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GRAPHICAL ABSTRACT

o NiW/Al,03 solids were prepared at
different pHs and in presence of a
chelating agent.

e The structure of dried and sulfided
solids was characterized.

e Catalysts were tested in hydro-
desulfurization of 4,6-
dimethyldibenzothiophene.

e The most active NiW solid was pre-
pared with CyDTA chelating agent at
pH = 4.0.

e Most active solid exhibited the
largest amount of NiWS.

NiW/y-Al,0, ex CyDTA at pH=4.0
exhibited the highest HDS activity
due to “NiWS” phase formation

02 o
o

Initial HDS activity
(x10%mol, . /(at Me -S))

0 10 20 30 40 50 60
Amount of NiWS species (%) (from XPS)

ARTICLE INFO

ABSTRACT

Article history:

Received 12 November 2014
Received in revised form

18 August 2015

Accepted 19 September 2015
Available online 1 October 2015

Keywords:

Chalcogenides

Chemical synthesis

X-ray photo-emission spectroscopy (XPS)
Surface properties

Electron microscopy (STEM, TEM and SEM)

* Corresponding author.

In this article, NiW/y-Al,03 samples were prepared by consecutive impregnations of a W/y-Al,03-based
catalyst with 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. The influence of pH of this aqueous solution on the NiWS phase
formation in the sulfided catalysts was investigated. Coordination structures of the Ni—CyDTA complexes
were evaluated by FT-IR and DRS UV—Vis spectroscopies. Sulfided catalysts were characterized by X-ray
photoelectron spectroscopy (XPS) and high resolution transmission electron microscopy (HRTEM) and
tested in hydrodesulfurization (HDS) of 4,6-dimethyldibenzothiophene (4,6-DMDBT) carried out in a
batch reactor at 593 K and total H; pressure of 55 bar. Spectroscopic characterization by DRS UV—Vis
showed the predominance of the [Ni(CyDTA)]?>~ species in solution. Following the impregnation and
drying steps, the [Ni(CyDTA)]?>~ complex showed no apparent changes of its structure, independent of
the pH value of impregnation solution. The Ni/W/y-Al,Os3 catalysts ex [Ni(CyDTA)]*~ complex exhibited
high stability. The presence of CyDTA delayed the reduction of Ni and caused a remarkable decrease of
the W-support interaction, thus increasing the formation of NiWS phase upon catalyst sulfiding. The
catalyst activity—structure correlation demonstrated that the catalyst activity and selectivity is linked
with formation of the most active NiWS phase having single or double WS, slab structures. The catalyst
prepared with [Ni(CyDTA)]z’ complex at pH of 4.0 exhibited the largest initial HDS activity, which was
approximately triple compared with the CyDTA-free counterpart. For all catalysts, the HDS reaction
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proceeded via hydrogenation (HYD) and direct desulfurization (DDS) reaction routes, the former being
the main reaction route. The addition of chelating agent led to an increase of the selectivity toward HYD

route products.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The research into new hydrodesulfurization (HDS) catalysts is
an important topic considering the severe environmental legisla-
tion requirements for diesel fuel at present [1]. For deep HDS of
diesel, the most refractory compounds are alkyl-
dibenzothiophenes exhibiting planar configuration and alkyl
groups in the 4- and 6-positions (4,6-DMDBT) [2]. This is because
the position of the methyl groups with respect to the phenyl ring
obstructs the interaction between the sulfur atom and the catalytic
active site [3,4]. In the refining industry, the HDS reaction is per-
formed usually on the y-Al,03-supported catalysts based on MoS;
or WS; particles promoted by Co or Ni. However, those catalysts are
not always able to perform deep HDS of alkyl-substituted DBT.
Thus, the challenge is to design new catalysts, which could be more
effective for deep S-removal from diesel fuel.

It is known that the steric inhibition problem of the 4,6-
dimethyldibenzothiophene (4,6-DMDBT) adsorption on the active
sites could be overcome through the hydrogenation of the aromatic
rings, dealkylation, isomerization and/or C—C bond scission re-
actions [5,6]. Thus, a new catalyst needs to have enhanced hydro-
genation (HYD) function. In this sense, the NiW-based catalysts
have demonstrated superior hydrogenating (HYD) capacity when
compared to typical hydrotreating catalysts, NiMo and CoMo.
Therefore, Ni—W formulations seem to have a great potential for
the deep HDS process [7]. Unfortunately, NiW/y-Al,03 catalysts
present surface phenomena, which are detrimental for the nickel
deposition on the WS, edges forming the most active so-called
NiWS phase [8]. One of the factors limiting the formation of
NiWS phase is a strong interaction between the support (y-
alumina) and the W atoms, as confirmed by TPR studies [9]. Thus, to
obtain the NiWS phase, the W-support interaction should be lower.
Moreover, the concentration of Ni in the NiWS phase should be
optimized as NiSx segregation and nickel migration might occur.

