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Abstract

The reactivities of two model molecules, 3-methylthiophene (3MT) and
benzothiophene (BT), representative of those contained in a FCC gasoline, was investigated
over two Ni-promoted MoS, (NiMoS) bulk catalysts prepared according to two synthesis
procedures, a metathesis-like one (NiMoS-M) and an innovative one including an in-situ Ni
promotion (NiMoS-NG). The second procedure led to smaller NiMoS particles with a
narrower size distribution and higher Ni promotion rate. Differences in the activity of the
catalysts were observed for the transformation of 3MT and BT. BT was more reactive than
3MT over NiMoS-M whereas the reactivity of both sulfur molecules became similar over
NiMoS-NG. The kinetic modeling indicated a higher adsorption constant of 3MT over
NiMoS-NG than NiMoS-M and similar adsorption constant of BT on both catalysts. The
results have been interpreted taking into account the differences of the catalyst properties in

relation with the mechanisms involved in the transformation of both molecules.
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Influence of synthesis procedures for NiMoS catalyst properties

Innovative synthesis of MoS; bulk catalysts with remarkable Ni promotion

Strong difference in reactivity of 3-methylthiophene and benzothiophene
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Importance of adsorption/reaction mechanisms of sulfur molecules for the catalyst
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1. Introduction

Worldwide growth of the global mobility of people and merchandises, along with industrial
activity, have resulted in a severe increase in airborne pollutant concentration in the last
decades. The production of cleaner fuels for on-road and off-road transportations is therefore
a requirement, which will remain relevant until new energy sources take over the use of fossil
resources. This stimulates research and innovations in hydrotreatment processes and
heterogeneous catalysts. For example, the reduction of sulfur content in gasoline and diesel
cuts through hydrodesulfurization (HDS) processes have become essential to meet present and
future worldwide regulations (e.g., China V and US Tier 3 regulations impose a 10 ppm
maximum of sulfur in gasoline since 2017)[1]. Moreover, the availability of metals resources
is increasingly limited and becomes a new and important incentive to improve the efficiency
of processes and catalysts. In order to meet the new specifications, to make hydrotreating
processes more eco-efficient, and to address the metal resource issue, scientific breakthroughs
are consequently highly needed to improve the performances of transition metal sulfide
catalysts (activity, selectivity, stability over time) and their ease of utilization (activation,
regeneration).

Conventional hydrotreating catalysts are based on transition metal sulfides (MoS,) usually
promoted by nickel or cobalt. The active phase is made of lamellar 2H MoS; nanostructures.
Each Mo atom in the bulk of the crystalline structure is surrounded by six sulfur atoms in a
trigonal prismatic arrangement. Active sites (uncoordinated surface atoms) are located at the
edges of the slabs. The so-called S or M (for Sulfur and Metal) edges are also the preferential
locations of the Co or Ni promoters, which drastically increase the catalytic activity [2-5].
Improvements of the catalytic performances could be achieved through a better control of the

physico-chemical properties of the active phase such as size, shape and assembly (stacking) of



the Ni(Co)MoS slabs, surface properties (promotion degree) or electronic properties. This
comes with developing new preparation protocols allowing a fine control at nanometer scale.
Hydrotreatment catalysts are usually prepared by incipient wetness impregnation of metal
precursor solutions on a porous carrier, usually transition alumina, followed by a sulfidation
step [6,7]. Although significant improvements of such preparation methods (use of optimized

supports, heteropolyanions (PolyOxoMetallate) as metallic precursors, addition of organic
additives...) have been accomplished [28-12], catalytic performances seem to reach a plateau

mainly due to the limit in metal loading which can be deposited in the porous volume of the
support.

Unsupported (so called “bulk’) Ni or Co promoted MoS; catalysts can represent an alternative
to overcome these limitations, with the aim to maximize their activity per volume of reactor.
Most of the studies on such unsupported catalysts reported the co-precipitation of mixed oxide
phases followed by a sulfidation step [13-17]. Some other papers described the synthesis of
MoS, based catalysts starting from thio precursors under various conditions [18-26].
Whatever the precursor, the synthesis of promoted MoS, catalysts is usually performed in
several steps, either with the formation of MoS; phase followed by the promotion by cobalt or
nickel or else with the formation of (Co)NiMoOy followed by a sulfidation step [19,27]. A
fast and direct metathesis-like synthesis of (Co)NiMoS bulk catalyst has also been described
[28,29]. This instantaneous reaction between equimolar solutions of ammonium
thiomolybdate and nickel nitrate easily proceeds in water without hydrothermal treatment.

