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Abstract: Light cycle oil (LCO) is one of the major products in Fluid catalytic cracking (FCC) processes,
and has drawbacks such as high aromatics, sulfur, and nitrogen contents, and low cetane number
(CN). Hydro-upgrading is one of the most typical processes for LCO upgrading, and alumina-zeolite
(AZ) is an effective hydrotreating catalyst support. This paper examined the effects of different
bimetallic catalysts (CoMo/AZ, NiMo/AZ, and NiW/AZ) supported by AZ on hydro-upgrading of
both model compounds and real LCO. CoMo/AZ preferred the direct desulfurization (DDS) route
while the NiMo/AZ and NiW/AZ catalysts favored the desulfurization route through hydrogenation
(HYD). The presence of nitrogen compounds in the feed introduced a competitive adsorption mecha-
nism and reduced the number of available acid sites. Aromatics were partially hydrogenated into
methyltetralines at first, and then further hydrogenated, cracked, and isomerized into methyldecalins,
monocyclic, and methyltetralines isomers. CoMo/AZ is the best hydrodesulfurization (HDS) catalyst
for the model compounds at low H2 pressure (550 psi) and for LCO at lower temperature (573 K),
while NiMo/AZ performs the best for LCO at higher temperature (648 K). NiMo/AZ is the best
hydrodenitrogenation (HDN) catalyst for LCO. The hydrodearomatization (HDA) performances
of NiMo/AZ and NiW/AZ improved significantly and overwhelmingly higher than that of the
CoMo/AZ when the H2 pressure was increased to 1100 psi.

Keywords: bimetallic; alumina-zeolite support; light cycle oil; hydrodesulfurization; hydrodenitrogenation;
hydrodearomatization

1. Introduction

Heavy oil has to be upgraded before utilization because of high density and high
boiling point. Fluid catalytic cracking (FCC) is one of the most important means to trans-
forming heavy oil into high value-added products, such as gasoline distillates. Light cycle
oil (LCO) is another major product in FCC processes, accounting for 10–30% FCC products
and more than one third of the distillate pool in China, whose density and boiling point
are close to that of diesel fractions [1–4]. With aromatics contents between 75% and 85%
(especially polycyclic aromatic hydrocarbons (PAH), which account for 40% to 50%), sulfur
and nitrogen contents up to 1.5 wt% and 0.3 wt%, and cetane number (CN) less than 35;
LCO cannot be directly used as diesel fractions [3,4]. Instead, LCO is used as a blending
component for diesel fuel, heating, or fuel oils [2]. Because of the crude oil deteriorates, the
quality of LCO become even worse. Nowadays, with the public’s increasing awareness
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of the environmental protection, the standards of fuel oil are becoming more and more
stringent. By now, the sulfur content is expected to be lowered to 10 ppm in most developed
countries and some developing countries. The standard for automobile diesel fuels in
China has also been restricted to a maximum Polycyclic aromatic hydrocarbons (PAH)
content of 7 wt% and a minimum CN of 47.

Hydrotreating is one of the most typical processes for LCO upgrading [2]. Aromatics
saturation, ring opening, and sulfur/nitrogen-containing compound removal are the
primary reactions during the hydrotreating process. However, it is hard to remove the
refractory aromatics and sulfur/nitrogen-containing compounds from LCO using the
conventional hydrotreating catalysts and processes. For example, the active amount of
the traditional HDS catalyst has to increase fourfold to remove 90% of the sulfur in diesel
fractions at 500 ppm [5]. Consequently, developing new technologies for LCO upgrading is
desirable [2,3]. It is time-consuming and expensive work comparing or improving effective
catalysts; the latter may be a better choice. The essential approaches for developing
catalysts including developing novel supports, exploiting new active metal components,
and tailoring the catalyst acidity [6–8]. Our previous studies revealed that [9–17]: (1) Mo (W)
sulfides promoted by Ni (Co) promoter are good active metals for the LCO hydrotreating
process; (2) The addition of zeolite components such as zeolite beta, zeolite Y, and ZSM-5
in the support matrix of the hydrotreating catalysts led to the enhancement in its HDN,
HDS, and HDA performances; and (3) the addition of the combination of zeolite beta
and Y in the support matrix of hydrotreating catalysts had achieved better performances
than single zeolite beta or Y. In this work, alumina-zeolite (AZ) supported CoMo, NiMo,
and NiW catalysts were synthesized and evaluated using model compounds, and real
LCO as feedstocks. The compositions of hydrotreated liquids were determined by Gas
chromatography/Flame Ionization Detector- Pulsed flame photometric detector (GC/FID-
PFPD), Gas chromatography and mass spectrometry (GC/MS), and High performance
liquid chromatography (HPLC). Catalyst acidity, morphology, and textural properties were
analyzed using X-ray diffraction (XRD), pyridine-Fourier transform infrared spectroscopy
(FTIR), X-Ray Photoelectron Spectroscopy (XPS), and Transmission electron microscopy
(TEM), whose purpose is to upgrade LCO by means of HDS, HDN, and HDA into a
premium diesel blending component over a AZ supported bimetallic catalysts. The study
aims to examine the effects of NiMo, NiW, and CoMo supported by AZ on the catalytic
performance in the hydro-upgrading process.

2. Results and Discussion
2.1. Catalyst Characterization
2.1.1. Texture Structures

Figure 1 shows the isotherm linear plots and pore-size distributions of the NiMo/AZ,
CoMo/AZ, and NiW/AZ catalysts.

