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Abstract 

Hydro-conversion reactions were carried out at 360°C under 5 MPa of H2 

pressure to study ring-opening reactions of 1-methyl naphthalene using NiMoS 

supported on γ-alumina and alumina-coated/mixed USY zeolites.  The catalysts were 

characterized using N2-BET, X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), pyridine FT-IR, and high-resolution transmission electron 

microscopy (HRTEM) to study the influence of morphological and acidic properties on 

hydrogenation (HYD) and hydrocracking (HC) reactions. NMACZ-2 (NiMoS supported 

on the minimum amount of alumina-coated USY zeolite) showed enhanced reactivity 

for HC and produced (alkyl)benzenes with the highest yield, of ca. 80%. By-products 

were tetralin, decalin and cyclo-paraffin species. The tetralin species produced using 

NMACZ-2 moved into the alumina-coated USY zeolite support before undergoing 

HYD to produce decalin species, which were rapidly and selectively hydro-cracked into 

(alkyl)benzenes. A large amount of decalin was produced through the HYD of tetralin 

without significant cracking, possibly due to the weak acid character of γ-alumina. 

Bulk-phase Mo oxide species on NMAZ (physical mixture of alumina and USY zeolite), 

as well as deactivation of the catalysts due to coke formation over the naked zeolite 

surface, inhibited the ring opening of tetralin, decreasing the yield of (alkyl) benzene. 
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Various morphologies, such as the MoS2 structure and acidic characteristics of the 

catalysts, were crucial factors affecting the HC reactivity of 1-methyl naphthalene. 

 

Keywords: LCO, (Alkyl)benzenes, Alumina coated zeolite, 1-methyl naphthalene  
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1. Introduction 

Light cycle oil (LCO), composed of two- and three-aromatic ring compounds, is 

produced in large scale through the popular FCC process. LCO is used as a blend-stock 

in heavy fuel oil for viscosity adjustment [1]. Its value-added uses in diesel fuel and 

aromatic chemical feed are required to meet increasing demands [2, 3]. Generally, 

considerable ignition delays, expressed as low cetane number, lead to rough engine 

operation, misfiring, incomplete combustion, and poor stability. To improve the cetane 

number for diesel fuel or to produce BTX (benzene, toluene, and xylene) for a useful 

aromatic chemical feed, one aromatic ring must be selectively preserved to form one 

phenyl ring with alkyl chains. Selective HYD and HC are common ring-opening 

reactions used for effective conversion of the aromatic ring to the phenyl ring. The 

LCO-X process (UOP LLC) was commercialized as a hydrotreatment in which aromatic 

rings of LCO are fully hydrogenated by noble metal catalysts, and the hydrogenated 

rings are cracked using a zeolite. It is difficult to achieve selective conversion, and 

significant amounts of hydrogen are consumed. Thus, an effective ring opening of 

polycyclic aromatics in LCO, and subsequent conversion into (alkyl)benzenes through 

selective hydro-conversion over novel or improved catalysts, is desirable.  

Much research has focused on developing more effective catalysts for improved 
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performance with HYD and HC ring-opening reactions. A catalyst with an active phase 

of Ni-Mo-P supported on mixed alumina and zeolite was used for HYD and HC of 

mixed diaromatics and alkyl-tetralin to produce alkylbenzenes (denoted as mono-

aromatics in this paper) at 400°C (1 h-1 of LHSV) under 28 atm [1]. Tomita et al. 

suggested that metal-free ultra-stable Y (USY) zeolite was favored for HC of various 

aromatic hydrocarbons into BTX, and the authors suggested a possible reaction 

mechanism [4,5]. The effectiveness of USY, amorphous silica-alumina (ASA) and ITQ-

2 zeolite was also tested for HYD and HC of hydro-treated LCO, and the highest 

reduction in total aromatics over Pt supported on an ITQ-2 catalyst was reported. 

However, hydro-conversion into (alkyl)benzenes was more effective using the USY 

zeolite-supported Pt catalyst [6]. HC of LCO was also investigated with decalin and 

tetralin as probe molecules using zeolites with medium, large, and ultra-large 

micropores, as well as mesopores [7]. The influence of pore diffusion on ring-opening, 

dealkylation, transalkylation, hydrogen transfer, and coke formation reactions was 

explained. Corma et al. claimed that the Y zeolite was most suitable for the effective 

hydro-conversion of LCO because of its pore structure and acidity. 

