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Abstract: NiMoS and CoMoS catalysts were synthesized and applied to hydrotreating (HDT) of
FCC light cycle oils (FCC-LCO) in an autoclave batch reactor at 613 K and 8.6 MPa H2. The S and
N compounds in LCO were classified into four and three groups, respectively, in terms of the HDT
reactivity. The individual and the competitive reactivities of the S and N compounds in the HDS
and the HDN were investigated over the conventional CoMoS and NiMoS catalysts using S and N
model compounds (dibenzothiophene, DBT, and carbazole, CBZ). In the HDS of DBT, both the direct
desulfurization (DDS) and pre-hydrogenation pathway (HYD) were found to proceed, whereas the
HYD pathway was favored for the HDN of CBZ. As a result, the NiMoS catalyst that facilitates the
HYD pathway showed better activity in the HDN of LCO than the CoMoS (k = 10.20 × 10−2 vs.
1.80 × 10−2 h−1). Indeed, the HDS of LCO over the NiMoS was more favorable than that over the
CoMoS catalyst (k = 4.3 × 10−1 vs. 3.6 × 10−1 h−1).
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1. Introduction

Light cycle oils (LCO) are produced at the bottom of the fluidized catalytic crack-
ing (FCC) process in a refinery and are enriched with 50–80 wt% heterocyclic aromatic
compounds, 3 wt% S, and 600 ppm N [1–4]. It is important to note that LCOs contain
polyaromatic hydrocarbons (PAHs), including naphthalene derivatives. Moreover, naph-
thalene derivatives contain naphthalene, anthracene, and phenanthrene, which can be
utilized as the feedstock of benzene, toluene, and xylene (BTX), which are used as raw
materials of the petrochemical industry [5–7]. In order to produce high-quality fuels like
high-octane gasoline and ultralow sulfur diesel from LCO, the high contents of heterocyclic
compounds, such as dibenzothiophene and carbazole derivatives, should be removed to
satisfy the environmental restrictions [8–10]. Although both S and N heterocyclic rings
are structurally stable, N compounds are more difficult to remove due to the conjugation
system in pyridinic or pyrrolic rings [11]. With the growing demands on ultra-low S fu-
els [4,12,13], research on HDN is becoming more important [14] because N compounds
are highly competitive with refractory S compounds over conventional sulfide catalysts,
leading to the alleviation of HDS [15].

Although studies of the effect of N compounds on the poisoning of the active centers
have been reported [16], the reactivity of different N compounds in terms of types of N
rings and alkyl substitution positions has not been verified [17,18]. Therefore, it is vital to
demonstrate the HDN reactivity of N compounds in the LCO with respect to the molecular
structures and the nature of their competitive reactivity to the HDS. In this study, the S
and N compounds in LCO were carefully analyzed, and the individual and competitive
reactivities of S and N compounds were investigated over the conventional CoMoS and
NiMoS catalysts.
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2. Results and Discussion
2.1. Properties of LCO and Catalyst Samples

