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ABSTRACT: The intrinsic kinetics of hydrodesulfurization (HDS) of 4,6-

dimethyldibenzothiophene (4,6-DMDBT) over mesoporous CoMoS2/ZSM-5 

(CoMoS2/MZSM-5) was investigated by comparing the commercial CoMoS2-Al2O3. 

A pseudo-first-order kinetic model considering the direct desulfurization (DDS) and 

two detailed partial and full hydrogenation pathways was formulated with simple 

power law rate equations. The apparent rate constants of five lumped reactions on 

CoMoS2/MZSM-5 are 2~4 times larger than those of CoMoS2-Al2O3. With both 

catalyst system, the pre-exponential factor plays a dominant role in the reaction rate of 

DDS pathway showing equally high activation energies. The apparent activation 
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energies show a critical effect on the reaction rate of two hydrogenation and 

subsequent desulfurization reactions. Furthermore, the Delplot analysis was applied to 

identify the reaction sequence of product formation and verify the reaction network. 

The HDS performance and reaction rates of individual reaction steps can be rationally 

linked to the morphology and available content of CoMoS phase as identified by 

HRTEM and XPS characterization. Thus, multi-stacked MoS2 nanocrystallites on 

CoMoS2/MZSM-5 provide more available sulfur vacancies to facilitate the DDS 

pathway, and catalyze efficiently the hydrogenation and subsequent desulfurization 

with the synergy of brim sites and sulfur vacancies.

KEYWORDS: Intrinsic kinetics; Mesoporous CoMoS2/ZSM-5; Hydrodesulfurization; 

4,6-DMDBT; Activity-structure relationship

1. Introduction

The increasingly stringent environmental regulations limit mandatorily the 

maximum allowed amount of sulfur to 10 ppm in transportation fuel in many 

countries [1-3]. As the boiling points of oil feeds increase, the concentration of 

sterically impeded aromatic sulfur species increases. For instance, the least reactive 

4,6-dimethyldibenzothiophene (4,6-DMDBT) occupies about 10% of total sulfur 

concentration (~400 ppm) of the desulfurized oil fractions in the hydrotreating 

process [4]. Consequently, the refractory 4,6-DMDBT must be completely removed 

from the refinery stream to meet the specification.
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The low HDS activity of 4,6-DMDBT is due to the steric hindrance from the 

methyl groups adjacent to the sulfur atom. The steric hindrance can be reduced by 

partial and/or fully hydrogenation (HYD) of one aromatic ring of 4,6-DMDBT into 

tetrahydro-, and hexahydro-intermediates [5]. Thus, the subsequent desulfurization of 

intermediates through a hydrolysis or a combination of hydrolysis and β-elimination 

will be easier than the direct desulfurization (DDS) of 4,6-DMDBT [6, 7]. These 

pathways are involved in a commonly accepted reaction network (Scheme 1) [5, 8, 9]. 

It should be noted that the subsequent hydrogenation of desulfurized products, i.e. 

3,3-dimethylbiphenyl (DM-BP) is neglected in the network because their reactivity is 

low in the presence of 4,6-DMDBT and its hydrogenated analogues [10-12].

Scheme 1 Commonly used reaction routes for 4,6-DMDBT HDS.
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Commercial Co(Ni)MoS2/Al2O3 catalysts are widely used in the HDS process of 

petroleum fractions due to their high stability and good mechanical strength [13, 14]. 

The ultra-deep HDS of diesel feed over CoMoS2/-Al2O3 in current industrial units 

requires severe operating conditions, e.g. high reaction temperature (360~370 °C) and 

high H2 partial pressure (6 MPa) [15]. Thus, the HDS activity of commercial catalysts 

should be improved to achieve complete desulfurization at mild conditions. As 

mentioned above, catalysts possessing high desulfurization activity benefit the HDS 

of 4,6-DMDBT via the HYD pathway. Moreover, the hydrogenation property is well 

linked to the brim site in a Co-Mo-S active phase model proposed by Topsøe et al. 

[16]. The formation of Co-decorated multi-layer MoS2 crystallites, namely Co-Mo-S 

type II active phase with high HYD and HDS ability can be achieved by modifying 

the interaction between metal precursor and catalyst carriers [17, 18]. This idea 

stimulated researchers to explore the carrier materials to formulate catalysts with high 

hydrogenation properties [14, 19, 20].

Mesoporous and microporous materials such as MCM-41, SAPO-11, Y, ZSM-5 

were used as the carriers to prepare more efficient HDS catalysts as indicated by the 

pioneer works [21-25] and recent advances [26-30]. These studies built a qualitative 

linkage among the tunable acidity and textual property of zeolites and HDS reaction 

behaviors of sulfur-containing compounds via physicochemical characterization 

techniques. Recently, Tang et al. found that mesoporous zeolite supported metal 

sulfide catalyst possessing high hydrogenation activity is a good candidate to improve 

the HDS technology [31, 32]. Intrinsically, the formation of multi-stacked Co-Mo-S 

active phase is favored in the mesopores of zeolite, resulting in plenty of 

hydrogenation active sites for promoting HDS of 4,6-DMDBT and deep-saturation of 

polycyclic aromatics. However, little is known about the intrinsic kinetics of 4,6-
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DMDBT HDS; especially unknown are the kinetics of the hydrogenated intermediates 

as identified in some previous work [31, 33]. The kinetic behaviors are essential for 

the better understandings of HDS reaction mechanisms of 4,6-DMDBT, and are 

critical for the further rational design of highly active HDS catalysts.

Langmuir-Hinshelwood-Hougen-Watson (LHHW) and the semi-empirical power 

law rate equations are two main approaches applied in the HDS kinetic modelling. 

LHHW formulism elucidates to some extent the mechanism of surface catalysis, e.g. 

surface coverage and competitive adsorptions. Nevertheless, the LHHW approach is 

scarcely incorporated the transformation of hydrogenated intermediates as in the case 

of 4,6-DMDBT HDS. First, it is partly due to the non-detection of hydrogenated 

intermediates in the product distribution [10, 34, 35]. Second, it is because the 

reaction mechanism of these concerning elementary steps is not thoroughly 

understood and/or being under controversy, i.e. hypotheses of one active site or two 

types of active sites [36], and uncertain number of active sites interacting with species 

employed for DDS or HYD pathways [37].

Contrastingly, the power law rate equations are semi-empirical without considering 

the interaction of reacting species with active sites, and the effects of mass transfer 

and thermodynamics are involved in the apparent rate constants. However, they are 

expected to handle the reaction network containing identical intermediates with more 

affordable experimental work by comparing LHHW formulism. Moreover, they are 

more convenient to be coupled with a hydrodynamic model, or be incorporated as 

sub-models in the process control and optimization. To this end, we decide to use the 

power law models to describe the transformation behaviors of reactive species. 

