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The selective hydrodesulfurization (HDS) of fluidized catalytic cracking gasoline still represents a
challenging step to minimize hydrogen overconsumption and maintain high octane numbers. To better
understand the competition between desulfurization and hydrogenation
Hinshelwood kinetic model is established, based on high-throughput HDS experiments of a model
feedstock of 3-methyl-thiophene (3MT) and 2,3-dimethyl-but-2-ene over CoMoS/Al,Oz catalysts. To
reduce the model's dimensionality, some key enthalpies of adsorption are determined by density functional

reactions, a Langmuir-

theory (DFT) calculations. The model takes into account 16 different reactions (hydrogenation,
hydrodesulfurization, isomerization) for which rate constants and adsorption constants are determined to
reproduce adequately the experimental product distribution. The model is finally used to predict and
discuss the impact of operating conditions (partial pressures of key reactants and temperature) on the
selectivity. The selectivity is most affected by the conversion levels of the reactants, with an optimum
desulfurization selectivity at approximately 30-50% 3MT conversion. Operating at low temperature (170 °C)

rsc.li/catalysis

Introduction

Over the last thirty years, the growing awareness of
environmental constraints and tighter regulations have
stimulated research into processes and catalysts for clean fuel
production and reduction of pollutant emissions caused by
fossil fuel combustion. Thus, numerous international
legislations impose sulfur levels down to 10 ppm in gasoline
for on-road vehicles." Gasoline from fluidized -catalytic
cracking (FCC) represents 40-80 vol% in commercial fuels,
but almost 85-90% of sulfur in final gasoline blends, mainly
in the form of alkyl-thiophene compounds.>* To comply with
present regulations, FCC gasoline must be consequently post-
treated, which is conventionally performed through a
hydrodesulfurization (HDS) process at 200-300 °C under a
hydrogen pressure of 10-30 bar. In parallel with
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is also favorable for the HDS selectivity.

hydrodesulfurization reactions, olefins present at 20-40 vol%
in FCC gasoline undergo hydrogenation reactions (HydO),
resulting in  octane number decrease and H,
overconsumption.* Optimization of selectivity between
hydrodesulfurization and hydrogenation at the process scale,
improvement of catalyst design and fine understanding of
reaction mechanisms through detailed kinetic models are
therefore major research challenges in this field.
Hydrodesulfurization catalysts are composed of group VI
transition metal sulfide slabs (molybdenum or tungsten)
supported on oxides such as transition alumina, silica or
amorphous silica-alumina and promoted by group VIII
elements including nickel or cobalt.>® A generic structural
active phase involving a CoMoS mixed site at the edges of the
MoS, slabs describes the reactivity of such active phases as
evidenced by advanced physico-chemical characterization
techniques and  density functional theory (DFT)
simulations.”* At the nanoscale, different types of active
sites have been identified and correlated to catalytic HDS
activities. HDS reactions may occur by two different pathways.
The direct desulfurization (DDS) pathway involves C-S bond
hydrogenolysis, which could be attributed to coordinatively
unsaturated molybdenum sites (CUS) located at the edge
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sites.”'*™'7 These sulfur anion vacancies are suspected to be
formed at the slab edges in the presence of H, at high
temperature as encountered in HDS. Such vacancies have
been observed by scanning tunneling microscopy (STM)"® and
also highlighted by ab initio thermodynamic calculations."
Another reaction pathway is a hydrogenation (HYD) route
where C-S bond hydrogenolysis is preceded by a
hydrogenation step. This pathway is supposed to be favored
on the bright brims at the top of MoS, edges as observed in
STM.?**! This brightness is due to a higher electron density,
where electrons are situated in a dimension perpendicular to
the slab edges and delocalized along the direction of the
edges."*?® These electrons could then interact and take part
in chemical bonding, which is far less favored in the case of
the basal plane."’

Regarding catalytic activities, hydrogen dissociation is also
an important parameter for HDS and HydO reactions and
thus, the nature of hydrogenated species formed on the MoS,
catalyst, such as sulfhydryl groups (S-H) or hydride (Mo-H),
has been discussed for many years.”>* In particular, S-H
groups were also identified by inelastic neutron
spectroscopy,” while DFT calculations determined the
thermodynamic stability of S-H and Mo-H groups present on
the edges of MoS, crystallites as a function of temperature
and P(H,S)/P(H,) conditions.>®*” The hydrogenation was
often correlated to the presence of sulfhydryl groups (S-H) at
the slab edges by many experimental and theoretical
studies.>**®*° In particular, S-H groups participate in the
transfer of hydrogen atoms during hydrogenation steps and
are very important in HDS reactions.*

Typical molybdenum disulfide slabs present two energy-
competing and stable edges commonly called the M-edge and
S-edge.'® The relative free energies of both edges define the
morphology of the MoS, slabs which may vary from triangular
shapes with only the M-edge to hexagonal ones exposing both
types of edges.*> Slab morphology and size depend on
sulforeductive conditions including temperature and H,/H,S
partial pressures, support effects as well as on the presence of
promoter atoms which may affect differently the relative edge
energies."**>** Comparing the adsorption energies of
2-methylthiophene and 2,3-dimethylbutene on S- and M-edges
under selective HDS conditions, Krebs et al evidenced a
competitive adsorption of sulfur compounds over olefins with
a higher selectivity of the S-edge for 2-methylthiophene.**?*
Slab morphology - ie. S-/M-edge ratio - thus controls the
selectivity of catalysts under selective HDS.”?®> In a further
study, Baubet et al® could experimentally evidence a
correlation between slab morphology and catalyst selectivity for
HDS and HydO reactions.

