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Abstract

In this paper NiW/y-Al,O3 catalysts were prepared by consecutive impregnation of
a W/y-Al,O3 catalyst with an aqueous solution of nickel salt. The structural control of
the nickel ion precursor in the impregnation solution was achieved by the addition of 1,
2-cyclohexanediamine-N, N, N’, N’-tetraacetic acid (CyDTA) as a chelating agent at
different pH. The influence of the sulfidation pressure (1 bar vs 40 bar) on the activity
and structure of the NiW catalysts was investigated. The catalysts performances were
tested in hydrodesulfurization (HDS) of thiophene after sulfidation at atmospheric or
high pressure. The catalysts were characterized by X-Ray photoelectron spectroscopy
(XPS), temperature-programmed reduction (TPR) and infrared spectroscopy of
adsorbed CO (IR/CO) to explain the modification in surface species composition due to
the chelating agent CyDTA and sulfiding conditions.

NiW catalysts prepared in presence of CydTA and sulfided under high pressure
displayed the highest HDS activity. These two factors enhanced the sulfidation degree
of W-based species as characterized by XPS. A linear correlation was found between
the HDS activity and the sulfidation degree. In addition, chelating agent addition
induced a decrease on metal-support interaction, as pointed out by TPR, and strongly
favored the creation of CUS sites on the NiWS phase as seen by IR/CO. All these
features favored a high catalytic activity. In addition, high pressure sulfidation not only
leads to more active NiW catalysts but improved the butene-over-butane ratio.



1. Introduction

The development of hydrotreating catalysts is of great importance for the refinery to
comply the worldwide environmental legislations [1]. The current trend of crude oil
supply provides heavy crudes containing increasingly high percentages of heteroatoms
(S, N, O) that are, therefore, more difficult to process. Besides, the demand for
production of clean fuels is increasing. In this sense, the environmental legislations are
stricter with the sulfur (S) content in road fuels i.e. diesel and gasoline. In this sense, a
decrease of S content of about < 0.05 wt% has been indicated [2]. Moreover, the S
content of maritime fuel are now regulated (IMO 2020).

To satisfy the environmental requirements, the development of hydrotreatment catalysts
more active is necessary. Currently, industrial catalysts are sulfided CoMo, NiMo and
NiW on alumina-based support. The NiW catalysts have interesting properties in HDS
specifically for hydrotreatment of heavy feeds [3]. However, NiW catalysts generally
exhibit low sulfidation degree due to strong metal-support interaction which limits their
activity [4, 5].

To increase the activity of NiW catalyst, the preparation has been modified at different
stages. For instance, modification of the conventional Al,O3; suppport [6, 7], has been
considered through the pre-impregnation of additive as F and Ga [8, 9]. Among other
modifications, the addition of chelating agent has been also explored [10, 11]. In this
respect, the co-impregnation of chelating agent such as nitrilotriacetic acid (NTA), citric
acid, ethylenediaminetetraacetic acid (EDTA) and 1,2 cyclohexanediamine-N,N,N’ N’-
tetraacetic acid (CyDTA) within the metal precursor impregnation solution has shown
an increase of HDS activity for sulfur molecules such as 4,6 dimethyl dibenzothiophene
[12, 13] and thiophene [14]. The activity increase was related to the formation of a Ni
complex with the chelating agent in the impregnation solution. These complexes
increase the reduction temperature for Ni, and favor the formation of NiWS species.
These features can explain the increment of activity for HDS of 4,6 dimethyl
dibenzothiophene of ca. three times in comparison with the counterpart prepared
without chelating agent [12, 13]. As a general manner, Zuo et al. showed on a series of
NiW/AI,O3 with different Ni/W ratios, that increasing the WS, dispersion and the
amount of W** species are beneficial to provide more edge sites for the formation of the
NiWS phase [15]. On Mo-based systems, Chen et al. were able to show that changing
the morphology, i.e. the S-/M- edge ratio, of the sulfide slab is also a way to improve
the catalytic activity. In this sense, it was shown that metal amount, citric acid addition
and sulfiding conditions (T, P) can modify the sulfide slab morphology [16, 17]. Indeed,
high sulfidation pressure increases the S-edge/M-edge ratio leading to more truncated
MoS; slabs. As a result, the thiophene HDS activity significantly increases after high
pressure sulfidation. These data points out that CUS sites on M-edges and on S-edges
do not present the same activity. As a consequence, the sulfidation parameters such as
temperature [18] and pressure modified the sulfidation degree [19], but has also an
important role in the formation and structure of WS, phase [19, 20]. Dugulan et al. have
shown that sulfidation of NiW/AI,O3 under high pressure increases the crystallinity of
WS, slabs as compared with the counterpart sulfided at low pressure [19]. In addition,
van Meer et al reported for NiW/ASA that high sulfidation pressure increases the
average slab length [20]. These authors also showed a marked positive effect of
sulfidation pressure on the thiophene HDS activity of NiW/ASA [20].
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Hence, previous works have shown that chelating agent addition and high-pressure
sulfidation can lead to preparation of more active catalysts. However, in-depth
understanding of the impact of these parameters on the structure of active sites is
lacking.