Furthermore, the reaction sequence derived from the good fits of a developed model 

may involve unreasonable kinetic pathways. The Delplot technique, proposed by the 
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research group of Klein [38, 39], is a handy analysis tool to determine the reaction 

sequence generating several products. It is recently used successfully to examine the 

reaction networks of bio-oils hydrodeoxygenation [40, 41], and to assist the 

elucidation of molecular-level modelling [42]. Therefore, we will apply this approach 

to identify the reaction sequence involved in the HDS reaction system and verify the 

reliability of the proposed reaction network.

In this work, our objective is to elucidate the interplay among HDS catalytic 

performance, morphologies of active phases and apparent kinetic parameters in 

current system. Therefore, we studied systematically the intrinsic HDS performance 

of 4,6-DMDBT over CoMoS2/MZSM-5 and CoMoS2/-Al2O3 by eliminating the 

mass transfer limitation. The distinct catalytic performances on two systems were 

linked to morphologies of active phases, e.g. Co-decorated MoS2 nanocrystallites with 

the help of the statistics of HRTEM micrographs and the well-defined Co-Mo-S phase 

model. To further connect the catalytic activities and selectivities with the critical 

kinetic parameters, we simplified the commonly accepted reaction network [5] into 

Scheme 2 with rational hypotheses, and developed a simple power law kinetic model 

to describe the reaction behaviors of the two catalytic systems. The fitted apparent 

activation energies and pre-exponential factors can be linked directly with the 

catalytic behaviors of individual reactions and geometrical factors of Co-Mo-S active 

phases. The fit-for-purpose approach demonstrated herein is expected to be applicable 

for similar HDS catalytic systems for elucidation of the relationship between catalytic 

performance and microstructure of active phases.
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Scheme 2. Simplified reaction network of 4,6-DMDBT HDS

2. Experimental

2.1. Materials

4,6-DMDBT (99.0 wt.%) was purchased from Aladdin. Decalin (99.5 wt.%) was 

obtained from Sinopharm Chemical Reagent Co., Ltd. The commercial γ-Al2O3 

support was purchased from Shanghai HENGYE Chemical Industry Co., Ltd and the 

mesoporous zeolite ZSM-5 (MZSM-5) was synthesized as reported in the previous 

study [32].

2.2 Catalyst preparation

The catalysts were prepared by incipient wetness impregnation of the γ-Al2O3 and 

MZSM-5 carriers using an aqueous solution containing the required amounts of 

ammonium molybdate ((NH4)6Mo7O24·4H2O), cobalt nitrate (Co(NO3)2·6H2O) and 

ethylenediaminetetraacetic acid (EDTA). The molar ratio of Co/Mo/EDTA was 1:2:1 
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and the Mo loading was 10.7 wt.%, and this recipe of impregnation solution was 

selected referring the representative works of Tang and coworkers to ensure the 

superior HDS activities [31, 32]. After impregnation, the reaction product was dried at 

room temperature for 12 h and then dried at 373 K for 12 h. The dried solid was 

extruded, crushed and sieved to specified particle size (20-40, 40-60, 60-80 and 80-

100 mesh). The catalyst was placed in a reactor and sulfurized using H2S/H2 (15% v/v) 

with a flowrate of 100 mL/min, and the temperature was raised to 673 K at 2 K/min 

and kept for 3 h to complete the sulfidation.

2.3 Characterization of catalysts

Nitrogen adsorption-desorption isotherms were obtained at liquid nitrogen 

temperature (77 K) on a Micromeritics ASAP 2020M apparatus. Prior to the 

measurement, the sample was degassed at 473 K for 8 h. The specific surface area 

was calculated using the Brunauer-Emmett-Teller (BET) method.

The average particle size of sieved catalysts was determined using a laser 

diffraction size analyzer (BT-9300S, China). The sample was ultrasonically dispersed 

for 10 min in a 10 vol% isopropanol solution before the measurement.

High-resolution transmission electron microscope (HRTEM) images were acquired 

on a JEM-2100 and FEI Tecnai G2 F30 instruments. The sample was ultrasonically 

dispersed in an ethanol solution and placed onto a carbon membrane-coated Cu grid 

before the characterization. The length measurement of the MoS2 nanocrystallites 

(slabs) on the HRTEM images was performed using Image-Pro Plus 6.0, and stacking 

of slabs was manually counted. According to the statistics of ca. 400 MoS2-based 

nanocrystallites for a sulfide catalyst, the average slab length (Lav) and number of 

stacking layers (Nav) were determined according to the equation (1) [43, 44].
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                                              (1) 
1 1

n n

av av i i i
i i

L N m M m
 

       
   
 

where Mi is the individual slab length or stacking number of MoS2 crystallites 

obtained from statistics, mi the number of slab length or layer number of Mi.

The acidity function of two carriers and synthesized catalysts were studied by 

ammonia temperature-programmed desorption (NH3-TPD) on a Micromeritics ASAP 

2920 instrument. The procedures of NH3-TPD experiment was given in 4th paragraph 

in the Supporting Information. 

Two CoMo sulfide catalysts were analyzed by X-ray photoelectron spectroscopy 

(XPS) using an ESCALAB MK II system. The XPS data processing, e.g. the 

decomposition for Mo3d and Co2p spectra, quantifications of the chemical species, 

and calculation of effective Co content in the CoMoS phase were described in 5th 

paragraph in the Supporting Information.

2.4 HDS kinetic test and process

The schematic of the experimental setup is given (Fig. 1). The HDS reaction was 

carried out in a 300 mL high-pressure stirred reactor (Parr 4566). The feed was 180 

mg of 4,6-DMDBT (0.95 mmol) dissolved in 100 mL of decalin. The sulfide catalyst 

(500 mg) was transferred into the reactor in about 1 min, and the loading of catalysts 

per unit reaction liquid was 5 mg/ml. The reactor was purged 3 times with hydrogen 

(2 MPa) before the experiment was started. The temperature was raised in ca. 30 min 

to a specified temperature, and at reaching this temperature the time meter was started.
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Fig. 1 Schematics of experimental setup of 4,6-DMDBT HDS

The total H2 pressure of the reaction was increased to 5.0 MPa when the specified 

reaction temperature was reached. The reaction temperature ranged from 573 to 593 

K with intervals of 5 K for five experiments. A four-bladed impeller of 3.5 cm 

diameter was used for mixing and mixing was started when the specified reaction 

temperature was achieved. The stirring speeds were varied from 400 to 1200 r/min in 

different experiments to examine external mass transfer limitation. The average 

particle size of catalysts was varied from 65 m to 272 m (the average diameter D90 

for the size distribution) to check the internal diffusion limitation. The reaction time 

of each experiment was 300 minutes.

A sampler was used to obtain liquid product from the autoclave under pressure. The 

components in the liquid product were identified using gas chromatography with a 

mass spectrometer (GC-MS, Shimadzu-QP2010), and they were quantitatively 

analyzed using GC (Agilent-7890B) equipped with a flame ionization detector.

The intrinsic activity of 4,6-DMDBT HDS was evaluated in terms of a parameter of 

turnover frequency (TOF, s-1), which was calculated using the equation [44].

