cycloalkanes and aromatic hydrocarbons in reaction 458 

products on 5 wt% Ru-USY-15-AT-TPA is lower than in USY-15-AT-TPA, and zero for 2.5 459 

wt% Ru-USY-AT-TPA. Among all studied catalysts the highest amount of aromatics was 460 

observed with the parent, microporous USY-15-P, which exhibited also medium strong acid 461 

sites (Table 5). In addition, a mesoporous USY-15-AT-TPA promotes cracking processes, 462 

while the isomerizing ability of the catalyst is suppressed. Furthermore, some alkylation of 463 
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hexadecane occurred also, because traces of hepta- and octadecane were observed in the 464 

reaction mixture, especially over the parent USY-catalysts. 465 

When comparing the sizes of the product molecules calculated by Chem Draw (Fig. 466 

S1), it can be seen that the cross section of even single-branched alkanes (methylpentadecane) 467 

is much larger than the straight-chain alkanes (hexadecane). Thus, the presence of mesopores 468 

inevitably facilitates better configurational diffusion of the formed products into the bulk phase 469 

in comparison to the purely microporous zeolitic catalysts.  470 

The gas phase analysis results from hexadecane hydrocracking at 250°C revealed that 471 

the amount of gases formed over 2.5 wt% Ru-USY-15-AT-TPA was 4-fold larger than for 2.5 472 

wt% Ru-USY-15P. This result shows that when the liquid disappearance was high, evidently 473 

formation of gaseous products was also high. In addition, a higher Ru loading favored the 474 

production of gaseous products. The main gaseous product was methane, which is in line with 475 

the result showing that methane is formed over Ru catalyst in hydrocarbons transformations 476 

[36] and ability of highly dispersed Ru to promote terminal C-C splitting [35]. Other 477 

compounds were ethane and heavier gases.  478 

The carbon contents in the spent 2.5 wt% Ru-USY-AT-TPA and 2.5 wt% Ru-USY-15P 479 

were nearly the same (Table 2), thus not giving any further explanation about their coking. On 480 

the other hand, the specific surface areas of spent 2.5 wt% Ru-USY-15-AT-TPA and 2.5 wt% 481 

Ru-USY-15-P were 49 and 41% of the fresh ones (Table 3), showing that more coke was 482 

formed in the former one, which also gave higher 15% higher conversion of hexadecane.  483 

Finally, two important aspects of bifunctional catalysis using hierarchical zeolites should be 484 

mentioned. The first one is related to the interplay between acidity and mesoporosity, while the 485 

second reflects the acid-metal distance.  486 

Porosity developments and acidity changes are interconnected in post-synthetic methods,   487 

therefore these effects are difficult to decouple [37]. Any redistribution of the framework 488 
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aluminium upon demetallation and related acidity variations are expected to be strongly linked 489 

with development of porosity due to the pore-directing role of aluminium species. Larger 490 

relative variations have been observed in the Lewis than the Brønsted acidity upon 491 

dealumination. In particular Lewis acidity is typically increasing using a base, while different 492 

observations were been reported with respect to the the Brønsted acidity. Specifically to USY 493 

zeolites, the current work follows the reported methods developed to introduce mesoporosity 494 

while preserving structural integrity with the acidity changes being in line with the previous 495 

evidence [38].  496 

It is well known that the metal-acid bifunctional catalysts are widely used in many industrially 497 

significant chemical processes, e.g. hydrocracking of heavy oils, selective ring opening of 498 

decalins or hydroisomerization of alkanes. Such reactions include several steps such as for 499 

example dehydrogenation of alkanes, skeletal isomerization or cracking of olefins and 500 

hydrogenation of the latter. The de/hydrogenation steps occur on the metallic sites while 501 

isomerization or hydrocracking steps proceed on the acid ones. Diffusion of the intermediates 502 

between the metallic and acidic sites is very important and therefore design of the metal-acid 503 

bifunctional catalysts plays a key role [39]. The intimacy concept, implying a close proximity 504 

between the sites [40], was a guiding principle for many decades. Only recently such concept 505 

was challenged [39] by showing that for shaped by extrusion catalyst bodies a larger distance 506 

between the sites might be beneficial for catalyst stability, as olefins formed on the metal sites 507 

would be less prone to deactivation. In the current work the metal sites were placed at the 508 

external surface of the zeolite crystals not too close to acid sites, which seems to be beneficial 509 

for the catalytic performance.  510 

  511 
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4. Conclusions 512 

Hexadecane hydrocracking was investigated for the first time in a batch reactor over Ru 513 

supported on microporous USY zeolites and mesoporous USY zeolites. Focusing on the USY-514 

based solids, leaching of the parent USY-15 zeolite was done in the presence of sodium and 515 

tetrapropylammonium hydroxides creating mesoporosity. Both catalyst texture and acidity 516 

were found to have a large effect on hexadecane hydrocracking. Pyridine adsorption-desorption 517 

monitored with FTIR revealed that the alkaline-treated 2.5 wt% Ru-USY-15-AT-TPA was 518 

moderately less acidic than the corresponding microporous catalyst. 519 

In hexadecane hydrocracking the two highest yields of jet fuel components, C9-C15, being 520 

