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Abstract

The selective hydrodesulfurization (HDS) of FCCala® is a key catalytic process
for reducing sulfur content in gasoline. In thegamt work, we focus on the effect of
H.O amount alone or in mixture with CO on the transfation of a model FCC
gasoline composed of 2-methylthiophene (2MT) an®@-dnethylbut-2-ene
(23DMB2N) molecules, over an alumina supported CS8Mmtalyst. A negative
impact of water and CO on the conversion of 2MT 2BBMB2N is found. However
the effect in the presence of CO is much strongée comparison of Density
Functional Theory (DFT) calculations of CO and watdsorption on the S- and M-
edge sites of the CoMoS slabs shows a significasttpnger CO adsorption energy
than water adsorption energy. When CO and watee weroduced simultaneously,
the negative impact observed in the transformadiothe model feed is mainly due
only to the presence of CO. However whatever thggemated molecules used and
their amount, no impact in the selectivity measurgdhe ratio between the activity

in hydrodesulfurization and in hydrogenation isexved.
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- weak decrease of the HDS and HYD activity ofghsoline model feed in the presence of

water, and partially irreversible
- main inhibiting effect induced by CO rather thaater, but completely reversible

- higher adsorption energy of CO than water quiatiby DFT calculations
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1 Introduction

European Union will impose to incorporate renewst#aergies (including biofuels)
with an energetic yield of 10% in 2020, into tramdption sector [1]. This means that, in the
coming years, the hydrotreatment process of petnolavould have to process feeds
containing oxygenated compounds from vegetable aildignocellulosic biomass since
liquids from theses starting materials present gh hoxygen content (between 20-40%)
(containing acid, ester, alcohol functions ...) [2-&)xygenates conversion leads to the
formation of by-products such as CO, £& HO [6]. Until now, oxygenated compounds
present in the flow such as CO (often up to 100)p@mad HO come from gas recycle used in
hydrotreating processes or from the feed itselft Ewample, those compounds can be
provided by H production unit such as steam reforming or padibtation processes [6].
Now, the development of methods for producing fuetsn renewable resources could
increase the amount of these kinds of productsedddlignocellulosic biomass requires a
gasification or pyrolysis to convert respectivalyol syn gas or liquid. The syngas can then be
converted by Fischer-Tropsch process to obtain Qighlity paraffinic fuel. To enhance the
liquid biomass as fuel, it is essential to achiavéeep deoxygenation, to stabilize and make
them compatible with the current petroleum fuelse®@f the most economical solutions for
refiners could be the co-processing of biomassvddrieedstocks with FCC gasoline in a
conventional hydrotreating unit to carry out deepydrbdesulfurization and
hydrodeoxygenation simultaneously. However, it @ppetoday that the oxygenated
compounds present in these renewable feedstockisl dmutoo refractory to be treated
simultaneously under operating conditions of FC8oiae. Moreover, their decomposition is
an additional source of carbon oxides (CO, C@nd HO which may impact
hydrodesulfurization and hydrogenation reactionsweler, reliable data are very scarce in

the literature and need to be more understood.imp&mentation of such a process of co-



treatment (hydrodeoxygenation-hydrodesulfurizatitmdrefore requires knowledge of the
complex interactions that exist between the suttunpounds, olefins and oxygenates. It is
thus important, by using model molecules, to idgnthe reactions involved in order to

acquire the scientific knowledge necessary for uhderstanding of systems consisting of
actual expenses. In fact the final gasoline praduatist contain no more than 10 ppm of
sulfur as imposed by European legislation regutatiad whatever the composition of the
initial feed [1].

Recently, various published works reported the ithpaf oxygenated model
molecules on the hydrodesulfurization of sulfur pmwnds from straight run gas oil. Results
showed that depending on the composition of thd &l oxygenates, inhibiting effect could
be observed on the HDS activity of conventionablysts. For example, Pinheiro et al [7]
showed that under industrial operating conditiohlrs 623 K, P=4 MPa), oxygenated model
compounds (such as 2-propanol, cyclopentanone,olanisand guaiacol) were totally
converted and their decomposition leading only &tewas by-products, which did not inhibit
catalytic CoMoS/AIO; performances on the transformation of a standaaibbt-run gas oil.
On contrary, oxygenated compounds leading to CQoandQ, formations (for example
carboxylic acid and ester such as propanoic aaidedimyldecanoate) had a strong inhibiting
effect whatever the hydrotreatment reactions (hgesalfurization (HDS),
hydrodenitrogenation (HDN), and hydrogenation afnaatics (HDA)). This could be due to
competitive adsorptions not only directly by theyganated reactants themselves but also by
CO and/or C@with molecules to be treated contained in SRGWOdtxks. Moreover, these
results are consistent with the interpretation psga in previous works [8-10] claiming that
the inhibitions obtained in the presence of acid aster compounds are due to the reaction
products CO and COWith that respect density functional theory (DFStddies have also
shown that CO must be considered as a much stramigeitor than guaiacol [11], alcohol or

carboxylic acid [12-14]. If we considered the impat oxygenates model molecules on the



