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Abstract
The performance of gas oil hydrodesulfurization catalysts was successfully improved through the modification of oxidic precursors with

thioglycolic acid. XPS study indicates that addition of this chelating agent affects the sulfidation of the supported metals. The higher catalytic

performance was attributed to an optimization of the nature and morphology of the active phase due to the use of this chelating agent which enables

a simultaneous sulfidation of both Co and Mo atoms.
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1. Introduction

The new severe environmental regulations concerning the

reduction of sulfur content in diesel oil impose a drastic

improvement of the hydrodesulfurization (HDS) of petroleum

feedstocks, which is a catalytic process most generally

performed on CoMo/Al2O3 catalysts. The active catalysts are

obtained by sulfiding an oxidic precursor, which is generally

prepared by incipient wetness impregnation of an alumina

support with an aqueous solution containing the elements to be

deposited (Co and Mo), followed by a drying and a calcination

step. It is now well accepted that the active phase is the so-

called CoMoS phase. This phase consists of well-dispersed

MoS2 nanocrystallites decorated with Co promotor atoms,

which are located at the edges and corners of the disulfide slabs

[1]. The catalyst preparation is therefore a key step to reach

high activities and to avoid any loss of cobalt atom in the

alumina support thus forming CoAl2O4 type species [2], which

are not easily sulfidable. These Co atoms are not available to

promote the molybdenum disulfide slabs. Moreover during the

sulfidation, inactive bulk Co9S8 entities may also be formed,
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which is also detrimental for the catalyst performance.

Recently, new methods of preparation of the oxidic precursors

have been developed in order to improve the catalytic

performance of these solids. The addition of organic chelating

agents in the impregnation solutions used for the preparation of

these alumina supported CoMo-based oxidic precursors

underwent a rapid development. Whatever the nature of the

chelating agent and the thermal treatment, several hypotheses

have been proposed to explain their exact role. However, in all

cases, it was stated that they help to optimize the formation of

the CoMoS phase through:
(i) a
n improvement of the Mo and/or Co dispersion [2–9] and

a decrease in the Co fraction in the cobalt aluminate phase

[2],
(ii) th
e modification of the relative rates of sulfidation of Co

and Mo atoms [10–18],
(iii) a
 reduction of the interaction between the metals and the

support [19–24].
A new approach for improving the performance of

hydrotreating catalysts using various organic agents has been

developed in our laboratory [25]. It consists of impregnating a

conventional CoMo/Al2O3 oxidic precursor which has already

been calcined with a solution containing the organic agent. In
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Table 1

Main characteristic of the SRGO

Sulfur concentration (wppm) 9939

Total aromatics (wt.%) 24.3

Total nitrogen concentration (wppm) 171

Density at 15 8C (g/mL) 0.842

N. Frizi et al. / Catalysis Today 130 (2008) 32–40 33
the present study, we first propose to use thioglycolic acid

(TGA) aqueous solution, a chelating agent which can also be

used as a sulfiding compound as was patented by the Sumitomo

Metal Mining Company [26]. After the preparation of the so

modified oxidic precursors, a detailed characterization of the

genesis of the active phase is described. Then the catalytic

performance of the modified catalyst in HDS of straight run gas

oil is correlated to the nature and the morphology of the active

phase as deduced from the study of the sulfidation, which

enables us to understand the exact role of this chelating agent.

2. Experimental

2.1. Preparation of the oxidic precursors

The CoMo/Al2O3 catalyst used in this work is a calcined

commercial catalyst containing 18 wt.% MoO3 and 3.5 wt.%

CoO. This oxidic precursor will be denoted hereafter CoMoRef.