24% at 71% conversion and 23% at 68%, were obtained over a microporous 5 wt% Ru-USY-521 

15P and mesoporous 2.5 wt% Ru-USY-15-AT-TPA catalysts, respectively, under 250 oC and 522 

45 bar total pressure in the presence of hydrogen. The yield of jet fuel components in the current 523 

case is higher than in hexadecane hydrocracking over Pt catalysts in a fixed bed reactor. 5 wt% 524 

Ru-USY-15P and mesoporous 2.5 wt% Ru-USY-15-AT-TPA catalysts exhibited an optimum 525 

Brønsted acidity. The mesoporous 2.5 wt% Ru-USY-15-AT-TPA facilitated fast transport of 526 

products from mesopores to the bulk phase, while a microporous 2.5 wt% Ru-USY-15P gave 527 

only 56% conversion and 15% yield of jet fuel components. These results showed superiority 528 

of Ru-supported hierarchical zeolites with only 2.5 wt% Ru loading in the production of jet 529 

fuels. The yields of jet fuel components in the current case is higher than in hexadecane 530 

hydrocracking over Pt catalysts in fixed-bed reactor.  531 
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Table 1 648 

Rietveld refinement results for different catalysts. 649 

Catalyst Phase a (Å) c (Å) Crystal 

size (nm) 

2.5 wt% Ru-USY-15P, fresh FAU 24.295  70 

RuO2 4.489 3.132 12 

2.5 wt% Ru-USY-15P, reduced FAU 24.299  65 

Ru 2.704 4.283 13 

2.5 wt% Ru-USY-15P, spent FAU 24.314  71 

Ru 2.711 4.289 14 

2.5 wt% Ru-USY-15-AT-TPA, fresh FAU 24.313  66 

RuO2 4.482 3.120 12 

2.5 wt% Ru-USY-15-AT-TPA, reduced FAU 24.288  64 

Ru 2.704 4.296 12 

2.5 wt% Ru-USY-15-AT-TPA, spent  FAU 24.340  68 

Ru 2.702 4.293 14 

  650 
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Table 2 651 

Metal content in the catalysts in wt% as determined by EDX. 652 

Catalyst Ru  C O Al Si Na Si/Al 

2.5 wt% Ru-USY-15P 2.5a (2.4 b) 0 89.2 0.68±0.06 9.45±0.08 0 13.9 

2.5 wt% Ru-USY-15P spent 2.3±0.07   7.3 (10.4c) 57.4 1.8±0.04 31.3±0.10 0 17.4 

2.5 wt% Ru-USY-15-AT-TPA 1.53 ±0.29 (2.4 b) 0 79.4 1.95±0.25 15.85±0.28 1.29 8.1 

2.5 wt% Ru-USY-15-AT-TPA spent 2.0±0.08 9.8 (11.6c) 50.0 2.98±0.05 33.7±0.10 1.48 11.3 
a nominal loading, bXRF, c Determined by organic elemental analysis. 653 

654 
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Table 3 655 

Porosity of the samples. The spent catalysts were used at 250°C under 45 bar total pressure. Notation: F fresh, S spent.  656 

Sample 

 

Speci

fic 

surfac

e area 

(m2 

g−1) 

Pore volume 

Vp 

(cm3 g−1) 

 

Micropore 

volume 

(cm3 g−1) 

Mesopore 

volume, 2-45 

nm 

(cm3 g−1) 

Micropore 

volume  

(%) 

Mesopore 

volume  

(%) 

USY-15P, F 1075 0.40 0.38 0.02 95 5 

2.5 wt% Ru-USY-15P, Fa 746 0.32 0.26 0.06 81 19 

2.5 wt% Ru-USY-15P, Sa 568 0.34 0.20 0.15 58 42 

5.0 wt% Ru-USY-15P, Fa 850 0.40 0.30 0.10  75 25 

USY-15-AT-TPA, Fa 985 0.59 0.35 0.24  59 41 

2.5 wt% Ru-USY-15-AT-TPA, Fa  1085 0.66 0.39 0.26 59 41 

2.5 wt% Ru-USY-15-AT-TPA,Sa 701 0.54 0.24 0.30 44 56 

5.0 wt% Ru-USY-15-AT-TPA, Fa 973 0.59 0.35 0.24 59 41 

5.0 wt% Ru-USY-15-AT-TPA, Sa 440 0.45 0.16 0.29  36 64 
aBET 657 

658 
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Table 4 659 

Ruthenium particle size and dispersion determined by TEM. In parenthesis resulting dispersion in %.  660 

Catalyst Average metal particle 

size (nm) 

fresh Used  

2.5 wt% Ru-USY-15P 9 (11) 8 (12.5) 