In this work, NiW/Al,O3 catalysts were prepared with or without CyDTA addition at
different pH of impregnation, and sulfided at different pressures (1 bar or 40 bar). The
thiophene HDS activity of these catalysts was studied after sulfidation at different
conditions. Furthermore, these catalysts were characterized by temperature-programmed
reduction (TPR), X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy
with CO adsorption (IR/CO) to account for the role of CyDTA addition, pH and
sulfidation pressure on the structure of the active phase.

2. Experimental

2.1 Synthesis of the catalysts

The W/y-Al,O3 catalyst base (W nominal loading of 20 wt.%) was prepared by incipient
wetness impregnation [15] of a commercial y-Al,O3 (specific surface area=245m?/g,
PIE=7.0, Vp=1.1 cm®g) with aqueous solution of ammonium metatungstate
(NHz)6H2W12040-XH20 (Sigma—Aldrich) at pH of 4.0. After sample drying at 393 K,
the Ni was incorporated onto the W/AI,O3 catalyst base using appropriate amount of
Ni(NO3),-6H,0 (98%, Sigma-Aldrich) to obtain Ni/(Ni+W)=0.4 atomic ratio. To study
the effect of chelating agent and pH conditions, two NiW/Al,O3; samples were prepared
at different pH by addition of 1,2-cyclohexanediamine-tetraacetic acid
(C14H22N205-H,0  (99%); CyDTA) to an aqueous solutions of the nickel nitrate
(CyDTA/Ni molar ratio of 1). The pH of the Ni-CyDTA solution was adjusted with the
addition of ammonium hydroxide (25% vol.) to obtain pH values of 4.0 and 8.7. After
impregnation, the catalysts aged for 24 h and then all solids were dried at 393 K in air.
No calcination was performed before sulfidation. The W loading was 20 wt % and 4.4
wt % for Ni. The catalysts are called NiW(x), where x is the pH value of the Ni-CyDTA
solution. NiW/AI,O; catalyst with a similar amount of Ni and W but without CyDTA
was prepared and used as a reference. Also, W/AI,O3 catalyst with a similar amount of
W was prepared.

Table 1: Catalysts and synthesis conditions

Catalyst Synthesis conditions

w Without CyDTA

Niw Without CyDTA

NiW (4.0) Ni/CyDTA =1, pH=4.0
NiW (8.7) Ni/CyDTA = 1, pH=8.7

2.2 Thiophene test
Before HDS activity measurements, the oxide catalysts were sulfided in situ in a fixed
bed stainless steel reactor at a rate of 5 K/min up to 673 K under a flow of 10 % H,S/H,
(30 mL/min) at 1 bar or 40 bar for 4 h. The thiophene HDS reaction was carried out in a
continuous flow reactor at 623 K and atmospheric pressure with 50 mg of sulfided
catalyst. Thiophene was introduced into the reactor by passing 70 mL.min™ of H, flow
through a thiophene saturator maintained at 291 K and mixed with a flow of 20 mL.min"
' 10 % H,S/H,. The partial pressure of thiophene, H, and H.S in the mixture are 0.08
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bar , 0.912 bar and 0.021 bar, respectively. After 15 h reaction, the outlet gas was
analyzed by a Varian 3900 chromatograph equipped with flame ionization (FID)
detector. The concentrations of butane, 1-butene, trans-2-butene, cis-2-butene,
tetrahydrothiophene (THT), as well as thiophene were recorded. The reaction rate was
calculated as rHDS= (F/m)*X, were F/m is the molar flow rate of thiophene per gram of
catalyst and X is the thiophene HDS conversion which was near to 10 %.