transformation of model sulfur compounds, Philipggteal [10] demonstrated that the real
inhibitor was CO and also the carboxylic acid fiumwet (using decanoic acid as model
molecule) itself more than phenolic compounds (@c@li and phenol) on the HDS of DBT
and 46DMDBT attributed to competitive adsorptiomsHDS of a model feed representative
of FCC gasoline under various operating conditidisb23 K, P = 15 kPa), Pelardy et al [15]
confirmed the strong impact of CO in the HDS of 8thylthiophene and the hydrogenation
of 2,3-dimethylbut-2-ene in mixture representatfesulfur compounds and alkenes in FCC
gasoline. The authors explained these results byhtgher adsorption energy than other
compounds (sulfur and alkenes) determined by dehsiictional theory (DFT) calculations.
CO adsorbed on mixed CoMoS sites on S-edge anddd-edplains the loss in HYD and
HDS activities. If various works reported that watas no effect on? the catalytic activity in
HDS of gas oils [7,8,10], when CO and water weresent in mixture, two supplementary
reactions can occur : Water Gas Shift (WGS) anceRevWater Gas Shift (RWGS) [9,10]. In
this case, Pinheiret al. [9] reported that the inhibition was due to theoamt of CO or CQ
introduced whatever the distribution of CO, £6r CH, products obtained by water gas shift
or methanation reactions. Philippe and coworkef Ehowed that only CO was the real
contaminant in the sulfur model molecules (DBT 46@MDBT) transformations.

Finally, the successful hydrotreatment of oxygetat®mmpounds into refinery
processes required the limitation of inhibiting qmunds formation by a selective catalytic
liquefaction of biomass and/or by the developmdra oatalyst specific to selective oxygen
removal, which will favor the hydrogenation/hydrogéysis reactions instead of the
decarboxylation or decarbonylation reaction. Reddtoretical (DFT) and experimental
works have thus highlighted the impact of the ratfrthe sulfide active phases, either MoS
NiMoS or NiS,, on the hydrodeoxygenation and decarbonylatiorhvpays [12,13]. An
alternative is also to use a catalyst non sensttv€O or CQ. As reported recently by

Bouvier et al [14], the NiIMoS/AD; catalyst was less sensitive than the CoMofAto the



presence of CO during the HDO of 2-ethylphenol adehacompound of lignocellulosic
materials.

The present paper focuses on the effect of CO af@, khain by-products of biomass
transformation, on the HDS of a model FCC gasolmeler conditions close to deep
hydrotreating of gasoline over a CoMoS/®¢4 catalyst. The model molecules chosen were 2-
methylthiophene and 2,3-dimethylbut-2ene as presijostudied [15,16,17,18]. The effect of
water alone and in mixture with CO was studiedha transformation of the two model
molecules separately and in mixture. The interpigiaof the experimental results was
carried out with the help of theoretical calculaso(DFT) of water adsorption on CoMoS

edge sites.

2 Experimental

2.1 Catalyst and chemicals

A commercial CoMo catalyst was used, containingt3woO and 10 wt% Mo
supported on alumina, provided by IFPEN. The catahas been crushed and sieved to a
250-315um size range and sulfided situ under BHS/H, flow (10 mol% HS) for 10 h at 673
K at atmospheric pressure.

2-methylthiophene (98% purity) has been purchasesm f Alfa Aesar, 2,3-
dimethylbut-2-ene (98% purity) from Acros Organicsxylene (>99% purity) from Fluka
and n-heptane (>99% purity) from Carlo Erba. Chafsidave been used without further

purification.

2.2  Reaction conditions



Catalytic activity measurements were carried ot fixed bed reactor at 523 K under
a total pressure of 2 MPa with a ratig'fided of 360 NL/L.

Three different types of feeds were studied [15]:

(i) a thiophenic feed containing 0.3 wt% of 2MTnrheptane (corresponding to 1000
wt ppm of sulfur or a partial pressure of 3 kPa),

(i) an olefinic feed containing 20 wt% of 23DMB2[torresponding to a partial
pressure of 150 kPa) diluted in n-heptane with @diteonal 1000 wt ppm of & (2 kPa)
(corresponding to a 2MT total conversion)

(iif) a model feed FCC gasoline containing 0.3 wa¥@2MT, 20 wt% of 23DMB2N,
and 30 wt% of o-xylene (representing aromatics)tdd in n-heptane.

The various feeds were injected in the reactor PAC Gilson pump (307 series,
pump's head: 5 cfh The water was injected separately in the reassimg another HPLC
Gilson pump (307 series, pump's head: 8)and CO by a gas flowmeter.

In these experimental conditions, all the compaosmiang in the gas phase.

The impact of water alone and of a mixture of wated CO (HO/CO molar ratio
from 106 to 352) on the transformation of the mdeelds has been evaluated according to
the experimental procedure describe below. Eacheimieed has been studied on separate
experiments including different steps [15]:

Step 1: Transformation of the model feed alonetéug conversion close to 30%),

Step 2: Transformation of the model feed in thespnee of various amount of

oxygenated compounds {8 or CO/HO mixture), at the same contact time of the

step 1,

Step 3: Change of contact time (keeping constaet dmount of oxygenated

compounds) to reach the reference conversions (Btep order to investigate an

eventual modification of the products selectivity,



Step 4: Come back to the initial conditions use®t@p 1 in order to investigate the

catalyst deactivation and the modification of thestivity.

The different partial pressures of the reactantsevealculated for each feed (Table 1). O-
xylene and n-heptane were not converted under tigserimental conditions. The amounts
of water and CO added to the various feeds arertexp@n Table 2. More particularly, the

partial pressures of CO and water in the globall feed the corresponding amounts of CO in
hydrogen and of water in the liquid feeds are giwsthen CO and / or water were added, the

partial pressures of 2MT, alkenes and the ratibeldd were kept constant.