Recently, the improvement of the characteristics of the HDS
sulfide catalysts was archived by the addition of a chelating agent to
the impregnating solution [10—17]. The formation of Co(Ni)(II) ion-
chelate complex inhibits the formation of spinel Co(Ni)-aluminate
and non-active Co(Ni)MoOg4 crystalline phases [18]. Among
different chelating agents studied, 1,2-cyclohexanediamine-N,N,N’,
N’-tetraacetic acid (CyDTA) was determined to be the most effective
[14]. Significant increases in the promotion of MoS; and conse-
quently improvements in HDS activity were achieved by CyDTA
addition during catalyst synthesis [11—14]. Similarly, the NiW
catalyst prepared with CyDTA exhibited improvements, which
were associated with a delay in the sulfidation of nickel entities and
with easier sulfidation of tungsten species that favors the Ni pro-
motion of WS; edges [14,15].

In literature, the role of chelating agent on the HDS activity was
mainly reported for the Co(Ni)—Mo(W) samples prepared by
simultaneous impregnation [10,15]. However, one might expect
different interfacial coordination chemistry when consecutive
impregnation method will be employed. In this sense, the study by
Ohta et al. [14] demonstrated that the pre-formation of the MoS;-
like structure was necessary to induce the intrinsic promoting ef-
fect of Co on the activity of Mo/Al,Os. This was explained by authors

as being due to the action of the chelating agent as an adjusted
timing factor influencing the Co ions interaction with the MoS;-like
structure [14]. The majority of reports are focused on the effect of
variation in the molar fraction of the formed metal-chelating spe-
cies, according to chemical equilibrium in aqueous systems. By
contrast, very few reports have investigated the effect of the solu-
tion pH [10,17] which is an important factor that controls the
deprotonation of the chelating agent and electrostatic charge bal-
ance on the support surface [17]. For the NiW/y-Al,03 catalyst
prepared using citric acid as chelating agent, the pH control of the
nickel-citric acid solution was found to play an important role in the
modulation of metal-support interactions, achieving favorable
conditions for the formation of the sulfide phase and attaining
important increases in the catalytic activity in the HDS of 4,6-
dimethyl dibenzothiophene (4,6-DMDBT) [17]. Similar decrease of
the Mo-support interaction was reported previously for the dried
Mo/SiO,—Al,03 catalysts prepared with ethylenediaminetetra-
acetic acid (EDTA) [19].

Within this scenario, the purpose of the present investigation
was to study the influence of pH and chelating agent on the char-
acteristics of Ni/W/[y-Al,03 catalysts prepared by sequential
impregnation. Our objective was to maximize the formation of the
NiWS phase in the sulfided Ni/W/y-Al,03 catalysts by changing the
metal-support interactions. The dried samples were directly sul-
fided because it is known that this method increases the probability
of the NiWS phase formation and it avoids decomposition of
chelating agent by high calcination temperature. The aqueous so-
lutions of the Ni salt and chelating agent, dried solids, and sulfided
catalysts were characterized by different physicochemical tech-
niques, such as FTIR, UV—Vis, TPR, XPS and HRTEM. The activity of
the sulfided NiW/y-Al,0s3 catalysts was evaluated in the HDS of 4,6-
DMDBT reaction carried out in a batch reactor at typical reaction
conditions used for this reaction (T = 593 K and total hydrogen
pressure of 55 bar).

2. Experimental
2.1. Catalyst preparation

It is known that wet impregnation results in the higher
dispersion for the deposited phase than the incipient wetness
impregnation method [20]. The W/y-Al,03 catalyst base (W nom-
inal loading of 20 wt%) was prepared by wet impregnation of a
commercial y-Al,03 (245 m?/g, PIE = 7.0) with aqueous solution of
ammonium  metatungstate  (NH4)gHaW12040-xH20  (Sigma-
—Aldrich) at pH of 4.0. After sample drying at 393 K, the Ni was
incorporated onto the W/Al,O3 catalyst base using appropriate
amount of Ni(NOs3),-6H20 (98%, Sigma—Aldrich) to obtain Ni/
(Ni + W) = 0.4 atomic ratio. The concentration of the ammonium
metatungstate and nickel nitrate solutions were 0.12 M and 1 M,
respectively. To study the effect of chelating agent and pH condi-
tions, four Ni/W/Al,03 samples were prepared at different pH by
addition of 1,2-cyclohexanediamine-tetraacetic acid
(C14H22N208-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
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(25% vol.) to obtain pH values of 1.7, 4.0, 5.3 and 8.2. After
impregnation, all solids were dried at 393 K in air. The catalysts
prepared with chelating agent will be named hereafter as Nicyp-
TA(x)/W where x represent the pH value of the solution. One Ni/W/y-
Al,O3 reference sample was prepared without chelating agent and
will be named hereafter as Ni/W.

2.2. Characterization techniques

2.2.1. Diffuse reflectance ultraviolet and visible spectroscopy

Diffuse reflectance (DRS) electronic UV—Vis spectra of the
starting aqueous solutions and of the granulated (0.15—0.18 mm
diameter) catalysts were recorded in the absorbance mode on a
Perkin Elmer Lambda 35 outfitted with a 150 mm diameter inte-
grating sphere coated with Poly Tetra-Fluoro Ethylene (PTFE). The
reflectance standard material (Spectralon 99% from Agilent Tech-
nologies) was used as reference.

2.2.2. Infrared spectroscopy

The FT-IR spectra of the initial aqueous solutions were recorded
in the 200—1100 nm range on a Perkin Elmer Spectrum One
equipped with universal ATR sampling accessory. Spectra were
measured at room temperature at a 4 cm~' resolution and the
average of 30 scans per sample was used.