Recently, Liu et al. studied the selective ring opening of naphthalene using a 

Mo2C/HY catalyst [8]. They reported that the increased reactivity of Mo2C/HY was not 
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readily obtained through a simple mechanical mixture of bulk Mo2C and HY. However, 

increased amounts of Mo2C decreased the number and strength of acid sites, especially 

Brönsted acid sites, which are necessary for selective ring opening to derive the carbon 

deposition, and deactivate the catalytic reactivity. Support materials with unique pore 

characteristics were applied to the HYD and HC catalysts [9-13]. As mentioned above, 

although new catalysts were selected and applied, the conventional Ni-Mo(W)/[Al2O3 

or zeolite] catalysts are still the most widely used for selective ring opening. 

The aim of this work was to improve the yield of (alkyl)benzenes through 

effective hydro-conversion of hydro-treated (HDS and HDN) LCO. High sulfur and 

poly-aromatic contents in LCO must be reduced to meet the current standards for diesel 

fuel. Such reductions can affect the cetane value and the combustion characteristics of 

the products. Thus, the suitable catalyst for effective ring opening of polycyclic 

aromatic rings to (alkyl)benzenes should be able to simultaneously enhance the HDS of 

feed oil. In previous work, various kinds of alumina or surface-modified zeolite 

supported transition metal catalysts, alone or in combination, were surveyed for HDS 

and HDN on various feeds [14-21]. We found that the alumina-coated zeolite-supported 

Ni-Mo catalyst (NMACZ) series showed the highest reactivity. In this paper, we used 1-

methylnaphthalene as a model material for LCO and examined the reactivity of HYD 
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and HC for selective ring-opening reactions over NMACZ catalysts. 

To aid in following the acronyms in this paper, a list of abbreviations can be 

found in the appendix. 
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2. Experimental 

 

2.1 Catalysts  

NiMo catalysts supported on γ-alumina (NMA), a physical mixture of alumina 

and USY-zeolite (Si/Al of zeolite: 30, USY zeolite contents: 50%, NMAZ), and USY 

zeolites modified with various amounts of coated alumina (USY-zeolite content: 50%, 

NMACZ1 and NMACZ2, - (10), - (20), - (40)) were supplied from CCIC, Japan. The 

loading amounts of nickel and molybdenum oxide were controlled at 5 and 20 wt%, 

respectively, for each catalyst. 

USY zeolite was prepared from a NaY precursor by a typical method. Alumina 

in NaY was extracted using acid to obtain high silica/alumina ratios in the zeolite 

network for a suitable solid acidity and hydrothermal stability. 

The coated USY zeolites (ACZ-1 and ACZ-2) were prepared by coating porous 

aluminum hydroxide on the USY zeolite using a neutralization procedure. The coating 

amount was controlled as necessary. The coated material was converted into alumina on 

the surface of USY zeolite using continuous calcination. Three different amounts of 

alumina between ACZ-1 and ACZ-2 were prepared and are referred to as ACZ-2 (10), 

ACZ-2 (20) and ACZ-2 (40). 
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2.2 Hydro-conversion reaction  

1-Methyl naphthalene was used as a model material for this study. A solution of 

10 wt% 1-methylnaphthalene (ca. 3.3 g) in dodecane (30 g) was hydrogenated and 

hydrocracked over sulfided catalysts at 360°C for 2 h under H2S (5 vol%) and hydrogen 

(balanced vol%) flow prior to the reaction. Hydro-conversion was carried out using an 

autoclave reactor (150 mL) equipped with a sampling port containing the sulfided 

catalyst (10 wt%, ca. 3.7 g) at 360°C for 6 h under a starting pressure of 5 MPa of H2. 

2.3 Analysis of Products  

Carbon species were analyzed before and after reactions using gas 

chromatography coupled with an atomic emission detector (GC-AED, GC: Agilent 

6890N, AED: G2350 A) and GC-MS (HP6890/5973). The dual identification of GC-

AED (quantitative analysis) and GC-MS (qualitative analysis) allowed detailed analysis 

of the carbon species [22, 23]. The conditions for analyses are summarized in Table 1. 