5.0 wt% Ru-USY-15P 9 (11) 10 (10) 

2.5 wt% Ru-USY-15-AT-TPA 7 (16) 10 (10) 

5.0 wt% Ru-USY-15-AT-TPA 10 (10) 7.4 (13.5) 

 661 

 662 

663 
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Table 5 664 

Acidity determined by pyridine-FTIR. The amount of pyridine measured after desorption at 250°C denotes weak, medium, and strong acid sites, 665 

that after desorption at 350°C medium and strong acid sites, and that after desorption at 450°C only strong acid sites 666 

Catalyst Brønsted acidity (µmol g−1) Lewis acidity (µmol g−1) 

250°C 350°C 450°C 250°C 350°C 450°C 

USY-15-P 163a 126 a 46 a 41 a 17 a 7 a 

USY-15-AT-TPA 85 0 0 114 0 0 

2.5 wt% Ru-USY-15P 174 1 1 11 1 1 

5.0 wt% Ru-USY-15P 153 0 0 0 0 0 

2.5 wt% Ru-USY-15-AT-TPA 136 0 0 8 0 0 

5.0 wt% Ru-USY-15-AT-TPA 96 3 0 6 1 0 
a from [30] 667 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

676 
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Table 6 677 

Catalytic results from hydrocracking of hexadecane under 45 bar hydrogen at 250oC using 1 g of catalyst and 30 cm3 of hexadecane. 678 

 679 

Entry  Catalyst Conversion 

after 4 h 

(%) 

Liquid 

disappearance 

(%) 

Yield of jet 

fuel 

compounds 

after 4 h (%) 

Yield of C16-I 

after 4 h (%) 

Cjet/CC5-C8 

after 4 h 

Cjet/C16-I 

after 4 h 

1 USY-15P 29 26 2 <1 1 1 

2 USY-15-AT-TPA 28 26 1 <1 <1 2 

3 2.5 wt% Ru-USY-15-AT-TPA 68 38 23 3 4 6 

4 5.0 wt% Ru-USY-15-AT-TPA 61 36 20 1.5 4 5 

5 2.5 wt% Ru-USY-15P 56 26 15 7 8 1.92 

6 5.0 wt% Ru-USY-15P 74 26 24 9 14 1.7 
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Fig. 1. XRD patterns for fresh, reduced, and spent a) 2.5 wt% Ru-USY15P and b) 2.5 wt% 

Ru-USY-AT-TPA.  
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Fig. 2. Pore size distribution and adsorption-desorption isotherms for fresh and spent a,b) 2.5 

wt% Ru-USY-15-P and c,d) 2.5 wt% Ru-USY-15-AT-TPA. 
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a) 

 
  

b) 

 
  

c)  
d)  

 

Fig. 3. SEM images of a) 2.5 Ru-USY-15-AT-TPA, b) 2.5 wt% Ru-USY-15P, c) 5 wt% Ru-

USY-15-AT-TPA and d) 5 wt% Ru-USY-15P. 
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m) 

 

n) 

 
 

o) 

 

p) 

 
 

Fig. 4. TEM images and Ru particle size histograms. Notation: a,b) fresh and c,d) spent 5.0 wt% 

Ru-USY-15-AT-TPA, e,f) fresh and g,h) spent 2.5 wt% Ru-USY-15-AT-TPA, i, j) fresh and 

k,l) spent 2.5 wt% Ru-USY-15P, m,n) and o,p) spent 5 wt% Ru-USY-15P. 
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Fig. 5. Yield of jet fuel components as a function of conversion and b) ratio between 

concentration of jet fuel components to liquid cracking products (C4-C8) in hydrocracking of 

hexadecane at 250°C under 45 bar total pressure. The concentration of Brønsted-acid sites is 

also given for all catalysts (in parenthesis). Notation 1. USY-15-P (163 mol/gcat), 2. USY-15-

P-AT-TPA (85 mol/gcat), 3. 5 wt% Ru/USY-15-AT-TPA (96 mol/gcat), 4. 2.5 wt% Ru/USY-

15-AT-TPA (136 mol/gcat), 5. 2.5 wt% Ru/USY-15-P (174 mol/gcat), and 6. 5 wt% Ru/USY-

15-P (153 mol/gcat).  
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d) 

 

 

Fig. 6. Chromatograms of the reaction mixture obtained in hexadecane hydrocracking over a) 

2.5 wt% Ru-USY-15-AT-TPA, GC-MS and b) GCxGC-MS-TOF, c) 2.5 wt% Ru-USY-15P, 

GC-MS and d) GCxGC-MS-TOF. 
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a) 

 

b) 

 

 

Fig. 7. The yield of different hydrocarbons and b) the ratio of normal to isomer products 

between C5 – C15 hydrocarbons over different catalysts in hexadecane hydrocracking at 240 
oC. The amount of hexadecane was 30 ml and 1 g of catalyst was used.   