2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra of the sulfided catalysts (10 % H,S in
H,, 673 K, 1 or 40 bar) were measured at room temperature using a VG Escalab 200R
spectrometer equipped with a hemispherical electron analyzer and a Mg Ka (hv=1253.6
eV) X-ray source. The freshly sulfided catalyst (ex situ sulfidation) were deposited into
small glass cylinders containing isooctane in order to avoid contact with air and
mounted onto a manipulator which allowed transfer from the preparation chamber into
the analysis chamber of the spectrometer. The details of the XPS measurements by this
spectrometer are reported elsewhere [21]. The S/(Ni+W) or S/W ratios were considered
to determine the sulfidation degree for the NiW and W catalysts respectively.

2.4 Temperature programmed reduction

TPR experiments were carried out in a U-shape quartz reactor. After ex situ sulfidation
(under flow of 10 % H,S/H, at 673 K, 1 bar or 40 bar) about 0.1 g catalyst (precisely
weighted) was placed in the reactor and purged under nitrogen flow for 1 h at room
temperature (RT). Then the gas flow was switched to hydrogen and the sample was
heated at a rate 5 K/min up to 1323 K. Mass spectra of released gasses were analyzed
with a quadrupole Thermo Prolab mass-spectrometer. The overall accuracy on the
temperature scale is about 5 K.

2.5 IR spectroscopy of adsorbed CO
Due to the high absorption of IR signal by the sulfided W phase, this technique is
restricted to materials with loading lower than 10 wt% of W content. Thus in the present
work, the NiW catalysts (4.4 wt% Ni, 20 wt% W) have to be diluted into Al,O3, an
inert diluent, before transmission IR experiments. Consequently, the IR spectra of the
diluted samples will show the bands of CO adsorbed on the NiW/AI,O3 catalyst as well
as on the alumina used as support and diluent.

The (Ni)W catalysts have been diluted into pure alumina (50 % catalyst — 50 % Al,0O3).
The mixture was very carefully crushed and pressed into a self-supporting wafer (ca. 17
mg, precisely weighted, for a disc of 2 cm?) and put into an IR quartz cell. Before the
adsorption experiments, the sample was sulfided in situ in the IR cell. The catalyst was
first heated to 673 K in a gas mixture containing 10 % H,S/H, (30 mL/min) at
atmospheric pressure and using heating rate of 5 K/min. The catalyst was kept at this
temperature for 4 h. After sulfidation, the cell was evacuated at 673 K for 1 h and then
cooled down under vacuum. CO adsorption was performed at low temperature (~100 K)
to avoid any reaction between CO and the catalyst surface (as Ni(CO), formation), and
to favor interaction with all the surface sites. Small calibrated doses of CO were
introduced in the IR cell up to an equilibrium pressure of 133.3 Pa. CO was
subsequently evacuated at low temperature (~100K) up to a residual pressure of 10 Pa,
and finally at room temperature. All the spectra presented are normalized to a disc of 10
mg and 2 cm? of W-based sulfided catalyst diluted into alumina.



3. Results and discussion

3.1 Thiophene HDS
The effects of preparation conditions and sulfidation pressure on the thiophene HDS
reaction rate are reported in Table 2 and Table 3. The thiophene activity was measured
at low conversion and pseudo-steady state (time-on-stream of 15 h).

For the catalysts sulfided at atmospheric pressure (Table 2), the NiW catalyst prepared
without CyDTA exhibited a 11-fold greater thiophene HDS activity than the W catalyst.
This promotion factor is in good agreement with previous papers [15, 22]. For the NiW
samples prepared with chelating agent, a significant increase of activity was observed as
compared with the NiW sample prepared without. Interestingly, the activity for the
NiW(4.0) sample was approximately 40 % higher than that for the NiW sample
prepared without chelating agent. Changing the pH of the impregnating solution can
improve the preparation but in a limited manner. Indeed, the catalyst prepared at low pH
(4.0) displayed a slightly greater HDS activity than that prepared at pH = 8.7 (46 vs 43
mol/h/kg).