2.4 Characterization of catalysts   

The physical characteristics of the as-received catalysts, such as surface area, 

pore volume and pore size, were evaluated using N2 BET at 77 K, measured with a 

BELSORP-Max-S (Nippon BEL Inc. Japan). Prior to the measurements, catalysts were 

degassed at 150°C for 10 h. 
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The crystallographic characteristics of the catalysts were evaluated using X-ray 

diffraction (Rigaku UltimaIII, CuKα target, Rigaku, Japan). Data were collected using a 

continuous scan mode with a 2-theta range of 5° to 70° and a scan rate of 2°/min. 

Catalyst surfaces were characterized using X-ray photoelectron spectroscopy 

(XPS, JEOL) under a vacuum of less than 4×10
-7

 Torr with a non-chromatized Mg Kα 

X-ray at 1253.6 eV (10 kV, 10 mA). High-resolution C 1s spectra of the adventitious 

hydrocarbons (at 284.5 eV) were recorded before and after each reaction. 

The nanoscale morphologies of sulfided catalysts were observed using a high-

resolution transmission electron microscope (HRTEM, JEM-2010F, JEOL) at an 

acceleration voltage of 200 keV. 

The acid sites of the catalysts were examined using pyridine FT-IR 

spectroscopy. The catalysts were pretreated at 450°C for 8 h under vacuum (1×10
-4

 Pa), 

and purified pyridine vapor was adsorbed at ambient temperatures for 30 min. IR 

spectra of the remaining pyridine were collected at various temperatures. 
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3 Results and discussion 

3.1 The analyses of catalysts 

The XRD profiles of catalysts are shown in Figure 1. The characteristic 

diffraction peaks of Mo oxide formed an active phase, and alumina and USY zeolite 

compositions from the support are marked in the figure. XRD peaks of NiO species 

were not detected, indicating that NiO species were finely distributed on the support 

surface. The characteristic diffraction peaks of γ-alumina appeared in all catalysts, 

although their intensities varied according to the amounts of coated alumina. Compared 

with the crystallinity of alumina-coated USY zeolite, the crystallinities of the supports 

were much strongly influenced by coating amounts. From XRD results, the relative 

amount of coated alumina in the as-received catalysts was quantified as: 

NMACZ-1 > NMACZ-2(40) > NMACZ-2(20) > NMACZ-2(10) > NMACZ-2 

       Other physical properties of the catalysts are summarized in Table 2. Surface 

area decreased with increasing amounts of coated alumina. NMACZ-2 had a higher 

surface area than NMACZ-1 because it had less coated alumina. NMAZ had the highest 

surface area of the seven catalysts because of the naked USY-zeolite in the support. 
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3.2 The evaluation of the reaction performances of catalysts  

Table 3 shows the distributions of product molecules after hydro-conversion of 

1-methyl naphthalene at 360°C for 6 h. The results of preliminary experiments using 

dodecane as a feed showed that most of the light hydrocarbons generated during 

reaction with 1-methyl naphthalene resulted from dodecane cracking. Furthermore, the 

production of hydrocarbons from dodecane was significantly inhibited by the presence 

of 1-methyl naphthalene in the feed, because it is much more nucleophilic than 

dodecane towards both Brönsted acid and metal sites. Thus, the low molecular weight 

products derived exclusively from dodecane cracking were not included in the 

calculation of the product distributions from the hydro-conversions of 1-methyl 

naphthalene over all catalysts. The reactivity was estimated as a concentration ratio 

between each of products measured experimentally and the product predicted for 

complete hydro-conversion of 1-methyl naphthalene. The accuracy of GC-AED analysis 

was not high enough in most cases. The mass balances of the reactions had deviations of 

±3%, except for the case of NMACZ-1, which was ±5%. However, they are shown 

without any correction. 

We assumed 1-methyl naphthalene isomerized to 2-methyl naphthalene on the 

γ-alumina, ACZ series, and AZ-supported bimetal (Ni, Mo) catalysts based on product 
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distributions of 6-methyl tetralin and 5-methyl tetralin. We also suggest that the 

isomerization between 5-methyl tetralin and 6-methyl tetralin was followed by HYD of 

1-methyl naphthalene to 5-methyl tetralin. 

The HYD of 1-methyl naphthalene to decalin species had tetralin intermediates 

using NMA as the catalyst. HYD of tetralin has been reported to take place not only on 

the metal centers but also on acid sites through hydrogen spillover from the metal 

surface. The decalin underwent a skeletal isomerization before the ring-opening and 

cracking reactions to (alkyl)cycloalkane. Small portions of the product (12.41% of 

pentyl cyclohexane) resulted from the ring opening of decalin species due to cleavage of 

the corresponding carbonium ion as the Brönsted acid site attacked the C-C bond of 

decalin. 