2.3  Products analysis

The reaction products has been analysed on-litleetéixed bed unit by means of Varian gas
chromatograph equipped with an automatic samplialyevas described in our previous
works [15,16,17]. Desulfurized products, resultifgpom the transformation of 2-
methylthiophene are designated as HDS products. Sdtectivity of the reaction was
calculated by the ratio between hydrodesulfurizafidDS) and olefin hydrogenation (HYD)
rate constants, assuming ideal plug flow reactogas phase and first order reactions, as
defined by Dos Santag al. [19]. HDS and HYD activities were measured aftab#gization

of HDS and HYD products formation, respectively amider conditions where a linear
relationship between conversion and residence hiagbeen obtained (for a yield in HDS
products around 30% and a yield in hydrogenatiadpets around of 30% - all yields and
conversions are expressed in molar fraction). Tésdence time is defined as the ratio
between the catalyst weight and the mass liquid fleav rate. Regarding the transformation
of the 2-methylthiophene, HDS products (mainly peets and pentenes) are the main

observed products according to the reaction sctagseribed in the literatufd 7] (Scheme
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1). The transformation of the 2,3-dimethylbut-2-@8DMB2N) leads to the formation of
iIsomerization products (mainly 2,3-dimethylbut-leen23DMB1N) and hydrogenation
products (mainly 2,3-dimethylbutane, 23DMB) as diésc previously $cheme P The
double bond isomerization of 23DMB2N to 23DMB1Nkisown to be very fast on transition
metal sulfide catalysts, compared to HYD reactian that the mixture composed of
23DMB2N and 23DMBIN is considered as the main we#dtl7,18] The hydrogenation
activity has been measured with the formation @8 which was the main hydrogenation
product. Skeletal isomers and their hydrogenatedymts have been obtained with a yield of
less than 1%. To obtain the desired conversion,réselence time has been modified by
changing the amount of catalyst used (between 0g0@bdd 0,5 g) or the volumic feed flow
rate (0.05 to 8 mL/min). The catalyst activity (£tR# hydrodesulfurization corresponding
also to the transformation of 2MT is defined asribenber of moles of HDS products formed
by hour and by gram of catalyst and the catalystifc(+2%) in hydrogenation is defined as
the number of moles of 23DMB formed by hour andybgm of catalyst.

Carbon monoxide, carbon dioxide and methane hase &palyzed online by a Varian
3800 chromatograph equipped with an automatic samplalve, two Porapack columns
1mx1/8"x2mm, a methanizer and a flame ionizatiotecter. A backflush procedure has
allowed the elimination of }% and any other organic compounds (which couldgomotbe
methanizer Ni catalyst). Under these experimentalditions and whatever the composition
of the model feed, the carbon monoxide has not beawerted when it is introduced alone in

the reactor. In all cases molar balance were clas&@80%.

2.4  DFT calculations

Similar DFT calculations were carried out fopHas previously described for CO
adsorption on CoMoS systems [15]. Periodic derfsitgtional theory calculations have been

performed using the VASP code [20,21]. General igrachpproximation with PW91 [22,23]
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for the exchange correlation functional and thgqmtor augmented-wave (PAW) [24] have
been used. The cut-off energy for the plane-wawtshaas fixed to 500 eV and the Brillouin
zone integration is performed on ax8%1) Monkhorst-Pack k-point mesh. The geometry

optimization has been completed when forces beconaler than 0.05 eV.A

Periodic supercells of CoMoS have been modeledrdiup to the theoretical analysis by
Krebs et al. [25] The supercells represent the M-edge and $-edth two promoter edge

contents (50% and 100%) and various sulfur coverageresponding to the most stable
states as a function of sulfo-reductive conditigngen by the chemical potential of sulfur
[25]. In particular, the fully (100% Co) and paltya(50% Co) promoted M-edge and the
fully (100% Co) promoted S-edge will be considelnede. DFT calculations have shown that
the edge structures of the CoMoS active phase @renadified in presence of water and in

sulfo-reductive conditions. [26].

So the competitive adsorption ob®l with 2MT and 23DMB1N was carried out using the

same approach as proposed in previous works byslketet. [27] and Pelardgt al. [15]

Equations developed in this thermodynamical modekhenabled to take into account
experimental conditions, in particular the tempamat the p(HS)/p(H) ratio and the partial
pressures of reactants (2MT, 23DMB1N) and wateenTtme evolution of the edge energy in
presence of the adsorbed molecules has been c¢attida a function of the pgR)/p(H)

ratio. Hence the edge energy in the presence oflagld HO is defined by:

+ AGads(H 20)

aedge(H 20) = Uedge N

1)

where

NG, (H,0) = AE

ads trans(H 20) + AC;rot (H 20) + AGvib (H 20) ’ and

I:)HO
(H,0) + RTIn[ PZ J+AG

(o]
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OugeCOrresponds to the edge energy without any adsoriméecule withN the number of

edge metallic atoms.
The same definition has been developeddgg. (2PMBIN) and 0, (2MT) .

To calculate the partition functions of the Gibbsef energy of the adsorbed and gas phase
molecules, we have used rigorously the same mebkbggiand approximations as in our
previous theoretical works [15,27]

Finally, the adsorption selectivity has been désttiby the selectivity index\cedge .
defined as the difference of the edge energiewofadsorbed molecules, A and Bseqgd A-
B) = GedgdA)-CedgdB). Acedge IS €Xxpressed in eV per edge atom and a negatile \af

Aceqgd A-B) indicates a selective adsorption of molecdl® the detriment of molecule B.

2.5 Characterizations.

XRD analyses were carried out on a PANalytical ENREAN powder diffractometer using
CuK, radiation source (& = 1.5406 A and i = 1.5444 A) in order to reveal the
crystallographic structure of each sample. Thestempes were collected with a 0.033° step
and 120 s dwell time at each step between 20 a8 Phase identification was performed
by comparison with the ICDD database referencs.file

The morphology was evaluated by Transmission Eaatr Microscopy (TEM), using a
JEOL 2100 instrument (operated at 200 kV with a d.aBurce and equipped with a Gatan
Ultra scan camera).