Kinetic studies on HDS of thiophenic compounds in the
presence of olefins were modeled in different approaches in
order to understand HDS/HydO selectivity over HDS
catalysts.***° A Langmuir-Hinshelwood (LH) model implying
one type of active site was thus established to describe the
transformation of 3-methylthiophene and 1-hexene over
CoMoS/Al,O; catalysts in the presence of H,S.*® Through the
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co-injection of H,S, this study suggested the change of the
rate-determining step depending on H,S partial pressure. At
low partial pressure of H,S, the rate-determining steps were
assumed to be the cleavage of the C-S bond for HDS of
3-methylthiophene and H transfer to the adsorbed olefin
molecule for HydO of 1-hexene. At high partial pressure of
H,S, H transfer was proposed as the rate-determining step
for both reactions. Other kinetic studies involving
microkinetic modeling over molybdenum sulfided catalysts
also suggested that the first hydrogen transfer from S-H
groups to adsorbed 2-methylthiophene and 2,3-dimethyl-2-
butene would be the rate determining steps in the presence
or in the absence of CO as poison.*>*! Such simple kinetic
models made it also possible to correlate the HydO and HDS
rates with the sulfur-metal energy of the sulfide catalysts
through volcano curves, because it directly influences the
optimal surface concentration of S-H species, adsorbed
molecules and free sites."*> A lumped kinetic model for
selective HDS of a full range FCC gasoline by a LH approach
was also described in the literature.*’ This model, containing
348 species and 444 reactions, described the product
distribution as well as selectivity and octane loss. However,
no rate equations were reported. Some of these previous
studies proposed that the efficient HDS/HydO selectivity of
the CoMoS catalyst results from an optimal competition
between  kinetic and thermodynamic effects: the
thermodynamically more favorable adsorption of sulfur
compounds should counterbalance the fast kinetics of olefin
hydrogenation.®?**?

Nevertheless, in spite of the numerous studies previously
reported, the detailed reaction mechanisms for sulfur
compounds or olefins catalyzed by MoS, still require further
investigation to gain insights into the complexity of selective
HDS and assist in the development of more selective catalysts.

For this purpose, kinetic modeling based on LH
formalism detailing the different elemental catalytic steps
and considering the diversity of active sites involved in
hydrodesulfurization and hydrogenation reactions is
therefore necessary. Based on experimental data acquired by
high-throughput kinetic experimentation, this work details
the development of a kinetic model of 3-methylthiophene
and 2,3-dimethyl-2-butene - as a model feed for FCC gasoline
- based on a LH approach including a detailed reaction
mechanism.

Results and discussion
Reaction network and mechanism

As explained in the introduction, HDS is believed to proceed
according to the DDS and HYD routes. Scheme 1 shows the
two routes as proposed by Dos Santos et al.**** Both routes
contain several subsequent hydrogenation and
desulfurization steps all the way to 2-methylbutane. DFT
studies on non-promoted model MoS, have suggested that
the DDS route proceeds easily on the M-edge, while the HYD
route is dominant on the S-edge.?®?%*> The addition of the

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Reaction network showing a direct desulfurization pathway
(DDS) and a hydrogenation pathway (HYD). The products shown in
dotted brackets (3MDHT and 2-methyl-butadiene) were not observed
experimentally.

cobalt promoter accelerates the prehydrogenation steps on
the S-edge."® Moreover, these studies suggested that the
presence of the two edges might provide an optimal
configuration allowing prehydrogenation on the M-edge
followed by S—-C bond scission on the S-edge.

In our experiments, the conversion of 3MT led to the
formation of  3-methyltetrahydrothiophene  (3MTHT),
2-methyl-but-1-ene (2MB1N), 2-methyl-but-2-ene (2MB2N) and
2-methyl-butane  (2MB), but 3-methyl-dihydrothiophene
(3BMDHT), 2-methyl-butadiene and thiols were not detected.
Without excluding the occurrence of the DDS route for the
conversion of 3MT, only the HYD route was considered in the
model with direct formation of the C; olefins from 3MTHT,
rather than through the intermediate formation of thiols.

Scheme 2 shows the reaction network for the conversion
of 23DMB2N. Hydrogenation of 23DMB2N proceeds through
a double bond isomerization step to yield 23DMBIN. The
latter has been shown to be more reactive and has been
used in the model as the reactant to be further
hydrogenated into 2,3-dimethyl-butane (23DMB).** Skeletal
isomers were also observed among the products, and it was
assumed that the isomers, 33DMB1N and Cé6=, were formed
from 23DMBIN. C6= is a hexene isomer but the exact
structure could not be established. Since 23DMB2N and
23DMBIN were found in thermodynamic equilibrium, it
does not matter for the mathematical model which one is
involved in consecutive reactions.

Ci,H,4, a product from the dimerization of 23DMBIN, was
also observed experimentally. Finally, C6-methylthiophene

CiaHyy
’

>=< * >—< 33DMBIN +H, 22DMB
— N .
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23DMB 23DMB2N 23DMBIN

Ce=
+3MT l +3MTHT
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.«
Cs Ce

3IMTC, 3MTHTC,

Scheme 2 Reaction network for the conversion of 23DMB2N under
hydro-desulfurization conditions.
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(3MTC6) and Cé-methyltetrahydrothiophene (3MTHTC6) were
believed to be formed by the reaction of 3MT or 3MTHT and
23DMBIN, respectively.