                                              (2)   / Mo MoTOF= F x n f 
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where F is the molar conversion rate of 4,6-DMDBT (mol/s), x the conversion, nMo 

the number of Mo atoms in the catalyst (mol), fMo the MoS2 dispersion.

MoS2 slabs are assumed to be present as perfect hexagons to measure fMo, which is 

defined as the average fraction of Mo atoms at the MoS2 edge surface. fMo was 

statistically evaluated by dividing the total number of Mo atoms at the edge surface by 

the total number of Mo atoms, as described in the literature [19, 45] by equation (3).

                                                (3)
2

6( 1)

(3 3 1)




 




q
ii=1

Mo q
i ii=1

n
f

n n

where ni is the number of Mo atoms along one MoS2 slab edge as determined by its 

length (L = 3.2(2ni − 1) Å, as referred in section 2.3), and q is the total number of 

MoS2 slabs shown in the HRTEM micrographs.

3. Results

3.1 The mass transfer limitation

3.1.1 Effect of external mass transfer limitation

When investigating the reaction performance in a multiphase reaction system, it is 

essential that sufficient mixing is applied to avoid mass transport limitation and 

especially to ensure that the hydrogen and H2S concentration in the liquid is linearly 

related to their pressures as defined by their Henri coefficients [46, 47]. 

Herein we first mention the HDS products detected by GC as a basis for the kinetic 

modelling, and give subsequently the results concerning the exclusion of external 

mass transfer limitation. Two groups of main products of 4,6-DMDBT HDS were 

observed. They are DM-BP, the product of DDS of 4,6-DMDBT, 3,3-

dimethylcycohexylbenzene (DM-CHB) and 3,3-dimethylbicyclohexyl (DM-BCH), 

the products of partial HYD-desulfurization and another complete HYD-
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desulfurization pathways respectively. Two partially and a fully hydrogenated 

intermediates were also detected, namely 1,2,3,4-tetrahydro-4,6-

dimethyldibenzothiophene (4H-DMDBT), 1,2,3,4,4a,9b-hexahydro-4,6-

dimethyldibenzothiophene (6H-DMDBT) and dodecahydro-4,6-

dimethyldibenzothiophene (12H-DMDBT), respectively. The concentrations of 6H-

DMDBT and 12H-DMDBT were relatively low, however, they were both critical for 

the detailed analysis of the reaction mechanism. It should be noted that the side 

products of 4,6-DMDBT HDS, e.g. cracking products of methylcyclohexane, toluene 

and light hydrocarbon (Fig. S1 and Fig. S2), isomerization products of 3,6-DMDBT, 

3,7-DMDBT, 4,4-DMBP and 4,4-DMBCH, etc. (Fig. S3) and disproportionation 

products were ignored in the production distribution as very low amount of individual 

species detected by GC. These results are due to the relative low reaction 

temperatures and weak acidity of MZSM-5 carrier as is shown in the later discussion.

The effect of mixing intensity on the conversion of 4,6-DMDBT and product yields 

over MZSM-5 at 593 K and 300 min is illustrated in Fig. 2. The increase in the 

mixing intensity, e.g. stirring speed (N) until 1000 r/min remarkably enhanced the 

conversion of 4,6-DMDBT and yields of DM-CHB (most abundant) and BM-BCH, 

and then a plateau of conversion rate was observed [46, 48]. The yields of DM-CHB 

and BM-BCH at 1000 r/min show increase by 10.2 mol% and 3.9 mol% respectively 

as compared to the values at 400 r/min. This implies the relatively high reaction rate 

of two desulfurization (after HYD) pathways concerned, and external mass transfer 

have a clear influence on the relevant apparent reaction rates over CoMoS2/MZSM-5. 

It shows that an increment ratio in the yield of BM-BCH (e.g. 56.6%) was much 

higher than that of DM-CHB (29.7%), indicating approximately the higher individual 

rate of desulfurization pathway during the deep HDS. Meanwhile, the yield of DM-
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BP gave an increase of only 1.2% when mixing intensity was enhanced, and this 

could be due to the very low reaction rate of DDS. We also applied the Mears 

criterion to evaluate the external mass transfer limitation quantitatively, as shown in 

the Section one of supporting information. The calculated Mears criterion function 

(CM) values of CoMoS2/MZSM-5 at 593 K and 1000 rpm were all far less than 0.15, 

indicating the mass transfer limitation was low and can be neglected [49, 50]. We will 

later give a quantitatively comparison of reaction rates using fitted kinetic constants. 

The stirring speed of 1000 r/min was applied in the further investigation of kinetics of 

4,6-DMDBT HDS.
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Fig. 2 The product distribution of 4,6-DMDBT HDS over CoMoS2/MZSM-5 as a function of 

agitation speed (T = 593 K, P = 5.5 MPa, t = 300 min, d90 = 99 m).

3.1.2 Effect of internal mass transfer limitation

The particle size of catalysts plays an important role in the intra-particle mass 

transfer of the gas-solid or gas-liquid-solid catalytic system. Thus, the effect of 

catalyst particle size on the reaction performance was examined (Fig. 3). When the 
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particle size, e.g. average diameter (D90) of sieved catalyst particles was decreased 

from 272 m to 99 m, it leads to a clear enhancement in the conversion of 4,6-

DMDBT and the yield of DM-CHB and DM-CH, suggesting the benefits of HDS 

performance from improved intra-particle diffusion and interfacial area.
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Fig. 3 The product distribution of 4,6-DMDBT HDS over CoMoS2/MZSM-5 as a function of 

catalyst particle size (T = 593 K, P = 5.5 MPa, t = 300 min, N = 1000 r/min).

A further decrease in the average diameter of catalyst particles (99 m to 65 m) 

leads to a very slight increase in the HDS conversion and yield of DM-CHB. We 

applied Weisz-Prater criterion and the relevant assessment function of Cwp to analyze 

the effect of internal mass transfer limitation.

Cwp = 2                                                         (4)

where  is Thiele modulus, and  is internal effectiveness factor.



15

It showed that the values of Cwp for the examined catalytic systems with particle 

size of D90 = 99 m are far less than 1, as given in the Section two of supporting 

information, indicating the influence of internal diffusion limitation can be ignored, 

and the system was suggested to be surface reaction controlled [48, 49]. Marroquin et 

al. carried out the HDS of straight-run gasoline over CoMoS2/γ-Al2O3 catalysts with 

four different particle size, and they demonstrated that catalyst particles sieved by 60 

mesh are small enough to perform the HDS under kinetic control [51]. This 

experimental finding is comparable to our results. Based on the experimental 

observation, the catalyst with the average diameter of 99 m (60-80 mesh) was 

applied in the further study of intrinsic kinetics.