Figure 1. Physical properties of the catalysts. (a) Isotherm linear plot; (b) Pore size distribution.
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It can be seen from Figure 1a that the surface structures of AZ changed significantly
after the active metals loaded. The isotherm of AZ is type I, rich of the microporous
structure. An obvious hysteresis loop appeared on the isotherms curves after the active
components were loaded on AZ; therefore, the adsorption and desorption curves of the
supported catalysts are of type IV, mainly mesoporous structures.

As shown in Figure 1b, all three catalysts showed two kinds of pore structures,
consisting of a narrow pore distribution at the diameter of 3–4 nm and a wide range from
8 to 30 nm, respectively. The former is the inherent intra-aggregated pores that located
inside the support particle, whereas the latter is the secondary inter-aggregated pores
between the support particles. NiW/AZ has more fine intra-aggregated pores and less
secondary pores than both NiMo/AZ and CoMo/AZ, suggesting that W atoms are more
apt to occupy the larger pores, and too large to enter the fine pores.

Table 1 lists the physical properties of the NiMo/AZ, CoMo/AZ, and NiW/AZ catalysts.

Table 1. Textural properties of the catalysts.

Catalysts NiMo/AZ CoMo/AZ NiW/AZ

SBET, m2/g 141 185 149
Total pore volume, cm3/g 0.44 0.49 0.39
Micropore volume, cm3/g 0.061 0.084 0.066
Average layer length, nm 5.10 6.11 8.40

Average layer number 1.74 1.79 1.52

Compared to CoMo/AZ and NiMo/AZ, NiW/AZ has smaller surface area and pore
volume, because the relatively smaller atom, Ni, is easier to enter the pores of the support,
and cover more surface area and occupy more micropores. The total pore volume of the
NiW/AZ is obviously smaller than that of the NiMo/AZ catalyst, which is attributed
to the blockage of large-size W atoms. The micropore volume of NiMo/AZ is similar to
that of the NiW/AZ catalyst, suggesting that some Mo atom might also distribute on the
intra-pores whereas the W atoms have difficulty doing so.

The XRD results are presented in Figure 2.

Figure 2. XRD profiles of the sulfided catalysts.

All three catalysts showed the existence of γ-Al2O3 and zeolite Y [9]. Ni and Co are
uniformly distributed on the support as only trace MoS2 and WS2 peaks are observed
in Figure 2.
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2.1.2. Morphology

After being sulfided, Mo or W might form layered hexagonal MoS2 or WS2 structures,
while Ni or Co atoms are located at the edges of MoS2 and WS2 slabs [18,19], which is
shown in Figure 3.

Figure 3. The representative TEM images of the sulfided catalysts. (a) CoMo/AZ; (b) NiMo/AZ; (c) NiW/AZ.

The average slab length was calculated using the same methods described in the
previous publications [20]. The results are listed in Table 1. The length and layer number
of the active clusters on sulfided catalysts are shown in Figure 4.

Figure 4. The properties of the slabs over the sulfided catalysts. (a) Length of Mo/WS2 slabs;
(b) Number of layers of the slabs.

As can be seen in Figure 4a, the average length of MoS2 or WS2 slabs decreases in
the following order: NiW/AZ (8.40 nm) > CoMo/AZ (6.11 nm) > NiMo/AZ (5.10 nm).
About two-thirds of the NiW/AZ slabs were evenly distributed between 6–9 nm. For
the CoMo/AZ and NiMo/AZ catalysts, about 80% and more than 90% of the slabs were
distributed between 4–7 nm respectively. For the slab layer shown in Figure 4b, NiMoS and
CoMoS slabs are thicker than that of NiWS, most of which are single-layer slabs. This is
because the precursor of W is in W12O40

6− and Mo is in MoO3. The former one may have a
strong interaction with the protons on the zeolite support, resulting in a wider distribution
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along the surface of the support. This enlarges the length of NiWS slab and reduces the
number of slab layers. Comparing NiMo/AZ and CoMo/AZ; Ni atoms, which enter the
zeolite channels more readily as they a smaller atomic radius, tend to be more evenly
distribution across the support, and form more narrowly distributed NiMo/AZ slabs.

Figure 5 shows the states of S 2p and Mo 3d or W 4f on the sulfided catalysts.

Figure 5. XPS spectra of the sulfided catalysts. (a) NiW/AZ S 2p; (b) NiW/AZ W 4f; (c) NiMo/AZ S 2p; (d) NiMo/AZ Mo
3d; (e) CoMo/AZ S 2p; (f) CoMo/AZ Mo 3d.

According to the literature [21–25], combining with the information in Figure 5, all
these three catalysts exhibit the signals of both sulfur S 2p3/2 and MoS2 or WS2, and
confirms the formation of sulfide phases on the catalysts, which is in accordance with the
XRD results.
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2.1.3. Acidity

Figure 6 shows the Pyridine-IR results of the NiMo/AZ and NiW/AZ catalyst before
and after being sulfurized. Table 2 lists the B and L acid properties of the sulfided NiMo/AZ,
CoMo/AZ, and NiW/AZ.

Figure 6. Acidic sites of the NiMo/AZ and NiW/AZ before and after sulfurization. (a) Bronsted acid; (b) Lewis acid.

Table 2. Acidic sites of the NiMoS/AZ, NiWS/AZ, and CoMoS/AZ catalysts.