Mey et al®*®*  studied the conversion of
2-methylthiophene and 23DMB2N and reported a detailed
reaction network and mechanism. The study by Dos Santos
et al.** showed that 3MT HDS and 23DMB2N HydO were
competing for the same active site. Here, we have followed
this assumption to derive the corresponding rate equations.
On the other hand, a separate site for hydrogen adsorption
was used, which is often proposed in kinetic studies.*>*®*°
Hydrogen can adsorb dissociatively on MoS, active sites,
through either a heterolytic or a homolytic route.>*?”5%°
The heterolytic route involves hydrogen adsorption on both a
metal (molybdenum or cobalt) and sulfur atom, whereas the
homolytic route involves only sulfur atoms. Prodhomme
et al.”” showed that although dihydrogen may be activated
heterolytically over MoS,, the most stable configuration
consists of two S-H groups. Therefore, in our kinetic model,
we assume two distinct sites where only sulfur atoms
correspond to the hydrogen adsorption sites (homolytic
dissociative adsorption), while sulfur vacancies correspond to
the sites for the adsorption of sulfur containing compounds
and olefins. Sulfhydryl (S-H) groups have been shown to act
as weak Brgnsted acid sites’> ™ and might also be involved
in isomerization reactions. The following adsorption/
desorption steps were considered:

Associative adsorption for the sulfur compounds (XS):

XS + # = XStt 1)
Associative adsorption for olefins (O):
O+#= Ot (2)

where # is a sulfur vacancy site. The adsorption of the
alkanes was assumed to be weak and neglected in the model.
Dissociative homolytic hydrogen adsorption:

H, +2* = 2H* (3)

where * is a hydrogen adsorption site (sulfur atom).
Dissociative hydrogen sulfide adsorption:

H,S + # + 2* = Sff + 2H* (4)

where # is a sulfur vacancy.

Note that S# is equivalent to a * and thus a conversion of
sites can occur, which has not been considered in the model.
The ratio of sulfur atoms to vacancies is believed to be very
large,'® therefore, this site conversion will have a negligible
effect on the number of hydrogen adsorption sites. Van Parijs
and Froment*® compared models with site interconversion to
models with a fixed number of sites for the hydrogenolysis of
thiophene over CoMoS/Al,O; and found that the latter model
fitted the data better. Sulfur exchange experiments show the
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existence of at least two different sulfur species.’® In that light,
one could argue that the species S# and * are not equivalent.
Due to the two distinct sites, two site balances are required:

9#+9XS+00+9521
O+ 04 =1

Assuming quasi-equilibrium for the above adsorption
equilibria, the following expression for the free fraction of
surface vacancies (6;) was derived:

1
K4Pu,s
(14K S Pxs + Ko XoPo + )

Oy =

where K; is the adsorption equilibrium constant for step i

(bar™), > Pys the sum of the partial pressures of the sulfur
containing components (bar), Y P, the sum of the partial
pressures of all olefins (bar), Py the partial pressure of
hydrogen sulfide (bar) and Py, the partial pressure of
hydrogen (bar).

The following expression gives the fraction of free
hydrogen sites (6-):

1
O = ———
(1+ /K3Py,)
The rate equations were based on the Langmuir-

Hinshelwood model. The following reactions considered are
listed in Table 1. Table 1 reports the reaction steps employed
in the model together with the corresponding rate equations.
Four isomerization reactions occur, of which two are double
bond shifts (steps 7 and 9) and two skeletal rearrangements
(steps 10 and 11). The experimental data show that the ratios
2MB2N/2MBIN and 23DMB2N/23DMBIN only depend on the
temperature. Therefore, the double bond shifts are fast and
in thermodynamic equilibrium. The rate equations for the
double bond shifts are written in terms of the equilibrium

Table 1 Reaction steps and their corresponding rate equations
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constant and the active site dependence cancels out in the
rate equation. In principle, these reactions can be eliminated
by substituting the product in the remaining reactions by the
reactant multiplied by the thermodynamic constant (K, and
K, respectively). The skeletal isomerizations, on the other
hand, were found not to be in thermodynamic equilibrium
and it was assumed that these reactions involve the same H*
sites as desulfurization and hydrogenation.”> As mentioned
in the introduction, this means that S-H sites are assumed to
act as hydrogenating species as well as Bronsted acid sites
for isomerization.

Note that the surface reactions are not elementary reaction
steps, but a sequence of hydrogen additions. It was assumed
that the rate limiting step in this sequence was the addition
of the first hydrogen atom as proposed in some previous
kinetic studies,*®*" resulting in rate equations containing the
square root of the hydrogen partial pressure in the
numerator. No distinction, however, could be made between
the rate limiting step being the first or second hydrogen
addition, as both models fitted the data equally well by only
changing the value of the hydrogen adsorption equilibrium
constant. The Arrhenius and van't Hoff equations were used
in a reparametrized form®” with a reference temperature of
180 °C.

Reactor model and regression analysis

The intrinsic reaction conditions were evaluated by using the
EUROKIN spreadsheet for assessment of transport
limitations in gas-solid fixed beds.’® The assessment was
carried out by using the highest consumption rate of 3MT
(0.4 mmol kg., ' s™') observed at the highest temperature of
220 °C (3MT conversion of 0.63), assuming a zero reaction
order in 3MT and a heat of reaction of 92 kJ mol™". The
results of the different criteria are summarized in Table S1.}
The limits on these criteria are determined by a maximum
allowed deviation of 5% of the reaction rate free of transport
limitations.

No. Reaction step Rate equation
5 3MT# + 4H* — 3MTHT# + 4% s = ksK1P3pr /K3 Py, 040+
6 3MTHT# — 2MB2N + St 76 = keK1P3nriry
7 2MB2N# = 2MBIN# Povpin
r7 = k7| Pamean — ———
K5
8 2MBIN# + 2H* — 2MB# + 2% rg = kgK2Pompin/K3Pr, O30
9 23DMB2N# = 23DMB1N# P33pMBIN
9 = ko | PaspmBoN — ————
Ky
10 23DMBIN# = 33DMB1N# 710 = Ky04(k10P23pmin ~ k-10P33pMB1N)
11 33DMBIN# = C6=# 11 = Ka0y(ki1Pazpmpin — k11Pcs-)
12 23DMBIN/# + 2H* — 23DMB/ + 2* F12 = k12KaPaspamin /K3 Prr, 00+
13 33DMBIN# + 2H* — 22DMB# + 2* r13 = k13K>Psspmpin /K3 Py, 00+
14 2 23DMBIN# — Cp,Hyff + r1a = k1aK3P3spvpint
15 23DMBI1NY# + 3MT# — 3MT-C6# + # s = k15K1K2P3MTP23DMB1N9§
16 23DMBI1N{# + BMTHT# — 3MTHT-C6# + # I'16 = k16KiKoPamrarPaspmeinds
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Because of the integral reactor operation, the rate
equations have been integrated numerically. A one-
dimensional homogeneous plug-flow reactor model has been
used, in agreement with the absence of mass and heat
transfer limitations. The reactant and product molar flow
rates at the reactor outlet were calculated by numerically
integrating the following continuity equation:

dr;