2.2.3. Temperature-programmed reduction

Temperature programmed reduction (TPR) of the catalysts was
carried out using Altamira Instruments AMI-90 equipped with a
thermal conductivity detector (TCD). Approximately 0.1 g of cata-
lyst sample was placed in a quartz sample cell (U shaped) and then
pretreated in situ at 393 K for 1 h under a pure Ar flow. The
reduction of catalysts was performed from room temperature to
1273 K, under a stream of 10% H,, employing a gas flow rate of
0.84 cm>/s and heating rate of 10 °C/min.

2.2.4. X-ray photoelectron spectroscopy

XPS spectra of the sulfided (10% H,S in Hp, 673 K) catalyst
samples were measured at room temperature using a VG Escalab
200R spectrometer equipped with a hemispherical electron
analyzer and a Mg Ko (hv = 1253.6 eV) X-ray source. The details of
the XPS measurements by this spectrometer are reported else-
where [21].

2.2.5. High-resolution transmission electron microscopy

HR-TEM images of fresh sulfided Ni/W and Nicypta(0.4)/W
catalyst samples were collected on a JEOL 2100F microscope
operating at 200 kV. The high-resolution images were captured
digitally with a Gatan CCD digital camera. The images obtained
were analyzed with Digital Micrograph software. The sulfided (10%
H,S in Hy, 673 K) catalysts were ultrasonically dispersed in i-octane
at room temperature and then spread out on a holey carbon-copper
microgrid. The average particle lengths and stacking of WS, parti-
cles were estimated from 550 nanoparticles captured in 15 images.

2.3. Activity test

The catalyst activity was evaluated in a HDS reaction of 4,6-
DMDBT performed in a batch Parr reactor charged with 250 mg of
freshly sulfided catalyst and 7.3 x 10~% mol of 4,6-DMDBT (equiv-
alent to 300 ppm of sulfur) dissolved in 100 mL of dodecane. Before
reaction, the oxide precursors were sulfided ex-situ at 673 K for 4 h
using 10% H,S/H; gas mixture (1.11 cm?/s) and then the sample was
transferred to a batch reactor in the atmosphere of an inert gas. The
reaction conditions were: T = 593 K, P = 55 bar of H and 1200 rpm.
The reaction products were analyzed by GC on a Varian CP3800

apparatus, equipped with a capillary column HP5 and a flame
ionized detector, using He as carrier. The catalytic activity was
expressed as the initial reaction rate (4,6-DMDBT mol transformed
per second and per gram of sulfided catalyst).

3. Results and discussion

3.1. Spectroscopic characterization of an aqueous solution of
[Ni(CyDTA)?~ complex

3.1.1. FI-IR spectroscopy

FT-IR spectroscopy was used to determine the vibrations of
Ni—CyDTA(pH) complex in the aqueous solutions prepared at
different pH values (1.7, 4.0, 5.3 and 8.2). Fig. 1 shows the spectra for
solid and aqueous solution of CyDTA. The peaks appearing in the
1800—1200 cm ™! frequency region should be ascribed to the car-
boxylic acid [22]. In this frequency region, the spectrum for solid
CyDTA (Fig. 1(a)) exhibits some vibrational frequencies corre-
sponding to protonated carboxylic acid —COOH (1750—1700 cm™ 1),
asymmetric COO~ vibration (1655 cm~! and 1584 cm™!), —(C—H)
CH; (1474 cm™ '), NH* (1368 cm™') and —COO~ symmetric vibra-
tion (bands below 1460 cm~') [22—25]. Additionally, the bands
corresponding to COO~ asymmetric vibration (1610 and
1571 cm™'), NH* (1360 cm~!) and COO~ symmetric vibration
(bands below 1400 cm™!) are observed. In comparison with this
solid, the IR spectrum for the aqueous solution of CyDTA did not
exhibit the protonated carboxylic acid —COOH vibrations (Fig. 1(b)).
These results can be related to the deprotonation of the carboxylic
acid.

Fig. 2 shows the FT-IR spectra of aqueous solution containing
both CyDTA and Ni ions ([Ni**] = 1 M and molar ratio Ni/
CyDTA = 1), which were prepared at different pH. The spectrum for
pure Ni solution (Fig. 2(a)) displays the vibration frequencies cor-
responding to the —OH groups and N-O at 1635, 1390 and
1340 cm™ !, respectively. Regardless of pH of aqueous solution, the
FT-IR spectra of solutions containing both CyDTA and Ni ions
(Ni—CyDTA) present vibration frequencies corresponding to
asymmetric COO~ in 1590 cm~' and symmetric COO~ below
1400 cm™ . By comparing spectra of the solution CyDTA (Fig. 1(b))
with those for the aqueous solutions of Ni—CyDTA(pH) (Fig. 2),
additional bands due to the NH' (1360 cm~!), COOH
(1750—1700 cm™!) and asymmetric COO~ in 1610 and 1571 cm™!
vibrations could not be observed. These results suggest the bonding
of Ni** jons with NH* and COO~ groups of the CyDTA chelating
agent. Finally, all aqueous solutions of the Ni—CyDTA(pH) exhibit
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Fig. 1. FT-IR spectra of 1,2-cyclohexane diamine tetraacetic acid (CyDTA) solid (a) and
in aqueous solution (b).
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Fig. 2. FT-IR spectra of [Ni(CyDTA)]?>~ aqueous solutions ([Ni>*] = 1 M; Ni/CyDTA
molar ratio = 1) at different pH values: (a) Ni reference sample; (b) pure CyDTA
reference; (c) Ni—CyDTA(17), (d) Ni—CyDTA(4.0), (e) Ni—CyDTA(5.3), (f)
Ni—CyDTA(8.2).

the vibrational frequency between 1590 and 1600 cm™!, which
could be assigned to the moieties of the five-membered rings
[26,27].