XPS spectra were recorded using a KRATOS AXIS Usipectrometer equipped with a
(150w) Al Ka monochromatic sourceuh= 1486.6 eV). Catalysts were packed in shlenk
under argon to avoid sulfate formation. They welentified with reference samples drawn
from the Handbook of X-ray photoelectron spectrpsc{28], NIST X-ray Photoelectron
Spectroscopy Database (NIST Standard Referenceb&asa20, Web Version 3.4). The

calibration has been made with the carbon pealootfamination identified at 284.6 eV. For
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each catalyst, the metal and sulfur peaks have mbstified according to their binding

energies [29]. The elemental surface compositionthed catalysts, and therefore, the
sulfur/metal atomic ratio (S/Me) and the active g@haevolution after reaction were

determined from the area of the metal and sulfakpdthe uncertainty of the value is around
20%).

The carbon analysis of the CoMoS/B% catalyst was carried out with an elementary

analyzer (NA2100 analyser, CE instruments).

3 Results

3.1 Influence of HO on 2MT and 23DMB2N alone or in mixture

The effect of water on the conversion of 2MT arlceaes alone and on the model feed
has been studied for various partial pressuresienrange of 75 to 462 kPa. An inhibiting
effect of water on the transformation of each modwlecule (2MT and 23DMB2N)
measured separately or with the model feed is lgledmowed Fig. 1. The loss of activity
measured by the ratio between the activity in thesgnce of water (A) and the activity
without water (4) is around the same for the two model moleculassfiormation measured
alone or separately. This inhibiting effect of watentinues to rise when the amount of water

introduced increases (Fig. 2).

3.2 Influence of HO and CO in 2MT and 23DMB2N transformation alonénomixture

When CO and kD were injected simultaneously, side reactions kshbe considered. Under
deep HDS operating conditions (523K, 2MPa) andres@nce of CoMoS/AD; catalyst, the
transformation of CO alone or in the presence dewaould involve different reactions as
reported below: methanation of CO or £@quation (1) and (3)) and water gas shift reactio
(3)).
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CO + 3H,

CHy + HO ()

Keg250°C) = 1.1 10

CO + H,0

CO, + Hy (3)

Ke(250°C) = 89

C02 + H,

CH4 + 2H,0 (1)

Ke(250°C)= 1.3 10

The water gas shift (WGS) and methanation reactidream CO or CQ are
thermodynamically favoured. Under these operatiogddions the composition at the
equilibrium state could be calculated considerihg initial amount of water and CO
respectively equal to 500 kPa and 1.5 kPa which mwpeesentative of the range studied in
this work. As reported in Table 3, CO and £&Xbould be totally converted in methane.

Under our experimental conditions, no transformmatid CO was observed without catalyst
whatever the KD/CO ratio (from 52 to 1027). In the presence GlodMoS/ALO; catalyst, the
transformation of CO depends on theQACO ratio and the residence time. Thus, the
conversion of carbon oxides by water gas shift ethmnation in these operating conditions is
clearly kinetically controlled.

The molar conversion of CO by WGS increases frofh 10 41% when the residence time
increases from 163 to 981s for a@4CO ratio of 52. Moreover the conversion deperigs a
on the HO/CO ratio. For a same contact time (163s), then&bion of CQ observed was
equal to 10% for KD/CO ratio of 52 and multiplied around 3 fop®ICO ratio of 309 (Fig.
3).

The impact of a mixture of CO and,® were then measured for the transformation of the
model feed with HO/CO ratio ranging from 106 and 352. These ratiesewobtained with a

constant partial pressure of CO (1.31 kPa) andgbatessures of water ranging from 139

15



and 462 kPa. It can be seen that the conversio2Mif and olefins decreased when the
H,O/CO ratio increased (Fig.4). It should be rememthethat HO/CO ratio equal to O
corresponds to a partial pressure of CO alone3if BPa. In the same time, the conversion of
CO into CQ from 0 to 25% can be noticed for the highetOHCO ratios (Fig.5). These
results showed that an excess of water (correspgnidi an increase of JA/CO ratio)
favored the transformation of CO into €@volving the water gas shift reaction. No
modification of the Kps/knyp selectivity was found whatever the®CO ratios (Fig.6). For
various initial 2MT conversions, thegl/knyp Selectivity remains constant whatever the
H>O/CO ratios. Indeed, for 2MT conversions of 18,28tqd 40%, the k/kuyp Selectivity is
equal to 4.1 and 9 respectively. As pointed ouviptesly [15], the kpgknyp selectivity
decreases principally with the increase of 2MT @yein, no matter the amount of CO and

H-,O added.

3.3 Catalyst deactivation and characterizations.

The effect of the presence of water alone or intunexwith CO on the catalyst deactivation
for the transformation of 2MT and alkenes alone @nchixture has been studied. The effect
of water on deactivation was not the same depenaliinthe model molecules. Considering
2MT alone, the effect of water was totally revelesiiiNo catalyst deactivation was observed
in the presence of water after the transformatibr2MT. Indeed, whatever the partial
pressure of water, the same conversion (step hefptocedure) of 2MT that the initial
conversion (step 1) was recovered. However the neffiect was not totally reversible
considering the alkene. Surprisingly, regarding tifamsformation of the alkenes alone, the
presence of water above 200 kPa seems to prevealystadeactivation (Table 4). Indeed,
without water a catalyst deactivation (/X 37%) was noticed after 30 hours of reaction. In
the presence of partial pressures of water higier 200 kPa, the relative loss of conversion

is only 20% (respectively 18 and 22% for 200 kPd 889 kPa of water after step 2). This
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can be explained by a decrease in the carbon dooetine surface of the catalyst when the
partial pressure of water increases. Indeed, theuatmof carbon measured after 30 hours
without water was equal to 2.7 wt%. This value dases to 1.2 wt% for the higher partial
pressure of water. Water seems to prevent the tmikeation at the catalyst surface and
reduces the deactivation phenomena.