—J Rj

dw
where F; (mol s™') is the molar flow rate for component j, W
(kg) the catalyst mass and R; (mol kg ' s™') the net
consumption/production rate of component j.

The maximum likelihood parameter estimates were

obtained by minimization of the objective function S(f)
based on either the conversion or product yield:

S(B) = Z Z o Z (Va=9a) a-Ia) 2 Min

k=1 I=1 i=1

where m is the number of responses (14) and n the number

of experiments (26). o' is the (k) element of the inverse
covariance matrix. The (k,k) elements of this matrix were set
to 1 for the reactants and inversely proportional to the yield
of the products. The non-linear least-squares multi-response
regression analysis was performed by means of a Levenberg-
Marquardt algorithm.’>®® After regression analysis, several
statistical indicators were calculated, including the R” value,
t-test, 95% confidence intervals of the parameter estimates,
F-value and binary correlation coefficients. The integral
method of kinetic analysis coupled with multi-response
regression analysis is well described by Froment and
Bischoff.**

Experimental and simulated yields

The yields of the main products obtained from 3MT or
(23DM2N + 23DMBIN) conversion, shown in Fig. 1, were
obtained by changing either the contact time or the
temperature (200-220 °C). The yields of 3MTHT, 3MTC6 and
3BMTHTC6 go through a maximum and decrease at high
conversion. 2MB2N and 2MBIN olefins increase rather

04 9 o
~&| 001
230M8 /" —
. ’ <
— 7 ©
- " =
g 02 1 330MBIN , ] 2
>
0.0 0.00
0.0 0.2 04

3MT conversion (-) 23DMBN conversion (-)

Fig. 1 Product distribution as a function of the conversion. A: 3MT
products. B. 23DMBN products. 0.33 wt% 3MT, 10 wt% 23DMB2N over
CoMo/Al,Os3 at 15 bar, LHSV of 3 h™%, H,/feedstock ratio of 300 NL L™,
200-220 °C. The dashed lines are a guideline for the eyes.
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linearly with conversion. Although the highest conversion of
3MT amounted to 95.6%, this was not high enough to see a
drop in the olefin yield, as observed by dos Santos et al**
The fully hydrogenated product 2MB increased exponentially.
The evolution of the yields as a function of the conversion
indicates the hydrogenation of 3MT into 3MTHT, which is
further hydrodesulfurized into 2MB2N and 2MBI1N, which
are then hydrogenated into 2MB. A linear increase of the
yield of all the products with the (23DMB2N + 23DMBIN)
conversion is observed. Fig. 1 also shows that the selectivity
is mainly dominated by the conversion level and very little by
the temperature, as no specific trends for the different
temperatures emerge between 200 and 220 °C. Similar
observations were reported by dos Santos et al. for the
conversion of 3MT* and for the conversion of 23DMB2N
over a similar catalyst.*

The production of alkanes from 3MT and 23DMB2N was
studied as a function of the partial pressures of 3MT and
23DMB2N, as shown in Fig. 2. The conversion of 3MT drops
exponentially with increasing partial pressure of 3MT, while
the 23DMB2N conversion drops initially to level off at 30%
conversion at higher partial pressures of 3MT. This is due to
the isomerization reaction of 23DMB2N into 23DMBIN,
which is in thermodynamic equilibrium and is not affected
by the inhibition by 3MT. A significant drop in the
production of 2DMB as well as 23DMB was observed by
increasing the partial pressure of 3MT, as shown in Fig. 2C.
These results indicate a competition between 3MT and
23DMB2N for the same active sites, as also shown by Dos

10 os
. A 8
04
= ,—-—%
03 -
$ 2 bl LEL -0
b '
$ '
io: '
S '
'
'
014,
'
I
00 00 &
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03 01s
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3 °
= °
oos® e~ o
: e "3
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000 &
0.00 003 006 om 0o (X3 10 15
Py (bar) Prscaman (Dar)

Fig. 2 Comparison of experimental data and model predictions for
the conversions of 3MT and 23DMB2N (A and B) and the yields of 2MB
and 23DMB (C and D) as a function of A and C: 3MT partial pressure, B
and D: 23DMB2N partial pressure. Experiments: symbols 3MT or 2MB
(black full), 23DMB2N or 23DMB (red open). Model predictions: lines
3MT or 2MB (black full), 22DMB2N or 23DMB (red dashed). 0-1.32 wt%
3MT, 10 wt% 23DMB2N over CoMo/ALLOs at 15 bar, LHSV of 3 h™%, H,/
feedstock ratio of 300 NL L™, 180 °C.
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Santos et al.®>*** On the other hand, the partial pressure of
23DMB2N has little effect on the conversion of both 3MT and
23DMB2N (Fig. 2B) and affects only slightly the production of
the alkanes (Fig. 2D).

Fig. 2 and S1-S51 show that the model predictions for the
4 observable quantities (W/F, T, Famr, Fazpmpan) are adequate
for all the products when compared with experimental
results. Some small deviations are observed at low flow rates
of 3MT for the two pentenes 2MB2N and 2MB1N as well as
the data at low temperature for C6oMT and C6MTHT at the
lowest contact time. A systematic deviation of the 2MB yield
as a function of the 23DMB2N partial pressure is also
observed (Fig. 2D), which must be toned down by the very
low value of yields measured for this product.