3.1.2. UV—Vis spectroscopy

The UV—Vis spectra of Ni reference sample and Ni—CyDTA(pH)
aqueous solutions are presented in Fig. 3. The spectrum (a) of Ni
sample exhibits two bands attributable to d—d transitions.
Assuming the octahedral symmetry (Oyp), the bands at about
715 nm and 400 nm can be ascribed to 3A2g — 3T1g(F) and

Absorbance (a.u.)

400 500 600 700 800
Wavelength (nm)

Fig. 3. UV—Vis spectra of the Ni dried samples ex nickel nitrate (a) and ex
[Ni(CyDTA)]>~ at different pH: (b) Ni—CyDTA(1.7),(c) Ni—CyDTA(4.0),(d)
Ni—CyDTA(5.3), (e) Ni—CyDTA(8.2).

3A2g — 3T14(P) transitions, respectively, [28]. The band near 655 nm
on a higher energy side of spin-allowed transition occurs as a result
of spin-orbital coupling. The spectra of the aqueous solutions of
[Ni(CyDTA)]** complex exhibits four bands at 780, 620, 545 and
400 nm with a maximum absorbance at 585 nm. The bands at
780 nm and 620 nm correspond to the spin-orbital coupling. The
band at 545 nm corresponds to 3E1g — 3Eg [29] in distortion
octahedral symmetry (Dg4y) and the second band (400 nm) to
3A2g - 3T1g(l’) transition in octahedral symmetry (Oh). Ni transi-
tion observed at 715 nm was shifted to 585 nm when the CyDTA
was added to the solution; this shift occurs as a result of the sub-
stitution of H,O for another stronger ligand in the spectrochemical
series, in particular for carboxylic acid (COO™) [28]. Furthermore,
the absorbance between 500 and 685 nm, corresponding to
distortion of octahedral symmetry (D4p) in the Ni-CyDTA complex,
is similar for all Ni—CyDTA solutions prepared in the entire range of
pH. Erickson et al. [30] and Santini et al. [31] studied the Ni-CyDTA
complex with nuclear magnetic resonance and UV—Vis, finding
only one type of complex, [Ni(CyDTA)]*".

Summarizing, both FT-IR and DRS UV—Vis techniques indicated
that irrespectively of the pH of aqueous solution, the [Ni(CyDTA)]?>~
complex has a distortional octahedral symmetry; five-membered
rings and total molecular charge of —2 (see Fig. 4).

3.2. Characterization of dried Ni/W/y-Al,03 solids

3.2.1. DRS UV-Vis spectroscopy

Fig. 5 presents the DRS UV—Vis spectra of Ni/W/y-Al,03 dried
samples prepared without and with chelating agent (spectra (a)
and (b)—(f), respectively). The NiW sample prepared without
chelating agent presents four bands at 730, 660 and 400 nm, cor-
responding to octahedral Ni. The band between 200 and 400 nm is
attributed to 02~ — W®* charge transfer transitions corresponding
to the excitation of electrons from the valence band to the con-
duction band. In this interval, the presence of octahedral species
can be identified between 300 and 480 nm and the tetrahedral
species between 200 and 300 nm [32]. The NicyprapH)/W catalysts
present two bands at 585 nm and 200—480 nm, corresponding to
Ni in distorted octahedral symmetry (D4y) and to 0>~ — W&+
charge transfer transitions of W species having octahedral (Oh) and
tetrahedral (Th) symmetry, respectively. This means that, regard-
less of pH of solution, the Ni-CyDTA complex does not modify the
distorted octahedral symmetry (Dg4p,). The maximum absorbance is
observed at 585 nm for the Nicypra4.0) and Nigypra4.0)/W dried

.

0
o o \\
W aniilQ

w

Fig. 4. Chemical structure of [Ni(CyDTA)]>~ complex at different pH as deduced from
DRS UV-Vis and FT-IR spectroscopies.
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Fig. 5. DRS UV—Vis spectra of Ni/W/y-Al,03 dried samples ex chelating agent (CyDTA)
at different pH: (a) Ni/W; (b) Nicypra(1.7)/W); (c) Nicypraca.0)/W; (d) Nigypracs.3)/W, and
(e) Nicypras.2)/W.
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Fig. 6. DRS UV—Vis spectra of Nicypra(a.0)/W (a) and Nicypraca.0) (b) dried samples.

samples (Fig. 6). This observation indicates that after impregnation
the coordination sphere of the Ni-CyDTA complex was not modi-
fied, discarding the possibility of “grafting” interactions. This result
implies that the origin of the CyDTA effect is related to the presence
of the [Ni(CyDTA)]?>~ complex.