Figure 1 displays chromatograms of the aromatic, S, and N compounds in the LCO.
Table S1 summarizes the composition of the LCO, which contains 3930 ppm S, 550 ppm
N, and 74.3 wt% aromatic compounds with 14.3, 40.6, and 19.4 wt% of mono-, di-, and
tri+-aromatics, respectively. Figure 1b shows the GC-SCD chromatography of the LCO,
and the corresponding S compounds are listed in Table S2. The S compounds are mostly
composed of DBT derivatives and thus can be categorized with respect to the number of
alkyl substitutions. For example, Benzothiophen (BT) amounts to 0.7 wt% of the total S in
the LCO, followed by BT derivatives with 26.0%, DBT 4.6%, C1-DBT 15.0%, C2-DBT 21.5%,
and C3+-DBT 31.4%. Similar results were also reported by U. Nylén et al. [19]. Among
the C1-DBT compounds, the amount of 2-/3-MDBT was highest at 7.30 wt%, followed
by 6.4% 4-MDBT and 1.3% 1-MDBT. Among the C2-DBT compounds, the amount of 2,
6-/3, 6-DMDBT was highest at 5.5 wt%, followed by 2, 4-DMDBT (2.9%) > 2, 8-/2, 7-/3,
7-DMDBT (2.7) > 4, 6-DMDBT (2.3) > 1, 4-/1, 6-DMDBT (2.2). For the C3-DBT compounds,
the amount of 2, 4, 6-TMDBT was highest at 3.4 wt%, followed by 2, 4, 8-/2, 4, 7-TMDBT
(1.6%) > 1, 4, 6-TMDBT (1.5) > 3, 4, 6-TMDBT (1.2) > 1, 4, 8-TMDBT (0.8). Figure 1c shows
the GC-NPD chromatography of the LCO, and the corresponding N compounds are listed
in Table S3. The N compounds are mostly composed of carbazole derivatives and can be
classified according to the number of alkyl substituents. For example, carbazole (CBZ)
accounts for 4.43 wt% of the total N in LCO, followed by C1-CBZ at 6.28%, C2-CBZ 28.0%,
C3+-CBZ 34.4%, and undefined nitrogen compounds 11.4%. Among C1-CBZ, the amount
of 1-MCBZ was highest at 6.3 wt%, followed by 3-MCBZ at 4.1%, 2-MCBZ 3.3%, and 4-
MCBZ 4.0%. It can be noted that the C1-CBZ fractions were similar to the C1-DBT fractions
in Figure 2 [20–22]. Among the C2-CBZ compounds, the amount of 2, 6-/2, 7-DMCBZ was
the highest at 5.5 wt%, followed by 1, 4-DMCBZ (4.9) > 1, 5-DMCBZ (4.0) > 2, 4-DMCBZ
(3.3) > 1, 8-DMCBZ (2.9) > 2, 5-DMCBZ (2.4) > 1, 2-DMCBZ (1.5) > 3, 5-DMCBZ (1.4). For
C3+-CBZ, C3-CBZ was 16.3% of the total C3+-CBZ of 34.4%.
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Figure 2. S compound distribution in LCO and after 2 h of HDS over CoMoS and NiMoS catalysts
at 613 K.

Table S4 summarizes the physical properties of the catalysts used. The BET surface
area was measured for the support and catalyst samples, as given in Figure S2. The BET
surface area of the γ-Al2O3 is 248.3 m2g−1. After the CoMo and the NiMo were loaded on
the support by impregnation followed by drying and sulfidation, the BET surface area of
the CoMoS and the NiMoS were 198.0 m2g−1 and 187.4 m2g−1, respectively. The mesopore
volume of the support became decreased in both cases probably due to the occupation of
the CoMo and the NiMo particulates in the mesoporous channel of the support. Moreover,
it can be confirmed from the elemental analysis results using ICP that the CoMo and the
NiMo were loaded with similar weight percentages.

2.2. Reactivity of S Compounds of LCO in HDS over CoMoS and NiMoS Catalyst

Figure 2 displays the distribution of the S compounds before and after the HDS of
LCO over the CoMoS and the NiMoS catalysts. Tables S2 and S5 also list the corresponding
S compounds. The total S contents after the HDS over the CoMoS were decreased from
3930 to 1741 ppm S with an overall HDS conversion of 55.7%, but with 67.7% over the
NiMoS. For the CoMoS, BT was shown to present the highest HDS conversion of 99.9%,
even higher than the overall HDS conversion. As a result, the reaction of BT was too fast to
determine the reaction rate constant. DBT underwent a relatively high HDS conversion of
80.8% with a high rate constant of 4.8 h−1, even higher than the overall HDS conversion,
resulting in a decreased fraction from 4.6 to 2.0% of total S compounds remaining after the
HDS. In contrast, 4-MDBT experienced a relatively low HDS conversion of 17.8% with a
low rate constant of 0.60 h−1, leading to an increased fraction from 6.4 to 11.9% of total S
compounds remaining after the HDS. More importantly, 4,6-DMDBT, known as the most
refractory S compound in petroleum feedstocks, experienced the lowest HDS conversion of
4.2%, even lower than that of 4-MDBT, being more than doubled in the fraction from 2.3 to
4.9% of total S compounds remaining after the HDS. These results suggest that it would be
desirable to categorize the S compounds in LCO depending on the reactivity in the HDS
rather than on the molecular weight or structure.