Analysis of the kinetic parameters

Regression analysis of the 364 experimental data points was
performed using rate equations rs through rjs. Preliminary
regression analysis showed that strong parameter correlation
occurred, especially with the adsorption constants. Therefore,
the adsorption constants for all olefins in the reaction
network were set at the same value (K,, AH,). Dos Santos
found differences of less than 5 kJ mol™ in adsorption
strength between the different olefins,* which makes the use
of a single adsorption constant a reasonable assumption. To
reduce the parameter correlation further, the values of the
adsorption enthalpies for the 4 adsorption steps (eqn (1)-(4))
employed in the model were fixed at values calculated by
DFT for adsorption on the S-edge of the CoMoS catalyst (see
ESL2} for more details and ref. 34), as given in Table 2.
Several studies report weak adsorption of hydrogen over
promoted molybdenum catalysts.**®* Therefore, the value of
the adsorption entropy for the dissociative adsorption of
hydrogen was fixed at -38 ] mol™* K, which corresponds to
the loss of one degree of gas phase translation entropy,
according to the Sackur-Tetrode equation.®® This value of the
hydrogen adsorption constant resulted in a calculated
hydrogen coverage of ~0.5-0.6 for all experimental
conditions. Further decoupling of the adsorption constants
was achieved by fixing the adsorption entropy for 3MT at
219 ] mol™ K™, a value obtained from the compensation
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effect between the adsorption entropy and enthalpy for
species adsorbing on the same site (sulfur vacancy). Using
the values of the adsorption constants for 3MT and
23DMB2N at 210 °C, we were able to describe transient
desorption data over a similar catalyst sample quite well, as
shown in Fig. S6. Note that changing the values of the
adsorption enthalpies will directly impact the values of the
other rate constants, especially the activation energies of the
different steps. An example where the adsorption enthalpies
for the M-edge of a CoMoS catalyst, calculated by DFT, were
used as input parameters is given in the ESIT (Table S2). The
model fit is, however, slightly affected in this case (+15% in
residual sum of squares).

28 kinetic parameters with their 95% confidence intervals
have been estimated (Tables 2 and 3) with significant
statistics. The parameter correlation matrix (Table S47)
reveals strong correlations for (ky, k), (kio, k-10), (K11, k-11)
and (kis, ki6)-

The highest activation energy was found for the reaction
converting 3MTHT into 2MB2N (6) at 181 kJ mol ", which is
19 kJ mol™ higher than the activation energy for the full
hydrogenation of 3MT into 3MTHT (5). This is due to the fact
that 3SMTHT conversion involves the breaking of the C-S
bond, while all other hydrogenation steps are double bond
saturations. Sullivan and Ekerdt®® measured an apparent
activation energy of 174 kJ mol™ for tetrahydrothiophene
conversion over MoS,/SiO,. DFT studies for HDS of
thiophene over the cobalt-promoted edge of MoS, by Zheng
et al.®® predicted that activation energies for thiophene HYD
into 1- or 2-butene range between 152 k] mol™" and 240 kJ
mol™ through the scission of the C-S bond of a
dehydrogenated thiophene intermediate. DFT calculations by
Moses et al.'® for the HDS reaction of thiophene over Co-
Mo-S brim sites predicted that cobalt decreases the barrier
for HYD while increasing the one for C-S bond scission. They
found an activation energy barrier of 161 kJ mol™ for the C-S
bond breaking through the HYD pathway, while a lower
energy barrier of 100 k] mol™" was found for DDS. Hence, our
value of the activation energy of 181 kJ mol™" estimated for
step (6) is more in line with those DFT calculations for the
HYD rather than for the DDS pathway, although based on the
model alone the DDS pathway cannot be excluded.

Table 2 Values of the adsorption equilibrium constants, entropies and enthalpies on the cobalt-promoted S-edge. The values with £95% confidence

intervals were estimated. All other parameters were fixed

Adsorption step K; (bar™") 180 °C

ASqas” (J mol ™ K1) AHSq4 (k] mol™)

1XS 1.0 x 10*

20 (1.4 +0.1) x 10>
3 H, 0.2

4 H,S (1.5 £ 0.2) x 10°

-219° -134°
67 £19 -49°
-38/ -11%¢
-290 + 36 -176>4

“AS%ds = Sads — ASgas. ASg is the standard entropy in the gas phase at unit pressure and AS; the standard entropy in the adsorbed state at a

degree of a coverage of half a monolayer and, therefore, it does not include configurational entropy.®** DFT values reported in ref. 34 and also
used in ref. 9 for XS = 2MT and O = 23DMB2N. ” DFT values determined in the present study (see ESIt 2 for more detail). © Homolytic
dissociation of H, (leading to SH, SH as in eqn (3)) were calculated. ¢ H,S dissociatively adsorbed on one vacancy and on one S, leading to two
adsorbed SH species as in eqn (4) (see ESIT 2 for more detail). ¢ Calculated from the compensation effect between the adsorption entropy and
enthalpy./ Corresponds to the loss of one degree of gas phase translation entropy, according to the Sackur-Tetrode equation.®?
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Table 3 Values of the parameter estimates with their 95% confidence intervals

Step k; (180 °C) k_; (180°) or K; E, or AHig, (k] mol™)
5 (7.1+0.5)x107° 162 + 3
6 (5.5+0.4)x107* 181+5
7 (3.6 +0.1)x 107" -11 + 2¢
8 (1.5 +0.2) x 107 37+6
9 (3.10 £ 0.01) x 107" 8 +1°
10 (2.0 +0.2) x 107* (3+2)x107° 734
11 ((sis;)jlo*z3 (6+3)x107 23+5
12 2.9+0.1)x 10~ 83 +2
13 (1.4 £0.1) x 107 70+ 6
14 (3+2)x107° 35+5
15 (1.4 +0.1) x 107* 35+7
16 (5.4 +0.4)x107* 65+7

@ Reaction enthalpy, AHi,, (k] mol ™). b Activation energy for the reverse step was fixed at E, gorwara — 8 KJ mol .