UV—Vis spectra of the 0>~ — W5 charge transfer transition
region of the dried Ni/W and NicyprapH)/W samples are shown in
Fig. 7. As seen in this figure, the decrease in the ratio of the band
intensities corresponding to the W octahedral (Wqp) and tetrahe-
dral (Wrp) species, Won/Wrh, with an increase of the pH value
occurs. This could be explained considering that during impreg-
nation with Ni—CyDTA aqueous solution some fraction of the W
species became re-dispersed on the support surface. Thus, the Wop/
W+ ratio could be controlled by controlling pH of the impregnating
Ni—CyDTA solution.

3.2.2. Temperature-programmed reduction (TPR)
Firstly, the influence of the chelating agent on the nickel-
support interaction was investigated by temperature-

0% W charge transfer

Intensity (au)

1 M 1 L 1 " L

200 240 280 320 360

Wavelength(nm)

Fig. 7. DRS UV—vis spectra of 0>~ — WS* charge transfer transition region of the dried
(@) Ni/W; (b) Nicypra(1.7)/W); () Nicypraa.0)/W: (d) Nicypracs.3)/W, and (e) Nicypra(g.2)/W.

programmed reduction of the monometallic Ni/y-Al,03 precursor
prepared in the absence and in the presence of chelating agent. The
TPR profiles of the Ni/y-Al;03 and Nicypra(s.0)/Y-Al203 samples are
shown in Fig. 8. As seen in this figure, the TPR profile (a) of Ni/y-
Al;03 shows one peak at 573 K corresponding to the simultaneous
decomposition and reduction of nickel nitrate and two shoulders at
700 and 800 K related with Ni’* species reduction in strong
interaction with the y-Al,03 substrate [19]. As compared to the Ni
sample prepared without chelating agent (Fig. 8(a)), the TPR pro-
files of the Nicypraes.o)/y—Al203 catalyst exhibits one peak of
decomposition and reduction of [Ni(CyDTA)]*~ complex at 723 K
(TPR profile (b)). As compared with the Ni sample prepared without
chelating agent, there is an important upward shift of the Ni
reduction temperature (from 573 to 723 K) originated by addition
of the chelating agent. The higher Ni reduction temperature
strongly suggests that the [Ni(CyDTA)]?>~ complex solution could be
more stable on the alumina support in comparison to Ni(NO3),
solution.

The TPR profiles of the bimetallic NiW/y-Al,03 precursors pre-
pared in the absence and in the presence of chelating agent are
shown in Fig. 9. As seen in Fig. 9(a), the Ni/W sample prepared
without CyDTA presents two reduction peaks at 563 K and 683 K,
corresponding to the decomposition/reduction of nickel nitrate in
weak and strong interaction with support, respectively [19]. Addi-
tionally, two shoulders can be observed at 1023 K and 1193 K,
corresponding to the reduction of the different polytungstates in
strong interaction with y-Al,O3 [33]. The reduction profiles of
Nicyprapn)/W samples (Fig. 9(b)—(e)) exhibit two peaks: one small
peak at 503 K ascribed to the reduction of nickel nitrate, and a
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Fig. 8. TPR profiles of the dried Ni samples ex nickel nitrate (a) and ex [Ni(CyDTA)]>~ at
pH = 8.0 (b).

second one at about 723 K due to reductive decomposition of the
[Ni(CyDTA)J?>~ complex.

The negative peak at 673 K is related to the decomposition of
NO, NO- and the production of NH3 [34]. The observed increase in
the Ni reduction temperature due to the presence of CyDTA sug-
gests the possible interaction between CyDTA and W species in
W/y-Al,0s. This effect was observed previously for an analogous
system synthesized in the presence of EDTA [19]. Similarly to Ni/W
sample, for the Nicyprapn)/W samples, the reduction peaks above
873 K can be ascribed to the reduction of the polytungstates [33].

Considering that 50% of W species are sulfided in the temper-
ature range 673—773 K [35], one might expect that an increase of
reduction temperature of the Ni species could enhance the Ni
promotion in WSy, leading to easier formation of the NiWS phase.
The observed difference between the Ni/W and NicyprapH)/W
samples emphasize the extent to which the chelating agent can
influence the reducibility of Ni oxide. The easier reduction of the
samples prepared with chelating agent, as compared with the NiW
sample, is attributable to chelating agent favoring the nucleation
step.

3.3. Characterization of sulfided catalysts

3.3.1. X-ray photoelectron spectroscopy

To monitor the evolution of the sulfide surface species, XPS was
studied in the W 4f and Ni 2p levels. As an example, the XPS spectra
of W 4f emission line and fit decomposition of freshly sulfided Ni/W
and Nicypraa.0/W samples are presented in Fig. 10. As expected, the
W 4f core-level spectra of all catalysts were found rather complex,
suggesting the presence of at least three species. They could be
fitted satisfactorily with two sets of doublets, each one containing
the W 4f7); and W 4fs; components coming from the spin—orbit

725

689
468

H, consumption (au)

(b)

| L |
600 800

Temperature (K)

1000

Fig. 9. TPR profiles of the dried Ni/W/y-Al,03 samples: (a) Ni/W; (b) Nicyprac1.7)/W; ()
Nicypra.0)/W; (d) Nigypracs3)/W, and (e) Nigypras2)/W.

splitting. The observation of three well-resolved spin orbit split
doublet peaks corresponding to W 4f;, and W 4fs, states indicates
that there are three different W-species. The first doublet with W
4f7;, and W 4fs; binding energy values at 32.3 and 34.4 eV, is
assigned to WS, (W**) species [36,37] whereas the other two
doublets at 34.9 and 37.1 eV, and at 35.7 and 37.8 eV are attributed
to WOySy (W>*) and WOy (W®*) species, respectively [38,39].