Mochida et al. [23] classified S compounds in gas oils into four groups based on the
HDS reactivity in which the representative S compounds were BT, DBT, 4-MDBT, and
4, 6-DMDBT, corresponding to the sulfur group 1 (SG1), 2 (SG2), 3 (SG3), and 4 (SG4),
respectively (Figure 3). In a similar manner, the S compounds in the feed and products
after the HDS were classified into four groups in terms of the HDS reactivity, as given in
Figure 4 and Table S5. The S compounds of LCO were composed of 20.1% SG1, 43.8% SG2,
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28.6% SG3, and 7.5% SG4, as shown in Figure 4a. In the case of SG1, the fraction of SG1
remaining after the HDS over the CoMoS decreased from 20.1% in the feed to 0.6% in the
product after 2 h of reaction. Over the NiMoS2, the fractions showed similar behaviors
as those of the CoMoS. These results indicate that most of the S compounds of SG1 are
removed after the HDS. The fraction of the S compounds in SG2 slightly increased from
43.8% to 47.0%, and then decreased again to 44.4 and 37.6%. Due to the slower HDS rates
for SG2, 3, and 4 than SG1, the S fractions belonging to SG2~4 were found to be higher at
the beginning of the HDS. In SG3 and SG4, the fraction of the S compounds after the HDS
over the CoMoS increased. These results indicate that the S compounds of SG3 decrease
slowly, and those of SG4 are hardly removed. The CoMoS thus turned out to be effective in
removing less sterically hindered S compounds (SG1 and 2), while it showed a low activity
toward refractory S compounds belonging to SG3 and SG4. These results are in line with the
previous studies in the literature. For example, the HDS of BT could be suggested by two
reaction pathways resulting in the presence of styrene or ethyl benzene in the product [24].
The HDS of thiophenic compounds, having a weak C-S bond, could directly result in S
removal without the saturation of the heteroatom ring. The HDS of DBT could follow two
parallel desulfurization pathways, which removes S as H2S, leading to the major products
of biphenyl for the DDS and hexahydro-dibenzothiophene for the HYD. The HDS of the
refractory compounds, such as 4-MDBT and 4, 6-DMDBT, is often required for deep HDS
(Figure 3). Generally, the reactivity of these compounds is low due to steric hindrance
of the transition state inhibiting the C-S bond cleavage through the DDS pathway. The
reactivity of 4-MDBT and 4,6-DMDBT could be improved by increasing the HYD activity
of the catalysts [25,26]. It can be noted that the reactivity of SG3 and SG4 over the NiMoS2
was twice more than those over the CoMoS, as given in Table S5.
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Figure 3. Reaction pathway for HDS of (a) benzothiophene (BT), (b) dibenzothiophene (DBT),
(c) 4-methyl dibenzothiophene (4-MDBT), and (d) 4,6-dimethyl dibenzothiophene (4,6-DMDBT), and
(e) HDN of carbazole (CBZ).
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2.3. Reactivity of N Compounds of LCO in HDS over CoMoS and NiMoS Catalyst