3.2 HDS performance of 4,6-DMDBT over CoMoS2/γ-Al2O3 and 

CoMoS2/MZSM-5

3.2.1 Effect of reaction time

The HDS reaction of 4,6-DMDBT HDS over CoMoS2/γ-Al2O3 is slow at 573 K. It 

is indicated by the conversion of only 10 mol% 4,6-DMDBT at the reaction time of 

300 min (Fig. 4a). The primary product at the reaction time of < 240 min was 4H-

DMDBT (Fig. 4a). 4H-DMDBT is a key hydrogenated intermediate (parent reactant) 

for subsequent desulfurization and/or successive hydrogenation pathways to give 

daughter intermediates and desulfurized products. It was partly confirmed by its 

desulfurization leading to a quick increase in the yield and selectivity of DM-CHB 

(second most abundant product, see Figs. 4a and 4c). The yield of DM-BP increased 

to 1.45% (Fig. 4a) as the selectivity of DM-BP was stabilized at the reaction time of > 

180 min (Fig. 4c), demonstrating again the two hydrogenation-desulfurization 

pathways dominates the HDS of 4,6-DMDBT at the current conditions. The slow 

increase in the yield and selectivity of DM-BCH is contributed by another consecutive 
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hydrogenation-desulfurization pathway (deep HDS) initiating from 4H-DMDBT in 

the reaction network. It is primarily caused by the conversion of its parent reactants, 

e.g. 12H-DMDBT. It was indicated by a slow increase in the yield of this 

intermediates (Fig. 4a). The continuous increase in the yield of 4H-DMDBT, and the 

other two hydrogenated intermediates demonstrates that 4,6-DMDBT HDS was still 

in the initial stage.

The reaction of 4,6-DMDBT HDS over CoMoS2/MZSM-5 is clearly faster as 

shown by the conversion of 42% at 573 K and 300 min (Fig. 4d), which was almost 

3.5 times higher than that over CoMoS2/γ-Al2O3 (Fig. 4c). There is a discrepancy 

between the product distribution of the two catalytic systems at 573 K. For instance, 

the yield of DM-BP on CoMoS2/MZSM-5 gives a relatively slow increase by 

comparing to DM-CHB and DM-BCH (Fig. 4b), leading to a decrease in its 

selectivity (Fig. 4d). Three hydrogenated intermediates show maximum yields at 180 

min (inset of Fig. 4b).
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Fig. 4 Reaction performance of 4,6-DMDBT HDS over two catalysts as a function of reaction 

time at T = 573 K and P = 5.0 MPa (N = 1000 r/min, d90 = 99 m). The product yields over (a) 

CoMoS2/γ-Al2O3 and (b) CoMoS2/MZSM-5. The product selectivities over (c) CoMoS2/γ-Al2O3 

and (d) CoMoS2/MZSM-5. The inset in fig. (b) gives yields-time dependencies of (b) 4H-DMDBT, 

6H-DMDBT and 12H-DMDBT in the yield range from 0% to 3.5%. The trend lines in this figure 

and following Fig.3 are used for connecting experimental data points and are not kinetic model 

fittings.

3.2.2 Effect of reaction temperature

The increase in temperature results in the nearly similar trends for product yields 

over two catalysts, e.g. the increase in the yields of desulfurized products and 

decrease in the yields of intermediates (Fig. 5a and 5b). 4H-DMDBT shows a 

constant yield of ca. 2.5% over CoMoS2/γ-Al2O3 that is independent of temperature 

(Fig. 5a). The trend of product selectivities is more or less close to that found in the 

yields over CoMoS2/γ-Al2O3 (Fig. 5b). For CoMoS2/MZSM-5, the selectivity of DM-

CHB shows an initial decrease and then being level up at the temperature of > 583 K, 

and it becomes also stable for the selectivity of DM-BCH at the identical moment (Fig. 

5d). It is interesting to note that the formation rate of DM-BP is more promoted at 

higher temperature than that of DM-BCH on both catalysts, and this will be discussed 

later (Fig. 5a and 5b).
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Fig. 5 Reaction performance of 4,6-DMDBT HDS over two catalysts as a function of reaction 

temperature at t = 300 min and P = 5.0 MPa (N = 1000 r/min, d90 = 99 m). The product yields 

over (a) CoMoS2/γ-Al2O3 and (b) CoMoS2/MZSM-5. The product selectivities over (c) CoMoS2/γ-

Al2O3 and (d) CoMoS2/MZSM-5.

4. Discussion

4.1 Intrinsic activity and product composition analysis

The overall HDS kinetic constants (kHDS) and turnover frequency (TOF) values 

over two catalysts at different reaction time are shown to quantitatively compare the 

catalytic activities (Table 1). The kHDS for CoMoS2/MZSM-5 (2.9710-5 mol·kg-1·s-1) 

at 573 K is about 2.58 times as high as that for CoMoS2/γ-Al2O3. The corresponding 

TOF value (9.5710-5 s-1) is 5 times as large as that over CoMoS2/γ-Al2O3, indicating 

the much higher HDS activity for CoMoS2/MZSM-5. The ratios between 

kHDS(CoMoS2/MZSM-5) over kHDS(CoMoS2/γ-Al2O3) increased to 4.35 at 593 K, 

showing that the temperature has a stronger promoting role in the activity of 

CoMoS2/MZSM-5. The product selectivities at similar conversions and HYD/DDS 
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ratio were further calculated (Table 1) to explore the relative hydrogenation activities 

of two catalysts. For instance, the sum of HYD product selectivities (DM-CHB plus 

DM-BCH) on CoMoS2/MZSM-5 is 45.9%, higher than that on CoMoS2/γ-Al2O3 

(41.0%) at 573 K. The HYD/DDS ratio of 3.5 on CoMoS2/MZSM-5 is also higher 

than that on CoMoS2/γ-Al2O3 (2.5, Table 1). This observation indicates that 

CoMoS2/MZSM-5 possesses a pronouncedly better hydrogenation activity. 

Interestingly, it was found that HYD/DDS ratio was decreased as enhancing the 

reaction temperature, revealing the DDS pathway is more promoted at a higher 

temperature. The product selectivities are further given at the similar conversion to 

confirm the temperature effect on the reaction behavior from the point of view of 

thermodynamic equilibrium (Table 2). It is found that selectivity of DM-BP at 

isoconversion from DDS pathway was increased when increasing the temperature, 

and contrastingly the selectivities of DM-CHB and DM-BCH resulting from two 

different HYD-desulfurization pathways was clearly decreased. This can be explained 

by thermodynamics in the nature of reaction equilibrium, and the HDS product 

molecules with a higher degree of aromaticity is more favored at high temperatures 

[52].