The product distributions related to the ring opening of 1-methyl naphthalene 

were readily altered by the presence of coated alumina on the surface of USY zeolite. In 

particular, total (alkyl)benzene yields over NMACZ-2 improved with a minimum 

amount of coated alumina, even when the yields of total (alkyl)cycloalkane species 

decreased or were similar to those with much higher amounts of coated alumina. The 

activity improved due to an enhancement of surface acidity, which was supported by 

pyridine FT-IR and NH3-TPD data, as well as the characteristics of MoS2 stacks. 
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Although NMAZ had naked acidic sites and higher surface acidity, the activity 

of ring-opening reactions of tetralin decreased slightly in comparison with NMACZ-2. 

The lower activity was attributed to higher coverage of coke deposition over the naked 

acidic sites, compared with NMACZ-2, and the presence of dispersed bulk phase Mo 

oxide species on the alumina in the AZ support, which was confirmed by the shoulder 

peak at 998 cm
-1

 in Raman spectra [17].  

Unlike noble metal catalysts, the loading of transition metals onto the zeolite 

increased the amount of Brönsted acid sites [7, 24, 25, 26]. However, the additional acid 

sites did not contribute to the catalyzed HC of tetralin species. Sato et al. [25, 27, 28] 

reported the HC of tetralin over bifunctional NiW sulfide catalysts supported on zeolites 

(USY, HY, and mordenite) under typical HC conditions of moderate temperature (623 

K) and high hydrogen pressure (6.1 MPa) with a low H2/feed ratio. They showed that 

the ring opening of tetralin required relatively strong acid sites and was closely related 

to the hydrogen transfer capability of the supports, in the following order:   

NiW/USY > NiW/HY > NiW/MOR > NiW/Al2O3. 

Thus, moderate acidic sites derived with an optimum alumina coating on USY-

zeolite and higher hydrogen transfer capability of the support (USY zeolite) may result 

in a novel, effective support for the ring opening of tetralin species after the selective 
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HYD of poly-aromatic compounds. 
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3.3 XPS analysis 

X-ray photoelectron spectra of all the calcined and sulfided catalysts were 

similar. The binding energies of oxide and sulfide catalysts are summarized in Table 4. 

Two distinguished peaks corresponding to the spin-splitting of Mo
6+

 3d5/2 (B.E. ca. 238 

eV) and Mo
6+

 3d3/2 (B.E. ca. 242 eV) lines of Mo oxide species were assigned for the 

calcined catalysts. The two main peaks in the Ni 2p region were assigned to the spin-

splitting of Ni 2p3/2 (B.E. 862 eV) and Ni 2p1/2 (B.E. 880 eV), and the two broad peaks 

enveloped their corresponding shake-up lines. The Ni 2p XPS spectra suggested that the 

nickel species in the calcined catalyst could be assigned to Ni
2+

 in the interaction with 

the support and/or with Mo. 

For the sulfided catalysts, the Mo 3d XPS spectra were separated into three sets 

of doublets, corresponding to Mo
6+

, Mo
5+

, and Mo
4+

 species. The Mo
6+

 species could 

have been MoO3 or another oxide phase that was not completely sulfided. The Mo
5+

 

species could have been a Mo oxy-sulfided species (MoOS2), and the Mo
4+

 species were 

MoS2 and Ni-Mo-S phases [29]. A broad peak at nearly 226 eV was assigned to S 2s 

[30]. The Ni 2p3 XPS spectra showed a relatively intense peak near 853 eV, and a 

second band (856 eV) partially overlapped the first one. The intense peaks of Ni 2p1 

appeared at about 870 eV. The Ni sulfide species were assumed to be Ni3S2, which 
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suggests Ni-Mo-S was the active catalytic phase for the catalysis. The shape of the Ni 

2p enveloped with satellite peaks clearly showed the presence of non-sulfided Ni
2+

 

species in all catalysts after sulfidation. The Ni 2p3 peak at about 856 eV was also due 

to the presence of non-sulfided Ni
2+

 species [31]. The Ni 2p3 peak at nearly 853 eV, and 

the S 2p3 peak at 162 eV, were attributed to nickel sulfides [31, 32]. 