Figure 5 displays the distributions of the N compounds before and after the HDN
of LCO over the CoMoS and NiMoS catalysts. After the HDN, the total N contents were
decreased from 550 to 517 ppm N with the overall HDN conversions of 6.0% over the
CoMoS, and to 417 ppm N with the HDN conversion of 24.3% over the NiMoS. In Table S6,
the kinetic constants of the overall HDN of the NiMoS2 were five times higher than those
of the CoMoS. These results are consistent with previous studies [11,12,27–29]. The N
compounds can be divided into two groups according to the degree of basicity: basic N
and non-basic N. Basic N compounds contain the six-membered pyridinic ring, and the
other N compounds contain the five-membered pyrrolic ring. The HDS generally does
not require the complete HYD of the ring prior to the hydrogenation, while the HYD in
the HDN of heterocyclic N compounds is often inevitable due to the conjugation system
of the N-rings [30]. The reaction scheme for the HDN of carbazole (CBZ) is shown in
Figure 3 [31,32]. CBZ undergoes the HYD pathway, producing tetrahydro-carbazole (THC).
The HDN of THC then follows two parallel denitrogenation pathways, leading to the major
products of bicyclohexyl (BCH) and cyclohexyl aniline (CHA) via the direct denitrogenation
(DDN) and HYD, respectively.
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Figure 5. N compound distribution in LCO and after 2 h of HDN over CoMoS and NiMoS catalysts
at 613 K.

Figure 6 displays the N fractions before and after the HDN. Table S6 also summarizes
the N fractions of the N compounds. It can be seen that the CBZ shows a relatively high
HDN conversion of 46.2%, even higher than the overall HDN conversion of 24.3% over
the NiMoS, resulting in a decreased fraction from 4.4 to 3.3% of the total N compounds
remaining after the HDN. The HDN conversion of 1-MCBZ was a little low at 27.4%,
resulting in a consistent fraction from 6.3 to 6.2%. In contrast, 1,8-DMCBZ experienced
the lowest HDN conversion of 0.5%, raising the N fraction from 2.9 to 3.9% of total N
compounds remaining after the HDN. These results thus suggested that it would be
desirable to categorize the N compounds based on the reactivity in the HDN, as the case in
the HDS of S compounds in the LCO.
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In a similar manner, the N compounds in the feed and products after the HDN were
classified into three groups in terms of HDN reactivity over the NiMoS catalyst at 8.6 MPa
and 613 K. The N compounds were classified with respect to the level of the kinetic rate
constants of the N compounds, where the rate constant of NG1 was over 1.20 × 10−1 h−1,
followed by NG2 with 0.60 × 10−1 ~ 1.20 × 10−1, and NG3 with <0.60 × 10−1. The N
compounds that belong to NG1 were CBZ and alkyl-substituted CBZs such as 2-/3-/4-
MCBZ, and 2,6-/2,7-/3,5-/2,4-/2,5-DMCB, which showed a similar reactivity in the HDN
with CBZ, leading to a relatively high HDN conversion. The N compounds belonging to
NG2 were 1-MCBZ and its alkyl-substituted 1-MCBZs such as 1,4-/1,5-/1,2-DMCBZ. The N
compounds belonging to NG3 were 1, 8-DMCBZ, and its alkyl-substituted derivatives. As
displayed in Figure 6, the N compounds of NG2 showed a high HDN conversion, resulting
in a lower N fraction after the HDN. In NG2, the fraction of the N compounds after the
HDN over the NiMoS was comparable to those in the feed. In contrast, the N compounds
of NG3 were found to remain almost unconverted after the HDN.