In the present paper, two bulk NiMoS catalysts were prepared using two different synthesis
procedures, namely metathesis (M) and nucleation/growth (NG) partly inspired from
Bezverkhy work [30]. The hydrodesulfurization (HDS) of two sulfur molecules, 3-
methylthiophene (3MT) and benzothiophene (BT), was then studied in the presence of the

previously prepared bulk NiMoS catalysts and modelled using a kinetic model based on a



Langmuir-Hinshelwood formalism [31]. In this case, the objective was to deepen the
knowledge of the transformation of 3MT and BT molecules representative of FCC gasoline

cuts by coupling experimental and theoretical approaches.

2. Experimental

2.1 Chemicals

3-methylthiophene (98% purity), benzothiophene (95% purity), n-heptane (> 99% purity),
sodium molybdate dihydrate Na;M004.2H,O (>99.5%), nickel nitrate Ni(NO3),.6H,0
(99.99%) and ethanol were purchased from Sigma-Aldrich (Sigma Aldrich, St. Louis, MO,
USA) and used as such without any further purification. Pure hydrogen sulfide (H,S) and
hydrogen sulfide in mixture (1 vol%) with H, were purchased from Air Liquide (Air Liquide,
Paris, France) and H; (5 vol %)/Ar (95 vol %) was provided by Linde gas (Linde, Dublin,

Ireland).

2.2 NiMosS bulk catalyst preparations

Two synthesis processes were used to prepare the NiMoS catalysts, a first one, hereafter
called metathesis (M) and a second one, hereafter called nucleation growth (NG). Ammonium
tetrathiomolybdate, (NH4).Mo0S, was used as the molybdenum precursor in the two processes.

It was synthesized according to the procedure described by McDonald et al. [32].

2.2.1 Metathesis process (M)

This process, first proposed by Genuit [28], results from a straightforward and fast reaction
between equimolar solutions of ammonium tetrathiomolybdate and nickel nitrate according
to:

(NH4)2MOS4 + NI(N03)26 H,O > NIMOS4 + 2 NH;NO3 + 6 H,O (Equation l)



In our case, (NH;).MoS, (4 mmol) and Ni(NOs),-6H,0 (4 mmol) were separately dissolved
in 40 mL of pure H,O. The two solutions were then mixed with gentle magnetic stirring for
30 s, in air at room temperature. The reaction mixture was then stored for 12 h at room
temperature and the particles were separated by centrifugation (40,000 rpm, 4 h) using a
Beckman Coulter Optima XPN ultracentrifuge with a 45 Tl rotor and 70 mL PC tubes. Three
washings with 80 mL of water were performed (centrifugation at 40,000 rpm, 4 h), followed
by a final washing step with 80 mL of ethanol. The particles were finally recovered by
centrifugation (20,000 rpm, 4 h) in 94 mL polypropylene tubes. The product was then dried
under primary vacuum for 12 h at room temperature. Finally, the powder was heated under
hydrogen (5% in argon) from room temperature to 320°C at 5°C.min"", held 2 h at 320°C, and
cooled down to room temperature at the same rate under argon. The catalyst, labelled NiMoS-

M, was stored under vacuum before use.

2.2.2 Nucleation growth method (NG)

The NG method is based upon a reduction of ammonium tetrathiomolybdate by hydrazine at

90°C according to the theoretical equation [33]:
(NH4)2MOS4 + % NoHs = MoS, + Y2 N, + (NH4)28 + H,S (Equation 2)

And followed by the addition of nickel nitrate in a Ni/(Ni+Mo) molar ratio of 0.3. This ratio

corresponds to the maximum catalytic activity for HDS reactions using NiMoS catalysts [10].

The experimental procedure was as follows: (NH4),MoS, (4 mmol, 1 eq) was dissolved in 40
ml of ultrapure water and introduced into a three-necked flask. The reducing agent, hydrazine
(40 mmol, 10 eq, 50-60% in water), was then added and the mixture was degassed by
bubbling argon for 30 min in order to remove dissolved oxygen. At this stage, in order to
prepare the later addition of nickel nitrate and to prevent a precipitation of Ni(OH),, the pH

was adjusted to 7 by addition of hydrochloric acid (HCI, circa 3 mL). The bubbling of argon



was then replaced by a flow of hydrogen sulfide and the reaction medium was placed in an oil
bath previously heated to 90°C. The progress of the reduction reaction, via the remaining
amount of MoS,*, was followed by UV-visible spectroscopy. The Ni solution (1.6 mmol, 0.4
eq of Ni(NOs), dissolved in 8 ml of ultrapure water) was introduced dropwise only after
complete disappearance of MoS,%, a necessary precaution to avoid an unwanted metathesis
reaction between nickel nitrate and residual unreduced MoS,*. When the addition of nickel
was complete, the reaction medium was stirred for an additional 2 hours at 90°C under H,S

bubbling.