Considering now the model feed of FCC gasoline @amg 2MT and alkenes in mixture)
the presence of water was patrtially reversiblettiertransformation of 2MT and reduced the
deactivation for the transformation of the alke(iEsble 5). Indeed the ratio gXXo) between
the return point conversion (step 4) and the indanversion (step 1) was found between 0.8
and 0.9 for 2MT transformation. Considering theeall, it rises from 0.7 with water partial
pressure equal to 139 kPa to almost 1 for partedgure higher than 200 kPa.

Finally, the effect of water and CO in mixture walso not totally reversible on the model
feed transformation as reported Fig.&/%o ratio decreased when,®/CO ratio increased.
The inhibiting effect of water and CO introducecthsltaneously appears as more reversible
for the transformation of 2MT than for olefins, athis regardless of the,B / CO ratio. For
example, for an initial 2MT conversion of 40% ari %or olefins, the X/X, ratio is always
greater for 2MT compared to olefins. Indeed, fot.@/ CO ratio equal to 106,r(X, ratio is
equal to 0.93 and 0.66 respectively for the 2MT aledins. This trend is valid throughout the
domain of conversions considered.

Detailed characterizations of the active phasefashly sulfided and used catalysts were
undertook by TEM and XPS to point out possible rficdiion after catalytic evaluation
(Fig.8). The length and stacking of the slabs wesgmated from five hundred particles for
each TEM image. Average length (L), average stackB) and standard deviations) (vere
reported in Table 6. No difference on the size labs was noticed between the freshly

sulfided and the used catalyst after the transfoanaf the model feed (without addition of
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oxygenate compounds). Conversely a significant edsing was observed after the
introduction of 462 kPa of waterlowever, the slabs stacking does not change gignity.

XPS analysis of CoMoS/AD; catalyst showed the formation of MpEoMoS and Cgig
phases according to the chemical analysis presemté&dg.9 and Fig.10 respectively after the
transformation of the model feed alone or in thespnce of added water. Various&o
(778.4 eV), CoMoS (779.1 eV) and Mo®ere well identified (Mo3g), : 229,4 eV; S2p3/2 :
162,2 eV) in all cases after the transformatiothef model feed alone and with added water.
Quantitative analysis of XPS is given Table 7 whiesumes the S/Mo and Co/Mo atomic
ratios as well as the promotion by cobalt (PCog, shlfidation rate of molybdenum (SMo)
and the global sulfidation rate (GS). The presasfo@ater does not induce the formation of
additional sulfate since the sulfate content iozier all three catalysts. Furthermore, the
MoS, phase is always formed successfully in all casesesthe S/M ratio is always 2,1.
However, we notice a significant decrease of themation rate by cobalt for both used
catalysts as well as a decrease of the globaldstilhin rate, independently of water addition
to the reaction media.

The addition of water does not strongly modify ttagalyst properties which is coherent

with the fact that water does not increase thdysitdeactivation.

3.4  DFT calculations

H.O adsorption was calculated on both edges of thddSoactive phase for different
promoter and sulfur contents around the most stabldigurations of each edge and is
compared to results obtained previously with CO].[T® study inhibition effect towards
HDS and HYD, 2-methylthiophene (2MT) and 2,3-dinydtit-1-ene (23DMB1N) are used
as model molecules , such as in experiments. esettwo reactant model molecules, we use

previous adsorption data reported in Ref. [27].
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3.4.1 Adsorption on CoMoS M-edge
The edge energy variation related to the adsormtiamater is shown in Fig. 11 and compared

to the edge energies in presence of adsorbed 23DMBbmer reagent during 23DMB2N
transformation), 2MT and CO as previously repoiteRefs. [27,15]. Despite a higher partial
pressure of water, the effect of water is much pFesounced than that of CO. This is due to
the difference in adsorption energy. Indeed, iTmmtsst stable adsorption states, CO exhibits
adsorption energies between -2.05 eV and -1.88 b¥reas the energy of the most stable
state associated with the adsorption eOHconfiguration 4A in Fig.11) is two times less
exothermic (-0.86 eV). In agreement with the veoy |ladsorption energy (-0.04 eV),
configuration 4B corresponds to a water molecutated far away from the Co site (weakly
interacting through H-bonding). In this case, theetie site is preferentially covered by S
species at a S-coverage of 50 % (instead of 25 ¥hancase of 2MT or 23DBM1N). As
shown in Ref. 15, this was not the case for CO liscstrongly adsorbed on Co edge sites
even at high sulfiding conditions.

The selectivity index between 2MT and water thusegabetween 0.06 and -0.16 eV/atom at
the M-edge (Table 8). It is therefore generallyheigthan for CO (between -0.13 to -0.34
eV/atom). In the range of chemical potential cqyoesling to the HDS conditions, the
selectivity index varies between -0.06 and -0.01leege atom. So it is weakly in favor of
water. However, the inhibition effect of,8 on thiophene HDS on the M-edge is weak

(although it is not null) but is significantly lowéhan the inhibition effect of CO.