Table 1 Catalytic activities and production composition over two catalysts.
Product selectivity (%)

Temp

(K)
Catalyst

t

(min)

Conv 

(%)

kHDS

(mol·kg-1·s-1)
TOF

(s-1)a DM-BP
DM-

CHB

DM-

BCH

4H-

DMDBT

HYD/

DDSb

573 CoMoS2/

γ-Al2O3
240 6.8 8.2910-6 2.0310-5 16.41 36.09 4.94 33.04 2.5

CoMoS2/

MZSM-5
60 6.2 2.9710-5 9.5710-5 13.30 38.33 7.57 34.40 3.5

583 CoMoS2/

γ-Al2O3
240 10.8 1.3110-5 3.1810-5 18.83 42.33 6.81 26.48 2.6

CoMoS2/

MZSM-5
60 11.2 5.4510-5 1.7610-4 18.59 45.84 8.83 23.41 3.0

593 CoMoS2/

γ-Al2O3
180 14.2 1.7610-5 4.1710-5 22.10 45.45 6.93 20.79 2.4
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CoMoS2/

MZSM-5
60 16.1 7.6610-5 2.5210-4 20.75 48.71 9.30 18.83 2.8

a The number of reacted 4,6-DMDBT molecules per second and per Mo atom at the edge sites of Co-Mo-S phase.

b HYD/DDS ratio is determined by ([DM-CHB]+[DM-BCH])/[DM-BP].

Table 2 The product selectivities over two catalysts at three reaction temperatures.
Product selectivities (%)

Temp. (K) t (min)
Conv. 

(%) DM-BP DM-CHB DM-BCH 4H-DMDBT

CoMoS2/MZSM-5

573 K 180 21.4 11.66 58.56 12.57 14.34

583 K 120 23.3 17.03 54.66 12.49 13.42

593 K 90 24.1 19.80 52.96 10.91 13.27

CoMoS2/γ-Al2O3

573 K 300 9.5 16.48 42.86 7.19 27.81

583 K 240 10.8 18.83 42.33 6.81 26.48

593 K 120 8.7 22.63 38.24 5.38 27.76

The acidity function plays a potential role in the HDS activities as zeolite-type 

carriers are used [22, 28]. We here characterize the acidity functions of two carriers 

and corresponding catalysts to examine the possible effect of acidity by NH3-TPD 

technique. It is shown that the peak areas of two carriers are more or less the same, 

and similar observation are obtained on two catalysts. These results indicate the total 

acidity amounts and acidity site distributions of two catalysts are not the key factors 

influencing the overall HDS reaction performance in the current catalysts (Fig.S4).

The distinction in the intrinsic HDS and hydrogenation activities between the two 

catalysts is partially ascribed to the specific morphology of sulfide CoMo active phase. 

This can be evaluated physically using the Co-Mo-S atomic-scale model proposed by 

Topsøe and coworkers [53-55]. The Co-Mo-S model were classified usually as Type I 

and Type II structures [54, 56]. The Type II Co-Mo-S relating to the multi-stacked 

MoS2 nanocrystallites shows clearly higher HDS activity than Type I structure with 

primary monolayer MoS2 slabs [56, 57]. Here, we give the statistics of MoS2-based 
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slabs in the HRTEM micrographs to quantify the differences in the morphologies of 

Co-Mo-S active phase for two catalysts.

TEM observation confirmed that monolayered MoS2 slabs with shorter length 

(black fingers, a side-view oriented) were primarily present on the CoMoS2/γ-Al2O3, 

while the multi-stacked MoS2 slabs with longer length on CoMoS2/MZSM-5 (Fig. 6). 

Fig. 6 HRTEM images of two sulfide CoMo catalysts (a) CoMoS2/γ-Al2O3 (b) CoMoS2/MZSM-5.

The statistics indicate that average length and average stacking on 

CoMoS2/MZSM-5 (3.8 nm, 2.6) were about 36% and 80% more than those on 

CoMoS2/γ-Al2O3 (Fig. 7). Conversely, the dispersion degree of MoS2 slabs on 
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CoMoS2/MZSM-5 (0.28) was 35% lower than that on CoMoS2/γ-Al2O3 (Table 2). The 

distinct morphologies of MoS2 nanocrystallites on two catalysts are closely related to 

the interactions between metal and support [19, 58]. As is well-known, γ-Al2O3 

support possesses plenty of basic Al-OH groups on its (110) crystal surface and it 

generates the strong Mo-O-Al linkage between Mo species and γ-Al2O3 surface before 

the catalyst sulfidation [59, 60]. This leads to the incomplete sulfidation and thereby 

the formation of highly dispersed and mainly monolayer slabs, namely Type I Co-

Mo-S structure [17, 61]. By contrast, acidic Al-OH groups are predominant on the 

surface of MZSM-5, and they interact much weaker with Mo species [32]. 

Consequently, it facilitates the formation of less dispersed and bigger multi-stacked 

Type II Co-Mo-S.
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Fig. 7 The layer stacking (a) and length (b) distributions of MoS2-based nanocrystallines on two 

carriers.

The chemical species in the mixed CoMoS phase also play a significant role in the 

activities of HDS catalysts [27, 62]. We here implement the XPS characterizations of 

two catalysts to explore this key effect. The atomic percentage of Mo4+ on 

CoMoS2/MZSM-5 (81.7%) is slightly larger than that on CoMoS2/-Al2O3 (79.5%) as 

given in Table S4, indicating a higher sulfidation degree of the Mo species on 

CoMoS2/MZSM-5. The content of CoMoS on CoMoS2/MZSM-5 (70.9%) is clearly 

higher than that on CoMoS2/-Al2O3 (62.9%) as shown in Table S5, and this results 

can be linked to the intrinsically higher HDS activity on CoMoS2/MZSM-5. The 
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values of  (Equation (S3)), i.e. the effective Co content in the CoMoS pahse on CCoMoS

the CoMoS2/MZSM-5 and CoMoS2/-Al2O3 were calculated to be 3.23% and 2.17% 

respectively (5th paragraph, Supporting Information). This indicates MoS2 

nanocrystallines are much better promoted by Co on CoMoS2/SM-5, and the HDS 

activity of as-prepared catalyst e.g. hydrogenation ability can be pronouncedly 

improved. We now are able to build clearly a relationship between the active phase 

properties such as CoMoS content, effect Co content in CoMoS phase (Co promote 

effect) and intrinsic HDS activities. The superior of HYD and HDS activity on 

CoMoS2/MZSM-5 is in fact contributed by the multi-stacked Co-decorated MoS2 

nanocrystalline and much better promotion effect of Co in the CoMoS phase.

The coordinated unsaturated site (CUS) for DDS and brim sites for HYD locating 

on the Co-Mo-S active phase were identified using scanning tunnel microscope (STM) 

and DFT calculation [55, 63, 64]. 4,6-DMDBT is more likely to physically adsorb in a 

-mode on brim site due to large van der waals forces (Fig. 8b and 8d), and its 

chemisorption on CUS in a -mode (Fig. 8a and 8c), e.g. interaction with sulfur 

vacancy is heavily suppressed because of the steric hindrance of methyl group [65]. 