The particles were then separated by centrifugation (20,000 rpm) using a Beckman Coulter
Optima XPN ultracentrifuge with a 45 T1 rotor and 94 mL PP tubes. Three washings with 80
mL of water were performed, followed by a final washing step with 80 mL of ethanol. The
product was then dried under primary vacuum for 12 h at room temperature. The sample was
heated under 5% hydrogen in argon from room temperature to 350°C at 5°C.min"", held 2 h at
350°C, and cooled down to room temperature at the same rate under Ar. The catalyst, labelled

NiMoS-NG, was stored under vacuum before use.

2.3 Characterizations

Specific surface areas were determined by nitrogen adsorption—desorption using a
Micromeritics tristar apparatus after degassing at 120°C overnight (Micromeritics, Norcross,
GA, USA). Elemental analysis (sulphur amount) was carried out using an Elementar Vario
Micro Cube (Elementar, Langenselbold, Germany) while the molybdenum and nickel
amounts were measured by inductively coupled plasma mass spectrometry (ICP-MS) using a
SPECTRO ARCOS ICP-AOS analyzer (SPECTRO Analytical Instruments, Kleve,
Germany). X-ray powder diffraction (XRD) patterns were recorded with a Malvern
Panalytical X’pert PRO X-ray diffractometer by using Cu radiation (A = 1.5406 A) (Malvern

Panalytical, Royston, U.K.). A JEOL JEM 2100LaB6 (JEOL, Tokyo, Japan) transmission
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electron microscope (TEM) was used to characterize the MoS; phase and more precisely, the
length and stacking distribution of the slabs.

XPS spectra were recorded using a KRATOS AXIS supra-spectrometer (Kratos Analytical,
Manchester, U.K.) equipped with an aluminium monochromatic source (hv = 1486.6 eV).
Before analysis, catalysts were treated at 400°C during 10 h by a mixing of H,S (10 mol.
%)/H, at atmospheric pressure and stored in Schlenk under Ar to avoid oxidation resulting in
the formation of sulfates at the surface. The recorded spectra were analyzed using a CasaXPS
software. The deconvolution of S 2p, Ni 2p and Mo 3d signals were carried out with respect
to the appropriate standard samples (supported oxide and sulfided monometallic catalysts).
The calibration was made with the peak of contamination carbon at 284.6 eV. For each
catalyst, the metal and sulfur peaks were identified according to their binding energies
[34,35]. The elemental surface composition of the catalysts, and therefore, the sulfur/metal
atomic ratio (S/Me) and the active phase formation were determined from the area of the

metal and sulfur peaks (the uncertainty of the values is around 20%)

2.4 Reaction conditions and analysis

Prior to the hydrodesulfurization (HDS) reactions, the catalysts were treated in situ by a feed
containing 10 mol% H,S in H, at atmospheric pressure and at 400°C for 14 h. The HDS of
3MT and BT were performed in a fixed bed micro-reactor under a total pressure of 2.0 MPa,
with a ratio of Hy/liquid feed equal to 360 NL/L and a reaction temperature of 250°C. The
thiophenic feeds (corresponding to 1000 ppmS) (0.3 wt% of 3MT or 0.42 wt% of BT) in n-
heptane were injected in the reactor by a HPLC Gilson pump (307 series, pump's head
volume: 5.0 cm®). Table 1 shows the partial pressures of the different compounds for the
sulfidation step and the transformation of different feeds. The solvent n-heptane was not
converted under the applied experimental conditions. No catalyst deactivation within the

duration of the test was observed for all the experiments.
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As described in previous works [31,36], the feed and the products were injected on-line by
means of an automatic sampling valve into a Varian gas chromatograph equipped with a
PONA capillary column and a flame ionization detector. The contact time is defined as the
ratio between the total mass flow rate of feed and the mass of catalyst. The catalytic activity
(a) was calculated at isoconversion (30%) in a differential regime according to the following

equation:

i (=5)
a=1n .
1_Xi Meat

where F is the molar flow of the reactant in mmol/h, m¢ is the mass of catalyst in g and X is
the reactant conversion (i = 3MT and BT). The activity per active molybdenum atom (those
located in the edges and corners of the slabs) is defined as followed: am, =
a.Mwo/(Mmo.D.6.023.10%° ) with a: activity in mmol/h/g, My, : molar mass of molybdenum,

Mumo: Mass of molybdenum in wt% determined by ICP, D : dispersion determined from TEM

Mo edges+corner _ Yi6ni—6

experiments whereD = ——=———= YR

with n; : number of Mo atoms along one

side of a MoS; slab determined from its length and i being the total number of slabs [39].

2.5 Kinetic modeling
The objective was to determine the kinetic and adsorption constants of the transformation

of the two sulfur molecules, thus making it possible to explain the differences in reactivity of
the NiMoS catalysts prepared according to the two synthesis methods. For this, it was chosen
to use an experimental approach coupled with a theoretical approach, which allowed both to
acquire data and to use them to calculate the different constants using the ReactOp kinetic
software. For this, the different kinetic equations were written according to the reaction
scheme previously established for the transformation of the two sulfur molecules.