Comparison of Table 2 and Table 3 shows that the pressure of sulfidation markedly
influences the HDS activity. Indeed, after sulfidation under 40 bar, the NiW catalysts
(prepared with or without CydTA) present an HDS activity greater by about 50%
compared to the corresponding catalysts sulfided under 1 bar. Note that after sulfidation
under 40 bar, the catalyst prepared at high pH (8.7) displayed only a slightly greater
HDS activity than that prepared at pH = 4.0 (66.9 vs 64.5 mol/h/kg)

For all the studied catalysts, the products detected in the thiophene HDS test were:
tetrahydrothiophene, 1-butene, cis-2-butene, trans-2-butene and n-butane (Table 2 and
Table 3). W catalyst displayed similar concentration of tetrahydrothiophene and butenes
(0.4 %). For all the Ni-promoted catalysts, the main products were trans-2-butenes, cis-
2-butenes, and n-butane. The detection of tetrahydrothiophene on the W catalyst was an
indication of its high hydrogenation ability as compared to the C-S bond cleavage one. In
contrast, promotion by Ni improved the formation of butenes. The CyDTA incorporation hardly
modified the selectivity of NiW catalysts. But high pressure sulfidation slightly enhances the
ratio butene/butane.

Table 2: Reaction rate® and product yields in thiophene HDS over (Ni)W/Al,O5 catalysts
after sulfidation at atmospheric pressure

Reaction
B rate (RR) Promotion
utenes
Catalyst Conv. (mol.% Butane Butgnes/Butane at steady | effect
(mol.%) (mol. %) | Ratio state RRniw/RRw
) (mol h-1 kg-
1)
w 1.0 0.4 0.2 2.0 3.0 -
Niw 9.0 6.9 2.5 2.76 34.0 11.3
NiwW (4.0) | 12.0 8.6 3.1 2.77 46.0 15.3
Niw (8.7) | 11.0 8.1 2.9 2.79 43.0 14.3




Table 3: Reaction rate and product yields in thiophene HDS over (Ni)W/Al,O3 catalysts

after sulfidation under high pressure (40 bar)

Reaction Effect of
rate (RR) .
Butane sulfidation
Conv. Butenes Butenes/Butane | at steady
Catalyst (mol. ) pressure  on
(mol.%) | (mol.%) | , Ratio state :
%) reaction rate
(mol h-1 RRur /RR
kg-l) 40bar 1bar
NiwW 14.0 10.2 3.4 3.00 51.5 1.51
NiwW
(4.0) 16.0 12.1 4.0 3.02 64.5 1.40
NiwW
(8.7) 17.0 12.4 4.3 2.88 66.9 1.56

3.2 X-ray photoelectron spectroscopy
In order to measure the effect of sulfidation pressure and condition of preparations on
the sulfidation degree, the catalysts were characterized by XPS. The amount of different
W species, and atomic ratios W/AI, Ni/Al as well S/M ratio are presented in Table 4.

Table 4 shows that the W/AI and Ni/Al stayed almost constant for all the NiW catalysts.
By contrast, the amount of W ®* and W ** species is modified by the preparation
procedures and composition. Thus, after sulfidation under 1 bar H,S/H,, the NiW
catalyst exhibits greater S/W ratio (1.97) as compared to unpromoted W (1.57)
indicating that Ni addition improves the sulfide amount. Nevertheless, XPS detected
amount of W®* on all the catalysts sulfided at atmospheric pressure indicating presence
of oxide or oxysulfide species. Table 4 also points out that the addition of chelating
agent increases the sulfidation degree of NiW phase of about 10 % - from 1.97 to 2.15.
The beneficial effect of CyDTA does not change with the pH values of the impregnating
solution when sulfidation is performed at 1 bar. After sulfidation under high pressure,
the NiW catalysts exhibit greater amount of W sulfide phase as well as greater
sulfidation degree than the catalysts treated at low sulfidation pressure. In this regard,
the S/W ratio of the NiW(8.7) catalyst increases of about ~7% when sulfidation is
performed at 40 bar compared to 1 bar.