The activation energies for the hydrogenation of 2MB1N,
33DMBIN and 23DMBIN olefins into the 3 corresponding
alkanes 2MB, 22DMB and 23DMB (steps 8, 12 and 13) are
quite different (37, 70 and 83 kJ mol ™, respectively), which
reflects the trend of increasing substitution at the double
bond, leading to a more difficult hydrogenation due to steric
hindrance induced by the methyl substituents.”*® Dos
Santos also measured increasing activation energies for the
hydrogenation of different alkenes with increasing degree of
branching, including 23DMB2N and 33DMBIN, over CoMo/
Al,O; with differences of up to 22 kJ mol *.*°

At this stage, it might be also interesting to compare the
trends found for the cobalt-promoted M-edge (Table S37).
The main impact concerns the activation energies found for
HydO reactions (8, 12 and 13) which are significantly higher
(by 40 to 70 k] mol™) on the M-edge than on the S-edge.
Activation energies involving 3MT and 3MTHT hydrogenation
(steps 5 and 6) are much less affected by about 10 kJ mol ™.
However, since the tested catalysts do not vary the promoter
contents and its impact on the morphology of the active
phase, we cannot distinguish the two models considering
either S-edge or M-edge sites.

The double bond isomerization of 23DMB2N into
23DMBIN proceeds with a reaction enthalpy of 8 kJ mol™
and an entropy of 7.5 ] mol™* K™', whose values are in line
with the enthalpy of formation of 8.6 + 0.2 k] mol™ and the
entropy of 11.9 + 0.4 ] mol™ K™ at 213 °C, reported by
Rodgers and Wu.*® The double bond isomerization of
2MB2N into 2MBIN proceeds with a reaction enthalpy of —11
k] mol™". The standard reaction enthalpy for this
isomerization given at the NIST webbook equals +6.3 + 0.1 kJ
mol™.”° The value of equilibrium constant for the double
bond isomerization of 2MB2N into 2MBIN at 180 °C is
similar to that of 23DMB2N into 23DMB1N (0.37 vs. 0.31),
predicting correctly that 2MB2N is the dominant isomer.
However, the experimental ratio 2MB2N/2MBIN increases
with increasing temperature, while the opposite trend is
expected from the positive value of the standard
isomerization enthalpy. 1-Olefins are more reactive than
2-olefins®” and 2MB1N will be faster hydrogenated into 2MB

This journal is © The Royal Society of Chemistry 2023

than 2MB2N and this hydrogenation step increases with
increasing temperature. However, the isomerization
equilibrium is faster than the hydrogenation reaction and the
ratio 2MB2N/2MBI1N should still correspond to the value of
equilibrium constant at the corresponding temperature.

The skeletal isomerization of 23DMBI1N into 33DMBI1N was
found not to be in quasi-equilibrium. The rate constant for the
skeletal isomerization of 23DMBIN into 33DMBIN is much
lower than the subsequent hydrogenation reaction to 22DMB.
The skeletal isomerization seems therefore the rate determining
step for the production of 22DMB. The value of rate constant
for the hydrogenation of 33DMBIN into 22DMB at 180 °C is 5
times higher than that of the hydrogenation of 23DMB1N into
23DMB, yet the ratio 23DMB/22DMB is approximately 20, due
to the formation of 23DMB being directly from 23DMBIN, while
the formation of 22DMB requires the skeletal
isomerization of 23DMBIN into 33DMBIN.

Both the forward and reverse rate constants were estimated
for the skeletal isomerization of 23DMBIN into C6=. Mey
et al.”’ reported a detailed reaction network for the skeletal
isomerization of dimethyl-butene. Iso-pentenes and hexenes
can be formed from both 23DMB1N and 33DMB1N. The model
did not allow discrimination between these two routes.
Formation of C6= did have a significantly lower activation
energy than the formation of 33DMBIN (23 vs. 73 k] mol™),
although at 180 °C the values of the forward rate constants are
similar. This would imply in terms of the scheme proposed by
Mey et al.”’ that the route through the protonated cyclopropane
intermediate is energetically favored compared to the tertiary
carbenium ion intermediate, but more sterically hindered or
proceeding over different active sites.

slow

Evolution of surface coverages

The analysis of the surface coverages as a function of the
reactor length (Fig. S8t) for a 3MT conversion of 95% reveals
that 3MT# and 23DMBN# are the most abundant surface
species at the reactor entrance. With increasing reactor
coordinate and thus increasing conversion, these surface
coverages dropped rapidly. 3MTHT# is maximized right after
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the reactor entrance, when 3MT}# starts to be consumed and it
appears thus as a reaction intermediate for the HYD pathway.
Conversely, the coverage of S# surface species increases and
becomes predominant at the reactor outlet. The S# surface
species thus result first from the desulfurization reaction of
3MTHT#, and then closer to the reactor outlet, it is determined
by the equilibrium between H, and H,S (step 4). The
concentration of surface H* is constant over the whole catalyst
bed. The fact that it does not depend on the position in the
reactor (conversion) is due to the fact that under our initial
hypothesis, the free sulfur sites * where H* is formed are not
coupled with the # free sites where the other reactions are
occurring. Thus, H* cannot be impacted by the other adsorbed
species and it would depend only on H, partial pressure,
remaining quasi-constant since hydrogen consumption is low
under these operating conditions.