The CoMoS2/MZSM-5 possess clearly more multi-stacked MoS2 nanocrystallites with 

longer edges, indicating more open and available brim sites. Thus, the -mode 

adsorption of 4,6-DMDBT and subsequent HYD is relatively easy. The 

desulfurization pathway is also facilitated because the interior layers and uppermost 

layer of MoS2 nanocrystallites will provide more CUS (intrinsic and potential sites) to 

adsorb chemically 4,6-DMDBT and/or its hydrogenated intermediates (Fig. 9). On the 

other hand, CoMoS2/γ-Al2O3 provides primarily dispersed monolayer MoS2 slabs 

(Table 3). However, the adsorptions of 4,6-DMDBT on CUS and/or brim sites near to 

the basal plane will be hampered sterically. Gronberg et al. applied STM to explore 
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the steric effect in the adsoption characteristic of 4,6-DMDBT using a MoS2 catalyst, 

and found the direct chemisorption on Co-Mo-S cluster is through a sulfur vacancy in 

the corner of the S-edge. Nevertheless, the DFT calculation indicated the sulfur 

vacancy formation is very limited under actual HDS conditions [66]. Meanwhile, the 

subsequent desulfurization could be still suffers the steric impediments to some extent 

when partial hydrogenation was completed via the -mode adsorption on this type I 

Co-Mo-S [5]. The above-mentioned factors lead to the low HDS activity over 

CoMoS2/γ-Al2O3.

-mode
on CUS

-mode
on Brim

Mo Co S C H Mo Co S C H(a) (b)

(c) (d)

Fig. 8 The adsorption of 4,6-DMDBT through S atom on the CUS of S-edge (a, c) top view and 

side view of -mode adsorption; the adsorption of 4,6-DMDBT via aromatics rings on the brim 

site of S-edge (b, d) top view and side view of -mode adsorption.
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S-edge
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Co SMo
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Fig. 9 Type I and Type II Co-Mo-S structures on two catalysts and atomic-scale model for one 

layer of Co-Mo-S phase (CUS denotes the coordinated unsaturated site, and dotted-circles indicate 

the intrinsic sulfur vacancy (red) on the corner and potential sulfur vacancy (yellow) formed in the 

reaction, respectively; Brim represents the promoted/unpromoted edge sites in the uppermost layer 

of Co-Mo-S phase).

Table 3 The average length and average stacking of MoS2-based nanocrystallites on two catalysts

Catalysts CoMoS2/γ-Al2O3 CoMoS2/MZSM-5

Average length (nm) 2.8 3.8

Average stacking 1.5 2.7

Dispersion (%) 0.38 0.28

4.2 Kinetic modelling and validation

4.2.1 Model description

The HDS of 4,6-DMDBT can be divided into two parallel reaction pathways, DDS 

and HYD with subsequent desulfurization, as already shown in the reaction network 

(Scheme 1). In the DDS pathway, 4,6-DMDBT reacts at first with hydrogen through 

C–S bond cleavage to produce DM-BP and H2S followed by hydrogenation of the 

rings [34]. In the HYD pathway, partial and/or complete hydrogenation of the rings of 

4,6-DMDBT take place first to form 4,6-dimethyltetrahydrodibenzothiophene (4H-

DMDBT), 4,6-dimethylhexahydrodibenzothiophene (6H-DMDBT) and 4,6-
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dimethyldodecahydrodibenzothiophene (12H-DMDBT) as initial intermediates, 

followed by subsequent hydrogenolysis of the C-S bonds. Finally, 3,3-

dimethylcycohexylbenzene (DM-CHB) and 3,3-dimethylbicyclohexyl (DM-BCH) 

are formed [67, 68].

As discussed in the section 3.1, the primary HDS products and hydrogenated 

intermediates were all detected in the samples. 6H-DMDBT is lumped with 4H-

DMDBT to simplify the reaction network because of its low yield and quickly 

reversed transformation to 4H-DMDBT over NiMoS2/γ-Al2O3 as evidenced by Prins 

and coworkers [8]. Therefore, the overall reaction network can be simplified as 

depicted in Scheme 2. For convenience, the consecutive hydrogenation and 

desulfurization reactions of 4,6-DMDBT  4H-DMDBT  DM-CHB, and the 

similar reactions of 4H-DMDBT  12H-DMDBT  DM-BCH was denoted as 1st 

HYD – 1st DS and 2nd HYD – 2nd DS pathways, respectively.

To build the reaction rate equations for the kinetic model, some assumptions were 

made. Firstly, we calculate the vapor-liquid equilibrium at 593 K and 5 MPa using 

Peng-Robinson equation of state in Aspen Plus V11.0, and find the molar ratio of 

H2/4,6-DMDBT is 38.5 in the liquid phase. The molar ratio for hydrogen between 

liquid and vapor is about 1/9. It is able to assume the hydrogen was fed in large excess 

for 4,6-DMDBT HDS, and thus the concentration of hydrogen can be considered to 

be constant [10, 69, 70]. It also should be mentioned that a high stirring speed of 1000 

rpm was selected to avoid the concentration gradient of hydrogen in the liquid phase. 

Therefore, the liquid and gas phase can be kept in an equilibrium. Consequently, the 

individual organosulfur molecules in the HDS reaction follow the pseudo first-order 

kinetics regardless of the specific catalyst and reactor configuration, which is 

generally accepted by many researchers [7, 35, 71]. Finally, the reaction rates of all 
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components were described applying the ordinary differential equations (ODEs) and 

are given as follows:

                                               (5)
𝑑𝐶4,6 ― 𝐷𝑀𝐷𝐵𝑇

𝑑𝑡 = ― 𝑘1𝐶4,6 ― 𝐷𝑀𝐷𝐵𝑇 ― 𝑘2𝐶4,6 ― 𝐷𝑀𝐷𝐵𝑇

                                                                                    (6)
𝑑𝐶𝐷𝑀𝐵𝑃

𝑑𝑡 = 𝑘1𝐶4,6 ― 𝐷𝑀𝐷𝐵𝑇

                      (7)
𝑑𝐶4𝐻 ― 𝐷𝑀𝐷𝐵𝑇

𝑑𝑡 = 𝑘2𝐶4,6 ― 𝐷𝑀𝐷𝐵𝑇 ― 𝑘3𝐶4H - 𝐷𝑀𝐷𝐵𝑇 ― 𝑘4𝐶4𝐻 ― 𝐷𝑀𝐷𝐵𝑇

                                                                                (8)
𝑑𝐶𝐷𝑀 ― 𝐶𝐻𝐵

𝑑𝑡 = 𝑘3𝐶4𝐻 ― 𝐷𝑀𝐷𝐵𝑇

                                               (9)
𝑑𝐶12𝐻 ― 𝐷𝑀𝐷𝐵𝑇

𝑑𝑡 = 𝑘4𝐶4𝐻 ― 𝐷𝑀𝐷𝐵𝑇 ― 𝑘5𝐶12𝐻 ― 𝐷𝑀𝐷𝐵𝑇

                                                                            (10)
𝑑𝐶𝐷𝑀 ― 𝐵𝐶𝐻

𝑑𝑡 = 𝑘5𝐶12𝐻 ― 𝐷𝑀𝐷𝐵𝑇

where Ci denotes the concentration of compound i in (mmol/L) and where the rate 

constants ki include the pseudo constant H2 concentration.