For comparison purposes, a Mo/Al2O3 oxidic precursor was

prepared by incipient wetness impregnation of commercial g-

Al2O3 extrudates (water pore volume: 1 cm3 g�1; specific

surface area: 350 m2 g�1) with an ammonium heptamolybdate

(AHM) aqueous solution, the AHM concentration being chosen

to prepare a 20 MoO3 wt.% solid. Similarly, a Co/Al2O3 oxidic

precursor was prepared by impregnation of the g-Al2O3 with an

aqueous solution containing cobalt nitrate and ethylenediamine

according to the method described by Blanchard et al. [2–4]. This

method allows preparing a solid with a Co loading of 4 wt.% as

CoO without formation of any bulk Co3O4. The impregnated

extrudates were then dried at 100 8C overnight and calcined in air

at 500 8C for 4 h. The Mo/Al2O3 and the Co/Al2O3 oxidic

precursors are denoted MoRef and CoRef, respectively.

2.2. Preparation of the modified oxidic precursors

The CoMoRef, CoRef and MoRef calcined oxidic pre-

cursors were pore volume impregnated with an aqueous

solution containing the desired amount of thioglycolic acid.

After 2 h of aging, the so obtained modified solids were dried at

80 8C under N2 during 15 h but were not calcined. Several

TGA/Mo molar ratios were studied and these modified catalysts

are denoted as MoXTGA and CoMoXTGA, where X is the

TGA/Mo molar ratio. In the case of the Co/Al2O3-based solid,

the modified solids are denoted CoXTGA but for comparison

purposes the amounts of TGA impregnated correspond to those

added for CoMoXTGA.

2.3. Catalytic activities

The catalysts were tested in a high pressure up-flow

microreactor to evaluate the catalytic behavior with real

feedstock. The microreactor unit had a cylindrical reactor with

an inside diameter of 0.8 cm and a length of 72 cm. The

temperature in the reactor was measured and regulated at

different levels using 10 thermocouples enabling us to have an

isothermal zone in the middle of the reactor (40 cm). The feed

was pumped from a stainless steel tank to the reactor using a
HPLC pump. The desired pressure of reaction was controlled

by pressure regulators and controllers. For each test 10 mL

of catalyst extrudates (4 mm length) diluted with 15 mL of

carborundum (0.25 mm) were loaded in the isothermal zone of

the reactor. Carborundum (0.5 and 1.19 mm) was placed above

and below the catalyst bed.

Prior to the sulfidation, the catalysts were dried at

atmospheric pressure under a nitrogen flow at 300 8C for 3 h

(temperature rate = 60 8C h�1) for the CoMoRef oxidic

precursor and at 80 8C during 60 h (temperature rate = 60 8
C h�1) for the modified catalysts.

The catalysts were sulfided using a mixture of dimethyldi-

sulfide (DMDS), straight run gas oil (SRGO) (2 wt.%

DMDS + SRGO) and H2. The characteristic of the SRGO

are presented in Table 1. The catalysts were soaked with this

sulfiding feed in hydrogen atmosphere (35 bars) at 80 8C, using

a liquid hourly space velocity (LHSV) of 6 h�1. Then the LHSV

was decreased to 2 h�1 (with H2/oil = 250 NL/L) and the bed

temperature was raised to 110 8C at a rate of 30 8C h�1 and

stabilized for 3 h at the same temperature. The catalyst bed

temperature was further increased to 220 8C at a rate of

30 8C h�1 and stabilized for 3 h. The final temperature of

sulfidation was 350 8C (ramping rate of 30 8C h�1) and it was

stabilized for 11 h.

After sulfidation, the feed was switched to the test feed

(same SRGO as for sulfidation), the operating conditions being

as follows: pressure = 35 bars; H2/oil = 250 NL/L; LHSV

= 2 h�1. During each run, the temperature was changed in

the sequence 350–360–370 8C. Two hydrotreated product

samples were collected at each temperature after stabilization

for 15 h. H2S dissolved in the hydrotreated product oil was

removed by stripping with nitrogen gas after sample collection.

The total sulfur contents of feed and product samples were

determined using an Antek 9000S sulfur analyzer (Ultra-Violet

fluorescence). Individual sulfur compound distributions in

different samples were determined using a VARIAN CP-3800

gas chromatograph system with autosampler/injector equipped

with a 25 m � 0.32 mm � 0.12 mm CP-SIL 5 CB capillary

column (Chrompack) and a Sulfur Chemiluminescence

Detector-SCD (Sievers model 355).