The theoretical approach based on the Langmuir-Hinshelwood formalism was developed

in a previous work [31] using ReactOp software®. In this kinetic model, it is assumed a
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competitive adsorption over one type of active sites of H, and H,S with heterolytic
dissociations. The rate determining step is the first hydrogen addition [31,37,38] on the
aromatic ring or double bond for BT and 3MT . The reaction schemes for the transformation
of 3MT and BT compounds are given in Scheme 1 and Scheme 2, respectively. The
transformation of 3MT, shown in Scheme 1, involves two consecutive reactions: C-S bond
rupture to produce pentenes (HDS) followed by their hydrogenation to produce isopentane

(HYD).

The two R; and R, consecutive reactions are

U“w?*')\/*\/“\*)\/

S
3MT 2MBN1 2MBN2 3MBN1 R
)\/ ¥ \)k : /K/ ? H: /]\/
R
2MBN1 2MBN2 3MBN1 ICs

The corresponding rate equations, r; and r», are as follows:

Py,s
K3yt Payr/ KhysPrys |
Ea 2 25 |KoPy. PH

n = kl.e RT >

’ Py, s
KHZPHZ KD \
Py, s R Pu,s

1+ K3yrP + +
3MTT3MT) T K¢ Py, /—KHZS Pi,s KsPy, Py,

| + /Kn,sPu,s
Py,s
Kpn Ppn+/ KiiysPhys |1 1§H

’ Py, s
( P KHZPHZ KS;HZ
14 KpyPoy + o2 + +

K sPrs |2
KsPr, ~ \[KiysPuys H2STH2S K Py,

_Ea
T = kz.e RT
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The transformation of BT can follow two pathways: In the first one, the BT transformation
occurs through the two R3; and R, consecutive reactions with a first HYD of BT into

dihydrobenzothiophene (DHBT) followed by HDS of DHBT into ethylbenzene (EB):

\ - H — % Rs
s s
DHBT
Q—) ¢+ 2H, —» O\ +  HS
EB

ethylbenzene is directly formed from BT (DDS: Direct Desulfurization), according to reaction

R4

In the second pathway,

Rs:
Rs
Qj'SHg—>©/\~HQS
5
BT EB
On the whole, the corresponding equation rates, rs, r, and rs, are as follows:
Py,s
KBTPBT\/ KHZSPHZS K Po_
_Ea ST Hz
3 = k3.e RT 2
Py,s
Ky,Py, |7 p— \‘
KsP
Py,s ST H; H,S

1+ KprPgr + + + /K sPrs |2
k BT!' BT KSPHZ m H,S* HyS KSPH2
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Py, s
KpurePpure+ KiysPh,s K 511

_Ea
T4_ == k4.e RT

P
1+K P + +
k DHTBIDHTB K p KHZS PHZS

KprPpr+/ K, sPh,s KSPH

r5—k3eRT

I/ Py e [RsPa,
| 1 + KBTPBT Hz3

+ + /Ky P
\ K5PH2 /KHZSPHZS HS* HpS K5PH2
3 Results and discussion

3.1 Characterization of NiMoS bulk catalysts
NiMoS bulk catalysts prepared by metathesis (M) and nucleation growth (NG) were

characterized after thermal treatment in a reductive atmosphere (5%H,/95%Ar). Results of
elemental analysis are given in Table 2. The amount of nickel is higher in NiMoS-M (17.6
wt.%) than in NiMoS-NG (8.9 wt.%), which corresponds to a Ni/(Ni+Mo) molar ratio of 0.45
and 0.3, respectively. These values are very close to the expected ones (0.5 for NiMoS-M
since the synthesis proceeds by an equimolar reaction between Mo and Ni, and 0.3 for
NiMoS-NG.

The N, adsorption—desorption isotherm curves for the NiMoS-M and NiMoS-NG compounds,
shown in Figure 1, are similar and characteristic of inter-particle capillary condensation (type
I according to IUPAC classification). The specific surface area is slightly higher (41 m2g™")
for the NiMoS-NG compared to NiMoS-M (31 m*>g ') (Table 2). These specific surface areas

are higher than those reported by Fuentes and al and Fontaine and al [18,21] 18 m%g™ and 14
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m?g™, respectively. It may be understood on the basis of the different synthesis procedures
used to prepare the catalysts. Indeed, our procedure is based upon a complete dissolution of
tetrathiomolybdate in water while Fuentes and Fontaine’s procedures comprise the
preparation of a suspension of solid tetrathiomolybdate particles in acetone, with a further
impregnation of the particles by nickel. Working at the molecular level as done in our
procedure might favor the preparation of smaller particles and thus larger specific surface
areas. The X-ray diffraction patterns of NiMoS-M and NiMoS-NG, shown in Figure 2, are
similar with broad peaks characteristic of a poor crystallized MoS, structure. Additional
diffraction peaks assigned to the presence of nickel sulfide NiS are also observed, a finding
already reported in literature [40-42].