4.2.2 Solution of kinetic model parameters

To determine the kinetic constants of each reaction, a nonlinear least-square 

approach was applied to fit the reaction rate equations with the experimental data sets. 

The objective function is shown in Eq. 11.

                                            (11)obj = ∑𝑚
𝑗

∑𝑛
𝑖 = 1(𝑐𝑜𝑏𝑠

𝑖 ― 𝑐𝑐𝑎𝑙
𝑖 )2

where the  is the observed concentration of component i in the experiment,  is  𝑐𝑜𝑏𝑠
𝑖  𝑐𝑐𝑎𝑙

𝑖

the calculated concentration of component i, n is the number of components, m is the 

group number of experiments at varied reaction conditions, j relates to the operating 

conditions of one experiment (e.g. reaction temperature).

In this work, the ODEs were integrated numerically using Runge-Kutta method. 

The kinetic parameters were first roughly searched in their solution space using 

genetic algorithm and subsequently estimated applying Levenberg-Marquardt 

algorithm in the Matlab software.
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4.2.3 Kinetic parameters and model validation

The kinetic constants were estimated based on the above mentioned numerical 

method and experimental data sets. Table 4 shows the calculated kinetic constants of 

individual reaction over CoMoS2/MZSM-5 catalyst at five temperatures. It illustrates 

the rate constants were ranked in the order of k5>k3>k4>k2>k1 regardless of catalysts 

and reaction temperatures. The two highest rate constants of k3 and k5 corresponds to 

the formation reactions of DM-CHB and DM-BCH, respectively. This was in line 

with the observation at section 3.2.1 that the external mass transfer has a remarkable 

role on the effective rates of two intrinsically fast reactions.

Table 4 The fitted apparent kinetic constants (ki) over CoMoS2/MZSM-5.

Kinetic constants (min-1)Temp

. (K) k1 k2 k3 k4 k5

573 (1.75±0.74)10-4 (1.41±0.10)10-3 (2.37±0.67)10-2 (6.01±0.29)10-3 (5.03±0.12)10-2

578 (2.14±0.69)10-4 (1.87±0.09)10-3 (2.57±0.57)10-2 (7.58±0.25)10-3 (6.25±0.36)10-2

583 (3.98±0.63)10-4 (2.17±0.08)10-3 (3.46±0.75)10-2 (9.02±0.31)10-3 (7.09±0.11)10-2

588 (5.12±0.84)10-4 (2.58±0.12)10-3 (3.82±0.62)10-2 (9.75±0.26)10-3 (8.58±0.28)10-2

593 (6.49±1.11)10-4 (3.03±0.16)10-3 (4.58±1.60)10-2 (1.12±0.49)10-2 (1.10±0.16)10-1

The rate constants (ki) for five reactions over CoMoS2/MZSM-5 is nearly 2-4 times 

higher than that over CoMoS2/γ-Al2O3 at different reaction temperatures (Tables 5 and 

S6). This is in accordance with the trend given by the overall HDS rate constants 

(kHDS) of two catalysts (Table 1).

Table 5 The fitted apparent kinetic constants (ki) over CoMoS2/γ-Al2O3.

Kinetic constants (min-1)Temp

. (K) k1 k2 k3 k4 k5

573 (4.80±1.40)10-5 (2.47±0.17)10-4 (6.47±1.06)10-3 (1.28±0.51)10-3 (1.18±0.21)10-2

578 (6.30±1.70)10-5 (3.33±0.21)10-4 (7.65±1.13)10-3 (1.65±0.68)10-3 (1.32±0.57)10-2

583 (8.80±1.50)10-5 (3.85±0.19)10-4 (8.10±0.94)10-3 (2.07±0.89)10-3 (1.78±0.18)10-2

588 (1.33±0.18)10-4 (4.94±0.23)10-4 (1.26±0.15)10-2 (2.33±0.71)10-3 (2.88±0.41)10-2

593 (1.77±0.25)10-4 (6.15±0.33)10-4 (1.44±0.18)10-2 (2.78±0.64)10-3 (3.07±0.44)10-2
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The apparent activation energies (Ea) and pre-exponential factors (lnA) were 

estimated using Arrhenius equation (Fig. S6) and given in Table 6. It shows DDS 

pathway possess the largest value of Ea over two catalysts due to the intrinsically high 

energy barriers for direct C-S bonding elimination. The remarkable decreases in the 

Ea for another two desulfurization pathways, e.g. 1st DS and 2nd DS, were observed. 

That is because the partial and/or complete HYD of 4,6-DMDBT pronouncedly 

reduce the steric hindrance given by two methyl group and benefit the desulfurization. 

The two HYD pathways exhibited relatively low Ea because the brim sites with 

metallic character facilitate the -mode adsorption of 4,6-DMDBT and subsequent 

HYD.

Table 6 Calculated apparent activation energies and pre-exponential factors over two catalysts.

Catalyst
Kinetic parameters

CoMoS2/γ-Al2O3 CoMoS2/MZSM-5

Activation energy

(kJ/mol)

Ea1 189.6±10.8 197.5±12.8

Ea2 125.4±6.3 104.2±7.3

Ea3 123.2±12.0 96.8±9.7

Ea4 112.0±6.5 84.4±8.7

Ea5 133.7±10.6 105.8±6.5

pre-exponential factors

(min-1)

lnA1 29.8±2.3 32.8±2.6

lnA2 18.0±1.3 15.4±1.5

lnA3 20.9±2.5 16.6±2.0

lnA4 16.9±1.4 12.7±1.8

lnA5 23.6±2.1 19.2±1.3

It is observed that Ea values for DDS pathway is close on two catalysts, and the 

pre-exponential factor (lnA) on CoMoS2/MZSM-5 is much higher. That is because 

DDS pathways are equally difficult to take place on two catalysts from the point of 

view of energy barrier. However, the formation of sulfur vacancies is limited by high 
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energy cost on type I Co-Mo-S of CoMoS2/γ-Al2O3 as evidenced in the DFT 

calculation of Hinnemann et al [17]. On the other hand, the multi-stacked MoS2 

crystallites on CoMoS2/MZSM-5 provides much more available and open active 

centers for DDS function, for instance, sulfur vacancies located on the S-edge and 

Mo-edge linking to interior layers and uppermost layer of CoMoS2 slabs [72]. It 

clearly promotes the efficient contacting and chemical adsorption of 4,6-DMDBT and 

the subsequent C-S bonding cleavage on these active centers. 

More interestingly, we found the Ea values are ca. 20-40 kJ/mol lower over 

CoMoS2/MZSM-5 for two HYD - subsequent desulfurization pathways. It is able to 

be linked to the microstructure of CoMoS2/MZSM-5. Type II Co-Mo-S provides the 

abundant brim sites to benefit the -mode adsorption of 4,6-DMDBT and its 

hydrogenated intermediates for subsequent HYD pathways. The 4,6-DMDBT 

molecules can diffuse and encounter a neighboring corner vacancy when the 

hydrogenation is completed, and then enter a localized -mode adsorption. A dynamic 

conversion between localized -mode and -mode adsorption via a molecular flipping 

was confirmed by the STM observation of GrØnberg et al. [66] on CoMoS2/Au(1 1 1) 

model catalyst. This fact is directly relevant to the reactivity of desulfurization after 

the HYD reactions. Thus, the good synergy between brim sites and sulfur vacancies 

on the CoMoS2/MZSM-5 is believed to substantially decrease the activation energies 

for two different HYD - subsequent desulfurization pathways [20]. The easier 

adsorption of hydrogen molecules on the edge of type II Co-Mo-S can be realized as 

confirmed by DFT calculation [17], contributing further to the reduction of Ea.