3.4.2 Adsorption on CoMoS S-edge

The water adsorption on the S edge of the CoMo®argstallite was also considered. The
adsorption modes (4C and 4D) of water on the S edlgeshown in Fig. 12. As already

observed for the other moleculess(Hpreferably adsorbs onto sulfur vacancies. Weatsm
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notice that in presence of water, the S-coveragelses from 62.5% to 37.5% without going
through the 50%S as usually reported in absenceabér [25]. As for the M-edge, the
adsorption energies are significantly lower for evgt0.69 eV for 4C and +0.35 for 4D) than
for CO (from -1.77 to -0.83 eV). For the 4D configtion, the endothermic value also means
that the S-edge will preferentially desorb water.

According to previous DFT studies, the adsorptieledivity between 2MT and 23DMB1N
is greater for the S-edge [25]. Considering theawian of edge energy in presence of water,
shown in Figure 12, the selectivity index betweester and 2MT is always positive and
varies between 0.10 and 0.13 eV per metal atorhefStedge (Table 8). Therefore water is
expected to exhibit no inhibiting effect on the HDE 2MT on this edge. However, the
selectivity index between water and the 23DMB1Négative but still low (between -0.09
and -0.04 eV/atom). Water has a weak inhibitinga&fbn the hydrogenation of olefin on this
edge. However, this effect will remain modest fug tnodel feed because the inhibiting effect
of 2MT on 23DMB1N is much higher (selectivity indek between -0.20 and -0.16 eV/atom
according to [25]).

As conclusion summary, DFT calculations suggedt dahsignificant partial pressure of water
(even higher than that of CO) should not lead tobition effect for 2MT on the S edge and
have a very weak inhibiting effect on the M edgeg&ding 23DMB1N, the molecule can be
weakly inhibited by water on both the M-edge ane@dge. However, if one considers a
mixture of 2MT, 23DMB1N and water, the selectivibdex shows that the main inhibiting
effect on 23DMB1IN HYD, should be assigned to 2MTd amot to water. Hence, the

HDS/HYD selectivity is expected not to be modiflegithe presence of water.

4 Discussion

The presence of oxygenates decreases the convestiofefins and 2MT, these

molecules being considered alone or in mixture. elmv, significant differences were
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identified depending on the oxygenated compounds$ thie model molecules (2MT or
23DMB2N) and if these molecules are consideredeaalmmin mixture. Water has a negative
impact on the transformation of model moleculess thhibiting effect is the same as the
olefin and 2MT are considered alone or in mixtudecording to DFT calculations, the
negative impact of water on 2MT HDS is mainly dag¢hte competitive adsorption on the M-
edge. On the S-edge, 2MT is more strongly stakilinethe configuration illustrated in Fig.
13 b) and 2MT HDS is thus not impacted by watethos edge. Considering olefin, the study
by Krebs et al. [27] showed that olefin adsorptismather constrained on the S-edge at the
cost of a local edge restructuration (Fig. 13 ajlieg to a weak exothermic process. So one
may deduce from the combination of the present xgatal results that olefin HYD is thus
inhibited by water on the M-edge in a rather similay as for 2MT on the same edge.
However 2MT HDS continues to occur on the S-edge.

Nevertheless, whatever the conditions, the impa¢i,® is considerably lower than
the one observed with CO [15]. Indeed, in the ramigetudied partial pressures of CO (from
0.16 to 2 kPa) and of 4@ (from 75 to 389 kPa), the same effect on thevigtior the
transformation of the model molecules alone or ixtune can be observed, however the
partial pressure of CO and water applied are rediffgerent. For the transformation of 2MT
and alkenes alone, partial pressures of water eppalie respectively 750 times higher than
partial pressures of CO for 2MT (Fig.14) and 100es higher for alkenes (Fig.15. This trend
is also confirmed during processing model molecutesture. Partial pressures of water
applied are respectively 300 times higher thanigdgstessures of CO for 2MT (Fig.16) and
500 times higher for alkenes (Fig.17).

These differences observed in the inhibition efex@used by water and CO are well
rationalized by the DFT calculated selectivity tel on the S-edge and M-edge which are

significantly more negative between CO and 2MT Z8DMB1N) than between water and
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2MT (or 23DMBI1N). Fig. 13c recalls the stable agdimn configuration found for CO in
Ref. [15].

If we now consider the competition for the edge sietween 2MT and 23DMBIN,
the DFT calculated selectivity indices show thattba S-edge, 2MT is far more strongly
stabilized (Fig. 13 b) than olefin (Fig. 13 a) wehit is only weakly more stabilized on the M-
edge. This also explains that the effect of watertlte model feed does not impact the
HDS/HYD selectivity, since the inhibiting effect afater on olefin is screened by the
stronger inhibiting effect of 2MT on olefin HYD &# on the S-edge. On the M-edge, 2MT
and olefin are both weakly inhibited by water, whaoes not modify strongly the HDS/HYD

selectivity.