Figure 1 presents the S/(Ni+W) ratios for the various NiW catalysts. These data confirm
the clear beneficial effect of high pressure sulfidation, addition of chelating agent is
beneficial for sulfidation degree. It shows that increasing the pH values of Ni-CyDTA is
beneficial when sulfidation is performed under high pressure.

Table 4: Amount of different W forms and atomic ratios for (Ni)W/Al,O3 catalysts
sulfided at atmospheric and high pressure, as determined by XPS

Catalyst - we* w* W/AI Ni/Al S/I(Ni+W)  S/W
Sulfidation pressure (%) (%)

W — 1 bar 22.0 78.0 0.069 - - 1.57
NiW — 1 bar 40.0 60.0 0.089 0.066 1.13 1.97
NiW (4.0) - 1 bar 33.0 67.0 0.082 0.062 1.21 2.13
NiW(8.7) - 1 bar 18.0 82.0 0.079 0.063 1.19 2.15
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NiW - 40 bar 16.0 84.0 0.084 0.061 1.22 2.10

NiW(4.0) — 40 bar 15.0 85.0 0.087 0.059 1.28 2.14
NiW(8.7) - 40 bar 0.0 100.0 0.085 0.065 1.32 2.34
1.329 @ s/(Ni+W) 1 bar o
1.304 @ S/(Ni+W) 40 bars
1.28 ()
1.26 1
g 1.24
t 1224 [ ]
< n
» 1.204
n
1.18 1
1.16
1.14 1
[ ]
1.12 T T T
Niw NiW (4.0) NiW (8.7)
Catalyst

Figure 1: Effect of the sulfidation pressure on the sulfidation degree of the NiW
catalysts

3.3 Temperature programmed reduction

The H,S released during the TPR experiment on NiW and NiW(4.0) catalysts sulfided
at 1 bar and 40 bar are given in Figure 2 and Figure 3. Different zones of H,S released
can be distinguished in these TPR patterns. The H,S release at high temperature
(T>1023 K) corresponds to bulk WS, reduction. It has been used to normalize the
curves and correct the temperature scale, according to ref [23]. Therefore, the area
marked with a rectangle will not be discussed further. Note that the maximum intensity
of this high-temperature peak does not depend on chemistry but only on the total
amount of WS; of the studied sample [23]. Below 1000 K, three zones of H,S release can
be distinguished.

The first peak corresponds to weakly bounded sulfur. On NiW and NiW(4.0) catalysts,
this H,S release was greater and shifted towards greater temperature when sulfidation is
performed under higher pressure. Indeed, on NiW sample the peak shifts from 451 K
after sulfidation at 1 bar, to 481 K after sulfidation at 40 bar (Figure 2). For NiW(4.0)
catalyst, the peak shifts from 497 K for low sulfidation pressure to 521 K for high
sulfidation pressure (Figure 3) These two features can be related to a greater sulfur
coverage of the WS, edges after sulfidation under high pressure as well as to better
crystallized edges, i.e. more “rigid”, with more stable S-M bonds. Such phenomenon has
already been reported for MoS; catalysts sulfided at different temperatures [24]. An
increase of sulfidation pressure should lead to the same effect as an increase of
temperature, since in both cases the chemical potential of sulfur is increased. The
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temperatures of the 1* peak show that the CyDTA addition also leads to more rigid WS,
edges.
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Figure 2: H,S release during TPR experiments for NiW catalyst sulfided under 1 bar (a)
and 40 bar (b)
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Figure 3: H,S release during TPR experiments for NiW(4.0) catalyst sulfided under 1
bar (a) and 40 bar (b)
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Figure 4: MS patterns of the products released during the TPR experiments for NiW
catalyst sulfided: under (a) 40 bar, (b) 1 bar

On both NiW catalysts, a small peak is observed at about 580 K that is not usually
encountered in the TPR patterns of sulfided catalysts. To unravel its nature, the MS
patterns of all the effluents have been examined during the TPR experiments on NiW
catalyst. Figure 3 shows that the position of the H,S release peak ~578 K is close to the
maximum of the second peak of water release at 593 K. The first broad water release
peak (380-450 K) corresponds to the catalyst dehydration, the second water release peak
(520-673 K) can be due to a reduction process. It indicates that some oxide and
oxysulfide species that were present in the NiW catalysts prepared with and without
chelating agent, were reduced in this temperature range. This is in agreement with the
detection of oxy(sulfide) W species by XPS.