2.4. HDS and HDN Reaction Mechanism of Model Feed over NiMoS Catalyst

Figure 7 shows the HDS and HDN profiles of each N group, and Table S7 lists the rate
constants in the HDS and HDN over the NiMoS2 catalyst. The conversion of DBT and CBZ
could be described by the parallel reaction networks, which followed a pseudo first-order
reaction. The equations are listed below, which include the relative concentrations of the
reactant and product species as the function of reaction time:

(1) HDN of CBZ

dCCBZ

dt
= −k11CCBZ (1)

dCTHC

dt
= k11CCBZ − k12CTHC − k13CTHC (2)

dCCHA

dt
= k13CTHC − k14CCHA (3)

dCCHB

dt
= k14CCHA − k15CCHB (4)

dCBCH

dt
= k12CTHC + k15CCHB (5)

(2) HDS of DBT
dCDBT

dt
= −k21CDBT (6)

dCBP

dt
= k21CDBT − k21CBP (7)
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dCCHB

dt
= k22CBP − k23CCHB (8)

dCBCH

dt
= k23CCHB (9)

(3) Combined HDT of CBZ and DBT

dCDBT

dt
= −k31CDBT (10)

dCBP

dt
= k31CDBT − k32CBP (11)

dCCHB

dt
= k32CBP + k37CCHA − k33CCHB (12)

dCCBZ

dt
= −k34CCBZ (13)

dCTHC

dt
= k34CCBZ − k36CTHC − k35CTHC (14)

dCCHA

dt
= k36CTHC − k37CCHA (15)

dCBCH

dt
= k33CCHB + k35CTHC (16)
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The subscripts denote the species observed in the reactions: CBZ: carbazole, THC:
tetrahydro carbazole, OCHA: ortho-cyclohexyl aniline, CHB: cyclohexyl benzene, BCH:
bicyclohexyl, DBT: dibenzothiophene, BP: biphenyl.

Figure 7a shows that the C-N cleavage reaction rate from THC to OCHA was the
rate-determining step, indicating the HYD pathway was favored for the HDN of the CBZ.
In addition, it could be confirmed that the reaction rate of DBT is faster than that of CBZ [33].
In Figure 7b, the formation of BP (biphenyl) was dominant at the early stage of the reaction,
indicating that the DDS pathway of DBT is dominant. The result is in accordance with a
previous study, in which the NiMoS catalyst prefers the DDS pathway in the absence of
alkyl groups on the S compounds [34]. Figure 7c compares the reaction rates of the CBZ
and DBT mixture. It can be observed that the reaction rate of DBT was found to decrease by
14%, and the reaction rate of CBZ was decreased by 25%, indicating that the N compounds
following the HYD pathway were more affected in the competitive hydrotreating than DBT
favoring the DDS pathway (Table S7). These results suggested that the DDS and the HYD
could proceed on the same active site. Considering that the reaction rate of CBZ decreased
more than that of DBT, there might be more hydrogenation sites available on the NiMoS,
and the adsorption of DBT could be stronger than that of CBZ.

3. Experimental
3.1. Materials

The FCC-LCO as a feedstock was supplied from a refinery in South Korea, and
the specification is summarized in Table S1. Nickel (II) nitrate hexahydrate (Alfa Aesar,
98%), cobalt nitrate hexahydrate (Kanto chemical, 99.5%), and ammonium molybdate
tetrahydrate (Samchun chemical, 99.0%) were used as precursors to prepare the catalyst
samples. γ-Al2O3 pellets (Alfa Aesar, 255 m2·g−1) were sieved to make a uniform powder
(45~75 µm) as catalyst supports. The γ-Al2O3-supported CoMoS and NiMoS catalysts
were prepared by incipient wetness impregnation of the alumina support with an aqueous
solution, in which the amount of metal loading was fixed at 3 wt% active metal and 8 wt%
Mo. After completing the impregnation, the mixture was dried overnight at 373 K, and
then calcined at 673 K for 4 h. Prior to the reaction, the catalysts were sulfided for 2 h via
decomposition of dimethyl disulfide in tridecane (S: 5%) at 653 K, and were cited as CoMoS
and NiMoS catalysts. The catalysts were stored in n-hexane to avoid air exposure.