Finally, the simultaneous presence of water andh@®also a negative impact on the
conversion of the two model molecules. The nega#ffect observed corresponds to the
remaining partial pressure of CO until a@4CO ratio of 200. The water gas shift reaction
between CO and water, leading to the formation O @as observed. However, G@nd
water do not have a direct negative impact in taesformation of 2MT and olefins since the
inhibiting effect is mainly due to unconverted Cértal pressure. Beyond a®/CO ratio of
200, the inhibition is greater than the one obthimethe presence of CO alone. Indeed, the
conversion of olefin and 2MT in these conditiong dower than those measured in the
presence of CO alone. This could also be due taytiaatity of water which becomes very
important and may also contribute to the inhibitadrihe adsorption of olefin and 2MT on the
M-edge. Although a high conversion of 60 % of C@liserved under these conditions, water
inhibits the model molecules transformation, eviethe water adsorption constant on to the
surface is much lower than of the CO one. Howenwer,significant modification of the
surface characterized by XPS and TEM was noticest afater treatment. These inhibiting

effects of CO and water on HDS and HYD reactiotnssrare the result mainly of competitive
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adsorption between the adsorption of reactants froodels FCC gasoline feedstocks
(23DMB2N and 2MT) and oxygenate molecules (CO ap@)H

Overall, the CO is the most strongly adsorbed camgaelative to 2MT, olefin and
water as rationalized by the DFT calculations oé thdsorption energies of the three

molecules on the CoMoS edges.

5 Conclusion

This combined theoretical and experimental study iastrated mutual inhibiting
effects between different sulfur, olefin and oxygemdel compounds. Indeed, mutual
competitive adsorption between 2MT and 23DMB2N besn demonstrated experimentally.
It was confirmed by DFT calculations of the so-edllselectivity index. In particular, water
competes with 2MT and olefin on the M-edge, whekegaker does not compete with 2MT on
the S-edge. A stronger inhibiting effect of CO be hydrodesulfurization (HDS) reaction of
2MT and hydrogenation of 23DMB2N (HYD) compoundssw@emonstrated even at very
low CO partial pressure added. These effects a@dle to competitive adsorption between
oxygenated compounds and FCC gasoline model meleculrhe significant stronger
inhibiting effects revealed by CO with respect tgOHis attributed to the more negative
selectivity index quantified by DFT calculationshéh CO and water were introduced at the
same time, the negative impact was only due tgpthsence of CO and was not changed for
H,O/CO ratios lower than 200. Beyond that value,ighslimpact of water was noticed for
high amount of water. Finally, under these opegatonditions, the presence of CO and
water alone or in mixture does not affect the selég HDS/HYD, which is the key
parameter for FCC gasoline hydroprocessing. If aeswer that CO and water could be the
result of gas impurities or by-product of renewatdsources conversion in HDS processes,
CO should be identified as the main inhibitor fooMbS catalyst since water impact the

catalyst activity only at high amount.
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Table 1. Partial pressures (kPa) of the differerhgounds for the sulfidation step and the

transformation of the different feeds

Pressure (kPa) Sulfidation Olefinic Thiophenic feed Model FCC gasoline

feed (1000 ppm S) (1000 ppm S)

Polefin 0 150 0 150
Ph,s 10 2 0 0

Pomt 0 0 3 3

Po-xyl 0 0 0 190

P, 90 1343 1360 1314
Pnc, 0 507 637 346
Prot 100 2000 2000 2000
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Table 2: Amount of CO and water added in the vari@eds a) partial pressure from the
global feed in inlet gas phase under reaction ¢mmd, b) corresponding concentration in H

inlet flow for CO and in nlet liquid feed flow favater

CO HO
) b)
MPa? ppmb) Mpaa) ppm
Olefinic feed 0-0.0023 479 0-0.389 994
Thiophenic feed 0-0.002 411 0-0.272 710
Model FCC gasoline 0-0.0013 277 0-0.472 1518
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Table 3: Initial partial pressures of H H,O, CO, CQ and CH and thermodynamic

equilibrium composition calculated (T=523 K, P=2 MP

Compound Initial (kPa) At the equilibrium (kPa)
H, 1498,5 1494
H.O 500 501,5
CO 1,5 1,97.1%°
CO, 0 5,88.10"
CH, 0 15
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Table 4 : Transformation of alkenes alone. X#dtio (X : conversion in the presence of
various amount of water step 2, after 30 hours.cEnversion of alkenes without water in the
feed step 1), amount of carbon and sulfur as etilum of the partial pressure of water. (T =
250°C, P = 2 MPa, CoMo/ADs, Ho/charge = 360 NL/L)

(a) Without water, the ratio X and X0 are deterrdirleiring step 1, respectively at 30 hours

and 10 hours of time on stream [15].

P20 (KPa) Vil 100 200 389
X/X o (%) 37 40 18 22

C (Wt%) 2.7 1.6 1.2 1,2
S (Wt%) 5.1 5.0 4.0 3.5
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Table 5: Transformation of the model feed. Effefcthe amount of water. X, ratio (Xgr:
conversion at step 4 in the procedure; Kitial conversion-step 1 of the procedure (T =

250°C, P = 2 MPa, CoMo/ADs, Ho/charge = 360 NL/L)

Ph2o (kPa) 139 261 462
Xr/Xo (2MT) 0.79 0.89 0.81
Xr/Xo (Alkenes) 0.71 0.98 0.91
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Table 6: Average lenght (L), average stacking (8 atandard deviationss)( of a
CoMOo/Al,O3 after the sulfidation step, after the transforomatf the model feed without and

with 462 kPa of water.

CoMo/Al,O3 L (A) o (A) Stacking
Sulfided 34 12 1.7
After the model feed transformation 31 10 1.6

After the model feed transformation

24 9 15
+ 462 kPa of water
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Table 7 XPS analysis of fresh and used CoMoS catalyst&vloSCo/Mo atomic ratios,
promotion by cobalt (PCo %), sulfidation rate oflyse@num (SMo %) and global sulfidation

rate (GS) determined (*: atomic)

Sulfates S/Mo Co/Mo PCo SMo GS

COMO/Alzog
(%)*  (atom.) (atom.) (%)* (Y)*  (%)*
Freshly sulfided 0 2.15 0.66 35 76 88
After the model feed transformation 0 2.15 0.70 22 71 75

After the model feed transformation
0 2.1 0.67 17 68 71
+ 462 kPa of water
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Table 8:Interval of the selectivity index valueddeqge iIn €V/edge) between the oxygen
molecules (CO or kD) and 2MT or 23DMB1N for M and S edges of the C&Mactive
phase. To be consistent with ref. [15] and thegresxperimental conditions, the following
parameters are used: P (23DBM1N) = 150 kPa, P(2MB) kPa, P(HO) = 15 kPa, and

P(CO) = 1.31 kPa at T = 525 K over the full ranfaps.