The theoretical curves of selectivities and conversions on two catalysts as a 

function of reaction time were predicted by the kinetic model (Fig. 10). The 

theoretical curves are in fact in agreement with the experimental data points. The 
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regression coefficients of model fittings on CoMoS2/γ-Al2O3 and CoMoS2/MZSM-5 

systems are 0.9561 and 0.9076 respectively.
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Fig. 10 Theoretical curves of selecitivities and conversions by model prediction vs. experimental 

data sets at T = 573 K and P = 5.0 MPa on two catalysts (a) CoMoS2/γ-Al2O3 (b) 

CoMoS2/MZSM-5. The points are experimental data sets and the curves are model calculations.

4.2.4 Delplot analysis of the experimental and modelling results

Delplot technique was used to analyze the reaction pathways of 4,6-DMDBT HDS 

on two catalytic systems. This approach can identify the order of product formations 

in a network via the construction of plots involving the product yields and conversion 

[40, 41]. Here, the selectivity (S) is used to get the rank, e.g. primary, secondary and 

tertiary, of individual HDS product by plotting the respective curves of S, S/X, S/X2 

versus X [39]. It should be noted that X is the fractional conversion. The Delplot 

technique was used to analyze the reaction sequence of 4,6-DMDBT HDS, and results 

on CoMoS2/-Al2O3 (Fig. 11) and CoMoS2/MZSM-5 (Fig. 12) are given.

For the experimental data points on CoMoS2/-Al2O3 (Fig. 11(a), 11(b), and 11(c)), 

the extrapolation of curves to X=0 gives no conclusive results due to the lack of data 

points at very low conversions (the least conversion in our experiments is ca. 1%). All 

the curves of product seem to have finite intercepts, which are not able to distinguish 

the rank, i.e. the order in the reaction sequence. The rank is also not allowed to be 
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determined on the CoMoS2/MZSM-5 system as the similar observation was obtained 

at low conversions (Fig. 12(a), 12(b), and 12(c)).

For the modelling results on CoMoS2/-Al2O3 (Fig. 11(d), 11(e), and 11(f)), it is 

completely different from observation of the experimental data and indicates the 

definite conclusions. The 1st rank Delplot demonstrates that only the lumped 4H-

DMDBT and 6H-DMDBT (denoted as 4H(+6H)-DMDBT) and DM-BP have the 

positive and finite y-axis intercepts, indicating they are primary products. The 2nd rank 

Delplot shows DM-CHB and 12H-DMDBT have the finite y-axis intercepts which 

indicates they are the secondary products. The simultaneous observation that DM-BP 

and 4H(+6H)-DMDBT have the diverging intercepts, being consistent with their 

assignments as primary products. Furthermore, the other product has a y-axis 

intercept of zero, indicating it will appear in the reaction sequence later on. The 3rd 

rank Delplot shows that DM-BCH has a finite y-axis intercept, suggesting it is the 

tertiary (final) product. 

As a whole, the identified reaction sequence is self-consistent with our proposed 

reaction network (Scheme 2). Therefore, an approach applying the Delplot analysis to 

reacting species of HDS system when the experimental results are limited can fit the 

data points to our simplified kinetic model, and the observed y-axis intercepts of 

theoretical curves at very low conversions can be used to confirm the reliability of our 

kinetic modelling.
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Fig. 11 Delplot analysis of reaction sequence of 4,6-DMDBT HDS on CoMoS2-Al2O3 at T = 

573 K and P = 5.0 MPa (a, d) first rank, (b, e) second rank, and (c, f) third rank.
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Fig. 12 Delplot analysis of reaction sequence of 4,6-DMDBT HDS on CoMoS2/MZSM-5 at T = 

573 K and P = 5.0 MPa (a, d) first rank, (b, e) second rank, and (c, f) third rank.

5. Conclusion

In summary, we present the intrinsic kinetics of 4,6 DMDBT HDS on 

CoMoS2/MZSM-5 by comparing CoMoS2-Al2O3 to elucidate the effect of the 

texture properties of MZSM-5 on the microstructure of active phases and catalytic 

behavior of parent reactant and hydrogenated intermediates. The agitation speed of  

1000 r/min and catalyst particle size (D90) of  99 µm were identified to exclude the 
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external and internal mass transfer limitation. Two different HYD and subsequent 

desulfurization pathways are clearly favored on CoMoS2/MZSM-5. The higher HDS 

activities and higher HYD ratio over CoMoS2/MZSM-5 are linked to the multi-

stacked MoS2 nanocrystallites.

The individual rate constants on CoMoS2/MZSM-5 are 2-4 times higher than that 

of the commercial CoMoS2-Al2O3, as being in line with the calculated overall HDS 

rate constants. The multi-stacked CoMoS2 nanocrystallites on MZSM-5 create more 

accessible chemisorption sites to complete DDS pathways, and result in a dominated 

effect of the pre-exponential factor on the DDS reaction exhibiting equally high 

apparent activation energies on both catalysts. More importantly, the activation 

energies primarily control the rates of two HYD-subsequent desulfurization pathways 

as the pronounced decreases of 20-30 kJ/mol were individually determined on 

CoMoS2/MZSM-5 by comparing CoMoS2/-Al2O3. This is because of its good 

synergy between brim sites and sulfur vacancies and unique physicochemical 

adsorption of 4,6-DMDBT and its intermediates on the type II Co-Mo-S active phase.

Notably, the Delplot technique identified the primary, secondary, tertiary products 

(species rank) of 4,6-DMDBT HDS using the modelling results on two catalytic 

systems, being self-consistent with our proposed reaction network.
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Mesoporous CoMoS2/ZSM-5 shows more Co-Mo-S-Ⅱ active sites and better synergy of brim and 
coordinated unsaturated sites for higher hydrodesulfurization activity than CoMoS2/-Al2O3.
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Highlights 

 Intrinsic kinetics of 4,6-DMDBT HDS on CoMoS2/MZSM-5 was 

investigated and modelled by a simplified lumping model considering 

intermediates.

 The proposed reaction network is self-consistent with Delplot analysis. 

 The clearly higher HDS performance over CoMoS2/ZSM-5 is linked to the 

multi-stacked MoS2 slabs and higher CoMoS content.

 A dominated effect of the pre-exponential factor on the reaction rate of DDS 

pathways is determined.

 The activation energies primarily control the rates of two HYD-subsequent 

desulfurization pathways.