The S 2p spectra of all sulfided catalysts showed one peak with a binding 

energy 162 eV, which was assumed to be due to S
2-

 species [33]. No other signal was 

identified near B.E. 169 eV, indicating that no sulfate species existed and no oxidation 

of the catalysts occurred during the transfer of solid from the sulfiding reactor to the 

XPS chamber. 

Similar binding energies for Mo and Ni species for all catalysts in the oxide 

state indicated that the support was not modified during the interaction between Mo/Ni 

and the support, or between Mo and Ni at the surface. However, after sulfidation, the 

binding energies of Mo
4+

, Ni 2p3, and S 2p of NMACZ-1, NMACZ-2, and NMAZ were 

lower than those of NMA, indicating weaker interactions between Mo/Ni and the 

supports or between Mo and Ni species. In particular, the weaker interaction between 

Mo and the support contributed to a higher reducibility that improved HC reactivity of 

the catalyst. 
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The ratios of the intensities for each component of the XPS spectra (Table 5) 

were used to determine the surface species distribution. For oxide catalysts, the surface 

Mo/Ni molar ratios were higher than the bulk Mo/Ni ratios, suggesting that more Mo 

species were distributed near the surfaces than inside the bulk. Previous studies showed 

Ni species were homogeneously distributed through the entire support, while Mo 

species were predominantly distributed in the vacancies near the surface of supports (γ-

Al2O3 and alumina-coated zeolite) [34-36]. 

During sulfidation, both Ni and Mo species were redistributed. The surface 

Mo/(Al+Si), Ni/(Al+Si) and Mo/Ni molar ratios dramatically decreased, suggesting that 

appreciable amounts of the surface Mo and Ni species migrated into the bulk. The Mo 

species had a greater reduction than the Ni species because of the change in alumina 

species or the amount coated on the surface. 

The degree of sulfidation of the catalysts was estimated using the atomic ratio 

of S/(Mo+Ni). From Table 5, NMACZ-2 had a higher ratio of S/(Mo+Ni) than 

NMACZ-1, suggesting that the active phase with lower amounts of alumina-coated 

USY zeolite catalyst was more favorable for sulfidation. 
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3.4 HR-TEM of catalysts 

 Representative TEM images of the four sulfided catalysts are shown in Figure 2. TEM 

images revealed typical layered structures of the MoS2 phase (confirmed by energy 

dispersive X-ray spectrometer, EDX). The average number of layers per slab was 

estimated by counting 250 crystallites (supporting data). Figure 3 shows results of the 

average number of MoS2 layers. In the Ni-Mo-S model, NiS was considered to be a 

source of promoter atoms and was located either at the edges in five-fold coordinated 

sites at (10 0) edge planes of MoS2 or in the alumina lattice [37]. Because of their 

limited presence in catalysts and well dispersion, the NiS crystal size was too small to 

directly observe with TEM. The NMA catalyst had a much higher number of slab layers 

(4.47) and broader distributions compared to alumina-modified USY zeolite catalysts 

(NMACZ-1: 3.83, NMACZ-2: 3.76, NMAZ: 3.85). MoS slab distributions over 

alumina-coated USY zeolite were closely related to the surface Si and Al distributions 

(confirmed by XPS), although the sulfidation of calcined catalysts may lead to the 

redistribution of surface species. Compared with zeolites with various amounts of 

coated alumina, the less-coated NMACZ-2 showed a slightly lower number of average 

slab layers with a large weight of 30% for two layers. Such two-layered stacks were 

attributed to the zeolite supports and possibly changed the reactivity over the catalyst. 
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However, despite the higher value of Si/Al and similar weight of two-layered stacks in 

NMACZ-2, NMAZ showed a higher average slab number, which was attributed to the 

bulk phase Mo species on the alumina in AZ (physical mixture of USY zeolite and 

alumina). NMAZ had slab layer numbers of 9, 11, and 12, similar to NMA. From these 

results, it was concluded that HC reactivity was affected by the number of layered 

stacks of the active phase (MoS2) and its distribution. A higher portion of least-layered 

stacks, especially two layers and below, might be an important factor for higher HC 

reactivity. That is, the alumina-coated surface may affect the number of layers, the MoS 

distribution and the reactivities of HYD and HC. 
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3.5. Pyridine FT-IR 