Catalysts
B Acids, ×10−3 mmol/g L Acids, mmol/g Ratio of B/L

Weak Middle Strong Total Weak Middle Strong Total Weak Middle Strong Total

NWS 32.8 4.2 23.3 60.3 63.7 33.7 29.1 126.5 0.52 0.13 0.80 0.48
NMS 17.1 19.0 19.1 55.2 89.1 67.2 54.5 210.8 0.19 0.28 0.35 0.26
CMS 18.0 16.0 13.8 47.8 21.0 15.2 9.2 45.4 0.86 1.05 1.50 1.05

The acidities of catalysts were calculated by the Pyridine FTIR results. For both the
oxidized and sulfurized NiMo/AZ and NiW/AZ, the amount of Lewis acids is more
than that of Brønsted acids. The amount of Brønsted acids increased greatly after being
sulfurized. However, for the NiW/AZ catalyst, its Lewis acidity decreased after being
sulfurized. Therefore, the sulfurized NiMo/AZ catalyst has a higher total acidity than the
NiW/AZ.

As can be seen in Table 2, The total B acids on the three catalysts barely have a
difference, but it is not the case for L acids, which on NiMo/AZ is nearly twofold and
fourfold greater to that of the NiW/AZ and CoMo/AZ. As to acid types, the acids on both
NiMo/AZ and NiW/AZ are mainly L acids, especially for the former; whereas the B and
L acids on CoMo/AZ are basically the same. In the terms of acid strength, the acids on
NiW/AZ are mainly weak acids, and those on CoMo/AZ are mostly weak and middle
acids, while there is an equal distribution of weak, middle, and strong acids on NiMo/AZ.
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2.2. Reaction Performances

The hydrotreating reaction performances of NiMo/AZ, CoMo/AZ, and NiW/AZ
were carried out on both model oil and real LCO feeds. The model oil consists of 4,6-
DMDBT, carbazole, and 1-methyl naphthalene. For LCO feed, the contents of the total S, the
total N, and the total aromatics remaining in the hydrotreated products were respectively
correlated with HDS, HDN, and HDA performances.

2.2.1. Model Compounds as Feed
HDS Performance

Figure 7 describes how the amounts of the 4,6-dimethyldibenzothiophenes (4,6-
DMDBT), 4-methyldibenzothiophenes (4-MDBT), and 3,6-dimethyldibenzothiophenes
(3,6-DMDBT) varied with time-on-stream over the CoMo/AZ catalyst.

Figure 7. The conversion of 4,6-DMDBT and the formation of 4-MDBT and 3,6-DMDBT with time on
stream over CoMo/AZ (Reaction conditions: 648 K, 8.96 MPa, 1000 rpm, 20 g catalyst, 200 g feed
(4,6-DMDBT with 300 ppm sulfur in Hexadecane).

4,6-DMDBT decreased slightly in the initial 60 min and then decreased linearly from
290 ppm at 60 min to 90 ppm at 480 min. Only the traces of 4-MDBT and 3,6-DMDBT (less
than 0.5 ppm) can be detected by GC-PFPD. 4-MDBT soared up to its maximum value after
60 min and gradually declined to zero after 420 min. On the other hand, the formation of
3,6-DMDBT was identified after 90 min and then increased linearly with time on stream.
4-MDBT may come from the trans-alkylation of the 4,6-DMDBT, while 3,6-DMDBT may
come from the isomerization of the 4,6-DMDBT. Both reactions took place on acid sites
of the zeolite, while HDS reaction occurred on the sulfided active metal sites. It has been
reported that when the zeolite is introduced into the catalyst, the isomerization of the
refractory S compounds reduces their steric hindrance and accelerates the HDS process [26].
Therefore, some HDS process may occur via a combination of isomerization and HDS
reactions. That is, the most refractory S compounds first react with the acid sites to form
isomers, and then, the intermediates further react on the active metal compounds.

In general, HDS is carried out through two parallel reactions [27]: DDS and HYD. For
the DDS pathway, one of the double bonds in the vicinity of the sulfur atom undergoes
partial hydrogenation to form a dihydro-intermediate. Then, a C–S bond is cleaved by an
elimination process to form an SH group. The second C–S bond is broken to produce the final
biphenyl-type compounds. For the HYD pathway, one aromatic ring is hydrogenated to create
a tetrahydro methyl-substituted dibenzothiophene. The later one eliminates the C—S bond to
form cyclohexylbenzene compounds. Normally, under HDS conditions, biphenyl type com-
pounds are difficult to hydrogenate into cyclohexylbenzene [27]. When acid compounds, such
as zeolite and silica-alumina were co-added into the support of CoMo or NiMo catalyst, addi-
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tional reactions were observed, including (1) methylation of 4,6-DMDBT to form tri-, tetra-,
penta-, and hexa-methyldibenzothiophenes; (2) isomerization of 4,6-DMDBT to 3,6-DMDBT
or other methyl- position DMDBTs; (3) trans-alkylation of 4,6-DMDBT to methyldibenzothio-
phene and trimethyl dibenzothiophene, and (4) cracking of the desulfurized compounds to
single-ring hydrocarbons. The isomerization reaction can profoundly affect the HDS, and it
can shift the methyl groups from 4,6-position to the 3, 6 or other positions, which can reduce
the steric hindrance between the molecule and catalyst active sites, therefore increasing the
HDS reactivity [26].