A third H,S peak is detected between 823 K and 973 K on the NiW catalysts. Litterature
assigned this H,S release to the reduction of nickel —containing sulfide species. Zuo et
al. [15] suggested that this peak is directly related to the presence of NiWS species.
However, this peak can also arise from a separate NiSx phase. First, it can be noted that
on both NiW and NiW(4.0) catalysts, the intensity of this peak is slightly greater when
the sulfidation is performed under 1 bar than under 40 bar. Second, it appears that this
peak presents a greater intensity for NiW catalyst than for the one prepared with
CyDTA. Considering only these results, it cannot be decided whether the H,S release
comes from the NiSx or NiWS phases.

In addition, TPR patterns of NiW catalyst showed a maximum of this peak at 925 K and
915 K for sulfidation at 1 bar and 40 bar, while TPR patterns of NiW with chelating
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agent exhibited peaks at 850 K and 800 K for sulfidation at 1 bar and 40 bar. First, as a
general manner, the high temperature of the peak 3 is related to the formation of sulfide
species which are extremely difficult to reduce, indicating strong metal-support
interactions [4, 5]. Second, it is shown that high pressure sulfidation decreases the
strength of the metal-support interactions. This effect of high pressure sulfidation has
already been reported for other sulfided systems [25]. Third, it appears that addition of
CyDTA also decreases the strength of the metal-support interactions. In this regard,
Scheffer et al. [26] suggested that the higher activity of CoMoS phase is attributed to
the weaker active phase-support interaction. In the same way Chen et al showed that
addition of chelating agent as citric acid limits the metal support interaction and leads to
the formation of more active M and CoMo catalysts [17, 27]. Consequently, the catalyst
NiW with chelating agent could forms NiWS species more active than NiW.

Note at last that the high-temperature reduction peak was accompanied with additional
water release (Figure 3). That indicated that the sulfidation was not complete in both
catalysts. This is in agreement with XPS data that pointeds out some hardly reducible W
oxide remaining in the NiW and NiW(4.0) catalysts.

3.4 IR spectroscopy of adsorbed CO probe
Infrared spectroscopy of adsorbed CO provides interesting information for investigation
of the surface species of sulfide catalysts like the NiW ones. In particular, IR signal of
CO (IR/CO) allows discriminating unpromoted W phase from NiWS one [15, 28, 29]

Figure 5 to Figure 7 show the IR spectra of CO adsorbed on sulfided W, NiW and
NiW(4.0), respectively. Bands at 2197, 2188, 2160, 2119, 2064 and 2050 (sh) cm™ are
observed on W catalyst (Figure 5). Their intensity increases with the amount of CO
introduced. From previous studies [15], these bands can be attributed to coordination of
CO on Lewis acid sites of the alumina support (2197 and 2188 cm™), CO in hydrogen
bonding with the support hydroxyl groups (2160 cm™) and to CO in interaction with the
edges of the WS, crystallites (2119 , 2064 and 2050(sh) cm™). Previous works already
reported [15, 30, 31] these two main bands at 2119 and 2064 cm™ characterized WS,
edge sites. Note that their frequencies can be shifted according to the support nature [15,
30, 31]. Recent parallel between IR/CO spectroscopy and DFT calculations allow
assigning these two bands to CO adsorbed on M- and S-edge sites of the WS, slab,
respectively[28] . It should be mentioned that, on Mo sulfided catalysts, IR/CO
spectroscopy also allows to distinguish Mo sites located on M-edge from Mo sites
located on S-edge [17].
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Figure 5: IR spectra of increasing doses of CO adsorbed on sulfided W catalyst ((from
5 to 129 umol of CO per g of sulfided catalyst and further 133 Pa CO at equilibrium).