Table 1 reports the relative concentration for each species. For
the NiW catalyst, 66% of W species was converted to WS, species.
This amount appears to decrease with the presence of CyDTA,
changing to 58%, 47%, 53% and 49% for NiCyDTA(1‘7)/W, NiCyDTA(4.0)/W,
Nicypra(s.3)/W and Nicyprag2)/W, respectively. This result implies
that the presence of CyDTA increased the interaction between W
species and support or that CyDTA interacts with the W species.
However, for the samples prepared with CyDTA, there is no clear
indication that the pH influences the degree of sulfidation for the W
species.

Fig. 11 shows the XPS spectra of the Ni 2p emission line for all
fresh sulfided catalysts. As seen in this figure, all spectra show
primary satellite peaks due to shake-up electrons. Since the line-
shape of the Ni 2ps); peak, and especially its satellite, was un-
symmetrical and broad, we applied an empirical method to roughly
fit the curve using Gaussian/Lorentzian distributions. An example
of the decomposition of Ni 2p3, profile made for the Ni/W sample
is shown in the inlet of Fig. 11. Each Ni 2p3, profile was resolved in
three components at 853.1, 854.4 and 855.8 eV, corresponding to
highly dispersed NiS [36], NiWS [32,37] and NiOyx phases [32,37],
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Fig. 10. WA4f core-level spectra of sulfided Ni/W and Nicyprac4.0)/W samples. The experimental spectrum was deconvoluted in two W4f doublets.

Table 1
Percentage of the surface species of fresh sulfided Ni/W/Al,O3 catalysts (from XPS).

Catalyst Synthesis conditions Ni 2p core level® W 4f core level”
NiS Niws NiOx WS,y(W4H) WOy + WO,LS,(WE W)
Ni/W Without CyDTA 34 23 43 66 34
Nicyprac.7y/W pH = 1.7; CyDTA 19 36 45 58 42
Nicypraca.0)f/W pH = 4.0; CyDTA 13 51 36 47 53
NiCyDTA(5.3)/W DH =5.3; CyDT/-\ 18 41 41 53 47
Nicypraes.2)/W pH = 8.2; CyDTA 18 36 46 49 51

2 Ni 2p3); binding energy for NiS (853.1 eV), NiWS (854.4 eV) and NiO (855.8 eV) phases.

b w 4f;), binding energy for WS, (32.3 eV), WO,S, (34.9 eV) and WOy (35.7 eV).

respectively. Apparently, the electronegativity of the [Ni(CyDTA)]*~
complex has little effect on the binding energies separating satellite
and main peaks of Ni 2p3; spectra. The BE at 853.1 eV is close to
value reported in literature for bulk NiS on unsupported WS,
(852.9 eV) [36] whereas the BE at 854.4 eV is close to value reported
for NiWS species formed after sulfidation of the NiW/y-Al,03 cat-
alysts at 673 K [40,41].

Considering the binding energy position and the relative area
related to the three Ni species, the percentages of each species were
determined. As seen in Table 1, the Ni/W sample exhibited 23% of
the NiWS species, while the catalysts with CyDTA showed
increased percentages of this species in accordance to the
impregnation pH. The relative concentration of NiWS species in the
Nicypra(1.7)/W, Nicypra4.0)/W, Nicypracs.3)/W and Nicypras.2)/W cat-
alysts were 36%, 51%, 41% and 36%, respectively. From Table 2 it is
evident that the proportion of NiS species is significantly lower in
the samples prepared with chelating agent than in their CyDTA-free
counterpart (13—19% vs. 34%) whereas the NiOx species showed a
similar presence in all catalysts. The Ni and W species surface
exposure and the catalyst sulfidation degree could be deduced from
Table 3 showing (Ni + W)/Al and S/(Ni + W) atomic ratios,
respectively. As seen in this table, the samples prepared with
CyDTA exhibit a lower Ni and W species surface exposure than the

Ni/W reference sample, as deduced from the comparison of the
(Ni + W)/Al atomic ratio (Table 2). Considering the TPR results (vide
supra), this might indicate that catalyst sulfidation at 673 K led to
the migration of the metal species from the support surface to its
inner porous structure. Finally, there is no significant variation in
the sulfidation degree of the W species, as deduced from the
comparison of the S/(W + Ni) atomic ratios (Table 2).