2.4. Characterization techniques

2.4.1. XPS

The catalysts were characterized by X-ray photoelectron

spectroscopy (XPS) at different stages of the activation. The

catalysts were sulfided using the same procedure as described

above. When the desired temperature was reached, the reactor

was cooled down very quickly under hydrogen and gas oil flow.

After depressurizing the reactor, the catalyst was dried at



Fig. 1. Catalytic performance of the CoMoRef and CoMoXTGA solids (X is

the TGA/Mo molar ratio) in HDS of a Straight Run Gas Oil: Residual sulfur

content in the desulfurized feed versus the temperature of the reactor.
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ambient temperature under nitrogen flow in the reactor to

remove the residual gas oil and transferred under nitrogen flow

in a container filled with toluene. After filtration, the solid was

washed with pentane and dried under nitrogen at 45 8C for 15 h

to remove this solvent. The preparation of XPS specimen was

performed under argon atmosphere in a glove box in order to

avoid any reoxidation of the solids.

The powdered samples were pressed into an indium foil

attached to the sample holder, which was introduced directly in

the XPS spectrometer, via the connection of the glove box to the

XPS transfer chamber of the spectrometer. XPS spectra were

recorded with the VG ESCALAB 220 XL spectrometer

equipped with a monochromatic Al Ka (E = 1486.6 eV) X-ray

source. The spectra were collected with a pass energy of 30 eV,

using the electromagnetic lens mode low-energy electron flood

gun for charge compensation effect. The binding energies (BE)

of Mo3d, Co2p, C1s and S2p were determined by computer

fitting of the measured spectra and referred to the Al2p

photopeak of the support at 74.6 eV. The binding energies were

estimated to within �0.2 eV. The surface atomic ratios IMo3d/

IAl2p and ICo2p/IAl2p were calculated using the VG Eclipse

software after subtracting the nonlinear Shirley background and

the contribution of the S2s signal to the Mo3d one. The Mo3d

and Co2p spectra were decomposed using an interactive least-

squares program and the fitting peaks of the experimental

curves were defined using a combination of Gaussian (70%)

and Lorentzian (30%) distributions. The decompositions were

performed to quantify the fraction of Mo and Co, which have

been chelated by TGA after modification of the oxidic

precursor by TGA and to estimate the percentages of Mo

atoms, which form the MoS2 slabs, and of Co atoms involved in

the sulfidic phase (i.e. CoMoS + Co9S8) after sulfidation. These

percentages will be hereafter noted ‘‘Mo sulfidation degree’’

and ‘‘Co sulfidation degree’’. The surface quantification is

based on the peak surface areas relative to each chemical

species present on the surface of the solid. The methodology

implemented for the decomposition of the oxidic precursors

spectra as well as of the modified ones before and after

sulfidation has been described elsewhere [27]. The S2s peak,

which contributes to the total envelope of the spectra of Mo3d,

was simulated with only one peak by taking as reference

the S2p peak with respect to the following criteria:

BE(S2s)�BE(S2p) = 64 eV. The contribution of the oxidic

state to the Mo3d spectrum was determined from the analysis of

the reference oxidic precursor. This contribution was intro-

duced in the spectra of the modified solids. Other contributions

were then introduced in order to fit the overall spectrum. For

the sulfided catalysts, the Mo3d spectra were decomposed

similarly into the three well-known contributions respectively

attributed to MoVIoxide (Mo3d5/2 BE = 233,0 eV), MoVox-

ysulfide (Mo3d5/2 BE = 230.5 eV) and MoIV (MoS2) (Mo3d5/2

BE = 228.8 eV) [28]. For Co2p core level, the methodology

consisted in isolating successively the contributions of each Co-

based chemicals species and to decompose the spectra by

varying only the global intensity of each contribution to obtain

the relative amount of each species. Each contribution was

simulated with four peaks corresponding to the Co2p3/2 (main
peak + satellite structure) and Co2p1/2 (main peak + satellite

structure) core levels. For each contribution, the spectral

parameters [i.e. the BE differences, the intensity ratios and the

Full Width at Half Maximum (FWHM) ratios] of these four

peaks are interdependent whatever the decomposition. Two

contributions were used for the modified oxidic precursors

considering onlys the presence of two states for the Co atoms, i.e.