Figure 8 shows the variation of the amounts of the toluene, benzene, methyl cyclohex-
ane, and cyclohexane along with the reaction time over the CoMo/AZ catalyst.

Figure 8. Concentrations of the products with time on stream over CoMo/AZ (reaction conditions:
the same as the conditions in Figure 6).

According to the references, the HDS products from 4,6-DMDBT mainly includes:
(1) 4,6-dimethyltetrahydrodibenzothiophere (4, 6-DMTHDBT) or 4,6-dimethyl hexahy-
drodibenzothiophere (4,6-DMHHDBT); (2) 3,3-dimethylbiphenyl (3,3′-DMBiP); (3) 3,6-
dimethyldibenzothiophere (3,6-DMDBT); (4) 3,4′-dimethylbiphenyl (3,4′-DMBiP); (5) 3,3′-
methylcyclohexy toluene (3,3′-MCHT); (6) 3,3′-dimethyl dicyclohexane; and (7) toluene and
methylcyclohexane [28]. However, in our HDS studies, no double-cycle compounds, such
as DMBP, MCHT, and DMDCH, were found in the final products, instead only toluene,
benzene, cyclohexane, methyl cyclohexane, and trace 4-MDBT, 3,6-DMDBT, poly DMDBT
were found by the GC-FID and GC-PFPD. The formation rate of toluene is significantly
higher than that of the conversion of 4,6-DMDBT, indicating that most of the toluene is
from the hydrocracking of 1-MN instead of the HDS process. Toluene can be formed
either from the cracking of double-ring intermediate products in the 4,6-DMDBT HDS,
such as 3,3′-DMBiP, 3,4′-DMBiP, as well as 3,3′-methylcyclohexy toluene, or from the hy-
drocracking of 1-MN [19,28]. Bataillie et al. did not find 3,3′-methylcyclohexy toluene
in their final products and assumed that this compound may have been rapidly cracked
into toluene and methylcyclohexane [26]. Furthermore, concentrations of benzene, methyl
cyclohexane, and cyclohexane gradually increased with the reaction time, which might
be caused by the hydrocracking of hydrogenated or partial hydrogenated double-ring
intermediate products. On one hand, zeolite in the catalyst promotes the isomerization
of 4,6-DMDBT to 3,6-DMDBT, improving both DDS and HYD reactivities [26]. On the
other hand, a high zeolite content (30 wt%) will crack these double-ring products into the
monocyclic products. In this study, it is difficult to differentiate between the DDS and HYD
pathways in the HDS process because of the lack of intermediate reactants observed in the
HDS products.
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Effects of Nitrogen Introduction on HDS Performance

Figure 9 shows the variations of Ln(CS) (the concentration of total sulfur) with the
reaction time over the NiMo/AZ, CoMo/AZ, and NiW/AZ catalysts.

Figure 9. The effects of nitrogen introduction on Ln(Cs) with time on stream (Reaction conditions:
648 K, 8.96 MPa, 1000 rpm, 20 g catalyst, 200 g feed (4,6-DMDBT with 300 ppm sulfur, carbazole with
300 ppm nitrogen, 20 w% 1-MN in Hexadecane). (a) before the Nitrogen introduction; (b) after the
Nitrogen introduction.

After the initial induced period to form active NiMoS, CoMoS, and NiWS phase, the
concentration of 4,6-DMDBT decreased linearly. The HDS reaction of 4,6-DMDBT followed
pseudo-first order kinetics and the plots of ln(Cs) versus time were always linear during
the reaction time (when the catalyst activity is low).

Figure 9b shows the curves of Ln(CS) versus the reaction time over the NiMo/AZ,
CoMo/AZ, NiW/AZ catalysts after N (carbazole) was introduced. The kinetics rate
constants of HDS reaction are listed in Table 3.

Table 3. The effects of Nitrogen introduction on the HDS kinetic rate constants.

k1 × 10−5, s−1·gcat−1 CoMo/AZ NiMo/AZ NiW/AZ

Model 1 without N 4.37 3.07 2.48
Model 2 with N 3.87 2.09 2.25

CoMo/AZ showed the highest HDS kinetic rate constant, which decreased in the
following order: CoMo/AZ > NiMo/AZ > NiWAZ. Due to the same support, the HDS
reactivity of CoMo/AZ, NiMo/AZ, and NiW/AZ was determined by their hydrogenation
ability and DDS ability. Under the low H2 pressure at 550 psi, the preferred reaction route is
the DDS pathway rather than HYD, therefore, CoMo/AZ has the highest DDS performance
among the three catalysts. This is probably related to surface area, pore volume, micropore
volume, the number of crystal slab layers, and the B acids on catalysts. These results are in
good accordance with the DFT calculation results [18].

Even after being added the N compounds, CoMo/AZ still gave a higher kinetic rate
constant value than NiMo/AZ and NiW/AZ, even those without N addition.

Although zeolite can isomerize most of the refractory S compounds and reduce the
steric hindrance of the reactants, most of the S compounds were still converted via the
DDS or HYD route. Therefore, N compounds might reduce the HDS activity by competing
for the acidic sites on the zeolite, and reducing the activity of the isomerization reaction.
However, N does not alter the reactive NiMoS, CoMoS, and NiWS phase, nor participate in
the reaction, or change the reaction mechanism. Furthermore, after 300 ppm N (carbazole)
was introduced, the kinetic constant rate of three catalysts decreased to 0.50 s−1, 0.98 s−1,
and 0.23 s−1, respectively. The results disclose that the poisoning of the N compounds on
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the CoMo/AZ, NiMo/AZ, and NiW/AZ is different, which may be relative to the weak B
acids on each catalyst.