The size of the MoS; particles, estimated using the Scherrer formula, was found to be around
3.3 nm for NiMoS-M and 2.6 nm for NiMoS-NG (Table 3), which is consistent with the
results from N, adsorption-desorption experiments, i.e. a higher specific surface area of
NiMoS-NG compared to NiMoS-M (Table 2).

TEM images at macroscopic and microscopic scales of NiMoS-M and NiMoS-NG are shown
in Figure 3. At macroscopic scale, a difference of morphology was observed between these
two samples : a compact geometric grains whose size varies from 500 nm to several microns
on a side for NiMoS_M (Figure 3a) instead a form of balls 20 to 50 nm in diameter for
NiMoS_NG (Figure 3b). The image analysis (Figure 3c and Figure 3d) helped in determining
the distributions of slabs depending upon their length (Figure 4) and stacking (Figure 5). Data
are given in Table 3. The average stacking is ~4 and rather low for bulk catalysts. Reported
values are usually higher than 5 [19,29,33]. The average length of the slabs is short especially
for NiMoS-NG: 2.5 nm, compared to 3.7 nm for NiMoS-M, these values being very close to
those reported above for XRD experiments. Moreover, the higher standard deviation for

NiMoS-M (1.7 nm compared to 1.0 for NiMoS-NG) and thus the presence of some longer
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slabs (10 — 11 nm) indicates a larger distribution in length. The dispersion D, which
corresponds to the fraction of MOggges+comer t0 the total amount of Mo, is larger for NiMoS-NG
(36%) than for NiMoS-M (25%), a direct consequence of shorter average length of slabs for
NiMoS-NG as compared to NiMoS-M.

X-ray photoelectron spectroscopy (XPS) was used to characterize NiMoS-M and NiMoS-NG
catalysts. The decomposition of Mo 3d, S 2p and Ni 2p XPS spectra, shown in Figures 6, 7
and 8 respectively, revealed the co-existence of MoS,, NiMoS, NiS and NiO phases. Indeed,
the various MoS; (Mo 3d5/2 BE = 229,3 eV; S 2p3/2 BE = 162,2 eV), NiS (Ni 2p3/2 BE =
853,2 eV), NiO (Ni 2p3/2 BE = 856,1 eV) and mixed phase Ni-Mo-S (Ni 2p3/2 BE = 854,3
eV) species were well identified. Results from quantitative analysis of XPS spectra are given
in Table 4. They confirmed the formation of MoS; phase (S/Mo ratio = 2.3 and 2.1) in a large
amount, similar for the two catalysts (80% for NiMoS-M and 82% for NiMoS-NG). Owing to
the large uncertainty (20%), the Ni/(Ni+Mo) atomic ratios values, 0.29 for NiMoS-NG and
0.39 for NiMoS-M, agree with the amount of nickel found by elemental analysis of the
powders (0.3 and 0.45, respectively). These values are close to that of conventional
NiMo/Al,O;3 catalysts used in hydrotreament processes [10]. However, the chemical forms of
Ni are not the same in the two catalysts. If the amount of Ni oxide phases is roughly the same
for the two catalysts, a larger amount of NiS is found in NiMoS-M (28% compared to 9% for
NiMoS-NG)) while the opposite is found for the mixed NiMoS phase. In both cases, large
amounts of mixed Ni-Mo-S phase were formed. Yet, it is larger and particularly remarkable
for NiMoS-NG (80% compared to 57% for NiMoS-M).

The physicochemical characterizations of the two catalysts lead to the following conclusions:
In the case of NiMo0S-M, an almost instantaneous uncontrolled precipitation occurred. On the
other hand, NiMoS-NG catalysts were synthesized through a slower process, i.e. a reduction

of ammonium thiomolybdate, which favored the formation of many nuclei previous to
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growth. Compared to NiMoS-M particles, the obtained particles were slightly smaller with a
narrower distribution in size. They showed slightly higher specific surface area and
dispersion. Moreover, the innovative way to introduce the promotor in the case of the NG
procedure, i.e. directly after the disappearance of the MoS,> species in the liquid phase,

appeared to be a very effective way leading to a remarkable promotion.

3.2 HDS of the sulfur model compounds 3MT and BT

The reactivity of 3MT and BT, two sulfur model compounds representative of a FCC
gasoline cut, over the two previously prepared NiMoS bulk catalysts was then investigated.
Results of the study are reported in Figures 9-13 and Tables 5 and 6.