3.3.2. High-resolution transmission electron microscopy (HRTEM)

In order to gain more insight into the changes in the dispersion
of WS, phase induced by addition of chelating compound, the
sulfided Ni/W and Nicypraca.0)/W catalysts were investigated by
HRTEM technique. Fig. 12 shows the typical dark fringes corre-
sponding to WS;-like structures observed on the alumina surface of
both samples. For both catalysts, the measured spacing between
the fringes (~0.61 nm) is consistent with the spacing (0.62 nm) of
the (002) basal plane in bulk WS, [42]. For the Ni/W and
Nicypraca.0)/W catalysts, the average crystallite length and the
stacking number are shown in Fig. 13(a) and (b), respectively. The
statistical analysis of about 550 particles of the fresh sulfided Ni/W
and Nicyprac4.0)/W catalysts revealed that the former catalyst pos-
sesses a little larger mean particle size than the latter (3.0 vs.
2.6 nm). The average stacking layer for Nicyprac4.0)/W was found to
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Fig. 11. X-ray photoelectron spectra of sulfided Ni/W/AlL,O3 catalysts: (a) Ni/W; (b)
Nicypra.7)/W; (¢) Nicypraa.0)/W; (d) Nicypracs.3)/W, and (e) Nicyprags.2)/W. For the Ni/W
sample, deconvolution in Ni 2p emission line is shown in inset of this figure.

Table 2
W and Ni surface atomic ratios and sulfidation degree of Ni/W/Al,05 sulfide catalysts
(from XPS).

Sample W/AI Ni/Al Ni + W/Al S/Al S/(W + Ni)
Ni/wW 0.138 0.089 0.227 0.250 1.101
Nicypraa7)/W 0.072 0.056 0.128 0.117 0914
Nicypraca.0)/W 0.085 0.057 0.142 0.156 1.098
Nicypraes.3)/W 0.063 0.072 0.135 0.154 1.140
Nicyprag2)/W 0.083 0.084 0.167 0.192 1.149

be approximately 2.3 while for the Ni/W catalyst this value was 3.2.
A larger amount of NiWS (or WS;) species having one or two slabs
were formed on the sample prepared with CyDTA (60%) than on the
Ni/W counterpart (35%).

3.4. Catalytic activities in the HDS of 4,6-DMDBT

The activities of the sulfided catalysts were evaluated in the HDS
of 4,6-DMDBT reaction carried out in a batch reactor at T = 598 K
and 55 bar of total H, pressure. A conventional NiW/y-Al,03 cata-
lyst with similar metal content (14 wt% Mo and 3.8 wt% Co) was
used as reference. The 4,6-DMDBT conversion at reaction time of
6 h and yield of products (at 15% of DBT conversion) are listed in
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! NiCVDTA( 4.0)/ W

Fig. 12. HR-TEM images of the Ni/W and Nicyprac.0)/W sulfide catalysts showing WS,
crystallites.

Table 3. As seen, all catalysts prepared with CyDTA exhibits a larger
4,6-DMDBT conversion than Ni/W sample prepared without
chelating agent. However, the influence of the pH of the aqueous
solution of Ni-CyDTA complex on the 4,6-DMDBT conversion is not
so clear because all catalysts prepared with chelating agent exhibits
conversions in range 17.6—19.8%. This is probably because the cat-
alysts deactivation during 6 h of reaction time. Thus, in order to
clarify the effect of chelating agent, the catalyst initial activities
should be compared. In Fig. 14(a) are compared the initial activities
of the catalysts and their amount of the NiWS phase. As seen in this
figure, the initial HDS activity and the amount of NiWS species
display volcano-type curves. The most active catalyst (Nicypra(4.0)/
W) exhibits the largest amount of NiWS phase (from XPS). When
pH of solution is increased from 4.0 to 8.2, the initial activity
decreased. At the same time, the lowering of the percentage of
NiWS phase occurs. Interestingly, the initial activity of Nicypra(4.0)/
W was approximately tripled compared with the NiW sample
prepared without the chelating agent. Thus, it is clear that the
variations in the catalytic initial activity have been related to the

Table 3

Conversion® and product yields (at 15% conversion) in the HDS of 4,6-DMDBT) over Ni/W/Al,O5 sulfide catalysts.
Catalyst Conv.(%) HYD reaction route DDS reaction route HYD/DDS ratio

THDBT DMCHB DMBCH DMBP

Ni/W 15.8 5.8 4.4 0.8 4.8 229
Nicyprac1.7)/W 18.0 5.7 6.3 13 4.7 2.83
Nicypraca.0)/W 17.6 6.6 52 1.1 4.7 2.74
Nicypracs.3)/W 183 5.5 6.5 1.2 5.1 2.58
Nicypracs.2)/W 19.8 5.9 7.2 13 5.4 2,67

¢ Reaction conditions were: T = 598 K; P = 55 bar; reaction time 6 h; batch reactor.
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Fig. 13. WS, particle size and layer stacking of WS, slabs in the sulfided Ni/W and
Nicypraa.0)/W catalysts.

presence of the NiWS species. However, pH conditions should be
controlled because the highest activity was achieved for the sample
prepared at pH of 4.0.

The products detected in the HDS of 4,6-DMDBT over all cata-
lysts studied were: 3,3’-dimethylbiphenyl (3,3-DMBP), 4,6-
dimethyl-tetrahydro DBT (4,6-DMTHDBT), dimethyl-cyclohexyl
benzene (DMCHB) and dimethylbicyclohexyl (DMBCH) (Table 3).
Considering the products detected, the 4,6-DMDBT undergoes
hydrodesulfurization via two parallel pathways (Scheme 1): (i)
direct desulfurization (DDS) leading to the formation of 3,3-DMBP
compound and (ii) hydrogenation (HYD) giving intermediate 4,6-
DMTHDBT, which after sulfur removal through C—S bond scission
is converted to DMCHB (a slow reaction) and then to DMBCH. For all
catalysts studied, the 4,6-DMDBT converts mainly via the HYD
pathway, as deduced from comparison of the HYD/DDS selectivity's
ratio (see last column in Table 3). The use of chelating agent for the
catalyst synthesis led to the enhancement of HYD route of this
reaction. This is a positive effect of this synthesis method employed
because the interaction between the sulfur atom and the catalytic
active site requires hydrogenation prior to breaking of the C—S
bond.