Catalyst acidity is one of the key factors influencing HYD and HC in ring- 

opening reactions to increase the cetane number and yield of products. Figure 4 shows 

the infrared spectra (FT-IR) of pyridine adsorbed on the alumina-coated zeolite catalysts 

that were evacuated at 30°C, 150°C, and 300°C under 10
-4

 Torr after pyridine 

adsorption. Results are quantitatively summarized in Table 6. Similar signals were 

observed in the spectra in the range from 1400 to 1700 cm
-1

. Characteristic bands at 

1446 and 1621 cm
-1

 were assigned to Lewis-bound pyridine, and bands at 1546 and 

1639 cm
-1

 were assigned to the vibration of the pyridinium ion ring from pyridine 

bound to Brönsted acid sites [38, 39]. Another band at 1492 cm
-1

 was assigned to 

pyridine associated with both Brönsted and Lewis sites. The amounts of Brönsted and 

Lewis acid sites in NMACZ-2 were much higher (about 30%) than those in NMACZ-1 

catalysts, which could have been due to the naked zeolite surface or lower amounts of 

coated alumina confirmed by Si/Al values from XPS data. Similar behavior in NH3-

TPD was observed in previous work [17]. Increased pyridine desorption temperature 

reduced both types of acid sites. In the case of NMACZ-1, degradation was 

accompanied by a reduction in Brönsted and Lewis acid sites, of 57% and 72%, 

respectively, compared with the initial and final desorption temperatures, while 
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reductions in NMACZ-2 were smaller (31% and 53%, respectively). The higher acid 

strength in NMACZ-2, compared with NMACZ-1, was supported by strongly 

chemisorbed pyridinium over the zeolite surface, which improved the HC reactivity. 

The additives to alumina, such as silica, zeolite, binary oxide and phosphates, 

were reported to be effective because of increased acidity [40]. In particular, Y-type 

zeolites used as acidic substrates enhanced the acidity by contact with the alumina 

surface, although they are not necessarily highly acidic by themselves. On the other 

hand, the acidic surface may suffer accelerated coke formation from the cracking of 

hydrocarbons into light hydrocarbons, which can deactivate the catalyst. The lower HC 

reactivity of NMAZ, compared with NMACZ-2, was attributed to acceleration of coke 

formation over its naked acidic surface. Such disadvantages can be mitigated by 

optimizing the acidity through reduced direct contact between the acidic surface and the 

feed, as well as by placing NiMoS in the vicinity of the acidic sites can hydrogenate the 

adsorbed species. Thus, NMACZ-2 with moderate acidic sites should be the most 

suitable for HC reactions, which can minimize coking and deactivation. 
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4. Conclusion 

Influences on the reactivities of HYD and HC were examined using γ-alumina- 

and alumina-modified zeolite (NMACZ series and NMAZ)-supported NiMo catalysts.  

 HYD and HC reactions over the catalysts were strongly dependent on the interaction 

between Mo and support materials. NMA was favorable for HYD reactions, whereas the 

NMACZ series and NMAZ were favorable for HC reactions, because of weaker 

interactions between Mo and ACZ/AZ supports, indicating higher reducibility. 

The surface containing coated alumina affected the slab layer number and 

distribution of MoS2 and altered the reactivities of HYD and HC. Unlike Al-rich 

surfaces over catalysts such as NMA, NMAZ and NMACZ-1, a higher weight percent 

of least-layered stacks, especially two layers, was characteristic of NMACZ-2, which 

led to higher HC reactivity. 

NMACZ-2 with the minimum amount of alumina-coated USY-zeolite showed 

enhanced activity for the ring opening of tetralin species because of the acidic properties 

of the support. From the pyridine-FTIR data, the stronger acidity of NMACZ-2, 

compared with NMACZ-1, was confirmed by strongly chemisorbed pyridinium over the 

coated zeolite surface. Additionally, moderated acid sites over NMACZ-2 with an 

optimum alumina coating minimized coking and deactivation, compared with NMAZ. 
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Thus, NMACZ-2 was the most suitable for HC reactions. 
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Appendix (Nomenclature) 

List of Abbreviations 

Chemicals  

(Alkyl)benzenes: Benzene or alkyl substituted benzene 

LCO: Light cycle oil 

Catalysts 

USY: Ultra stable Y zeolite (Si/Al of zeolite: 30) 

ASA: Amorphous silica-alumina 

NMA: Ni-Mo supported on γ-alumina 

NMAZ: Ni-Mo supported on a physical mixture of alumina and USY zeolite (AZ) 

NMACZ: Ni-Mo supported on alumina-coated USY zeolite (ACZ) 