An increase of the conversion of 3MT and BT with the contact time was noticed for both
catalysts, as shown in Figure 9a and Figure 11 respectively. For a given contact time, the
conversion of 3MT and BT was higher for the NiMoS-NG. Thus, a conversion of 3MT of
17% for NiMoS-M (respectively 40% for NiMoS-NG) and a conversion of BT of 20% (45%)
were measured at a contact time of 1h. For the two NiMoS-M and NiMoS-NG catalysts, the
main products of the 3MT transformation were pentenes with isopentanes as secondary
products as shown in Figure 9b. However, the ratio between the two products depended upon
the catalysts as shown in Figure 10. Indeed, the ratio between isopentane/pentene was higher
and increased linearly when the catalyst was NiMoS-M. This means that the hydrogenating
function is more pronounced over NiMoS-M than over NiMoS-NG. Conversely, whatever the
catalyst used, no difference in the product yields for BT transformation was observed. In both
cases, ethylbenzene (EB) was the main product while dihydrobenzothiophene was formed in
small amount as shown in Figure 12. The ratio between EB and DHBT was the same
whatever the BT conversion and the catalyst, as shown in Figure 13. The catalyst activities of
NiMoS-M and NiMoS-NG calculated at isoconversion (30%) for the transformation of 3MT

and BT are given in table 5 and 6 respectively. In presence of NiMoS-M, BT was more
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reactive than 3MT as classically reported in the literature [31,43,44]. On the other hand, the
two sulfur compounds presented the same reactivity in presence of NiMoS-NG. The activity
per gram of NiMoS-NG for the transformation of 3MT was doubled versus that of NiMoS-M
whereas it was similar for the transformation of BT. The activity per molybdenum atom
located in the corners and the edges (respectively reported Table 5 and Table 6 for the
transformation of 3MT and BT) was also considered. In the case of the transformation of
3MT, the activity per molybdenum atom is slightly higher for NiMoS-NG as compared to
NiMoS-M. Conversely, its activity per molybdenum atom is slightly lower for the
transformation of BT. To explain the different performances of NiMoS-M and NiMoS-NG
catalysts for the transformation of 3MT and BT, kinetic and adsorption constants were
calculated using a kinetic model previously established in the presence of a commercial
CoMo/Al,O3 catalyst [31] and on the basis of their respective reaction schemes described
above (section 2.5).

The kinetic parameters (for the hydrodesulfurization and hydrogenation reactions) and
the adsorption constants calculated from the model are reported in Table 5 and Table 6 for the
transformation of 3MT and BT respectively. Good fits of the experimental data got during the
transformation of 3MT and BT in presence of either NiMoS-M or NiMoS-NG were obtained,
as shown in Figure 9 (conversion and product distribution for 3MT), Figure 11 (BT
conversion) and Figure 12 (product distribution for BT). The adsorption constant of 3MT is
higher in presence of NiMoS-NG than in presence of NiM0S-M, whereas the nature of the
catalyst has hardly any effect on the adsorption constant of BT. It is consistent with the trends
in the activity calculated from the experimental results.

To get some insight in the origin of the different reactivity of the two sulfur molecules
3MT and BT over NiMoS-M and NiMoS-NG, it is interesting to consider the different nature

of the two model compounds.
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It can be considered that 3MT will adsorb over the catalyst via o bonding (perpendicular)
by the sulfur atom [45,46] while BT will undergo a © bonding (flat) by the aromatic ring [47].
The transformation pathways of the two compounds are thus different. The transformation of
3MT occurs via the so called DDS route with the direct rupture of C-S bonds, which implies
active sites located on both S-edges and M-edges of MoS, slabs. On the other hand, BT
follows the hydrogenation route leading to DHBT as intermediate, which is expected to occur
mainly on the M-edges.

As shown in Table 5, the activity of NiMoS-NG per gram of compound is twice higher
than that of NiMoS-M for the transformation of 3MT and 3MT adsorption constant is larger
in presence of NiMoS-NG. This result is consistent with the physicochemical characteristics
of the catalysts, which indicated a larger number of active sites with a better promotion for
NiMoS-NG and therefore, probably improved electronic properties of the sites leading to a
stronger adsorption of 3MT.

The situation is different for the transformation of BT. It is not affected by the nature of
both catalysts. Indeed, as shown in Table 6, the catalytic activity and adsorption constants are
similar whether NiMoS-M or NiMoS-NG is used. In this case, as stated above, the
transformation occurs on the M-edges alone. Therefore, fewer active sites are involved during
BT transformation compared to 3MT one. Moreover, the size of BT and its flat adsorption
over the catalysts are detrimental to the accessibility to the active sites. On the whole, while
the improved characteristics of NiMoS-NG helped in the transformation of 3MT when most
sites are accessible, they are ineffective for BT transformation owing to a large steric
hindrance.