Exploration of other (7,p) conditions through kinetic modeling

Using the kinetic model as a predictive tool, Fig. 3 plots the
model calculated consumption rate of 3MT at 180 °C versus the
partial pressures of hydrogen, 3MT and H,S. The slopes in
these plots represent the calculated reaction orders with
respect to the 3MT conversion. The hydrogen reaction order is
positive but decreases with increasing hydrogen pressure, from
0.42 to 0.23 under the operating conditions of this study.
Hence, higher hydrogen pressure increases the reaction rate
considerably but has hardly an impact on the relative yields
(Fig. S9Ct) and thus no impact on HDS/HydO selectivity.

The reaction order of 3MT with respect to 5 is close to 1
at low pressures, decreasing with increasing pressure and
approaching zero at the pressures used in this study. This is
due to the formation of H,S, which saturates the sites at high
partial pressure of 3MT. Borgna et al*® reported reaction
orders of thiophene between 0.58 and 0.8 depending on the
reaction temperature, in line with the values found in this
study. As expected from experimental results, 3MT inhibits
23DMBIN hydrogenation (r;,) particularly at higher partial
pressure of 3MT.

The slope of r;, changes from -0.3 to —0.98 with
increasing partial pressure of 3MT. This trend confirms that
the thermodynamic component (relative adsorption
constants and partial pressures of reactants) is able to
counterbalance the intrinsic kinetic component in favor of

1603 1603
1604

1E05 1605

Rate (s%)
Rate (s?)

1606

1607
1605 1604 1£03 1602 1601
Pau (bar)

1607
1E-05 1.6-04 1E-03 1602 1.£-01
Pas (bar)
Fig. 3 Simulated reaction rates of 3MT (rs, full lines) and 23DMBIN
(r12, dashed lines) conversion over CoMo/Al,O at 15 bar, 180 °C as a
function of the partial pressure of A: H,, B: 3MT, and C: H,S.

02 20 200
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HydO. Thus, increasing the 3MT partial pressure will
enhance the HDS/HydO selectivity (Fig. S9AY).

The reaction order of H,S decreases from approximately
zero at low pressures to —0.5 at a H,S pressure of 1 bar. Dos
Santos et al.*® reported an inhibiting effect of H,S on both
the hydrodesulfurization of 3MT and the hydrogenation of
1-hexene over CoMoS/Al,O;. Moreover, they claimed a change
of the selectivity as a function of the partial pressure of H,S.
We have not varied the partial pressure of H,S in our own
experimental study, but we have compared the model
simulations to the experimental data of Dos Santos et al.*®
under similar conditions (23DMB2N instead of 1-hexene), as
shown in Fig. S10.f A similar trend as a function of the
partial pressure of H,S was found. However, the change in
HDS/HydO selectivity is not due to H,S, but due to the
change in 3MT conversion. Simulations shown in the same
Fig. S101 at a constant 3MT conversion of 10% show that the
ratio HDS/HydO remains constant over a large range of
partial pressures of H,S.

Considering the effects of temperature, Fig. 4 reveals that
operating at higher temperatures lowers the extent of
alkylation of sulfur components by C6 olefins but does not
impact the selectivity. Fig. 5 shows the impact of the partial
pressure of 3MT on the product distribution and surface
species. Note that the trend is different than that presented
in Fig. 2, because the data in Fig. 5 are at constant 3MT
conversion (95%), instead of constant contact time. Due to
the fact that the formation of 3MT-C6 and 3MTHT-C6 is
more strongly impacted by sulfur inhibition (shown by the
increase of s in Fig. 5B) than the hydrogenation reactions,
an increasing 3MT pressure leads to better selectivity.

Fig. S9t summarizes the effect of the main variables on
the selectivity, expressed as the ratio HDS/HydO. Except for
the effect of the catalyst mass, all simulations have been
carried out at constant 3MT conversion of 95% by changing
the contact time. In most cases the 23DMB2N conversion is
also constant (~50.5 + 0.5%). The partial pressures of 3MT
and 23DMB2N have a small effect on the selectivity, but no
effect is found for the partial pressures of H, and H,S. The
effect of the temperature on the selectivity is due to a
variation of the 23DMB2N conversion. It is impossible to
change the temperature and keep both the conversion of
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Fig. 4 A: Product yields and B: surface coverages as a function of
temperature at the reactor outlet. Black full line 3T, blue dashed line
OsmrrT, Pink full line Oce_olefins: blue full line Ocs_oefins, red full line Os,
green full line 04, grey dotted line 6. Py, = 10 bar, Psur = 0.018 bar,
P23DMZBN = 0.62 bar, X3MT = 0.95.
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3MT and 23DMB2N constant, due to different activation
energies to convert these two molecules. The largest impact
on the HDS/HydO ratio results from the variation of the
conversion, either of 3MT or 23DMB2N, as shown in the
graph of the selectivity versus the catalyst mass (Fig. S9Ft).
Optimum HDS selectivity is found for 3MT conversions
between 30 and 50% (at 180 °C, P = 15 bar, 0.33 wt% 3MT, 10
wt% 23DMB2N).

Experimental

Catalyst preparation

Molybdenum(vi) oxide (MoO;, ACS Reagent =>99.5%),
cobalt(u) hydroxide (Co(OH),, technical grade 95%),
orthophosphoric acid (85 wt% in H,O, 99.99% trace metals
basis), 2,3-dimethyl-2-butene (23DMB2N, >99%),
3-methylthiophene (3MT, 98%) and n-heptane were
purchased from Sigma-Aldrich. Alumina (trilobe-shaped
y-Al,03) was provided by Axens. Prior to tests, 23DMB2N was
filtered on activated alumina to remove oxygen impurities.