HDA of 1-MN

Figure 10 shows that the selectivity of the products varied with the reaction time over
the CoMo/AZ catalyst.

Figure 10. Distribution of 1-MN hydrogenated products with time on stream over CoMo/AZ
(reaction conditions: the same as the conditions in Figure 8).

The major products include: (1) partially hydrogenated products, 1-, 2-, 5-, 6- methyl-
tetralins (MT), (4H-MTs); (2) further hydrogenated products, decalins; (3) ring-opening
products, single-rings; (4) cracked products, C2 toluene; and (5) condensation products,
polymers. The selectivity of methyltetralins decreased while the other products increased
with the reaction time, indicating that partially hydrogenated compounds are gradually
transferred into the fully hydrogenated compounds. The results are also in accordance
with the reports, where 1-MN was partially hydrogenated to methyldecalins at first and
then further converted through hydrogenation, cracking, and isomerization reactions.

During the hydrogenation reactions, 1-MN was firstly partially hydrogenated to
1-, 2-, 5-, 6-MT. 1- and 5- are the direct hydrogenated products, and 2-, 6-MT are their
isomerization products. After that, those were further hydrogenated, reconstructed, or
cracked into different products [19].

The selectivity of 1-, 2-, 5-, and 6-MT in the 4H-MT products along with the reaction
time is shown in Figure 11.

The selectivity of these 4H-MT products decreased in the following order: 5-MT >
1-MT >> 6-MT > 2-MT. The results suggest that direct hydrogenation is still the dominant
process in the hydrogenation of 1-MN. With the reaction time increasing, more 2-MT and
6-MT increased, while the selectivity of 1-MT and 5-MT decreased, indicating that isomer-
ization reaction is a secondary reaction following the hydrogenation reaction. Furthermore,
the selectivity of 5-MT is higher than that of the 1-MT, suggesting that the hydrogenation
reaction favors the aromatics rings without methyl group, which is consistent with the
previously reports [19,29].

Hydrogenation of 1-MN

Figure 12 shows the hydrogenation of 1-MN over the CoMo/AZ, NiMo/AZ, and
NiW/AZ catalysts.
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Figure 11. Selectivity of MTs with time on stream over CoMo/AZ (reaction conditions: the same as
the conditions in Figure 8).

Figure 12. Hydrogenation of 1-MN with time on stream (reaction conditions: the same as the
conditions in Figure 8). (a) without N compounds; (b) with 300 ppmN carbazole.

A similar trend in the conversion of 1-MN was established for all three catalysts.
NiMo/AZ and NiW/AZ catalysts were supposed to have higher hydrogenation perfor-
mances than CoMo/AZ; however, under low H2 pressure at 550 psi, the catalysts may
lose their superior hydrogenation ability. When the nitrogen was added into the feed, the
conversion of 1-MN decreased significantly. As reported, nitrogen species affected both
the acidic sites and hydrogenation sites, which reduced the hydrogenation activity of the
catalysts [27].

Table 4 shows the yield of hydrogenation products from 1-MN at 480 min.
The NiMo/AZ catalyst had the highest yields of 1-MT and 5-MT and relatively lower

yields of 2-MT and 6-MT, suggesting that the NiMo/AZ catalyst has higher hydrogenation
ability. This may be related to the abundant acidic sites distributed on NiMo/AZ. When N
was introduced into the feed, the yield of 1-MT and 5-MT increased, and the yield of 2-MT
and 6-MT decreased. N might poison the zeolite active sites and reduce the isomerization
of 1-MT and 5-MT, which in turn increases the direct hydrogenation of 1-MN. For all
these three catalysts, the yield of 5-MT is higher than 1-MT, further suggesting that methyl
groups reduce the hydrogenation of the aromatic groups. The yields of 2-MT and 6-MT
are relatively lower over NiMo/AZ, suggesting a higher isomerization over CoMo/AZ
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and NiW/AZ. Furthermore, the yields of single-ring products from the CoMo/AZ and
NiW/AZ catalytic reaction are higher than that from the NiMo/AZ, due to the higher
cracking ability of the former two catalysts.

Table 4. Chemical compositions of 1-MN hydrogenated products at 480 min.

Compositions,
%

Model 1 without Nitrogen Model 2 with Nitrogen

CoMo/AZ NiMo/AZ NiW/AZ CoMo/AZ NiMo/AZ NiW/AZ

1-MT 10.1 14.1 9.7 16.3 17.9 15.5
2-MT 6.7 4.4 7.6 3.3 1.7 3.9
5-MT 21.9 27.4 22.1 30.3 33.9 29.4
6-MT 11.4 6.3 12.6 2.4 4.2 4.9

4H-HC - - - - - -
decalin 8.4 7.1 8.1 5.6 4.2 6.1

single ring 10.1 7.3 8.2 5.1 4.3 6.0
C2 toluene 4.9 5.6 5.2 5.1 4.6 5.0

naphathalene 3.9 3.1 4.0 2.7 2.5 2.9
polymer 1.5 0.6 1.4 1.1 0.9 1.2

2.2.2. Real LCO as Feed

The hydrotreating performances of NiMo/AZ, CoMo/AZ, and NiW/AZ with differ-
ent LCO feeds are summarized in Tables 5 and 6.