In the case of NiW catalysts, NiSyx, WS, and NiWS [32] phases can coexist which
makes the assignment of CO adsorption bands more complicated. The IR spectra of CO
adsorbed on sulfided NiW catalyst are shown in Figure 6. From these IR spectra, it is
observed that the addition of Ni to W brings three new bands at 2127, 2093 and 2079
cm™. These wavenumbers are very close to those reported by Duchet et al. [31], Zuo et
al. [15], Travert et al. [33] and more recently by Zavala-Sanchez[28, 29]. These authors
proposed that these three bands characterize interaction between Ni and W but with
different environments. Zuo et al. [15] proposed that 2127 and 2079 cm™ characterized
NiWS sites whereas 2094 cm™ would characterize Ni particles perturbed by WSx phase.
Zavala-Sanchez et al[28, 29] + new ref refined these assignements. Hence, by
considering the experimental work of Dominguez [17] on NiMo with accurate variation
of the promotion degree of the catalysts as well as the DFT calculation of CO adsorbed
on NiMo [33], it is proposed that 2094 and 2078 cm™ characterize WS, edges partially
promoted by Ni wheraeas the 2129 cm™ band would characterize WS, edges completely
promoted by Ni. It should be mentioned that the IR spectra of CO recorded on the
sulfided NiW does not exhibit any clear band at 2119 cm™ corresponding to
unpromoted W sites on M-edge. It suggested that, on the NiW sample, the promoter Ni
covers all the M-edge sites of WS, slabs. For the band at ~2060 cm™ that characterizes
unpromoted S-edge sites, it is difficult to draw any clear conclusion due to the
broadness of the present bands.
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Figure 6: IR spectra of CO adsorbed at 100 K on sulfided NiW with increasing doses
(from 5 to 134 pmol of CO per g of sulfided catalyst and further 133 Pa CO at
equilibrium).

The IR spectra of CO adsorbed recorded on the sulfided NiW(4.0) (Figure 7) showed
bands at wavenumbers close to those observed on NiW catalyst (Figure 6).
Nevertheless, all the bands characterizing CO on the sulfided phase are shifted toward
higher wavenumber (+3-5 cm™) on catalyst prepared with CyDTA. Note that the
shoulder at about 2084 cm™ , that is detected from the first doses of CO, appears much
more markedly on NiW(4.0) than on NiW catalyst (Figure 7). In addition, Figure 8
shows that the intensity ratio between the bands at ~ 2093 cm™ and ~2127 cm™ is
stronger on NiW(0.4) than on NiW catalysts. However the most striking feature is the
greater intensity (almost 3 times) of the CO uptake on NiW(4.0) than on NiW catalyst.
This points out the formation of more NiWS sites by CyDTA addition (Figure 8).
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134 pmol of CO per g of sulfided catalyst and further 133 Pa CO at equilibrium).
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Figure 8: Comparison of IR spectra of 133 Pa of CO adsorbed on sulfided W (a), NiW
(b) and NiW(4.0) (c) catalysts.
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4. Discussion

The NiW catalyst prepared with chelating agent displayed higher thiophene HDS
activity than the reference NiW catalyst without CyDTA. After high pressure
sulfidation, the various NiW catalysts present greater activity compared to their
counterparts sulfided at atmospheric pressure. These modifications in the preparation
stages of NiW catalysts also induce some changes in the selectivity since some
improvements of the butene-over-butane ratio can be obtained after high pressure
sulfidation. Note that the Ni-promotion of the W catalyst, not only strongly increases
the HDS activity but also enhances butene-to-butane ratio. In order to understand the
origin of these catalytic changes, the compositions and structures of the sulfide particles
were studied.

Figure 9 compares the HDS activity and the sulfiding degree, as determined by XPS,
measured on the catalysts after low and high sulfidation pressure. After sulfidation
under 1 bar, the most active catalyst (NiW(4.0)) shows the highest S/(Ni+W) ratio
(1.21). After high sulfidation pressure, the NiW(8.7) presents the highest sulfidation
degree (2.34) as well as is the greatest HDS activity. Figure 9 points out the appearance
of a linear correlation between the HDS activity and the S/(Ni+W) ratio for the NiW
catalyst sulfided under 1 and 40 bar. Similar trends were previously reported for
dibenzothiophene HDS on CoMo/Al,O;3 sulfided at 673 K and 4 MPa compared to the
samples sulfided at at 673 K and atmospheric pressure [34]. As a first conclusion,
sulfidation degree is indeed a key parameter to obtain high activity of NiW-based
catalyst. However, the structure of the sulfide phase has also to be considered.
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Figure 9: Relation between catalytic activity and sulfidation degree of the NiW catalysts