The catalyst used in this work was a CoMo/y-Al,O; catalyst
prepared by incipient wetness impregnation of y-alumina. The
impregnation solution was prepared by dissolution of MoO;
and Co(OH), in an aqueous solution containing H3;PO, by
reflux at 90 °C. Following the incipient wetness impregnation
of alumina with the metallic solution, an ageing step was
applied for 12 h to ensure metal diffusion within the
extrudates. The resulting solids were then dried at 120 °C for
24 h and finally calcined in air at 450 °C for 2 h. The final
catalyst contained 13.5 wt% molybdenum, 3.2 wt% cobalt and
1.1 wt% phosphorus (according to XRF analysis),
corresponding to a molybdenum surface density of 3.8
molybdenum atoms per nm” and Co/Mo and P/Mo ratios of
0.39 and 0.26 respectively. The final catalyst had a BET surface
area of 200 m” g and a mesopore volume of 0.46 ml g ™.

Catalytic tests

Catalytic tests were carried out in a Flowrence Avantium®
high-throughput test unit (16 parallel reactors) with a model
FCC gasoline feedstock containing 0.33 wt% of
3-methylthiophene (3MT, corresponding to 1000 wt ppm S)
and 10 wt% of 2,3-dimethylbut-2-ene (23DMB2N) dissolved in

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

n-heptane (89.7 wt%). Fixed bed reactors were loaded with
30-400 mg of catalyst. Different amounts of the catalyst were
used to vary the contact time. In one series of experiments
the 3MT concentration was varied between 0 and 1.32 wt%,
while in another series the 23DMB2N concentration was
varied between 0 and 20 wt%.

Prior to the test, the catalysts were sulfided in situ using
dimethyldisulfide (4 wt%) in n-heptane (96 wt%) with the
following operating conditions: a LHSV of 3 h™", a total
pressure of 15 bar and a H,/feedstock ratio of 300 NL L.
Sulfidation was carried out raising the temperature up to 350
°C by 2 °C min " and maintaining the temperature for 2 h.
After the sulfidation step, the temperature was decreased down
to 180 °C and the -catalysts were tested at different
temperatures (180, 200, 210, 220 °C) while the total pressure
and H,/feedstock were maintained at 15 bar and 300 NL L™,
respectively. Effluents were analyzed with an on-line gas
chromatograph (Agilent 7890) equipped with two FID detectors
using a specific configuration of DB-1 (non-polar) and Rtx-1701
(polar) columns, a heart-cutting device to ensure the absence of
co-elutions, and using hydrogen as a carrier gas. Identification
of products is based on the literature®®*” and also on
additional GC-MS analysis carried out at IFPEN.

Measurements of conversion and yield related to the 3MT
and 23DMB2N transformations have been performed as a
function of the contact time and temperature. This contact
time is defined as the reverse of the weight hourly space
velocity and has been varied by changing the amount of the
catalyst or the reactant flow rate. The conversion and yields
were calculated on a mole basis. The yields of 3MTHT,
2MB1N, 2MB2N, 2MB, 3MT-C6 and 3MTHT-C6 were
calculated with respect to the 3MT conversion, while
23DMBI1N, 33DMB2N, C6=, 23DMB, 22DMB and C;,H,, were
calculated with respect to the 23DMB2N conversion. HDS
products consist of 2MB1N, 2MB2N and 2MB, while HydO
products consist of 23DMB and 22DMB. The selectivity is
expressed as the ratio of HDS/HydO.

Conclusions

The hydrodesulfurization of 3MT in the presence of 23DMB2N,
as model compounds for the FCC gasoline fraction, was carried
out in a high-throughput screening reactor as a function of
temperature, contact time and partial pressures of 3MT and
23DMB2N at 15 bar. The kinetic data were collected under
intrinsic conditions, allowing a Langmuir-Hinshelwood based
modeling study. The product distribution showed that different
types of reactions occurred: partial hydrogenation of 3MT,
desulfurization, double bond and skeletal isomerization,
hydrogenation of double carbon-carbon bonds, olefin
dimerization, and reactions between sulfur containing species
with olefins. 16 main reactions were included in the kinetic
model. The experiments also showed an inhibition by 3MT of
the hydrogenation of 23DMB2N. Homolytic dissociative
adsorption of hydrogen was assumed on sulfur sites while all
organic species react on free metallic sites. To reduce the
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number of the model's parameters, we include DFT adsorption
energies of 4 key reactants adsorbed on cobalt-promoted
S-edge sites: methyl-thiophene, dimethyl-butene, H,S and H,.
The model reproduced the main experimental data adequately
with physically realistic parameter values and thus allowed
analysis of various intrinsic kinetic parameters. The kinetic
constants of the various reactions were discussed with respect
to previous experimental and theoretical data. The model
confirmed the kinetic/thermodynamic balance between HDS
and HydO: while olefinic compounds exhibit larger
hydrogenation rate constants by two orders of magnitude,
larger adsorption constants (by the same order of magnitude)
of sulfur organic compounds counterbalance it. In agreement
with experiments, the model recovers the inhibiting effects of
3MT on HydO. According to the model simulations, the
selectivity is most affected by the conversion levels of 3MT and
23DMB2N, with an optimum desulfurization selectivity at
approximately 30-50% 3MT conversion. However, this is not an
option to operate a sulfur removal unit, but operating at low
temperature (170 °C) is favorable for the HDS selectivity.

Beyond this fruitful comparison with high-throughput
data, the kinetic model was used to predict the impact of
operating conditions on HDS/HydO selectivity such as
temperature and partial pressures of H,, H,S and 3MT.
Among them, the effect of 3MT partial pressure appears to be
the most critical on selectivity. We also provided an analysis
of the surface coverages for the most relevant intermediates
to discuss the trends.

We think that this model will help to better rationalize the
observed trends and predict the impact of operating
conditions in selective HDS of gasoline. Within the context of
more complex feedstocks' hydrotreatment such as biomass,
we hope that it may be considered as a milestone for
establishing more advanced kinetic models including the
transformation of oxygenated compounds.
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