On the whole, this clearly shows that the characteristics of a bulk catalyst, either the
number or properties of the active sites, which depend strongly on the synthesis procedure,

might have a strong influence in the transformation of sulfur molecules, as shown in the case
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of 3MT. On the other hand, such situation is not universal as shown by the absence of effect
on BT molecule. This evidenced the difficulty to define a bulk catalyst that would have ideal
properties to optimize the transformation of different families of sulfur molecules involving

different transformation mechanisms.

4 Conclusion

In conclusion, two NiMoS bulk catalysts were first prepared using two different procedures,
i.e. a metathesis-like procedure and an innovative way including a reduction step of a
thiomolybdate followed by a step of in-situ Ni promotion. An almost instantaneous
uncontrolled precipitation occurred in the first procedure while a slower reduction process
characterized the second. As a result, more homogeneous, smaller particles with shorter
lengths of the slabs, slightly higher specific surface area and larger dispersion was obtained in
the latter procedure. Moreover, the Ni-promotion in the liquid phase just after the reduction
step, appeared to be a very effective way leading to a remarkable promotion, higher than the
promotion achieved in the case of the metathesis-like procedure. On the whole, all
characteristics pointed for a more effective catalyst in the case of NiMoS-NG, which had to
be further checked by a series of catalytic tests.

The study of the transformation of two model sulfur molecules, 3MT and BT, over the
two catalysts, NiMoS-M and NiMoS-NG, coupled to a kinetic modeling study was then
carried out and helped in unraveling their difference in reactivity. Indeed, the reactivity of BT
was higher than that of 3MT over NiMoS-M but similar over NiMos-NG. Meanwhile, the
reactivity of 3MT was doubled over NiMoS-NG compared to NiMoS-M. In the same way,
hardly any change in the adsorption constant of BT over either NiMoS-M or NiMoS-NG was

observed, whereas the adsorption constant of 3MT showed a clear increase over NiMoS-NG.
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These differences can be attributed to the combination of several factors, i.e. the different
adsorption mode of the sulfur molecules and their different reaction mechanisms on one hand
and the change in the catalyst characteristics such as the number and/or modification of the
electronic properties of their active sites on the other hand. Indeed, while the smaller 3MT
molecule, which adsorbs vertically over the catalysts and reacts with both S-edge and M-edge,
could take advantage of all the active sites of the catalysts, the bigger BT molecule, which
mainly reacts with M-edge and shows a flat adsorption by the benzenic ring, had more limited
access to the active sites in these bulk catalysts due to steric hindrance. As a result, the
transformation of 3MT alone was strongly affected by the change in properties of the catalysts
with a clear advantage to NiMoS-NG. So, this investigation clearly shows that an effective
transformation of sulfur model molecules representative of those present in FCC gasoline
strongly relies on a good match between the properties of the catalyst (number and quality of
active sites, accessibility) and the properties of the sulfur molecule involved (adsorption mode

and transformation mechanism).
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but-1-ene), isopentane (iCs), 2-methyl-but-1,3-diene (2MB13DN)
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Table 1: Partial pressure (kPa) of the different compounds for the sulfidation step and the

transformation of the different feeds.

Pressure (kPa) Sulfidation 3MT (or BT)
Phzs 10 0
PamT (or BT) 0 2
P2 90 1366
Pnc7 0 632
Ptotal 100 2000
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Table 2: Specific surface area (Sger), elemental analysis of sulfur (S), nickel (Ni) and
molybdenum (Mo) for NiMoS catalysts. Impact of synthesis methods (metathesis, M, and

nucleation growth, NG).

Sample SgeT S (wt%) Ni(wt. %) Mo (wt.%)  Ni/(Ni+Mo)
(m2g) (molar)
M 31 34.6 17.6 34.6 0.45
NG 41 26.4 8.9 34.0 0.3
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Table 3: XRD and TEM characterizations of NiMoS bulk catalysts. Impact of synthesis
methods (metathesis, M, and nucleation growth, NG). MoS; particle size determined by XRD,
stacking of MoS, layers determined from TEM images, average, minimal and maximal
lengths of the layers determined by TEM with the standard deviation and dispersion, i.e.

fraction of Moedges+comer (D).

XRD TEM
Catalyst S*(mm) | Sst® L°(mm) o?(m) Lmin(hm) Lmax(nm) D (%)
M 3.3 4.3 3.7 1.7 0.9 11.5 25
NG 2.6 4.1 2.5 1.0 0.8 7.0 36
® MoS, particle size (S), ° average stacking (St), ° average length (L),
Mo edges+corner _ ¥;6n;—6

D (dispersion) : D = with n; : number of Mo atoms along one side

Mo total "~ Yi3n?-3n;+1
of a MoS; slab determined from its length and i being the total number of slabs measured by

TEM [39].
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Table 4: S/Mo, Ni/Ni+Mo atomic ratios, MoS,, NiS and NiO % amount determined by XPS
for NiMoS bulk catalysts after sulfidation step. Impact of synthesis methods (metathesis, M,

and nucleation growth, NG).