Table 5. Sulfur content (ppm)in the final products with different LCO feed.

Feed Catalyst 375 ◦C 1100 psig 375 ◦C, 550 psig 300 ◦C, 1100 psig

LCO1
CoMo/AZ 877 1016 2845
NiMo/AZ 722 909 3198
NiW/AZ 1121 1099 3538

LCO2
CoMo/AZ 586 1096 2334
NiMo/AZ 512 612 2430
NiW/AZ 567 958 3022

LCO1: sulfur 1.3% S; LCO2: sulfur 1.5% S.

Table 6. Nitrogen (ppm) content in the final products with different LCO feed.

Feed Catalyst 375 ◦C, 1100 psig 375 ◦C, 550 psig 300 ◦C, 1100 psig

LCO1
CoMo/AZ 104.6 265.2 415.2
NiMo/AZ 55.0 192.4 327.4
NiW/AZ 83.8 208.7 378.4

LCO2
CoMo/AZ 14.5 49.7 93.1
NiMo/AZ 5.4 17.6 57.3
NiW/AZ 4.0 22.4 69.7

LCO1: 500 ppm N; LCO2: 140 ppm N.

As shown in Table 5, NiMo/AZ and CoMo/AZ showed different HDS performances
when the reaction temperature was changed. At lower temperature (300 ◦C, 1100 psi),
the residue S in the products with CoMo/AZ catalyst is 2334 ppm, which is slightly
lower than that of the NiMo/AZ catalyst (2430 ppm S). However, at higher temperature
(375 ◦C, 1100 psi), the residue sulfur in the products with CoMo/AZ (586 ppm) is higher
than that with NiMo/AZ (512 ppm). Under lower reaction temperature, compared to
NiMo/AZ, the HDS activity of CoMo/AZ is higher [5]. CoMo/AZ primarily catalyzes
the DDS route. NiMo/AZ, on the other hand, primarily catalyzes the HYD route and
shows a better hydrogenation performance. Even at 375 ◦C, 550 psi, the HDS activity of
the NiMo/AZ was still close to that at 375 ◦C, 1100 psi, indicating that NiMo/AZ has a
such high hydrogenation activity that it did not need high hydrogen pressure to achieve a
higher total HDS activity.
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Comparing the results of the NiMo/AZ and NiW/AZ catalysts, the HDS performances
of NiMo/AZ is always higher than that of the NiW/AZ catalyst, which may be due to their
different acid properties.

Combined Tables 1 and 5, the HDS activity is probably relevant to the length of slabs:
the shorter of the crystal slab length is, the higher HDS activity of the catalyst has. The
HDS activity under low reaction temperature is in accordance with the pore type: the more
intra-aggregated pores on the catalyst, the higher HDS activity performance of the catalyst.

During the HDS reaction, the refractory S compounds are normally converted via the
DDS and HYD pathways [27]. NiMo/AZ isomerizes more 4,6-DMDBT into 3,6-DMDBT,
and increases the HDS activity of the catalyst more than the NiW/AZ does. Furthermore,
from the TEM of sulfurized NiMo/AZ and NiW/AZ catalyst, it was found that NiMo/AZ
had more 2–3-layer slabs than the NiW/AZ catalyst. It is believed that the multi-layered
MoS2 clusters have more multi-vacancies than single-layered clusters, thereby facilitating
better adsorption of the aromatic ring [19]. Compared to NiW/AZ, the larger layer number
of MoS2 clusters on NiMo/AZ provides better isomerization, hydrogenation, and HDS
performances. In addition, the shorter length of the slabs, the more brim sites on the surface
of the catalyst, and the higher hydrogenation activity the catalyst.

As shown in Table 6, the HDN performances of the investigated catalysts was NiMo/
AZ > NiW/AZ > CoMo/AZ under all three reaction conditions. The HDN reactions were
carried out in a concessive process. The N aromatics are hydrogenated; then the C-N
bonds are eliminated [30]. Therefore, the catalyst with high hydrogenation ability and
suitable acid sites has a higher HDN performance. As discussed above, the NiMo/AZ
catalyst presents higher hydrogenation ability than the NiW/AZ. Furthermore, it is known
that Co-promoted catalysts have less hydrogenation ability than Ni-promoted catalysts;
therefore CoMo/AZ has the lowest HDN activity among the three catalysts.

For higher N content in LCO1 feed, both HDS and HDN showed a similar trend that
NiMo/AZ had a better HDS performance at high temperature and CoMo/AZ a better
HDS performance at low temperature. Furthermore, at all reaction conditions, the HDN
performances decrease in the following order: NiMo/AZ > NiW/AZ > CoMo/AZ, which
is the same as the results from LCO2 tests.

Figures 13 and 14 present the hydrocarbon distributions in hydro-upgrading products.

Figure 13. Hydrocarbon distributions in the final product with LCO1 feed.
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Figure 14. Hydrocarbon distributions in the final product with LCO2 feed.