The activity of the HDS catalysts is generally related to the coordinatively unsaturated
sites (CUS) sites formed on the edges of the promoted sulfide nanoslabs [35, 36]. In the
TPR experiments, the H,S release between 800 and 925 K (zone 3) is particularly
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informative since it is related to the CUS created on Ni-based phases i.e. on NiWS
phase and/or NiSx phase. Whatever the sulfidation pressure, NiW(4.0) showed lower
reduction temperature (800 K and 850 K) than NiW (915 K and 925 K). Thus, TPR
patterns indicated that the creation of CUS is easier for catalysts prepared with CyDTA
and when sulfidation is performed under high pressure (Figure 2, Figure 3). This is
related to the strength of the metal-support interaction. These results are in agreement
with the conclusions about the sulfidation pressure effect obtained on (Co)Mo catalysts.
Hence, a parallel appears between the creation of CUS and the HDS performances.
Indeed, NiW prepared with chelating agent or sulfided under high pressure present
greater activity. Similarly, Dugulan et al. [34] showed that the high sulfidation pressure
enhanced the activity as well as the Co-promotion and the formation of the mixed
CoMoS phase.

Finally, on W catalysts, CO adsorption on sulfided phase showed bands at 2119 cm™
and 2064 cm™ indicating that the WS, slabs present both M- and S-edges. On NiwW
catalyst, CO spectra displayed mostly the bands at 2127 and 2093 cm™ which are
ascribed to NiWS sites, completely or partially promoted by Ni, respectively [31]. On
NiW(4.0), NiWS sites are also characterized by two bands 2130 and at 2097 cm™ |, i.e.
at slightly greater wavenumbers that the counterpart without chelating agent. These
v(CO) frequencies are in agreement with the change in the strength of the metal-support
interaction. However, the most striking features is the strong increment of the intensity
of the NiWS bands on NiW(4.0) compared to NiW. This indicates the formation of a
greater concentration of NiWS on NiW(4.0) catalyst. This is in agreement with the high
catalytic activity in thiophene HDS of the catalyst prepared with CyDTA addition.

Hence, more active NiW catalysts are obtained by addition of CyDTA and sulfidation
under high pressure. Furthermore, since refineries have to remove sulfur compounds
selectively preventing the hydrogenation of olefins and maintaining the high octane
number of gasoline [37]. This study showed that the formation of NiWS species
modified the HDS thiophene products as compared to W catalysts. The NiW and
NiW(4.0) displayed an increment of the ratio butenes/butanes as compared to W (Table
2), and therefore, an increase of olefins production. In this sense, NiW(4.0) displayed
lower hydrogenation selectivity that would be favorable for the quality of gasoline [38].

5. Conclusions

In this work, sulfided NiW/y-Al,O3 catalysts synthesized with Ni-CyDTA solutions at
two pH values were studied after sulfidation at atmospheric or high pressure (40 bar).
The addition of CyDTA clearly improved the thiophene HDS activity of the NiW
catalyst by a factor of 1.4. However, the influence of the pH of impregnation was
limited. All catalysts sulfided under 40 bar exhibited a significantly greater HDS
activity (by factor 1.5) as compared with the ones sulfided at low pressure. However,
the beneficial effect of CyDTA addition measured on catalysts sulfided at 1 bar or 40
bar was similar. The CO adsorption showed the formation of NiWS phase on the
catalysts prepared without and with CyDTA, although in a strongly greater amount for
the catalyst prepared with the chelating agent. A correlation between catalytic activity
and sulfidation degree was evidenced as well as with the intensity of the v(CO) band
ascribed to NiWS sites. Finally, CyDTA and high pressure sulfidation improved the
sulfidation degree of the catalysts, the amount of sulfide phase CUS sites and decrease
the sulfide phase-support interactions. This leads to a strong enhancement of the
hydrodesulfurization activity and slightly lowered the hydrogenation route.
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