Edge HO-2MT CO-2MT HO-23DMBI1N CO-23DMBIN
M -0.16 to +0.06 -0.33t0-0.13 -0.22 to +0.02 20td -0.18
S +0.10 to +0.13 -0.26 t0 -0.20 -0.09 to -0.04 5@det-0.36
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Scheme 1. Reaction pathway of the 2-methylthioplwsuokeodesulfurization
2MT: 2-methylthiophene, 2MTHT: 2-methyltetrahydriagphene,

P13DN: pent-1,3-diene, P1N: pent-1-ene, P2N: pesn€ nP : n-pentane

+%’ 2MTHT \Hi P N

. T

+ 2H2 +H
N nP
OMT - R N
i NN - P2N

P13DN
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Scheme 2. Reaction pathway of the 2,3-dimethylben2 hydrogenation 23DMB2N: 2,3-

dimethylbut-2-ene, 23DMB1N: 2,3-dimethylbut-1-eB8DMB: 2,3-dimethylbutane

=~ =)

23DMB2N 23DMB1N

NS
)~

23DMB
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Fig. 1 Impact of the water partial pressure in the HDS T2Mnd HYD (alkenes) activities.
2MT (@, full line) and 23DMB2N @&, full line) transformation alone and with 2MT>(
dotted line) and 23DMB2NH, dotted line) transformation in mixture. (T = 523K = 2 MPa,

ratio Hy/feed = 360 NL/L, CoM0oS/ADs).
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Fig. 2 Effect of the partial pressure of water in the loggactivities (measured by ApXatio,
A: activity at various partial pressure of wateg; Aitial activity). 2MT (®) and 23DMB2N
(m) transformation alone; and 2MT®X) and 23DMB2N () transformation in mixture. (T =

523°K, P = 2 MPa, CoMoS/ADs, H,/feedstock = 360 NL / L)
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Fig.3: Transformation of CO alone into G@ersus the residence time of CO. Effect of the

H,0/CO ratio. (T = 523°K, P = 2 MPa, COM0S#8%)
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Fig.5: Transformation of the model feed: Effect of thgadACO ratio on the transformation of
CO into CQ. (T = 523°K, P = 2 MPa,d = 1.31 kPa, CoM0S/AD;, residence time = 3s,

H./feed = 360NL/I)
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Fig.8 TEM analysis of CoM0oS/AD; a) freshly sulfided b) after the transformationtioé
model feed c) after the transformation of the mddetl in the presence de 462 kPa of water

(scale : 5 nm)
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Fig. 11: Evolution of the edge energy as a functbthe sulfur chemical potentiahjs) for

the 4 relevant molecules adsorbed on CoMoS M-edgdial pressures and temperature are
chosen in agreement with experimental condition§23DBM1N) = 150 kPa, P(2MT) = 3
kPa, P(HO) = 15 kPa , P(CO) = 1.31 kPa. The ghhp(H,) axis is determined for T = 525
K. Dashed lines correspond to the partially promddéeedge (Co/Mo = 0.5), full lines to the
fully promoted one. Structure 4A (resp. 4B) corsgs to water adsorbed on the partial Co
promotion with 25.0% of sulfur (resp. on the fuyomoted edge with a S content of 50%).
The description of structures 1A-1C and 2A-2C wmegiin Ref. [27]. Energetic data for CO
are taken from [15].

(For interpretation of the references to colouthiis figure legend, the reader is referred to the

web version of the article.)
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Fig.12: Evolution of the edge energy as a functbthe sulfur chemical potentialfis) for

the 4 relevant molecules adsorbed on CoMoS S-eaigéhé same conditions as in Fig. 8.
Structure 4C (resp. 4D) correspond to water adsbdpethe fully promoted S-edge with a S
content of 37.5% (resp. 62.5%). Structures 1D-1dF2ID-2F are given in Ref. [27]. Energetic
data for CO are taken from [15].

(For interpretation of the references to colouthiis figure legend, the reader is referred to the

web version of the article.)
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Fig. 13: Adsorption configurations of 23DMB1N (caniration 1D), 2MT (configuration
2D), and CO on CoMoS S-edge with 100% Co and 373%%s it is in HDS conditions.

(adapted from [15] and [27]).
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Fig. 14 Transformation of 2 MT alone. Comparisontloé effect of CO and water. (T =

523°K, P = 2 MPa, CoMo/ADs, Hi/charge = 360 NL/L)
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Fig 15 Transformation of alkenes alone. Comparigbthe effect of CO and water. (T =

523°K, P = 2 MPa, CoMo/ADs, Hi/charge = 360 NL/L)
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Fig 16 Transformation of the model feed. HDS atyivi 2MT transformation. Comparison of

the effect of CO and water. (T = 523°K, P = 2 MBaMo/Al,O3, Ho/charge = 360 NL/L)
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Fig 17: Transformation of the model feed. HYD aityiv— alkenes transformation.

Comparison of the effect of CO and water. (T = 3P = 2 MPa, CoMo/AlO3, Ho/charge =

360 NL/L)
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