3.2. Characterization of Catalyst

N2 physisorption of the samples was measured on a Micromeritics ASAP 2060 mi-
cropore size analyzer. The surface area of the sample was obtained by the linear portion
of BET plots (P/P0 = 0.05–0.35) at 77 K. Approximately 0.1 g of catalyst was placed in a
quartz tube. Before the measurement, the sample was degassed at 403 K overnight and then
cooled to room temperature. The chemical composition of the samples was determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (PerkinElmer, Model
Optima 8300).

3.3. Activity Tests

For the reaction test, the feed mixture of 30 g LCO and 0.3 g catalyst samples was
loaded into a 150 mL autoclave (Hanwool Engineering, Uiwang, Korea). The mixture
was heated to 353 K with bubbling H2 at 1000 rpm. The reactor was then filled with H2
to 6.0 MPa at 353 K, which was heated to 613 K at 10 K·min−1 and the H2 pressure was
increased to 8.6 MPa.

Liquid products were quantified by a gas chromatograph equipped with a sulfur
chemiluminescence detector (Agilent-355 SCD, HP-1) to monitor the distribution of sulfur
compounds, on samples collected at 0.5 h intervals. The product composition at reaction
time 0 h was determined from the product after cooling the reactor as soon as the reac-
tion temperature was reached. 4, 6-dimethyldibenzothiophene (4, 6-DMDBT), 4-methyl
benzothiophene (4M-DBT), benzothiophene (BT), and dibenzothiophene (DBT) were used
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as model sulfur compounds. The N compounds distribution in the feed and products
were quantified using a gas chromatograph (GC6890, Agilent) equipped with a nitrogen
phosphorus detector (NPD). Pyridine, indole, quinoline, and carbazole were used as model
nitrogen compounds. The reaction conversions for HDS and HDN were defined as the
percent of total S and N removal from those in the feed LCO. Model feeds were also applied
to carried out kinetic studies using 100 ppm N CBZ and 500 ppm S DBT in tridecane at the
same reaction conditions with collecting liquid product samples at 10 min intervals. The
reaction rates and kinetic parameters for each proposed reaction pathway were estimated
using the parameter estimation algorithm, and all calculation was performed with MAT-
LAB version 2019a. The reaction equations were treated with the integration methods, and
non-linear regression was conducted using the “trust-region-reflective” method.

4. Conclusions

The hydrotreating of LCO was conducted in an autoclave batch reactor at 613 K and
8.6 MPa H2. The S compounds of LCO were classified into four groups in terms of the
reactivity in the HDS reaction: the highest reactive S group of alkyl-BTs (SG1), the sterically
less hindered alkyl-DBTs (SG3), and the lowest reactive S group of sterically hindered DBT
derivatives (SG4). Similarly, the N compounds of LCO were classified into three groups
in terms of the reactivity in the HDN, from the highest reactive N group of alkyl-CBZs
(NG1) to the lowest reactive N group of alkyl-CBZs (NG3). It was noted that the steric
hindrance of N compounds belonging to NG3, like 1, 8-dimethylcarbazole (1, 8-DMCBZ),
could lead to poor reactivity in the HDN, as also observed in the HDS. It was suggested
that the NiMoS catalyst could be superior over the CoMoS catalysts in the HDS and the
HDN of LCO by facilitating the hydrogenation pathway to mitigate the steric hindrance of
the refractory S and N compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13020277/s1, Figure S1. The structure of heterocyclic aromatic
compounds with labeled C atoms: (a) benzothiophene, (b) dibenzothiophene, and (c) carbazole;
Figure S2. N2 adsorption isotherm plot of (a) CoMoS and (b) NiMoS; Table S1. Composition and
properties of light cycle oil (LCO); Table S2. Sulfur distribution of LCO; Table S3. Nitrogen distribution
of LCO; Table S4. Physical properties of the support and catalysts; Table S5. Group of S compounds
in LCO and hydrotreated LCO at 613 K; Table S6. Group of N compounds in LCO and hydrotreated
LCO at 613 K; Table S7. Rate constants during HDN of CBZ and HDS of DBT over the NiMoS.
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