Co2+ in oxidic state and Co2+ chelated by TGA, while for sulfided

catalysts Co2+ in oxidic state and Co2+ in sulfur environment

(peaks respectively at 781.8 and 778.7 eV) were considered.

The absence of any signal at 169.0 eV (characteristic of

sulfates) indicates that no reoxidation of the sulfided catalysts

occurred during the transfer of the solid from the sulfiding

reactor to the XPS machine.

2.4.2. Raman spectroscopy

The Raman spectra of the samples maintained at room

temperature were recorded using a Raman microprobe (Infinity

from Jobin-Yvon) equipped with a photodiode array detector.

The exciting laser source was the 532 nm line of a Nd-YAG

laser with a beam power of 0.23 mW at the focal point. The

wavenumber accuracy was 2 cm�1.

2.4.3. High resolution electron microscopy (HREM)

High resolution electron microscopy was performed on a

TECNAI TEM (200 kV) equipped with a LaB6 filament.

Freshly sulfided samples were ground under an inert atmo-

sphere and dispersed in heptane. The suspension was collected

on a microscope grid covered with a thin lacey carbon film. For

statistical analysis, more than 20 photographs were taken,

which enabled us to measure about 2000 slabs for each sample.

Statistical analysis of each photograph was done by measuring

the length (L) and stacking (N) of the MoS2 slabs.

3. Results

3.1. Reactivity

Fig. 1 shows the catalytic performance of the CoMoRef and

CoMoXTGA catalysts (X is the TGA/Mo molar ratio, X = 1, 2



N. Frizi et al. / Catalysis Today 130 (2008) 32–40 35
and 4). For each catalyst, the residual sulfur content in the

hydrotreated product is plotted as a function of the reactor

temperature. This shows that the modification of the conven-

tional solid by TGA induces an increase in the catalytic

performance and enables to obtain very low residual sulfur

content at lower temperature than that required by the oxidic

precursor. Moreover, it shows that the improvement depends on

the amount of chelating agent added, the best improvement

being obtained with a TGA/Mo ratio of 4. Physico-chemical

characterization of the CoMoRef and CoMo4TGA catalysts

was performed at each step of the genesis of the active phase in

order to understand the exact role of this chelating agent.

3.2. Characterization of modified oxidic precursors

In a previous study, we showed by Raman spectroscopy that

Mo was well dispersed on the alumina surface. Indeed, the

spectra of MoRef (Fig. 2b) and CoMoRef (Fig. 2c) catalysts do

not exhibit any features of bulk oxides such as MoO3 or

CoMoO4, while they exhibit a main line at 950 cm�1 which is

characteristic of the presence of well-dispersed polymolybdate

species [29]. Moreover, Diffuse Reflectance UV-Visible

spectroscopy confirms the absence of bulk Co3O4. It has also

been shown by Raman spectroscopy that, upon modification by

TGA, both elements Co and Mo were chelated by the TGA [27].

Typical Raman spectra of the TGA modified oxidic precursors

are given in Fig. 2. The spectra of Co4TGA (Fig. 2d) and

CoMo4TGA (Fig. 2f) exhibit Raman lines at 260 and

377 cm�1, respectively, assigned to Co–S and Co–O vibrations

in Co–TGA complexes [30]. The spectra of Mo4TGA (Fig. 2e)

and CoMo4TGA (Fig. 2f) present lines at 396 and 960 cm�1,

which are respectively assigned to Mo–S and Mo–O vibrations

in Mo–TGA complexes [31–34]. However, the main line

characteristic of the starting oxomolybdate phase was always

observed, suggesting that the chelation of the Mo atoms is not

complete. It has also been shown that all the TGA molecules are

coordinated through the sulfur atom and the carboxyl group.