About 70% of LCO1 consisted of di-ring aromatics (DAHS). After the reaction, most of
the DAHS were converted into mono-aromatics (MAHS) or non-aromatics. The CoMo/AZ
had the lowest HDA activity. Non-aromatics (NAHS) were only produced in a concen-
tration of 7–11%, and the rest of the non-aromatics are from the feed. When the pressure
was low (550 psi), NiMo/AZ and NiW/AZ only showed slightly higher hydrogenation
activities than the CoMo/AZ. However, when the reaction temperature and pressure were
increased high enough, the NiMo/AZ and NiW/AZ catalyst showed significantly better
hydrogenation performances than the CoMo/AZ, confirming that Ni-promoted catalysts
have a greater hydrogenation performance than CoMo/AZ. Figure 14 shows that for the
LCO1 feed with a higher N content, the HDA behaved the same to the previous report
that at high temperature and high pressure, NiMo/AZ and NiW/AZ catalysts show sig-
nificantly better hydrogenation performances than the CoMo/AZ. While at low pressure,
NiMo/AZ and NiW/AZ show similar HDA performance to that of CoMo/AZ.

It was reported that the Bronsted acids were related to isomerization and ring open-
ing reactions when aromatics were hydro-upgraded over bifunctional catalysts [31]. As
can be seen in Figure 6 and Table 2, the sulfided NiMo/AZ and NiW/AZ catalysts
have a similar total amount of Bronsted acid sites. This is in accordance with the re-
sults shown in Figures 13 and 14, where NiMo/AZ and NiW/AZ catalysts have similar
HDA performances.

3. Experimental
3.1. Catalyst Preparation

The procedures of catalyst preparation are the same to our previous publications [15–17].
Zeolite HY, NH4NaY (Zeolyst CBV-300) firstly underwent ammonia exchanging with NH4Cl
aqueous solution at 363–368 K for 1 h, and then dried at 383 K overnight. Zeolite-beta (Zeolyst
CP814E) was calcined at 813 K for 10 h, and then hydrothermally treated in an autoclave
at 823 K and 0.2 MPa for 2 h. The catalysts were prepared by mixing zeolite HY, zeolite
beta, alumina, Ni(NO3)2·6H2O or Co(NO3)2·6H2O, MoO3 or (NH4)6H2W12O40 with binder
(SASOL, CAPAPAL B) in a HCl solution until distributed evenly. The mixture is then extruded
to form a cylindrical shape, dried at 393 K for 2 h, and calcined in the air at 773 K for 4 h.
The components of the above catalysts contain 5 wt% of NiO or CoO, 15 wt% of MoO3 or
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24 wt% of WO3, 15 wt% of zeolite HY, 5 wt% of zeolite-beta, 20 wt% of binder (Al2O3), and
31–40 wt% Al2O3. The molar ratio of Ni (or Co)/Mo (or W) was 0.64.

Before each run, the catalysts were pre-sulfided in-situ with dimethyl disulfide (DMDS)
at 593 K for 2 h, and then the temperature was increased up to 633 K and maintained for
another 2 h.

3.2. Catalyst Characterization

The procedures of catalyst characterization are the same to our previous publica-
tions [15–17]. Nitrogen adsorption measurements were performed on a Quantachrome
Autosorb-1 (Quantachrome Instrument, Boynton Beach, FL, USA). Before adsorption, the
samples were calcined at 823 K for 16 h, and 20 to 40 mesh samples were degassed at
473 K and 1.33 × 10−3 Pa for 2 h, then adsorbed and desorbed at a temperature of 77 K.
Surface area was calculated with the multipoint BET equation with linear region in the
P/P0 range of 0.05 to 0.35. Pore volume was calculated from the maximum adsorption
amount of nitrogen at P/P0 = 0.99. The pore size distribution was determined based on the
BJH method and the desorption branch of the isotherm, and t-method was adopted for the
micropore analysis.

X-ray powder patterns of the three sulfided catalysts were measured using a Bruker
D8 Advance spectrometer (Bruker Corp., Billerica, MA, USA). The X-ray source was a
2.2 kW Cu X-ray tube, which is sealed and maintained at an operating current of 40 kV and
30 mA. Samples were scanned in the range of 5–80 (2θ) at a step size of 0.02.

Adsorbed pyridine infrared spectra (Pyridine-IR) were recorded on a NICOLET
6700 Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Fifteen milligrams
of grounded samples were pressed to form 1 cm wafers and then preheated to 723 K under
vacuum (2–3 Torr) for 2 h. Pyridine was introduced and evacuated under vacuum at 423 K.
Infrared spectra were recorded at desorption of 423 K, 523 K, 623 K, and 723 K, respectively.

TEM was performed on a JEOL 2010 STEM (JEOL Ltd., Mitsuko, Tokyo, Japan),
operating at 200 keV. The spectra were collected using an EDAX Genesis 4000 system. A
small amount of sulfided catalyst powder was sonicated in 100% ethanol, and then one
drop of it was taken with a micropipette and dropped onto a copper (or nickel) support grid.
The average slab length was measured using image analysis software, and the average
sizes were calculated based on 100+ slabs of various particles.

The types and strengths of acids on the surfaces of catalysts were tested by Pyridine
FTIR. Infrared spectra were recorded on a Nicolet FTIR-6700 (Thermo Fisher Scientific,
Waltham, MA, USA) at temperatures of 150, 250, and 350 ◦C. The characteristic bands
at 1450 cm−1 and 1550 cm−1 were respectively assigned to Lewis(L) and Bronsted (B)
acid sites [32]. The ratio of L acids to B acids was calculated by the method used in the
literature [33].

The XPS measurements were carried out on an ESCALAB 250Xi spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a pass energy of 30 eV with a power
of 100 W (10 kV and 10 mA) and a monochromatized AlKα X-ray (hν = 1486.65 eV) source.