Reactions 

HYD: Hydrogenation 

HC: Hydrocracking 

HDS: Hydrodesulfurization 

HDN: Hydrodenitrogenation 
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Table 1. Chromatographic conditions for C-species analysis 

GC-AED 

Inlet volume (㎕) 1 

Inlet mode Split 

Split ratio 10 

Inlet temp. (
o
C) 280 

Inlet pressure (psi) 11.8 

Oven temp. (
o
C) 35

o
C ~ 114

o
C (1

o
C/min) ~ 320

o
C(1.7

o
C/min) 

Transfer line temp. (
o
C) 350 

Cavity temp. (
o
C) 350 

H2 reagent (psi) 40 

O2 reagent (psi) 80 

CH4 reagent (psi) 50 

Makeup gas (ml/min) 230 

Wave length (nm) 179 

GC-MS 

Inlet volume (㎕) 3 

Inlet mode Splitless 

Inlet temp. (
o
C) 280

o
C 

Inlet pressure (psi) 11.3 

Oven temp. (
o
C) 35

o
C ~ 114

o
C (1

o
C/min) ~ 320

o
C(1.7

o
C/min) 

      * The same HP-1MS column was used in GC-AED and GC-MS.  
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Table 2. Physical properties of the oxide catalysts  

Catalysts 

BET surface  

area 

(m
2
/g) 

Total pore 

volume 

(cm
3
/g) 

Avg. pore 

diameter 

(Å) 

NMA 128.9 0.46 11.7 

NMACZ-1 131.5 0.48 6.7 

NMACZ-2(40) 155.1 0.43 7.2 

NMACZ-2(20) 201.9 0.41 7.7 

NMACZ-2(10) 242.4 0.41 7.2 

NMACZ-2 265.1 0.48 6.7 

NMAZ 341.6 0.48 6.7 
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Table 3. Reactivity of hydroconversion over all catalysts (after 6 h reaction time, mol%) 

Products NMA NMACZ-1 
NMACZ-2 

(40) 

NMACZ-2 

(20) 

NMACZ-2 

(10) 
NMACZ-2 NMAZ 

Pentyl cyclohexane 12.41 18.21 25.34 4.10 - - - 

1-methyl cyclohexane - 0.71 1.89 7.00 9.55 5.67 8.27 

Cyclopentane - 0.70 1.17 - - - - 

1,3-dimethyl 

cyclopentane 
- - - 4.13 5.62 8.24 4.76 

1,2-dimethyl 

cyclopentane 
- - - 6.69 8.30 7.86 5.63 

Total  

alkyl cycloalkane 
12.41 19.62 28.4 21.92 23.37 21.77 18.63 

Cis-2-methyl decalin 5.35 4.26 4.07 - - - - 

2-methyl decalin 15.04 16.04 11.21 - - - - 

Trans-2-methyl decalin 23.89 20.67 19.89 4.96 - - - 

Cis-decalin 10.56 6.45 5.17 3.85 - - - 

Cis-1-methyl decalin 20.61 15.21 13.48 11.10 - - - 

6-methyl tetralin 5.53 6.52 4.27 0.90 3.14 0.05 0.49 

5-methyl tetralin 7.24 4.13 2.35 1.53 2.89 0.22 1.23 

Total  

Tetralin/decalin 
88.71 73.28 60.44 22.34 6.03 0.27 1.72 

Benzene - 0.18 0.38 3.27 4.79 7.81 6.86 

Toluene - 0.24 0.40 1.60 3.60 2.63 2.03 

Ethyl-benzene - 0.51 1.77 11.26 13.88 17.26 14.33 

P-xylene - 0.59 2.09 11.36 13.95 16.90 14.89 

Alkyl-benzenes
a
 -  4.67 22.92 27.45 35.32 35.00 

Total (alkyl)benzene 0 1.52 9.31 50.41 63.67 79.92 73.11 

1-methyl napththalene 1.70 1.17 0.92 4.78 4.49 0.16 4.49 

a
: 1-ethyl-3-methyl benzene 

  1-ethyl-4-methyl benzene 

  1,3,5-trimethyl benzene 

  1-ethy-2methyl benzene 

  1,2,3-trimethyl benzene 

  1,2,4-trimethyl benzene 

  1-ethyl-2,3-dimethyl benzene 

  1,3-dimethyl benzene 
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Table 4. The binding energies (eV) of oxidic and sulfide catalysts in XPS 