S/Mo MoS;  NiMoS (%) NiS NiO Ni/(Ni+Mo)
Catalyst — atom) (%) (%) (%) (atom.)
M 23 80 57 28 15 0.39
NG 2.1 82 80 9 11 0.29
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Table 5: 3MT transformation over NiMoS catalysts (M: metathesis, NG: nucleation growth):

activity, adsorption constant (K) and kinetic constant (k).

Synthesis Method M NG
mmol/gh 22+ 0.1 4.1+ 0.2
Activity ”
10" mol/at,, h 41£0.2 5.3+ 0.2
Ad ti tant
sorption constan K, 55402 80402
(K: bar )
- k (14+0.1)10" (26+0.1)10"
Kinetic constant HDS i e
-1
(k:h) ) 12 1
HYD (1.3x£0.1)10 (1.0+0.1) 10
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Table 6: Transformation of BT over NiMoS bulk catalysts (M: metathesis, NG: Nucleation

Growth) on activity, adsorption constant (K) and kinetic constant (k).

Synthesis method M NG
mmol/g h 4.2+ 0.2 45+ 0.2
Activity
-21
10 moI/atNI0 h. 7.7+ 0.3 5.9+ 0.2
Adsorption c_(l)nstant K., 24402 8.9 +0.2
(K: bar )
k 12 12
HYD (20+£0.1) 10 (5.3£0.2) 10
Kinetic constant 13 13
(k:h™) Kiios (2.0+0.2) 10 (2.6 +0.2) 10
12 12
Kpps (3.5£0.2) 10 (6.4£0.2) 10
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Figure 1: Nitrogen adsorption—desorption analysis for NiMoS bulk catalysts prepared (a) by

metathesis (M) and (b) by nucleation growth (NG)

* MoS,
* NiS

Intensity (a.u.)

(a)

26(%)

Figure 2: X-ray diffractograms of catalysts prepared (a) by Metathesis (M) and (b)

by Nucleation Growth (NG).
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Figure 3: TEM images of NiMoS bulk catalysts prepared (a) and (c) by metathesis (M) and

(b) and (d) by nucleation growth (NG).
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Figure 4: Histograms of the slab distribution as a function of their length determined from
TEM images for NiMoS bulk samples prepared by a) metathesis (M) and b) nucleation

growth (NG), (analysis based on 400 particles).
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Figure 5: Histograms of the slab distribution as a function of their stacking determined from
TEM images for NiMoS bulk samples prepared by a) metathesis (M) and b) nucleation

growth (NG), (analysis based on 400 particles).
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Figure 6: XPS spectra of molybdenum element (Mo3d) of NiMoS catalysts prepared by (a)

Metathesis (M) and (b) Nucleation Growth NG
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Figure 7: XPS spectra of sulfur element (S2p) of NiMoS catalysts prepared by (a) Metathesis

(M) and (b) Nucleation Growth NG
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Figure 8: XPS spectra of nickel element (Ni2p) of NiMoS catalysts prepared by (a)

Metathesis (M) and (b) Nucleation Growth NG.
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Figure 9: 3MT transformation over NiMoS catalysts (M: metathesis, NG: nucleation growth).

(a) conversion and (b) product distribution as function of contact time or 3MT conversion.

Comparison of simulation results (dotted lines) and experimental data (points). (T = 250 °C, P

= 2.0 MPa, H,/feed =360 N L/L).
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Figure 10: 3MT transformation over NiMoS catalysts (M: metathesis, NG: nucleation

growth). Isopentane/pentene ratio as a function of 3MT conversion (T = 250 °C, P = 2.0

MPa, H/feed = 360 N L/L).
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Figure 11: BT transformation over NiMoS catalysts (M: metathesis, NG: nucleation growth)
as function of contact time. Comparison of simulation results (dotted lines) and experimental

data (points). (T =250 °C, P = 2.0 MPa, Hy/feed = 360 N L/L).
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Figure 12: BT transformation over NiMoS catalysts (M: metathesis (Full symbol), NG:
nucleation growth (Empty symbol)). Product distribution as function of BT conversion.
Comparison of simulation results (dotted lines) and experimental data (points). (T = 250 °C, P

= 2.0 MPa, Hy/feed = 360 N L/L). (EB: Ethylbenzene, DHBT: Dihydrobenzothiophene)
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Figure 13: BT transformation over NiMoS catalysts (M: metathesis, NG: nucleation growth).
EB/DHBT ratio as function of BT conversion (T = 250 °C, P = 2.0 MPa, Hy/feed = 360 N

L/L). (EB: Ethylbenzene, DHBT: Dihydrobenzothiophene).
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