3.3. Catalyst Evaluation

The catalyst reaction performances were evaluated with the same procedures to our
previous publications [15–17]. The model compounds, 4,6-DMDBT and 1-methylnaphthlene
(1-MN) were tested using hexadecane as the solvent (named as Model 1). Then carbazole
(named as Model 2) was introduced to investigate the effects of nitrogen on HDS and HDA.
The concentration of total sulfur and nitrogen were 300 ppmw, and 1-MN was 20 wt%. The
catalyst activity was evaluated in a 1 L of stirred autoclave (Autoclave Engineers). Twenty
grams of catalyst was loaded in the catalyst basket of the reactor and filled with H2. The
catalyst was sulfided with DMDS at 593 K for 2 h and 633 K for another 2 h, and then 200 g
of LCO was charged into the autoclave, which was stabilized at 8.96 MPa and 648 K with a
stirring rate of 1000 rpm.
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The catalyst reaction performances were then evaluated with a 20 mL fixed-bed
microreactor. Two kinds of LCO feed (named as LCO1 and LCO2, respectively) were used
in this study. The catalyst sulfidation procedures were the same to the above-mentioned
conditions. The hydrogen flow rate was 30 standard-state cubic centimeter per minute
(SCCM) and the liquid hourly space velocity (LHSV) is 0.6 h−1 (these conditions were held
constant). The reaction conditions were 648 K with 1100 psig, 648 K with 550 psig, and
573 K with 1100 psig, respectively.

The hydro-upgrading liquids were analyzed by GC/MS and GC/PFPD. The total
nitrogen and sulfur contents as well as the aromatic contents were respectively tested by
ASTM D 4629 and ASTM D 4294, and ASTM D 6591 standards.

As the cracking degree of hexadecane was lower than 5 wt% under the investigated
conditions, the effects of hexadecane cracking reactions were neglected.

4. Conclusions

The hydrotreating performances of NiMo/AZ, CoMo/AZ, and NiW/AZ were inves-
tigated on both model compounds and real LCO.

At 375 ◦C and 550 psi, the HDS activity of these catalysts decreased in the order:
CoMo/AZ > NiMo/AZ > NiW/AZ. When the H2 pressure is low, the HYD pathways
were limited and CoMo catalysts showed a higher HDS performance. The addition of
nitrogen compounds in the feed introduces a competitive adsorption mechanism and leads
to reduction of the amount of acid sites used for isomerization. CoMo/AZ still shows the
highest HDS performances among the three catalysts after carbazole was introduced into
the feed. Direct hydrogenation is still the dominant process in the partial hydrogenation of
1-MN into the 1MTs. Isomerization and cracking reactions were reported as the secondary
reactions. The different active metal compounds change the ratio between the hydrogena-
tion, cracking, and isomerization. Hydrogenation reactions occur more frequently on the
benzene-ring without methyl group sides.

The HDS performances of the catalyst were influenced by hydrogenation ability and
acid properties of the catalyst. When LCO was used as the feed, CoMo/AZ showed better
HDS performance at low temperature and NiMo/AZ showed higher HDS activity at
high temperature. Between NiMo/AZ and NiW/AZ, the sulfurized NiMo/AZ has more
acid sites than the sulfurized NiW/AZ. Thus NiMo/AZ isomerized more 4, 6 DMDBT
into 3,6 DMDBT, and then increased the activity of the catalyst. HDN performances
decreased in the order NiMo/AZ > NiW/AZ > CoMo/AZ. Under low temperature and
low pressure, the HDA performances of NiMo/AZ and NiW/AZ are slightly higher than
that of the CoMo/AZ. Under higher H2 pressure, the HDA of NiMo/AZ and NiW/AZ
was significantly improved, greatly higher than that of the CoMo/AZ.
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Abbreviations

LCO Light cycle oil
CN Cetane number
AZ Alumina-zeolite
DDS Direct desulfurization
HYD hydrogenation
HDS Hydrodesulfurization
HDN Hydrodenitrogenation
HDA Hydrodearomatization
FCC Fluid catalytic cracking
PAH Polycyclic aromatic hydrocarbons
GC Gas chromatography
FID Flame Ionization Detector
PFPD Pulsed flame photometric detector
GC/MS Gas chromatography and mass spectrometry
HPLC High performance liquid chromatography
XRD X-ray diffraction
FTIR Fourier transform infrared spectroscopy
XPS X-Ray Photoelectron Spectroscopy
TEM Transmission electron microscopy
DMDBT Dimethyl dibenzothiophene
LHSV Liquid hourly space velocity
1-MN 1-methylnaphthlene
S Sulfur
N Nitrogen
MDBT Methyl dibenzothiophene
4,6-DMTHDBT 4,6-dimethyltetrahydrodibenzothiophere
4,6-DMHHDBT 4,6-dimethylhexahydrodibenzothiophere
3,3′-DMBiP 3,3-dimethylbiphenyl
3,6-DMDBT 3,6-dimethyldibenzothiophere
3,4′-DMBiP 3,4′-dimethylbiphenyl
3,3′-MCHT 3,3′-methylcyclohexy toluene
IS Initial state
TS Transition state
FS final states
EB Energy barrier
Cs Concentration of sulfur
MT Methyltetralins
PAHS Poly cyclic aromatics
DAHS Di-ring aromatics
MAHS Mono-ring aromatics
NAHS Non-aromatics
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