3.5. The catalyst activity—structure correlation

Regardless of the pH of the Ni—CyDTA solution, all catalysts
prepared by consecutive impregnation of W/y-Al,03 catalyst with
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Fig. 14. (a) Comparison of the HDS initial activity and the percentage of NiWS species
for the Ni/W/y-Al,03 catalysts prepared with and without CyDTA; (b) the initial HDS
activity normalized to metal surface exposure vs. the amount of NiWS species (from
XPS).

[Ni(CyDTA)]>*~ complex were more active in the HDS of 4,6-DMDBT
than their Ni/W counterpart prepared in the absence of chelating
agent. It was demonstrated that the final characteristic of the dried
and sulfided Ni/W/y-Al,03 samples depends strongly on the pH of
the aqueous solution of the Ni-CyDTA complex, pH = 4.0 being the
optimal value. At this pH, there is a chemical equilibrium between
[Ni(CyDTA)]>~ complex located in the interface region and —OH
groups of the alumina support. The role of the interface region on
the adsorption of negatively charged complexes such as
[Ni—CyDTA]?>~ is largely discussed in the review by Burikas et al.
[43], so it will be not discussed in this work.

It has been established that W species weakly interacting with
alumina surface are solubilized in high pH aqueous solutions [44].
In this work, the DRS UV—Vis study confirmed the decrease in the
Won/Wrh ratio of the band intensities corresponding to octahedral
(Won) and tetrahedral (W) species upon increasing the aqueous
solution pH value. Thus, one may infer that during impregnation of
dried W/y-ALLO3 with [Ni(CyDTA)]>~ aqueous solution a certain
fraction of the W species became re-dispersed on the support
surface. In such case, one might expect the formation of tetrahedral
WO3~ ions in alkaline solution while in acidic solutions the pre-
dominant species could be octahedral leo}é’ ions [33]. The
lower HDS activity of the catalysts prepared at pH 5.3 and 8.2 could
be explained in terms of the formation of undesired tetrahedral
WOE{ moieties, which do not form the NiWS phase upon sulfiding.

A linear correlation was found between the initial HDS activity
and the amount of NiWS phase formed in the fresh sulfided cata-
lysts (Fig. 14(b)): the catalyst activity increases with an increase of
the percentage of the NiWS phase formed. The most active catalyst
prepared with CyDTA at pH of 4.0 developed the largest percentage
of NiWS phase among the studied catalysts. Similar increase in the
HDS activity was reported previously for the CoMo catalysts sup-
ported on alumina and silica-alumina, which were prepared with
ethylenediaminetetraacetic acid (EDTA) and nitriloacetic acid (NTA)
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Scheme 1. Reaction scheme for HDS of 4,6-DMDBT over sulfided Ni/W/y-Al,05 catalysts ex chelating agent (CyDTA) at different pH.

[45] and for NiMo/SBA-15 catalysts prepared with citric acid [46].
From combined TPR and XPS characterization, the formation of
NiWS phase was closely related to an enhancement of the stability
of the [Ni(CyDTA)]?>~ at pH of 4.0 [43] leading to a delay in the
reduction of Ni species and their simultaneous reduction with W
species (Fig. 8). Additionally, the highest activity of the Nicypraca.0)/
W catalyst with respect to Ni/W sample could be also linked with
its large amounts of single and double (34%) stacking WS, phase
(>60%), as determined by statistical analysis of the number of WS,
slabs formed on the surface of fresh sulfided catalysts (Fig. 13(b)).
This is because single or double slabs displayed more edge sites in
WS, and NiWS phases. The edge sites (named also as brim sites)
exhibited metallic character [47] and, after adsorption of 4,6-
DMDBT molecule on those sites, the hydrogen transfer might
occur leading to transformation of this molecule via HYD reaction
pathway. Indeed, in line with HRTEM data, all ex CyDTA catalysts
exhibit a larger 4,6-DMBT transformation via HYD reaction route
with respect to the CyDTA-free Ni/W catalyst (Table 3).

4. Conclusions

A significant increase in the HDS activity of Ni/W/y-Al,03 cat-
alysts was found when the support was impregnated with the Ni-
CyDTA complex at pH = 4.0. For all catalysts, the HDS reaction
proceeds mainly via hydrogenation and direct desulfurization re-
action routes, the former being main reaction route. The addition of
chelating agent was found to enhance the selectivity toward HYD
route products. The increase of HDS activity of the catalysts ex
chelating agent was associated with an increase of the amount of
active phases (NiWS species) and formation of the single or double
slab WS, structures. After impregnation with the Ni-CYDTA com-
plex, the redistribution and reprecipitation occur, the most
appropriate impregnation being at a pH of 4.0.
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