 

 

NMA  NMACZ-1  NMACZ-2  NMAZ 

Oxide Sulfide  Oxide Sulfide  Oxide Sulfide  Oxide Sulfide 

Mo 3d3 (Mo
6+

) 242.14 
- 

 241.79 
- 

 241.95 
- 

 241.66 
- 

Mo 3d5(Mo
6+

) 238.90  238.51  238.73  238.40 

Mo
6+

 

- 

233.41  

- 

232.78  

- 

232.95  

- 

232.29 

Mo
5+

(Oxy-sulfide) 234.06  233.82  233.70  233.69 

Mo
4+

(MoS2) 229.11  228.80  228.90  228.68 

Ni 2p1 880.20 
- 

 880.17 -  879.76 -  879.99 
 

Ni 2p3 862.72  862.59   862.55   862.71 

Ni 2p1 (NiO) 

- 

874.33  

- 

874.23  

- 

874.16  

- 

877.46 

Ni 2p1 (disulfide) 870.09  870.39  869.75  869.57 

Ni 2p3 (NiO) 856.57  856.52  856.47  856.24 

Ni 2p3 (disulfide) 853.37  853.33  853.25  853.25 

S 2s 

- 

226.15  

- 

226.43  

- 

225.85  

- 

226.99 

S 2p1 161.99  161.48  161.58  161.57 

S 2p3 163.12  162.54  162.91  162.80 
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Table 5. Surface species distribution calculated form XPS 

 

 

NMA  NMACZ-1  NMACZ-2  NMAZ 

Oxide Sulfide  Oxide Sulfide  Oxide Sulfide  Oxide Sulfide 

Bulk 

Mo/Ni 
1.62   1.62   1.63   1.62  

Mo/(Al+Si) 0.65 0.19  0.67 0.21  0.69 0.21  0.72 0.24 

Ni/(Al+Si) 0.34 0.21  0.32 0.23  0.32 0.26  0.34 0.29 

Mo/Ni 1.90 0.91  2.09 0.73  2.13 0.81  2.11 0.82 

Si/Al - -  0.11 0.13  0.25 0.31  0.31 0.36 

S/(Mo+Ni) - 0.21  - 0.17  - 0.20  - 0.22 
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Table 6. Surface acidity of Al coated zeolite determined by pyridine FT-IR and  

NH3-TPD 

   

Samples 

 
Brönsted

a
 

(Py-μmol/g cat.) 
 

Lewis
b
 

(Py-μmol/g cat.) 
 

NH3
c
 

(μmol/g cat.) 
 30

o
C 150

o
C 300

o
C  30

o
C 150

o
C 300

o
C  

NMACZ-1  330.5 196.9 142.4  771.5 390.6 216.5  610 

NMACZ-2  501.2 433.1 346.4  1007.3 671.4 469.9  790 

a
: 1.88IA(B)R

2
/W 

b
: 1.42IA(L)R

2
/W 

c
: reference [17] 

Here, IA: Integrated absorbance 

     R: Disk radius 

     W: Weight of disk  
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Illustrations 

 

Figure 1. XRD profiles of alumina and/or USY zeolite supported NiMo catalysts:   

(a) NMA, (b) NMACZ-1, (c) NMACZ-2(40), (d) NMACZ-2(20),  

(e) NMACZ-2(10), (f) NMACZ-2, (g) NMAZ   

 

Figure 2. The representative TEM images: (A) NMA, (B) NMACZ-1, (C) NMACZ-2, 

(D)NMAZ 

 

Figure 3. The slab number distributions for the sulfided catalysts: (a) NMA, (b) 

NMACZ-1, (c) NMACZ-2, (d) NMAZ  

 

Figure 4. Infrared spectra of pyridine adsorbed on the different Al coating amounted  

zeolite catalysts at various desorption temperature: (a) NMACZ-1,  

(b)NMACZ-2 
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Figure 2. The representative TEM images: (A) NMA, (B) NMACZ-1, (C) NMACZ-2, 

(D)NMAZ 
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Figure 3. The slab number distributions for the sulfided catalysts: (a) NMA,  

(b) NMACZ-1, (c) NMACZ-2, (d) NMAZ  
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Figure 4. Infrared spectra of pyridine adsorbed on the different Al coating amounted 

zeolite catalysts at various desorption temperature: (a) NMACZ-1, 

(b)NMACZ-2 

 

 

 

 

 