The modification of the CoMo oxidic precursor upon addition
Fig. 2. Raman spectra in the 200–1600 cm�1 spectral range of: (a) TGA

aqueous solution, (b) MoRef, (c) CoMoRef, (d) Co4TGA, (e) Mo4TGA and

(f) CoMo4TGA.
of TGA was also clearly shown by XPS. The Mo3d spectrum of

the reference oxidic precursor (Fig. 3.A.a) exhibits a Mo3d5/2

photopeak with an apparent binding energy (BE) of 233.0 eV,

which is characteristic of MoVI in oxidic environment.

Introduction of TGA results in a shift and broadening of the

Mo3d spectrum shape (Fig. 4.A.a) which was assigned to the

formation of MoV–TGA complexes [35]. The decomposition of

the Mo3d spectrum of the modified solid allowed estimating

that 75% of the Mo atoms were chelated by TGA, in agreement

with the Raman analysis. Figures 3.B.a and 4.B.a respectively

show the Co2p XPS spectra of the CoMoRef and CoMo4TGA

samples. The complexation of the Co upon TGA addition was

indicated by a shift of the Co2p peaks, while the Co2p spectrum

decomposition of the CoMo4TGA solid enabled us to estimate

that 50% of the Co atoms were chelated by TGA.

3.3. Characterization of the sulfided catalysts

3.3.1. XPS characterizations

Figures 3.A.e, 3.B.e, 4.A.e and 4.B.e show the XPS spectra

of the CoMoRef and CoMo4TGA after sulfidation at 350 8C for

11 h. Whatever the solid, the Mo spectra exhibit a Mo3d5/2

photopeak at 228.8 eV characteristic of MoS2, while there is a
Fig. 3. XPS spectra of CoMoRef at different stages of the liquid phase

sulfidation. (A) Mo3d spectra: (a) unsulfided, (b) 110 8C 3 h, (c) 220 8C 3 h,

(d) 280 8C and (e) 350 8C 11 h. (B) Co2p spectra: (a) unsulfided, (b) 110 8C 3 h,

(c) 220 8C 3 h, (d) 280 8C and (e) 350 8C 11 h.



Fig. 4. XPS spectra of CoMo4TGA at different stages of the liquid phase

sulfidation. (A) Mo3d spectra: (a) unsulfided, (b) 110 8C 3 h, (c) 220 8C 3 h, (d)

280 8C and (e) 350 8C 11 h. (B) Co2p spectra: (a) unsulfided, (b) 110 8C 3 h, (c)

220 8C 3 h, (d) 280 8C and (e) 350 8C 11 h.

Table 3

XPS data of the CoMoRef and CoMo4TGA catalysts sulfided under liquid

phase (SRGO + DMDS) at 350 8C

Catalysts CoMoRef CoMo4TGA

BE(Co2p3/2)�BE(Mo3d5/2) (eV) 550 550

BE(Co2p3/2)�BE(S2p) (eV) 616.8 616.8

Co sulfidation degree (%) 52 60

Mo sulfidation degree (%) 69 76
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Co2p3/2 peak at about 778.7 eV in the Co spectra characteristic

of Co in a sulfur environment. The IMo3d/IAl2p and ICo2p/IAl2p

ratios reported in Table 2 show that the dispersion of the

molybdenum is not affected by the TGA modification and

sulfiding treatment, whereas a slight increase in the ICo2p/IAl2p

ratio is observed, which may suggest a redispersion of cobalto

species. Whatever the catalyst, according to Topsøe et al. [36],

the binding energy differences BE(Co2p3/2)�BE(S2p) and

BE(Co2p3/2)�BE(Mo3d5/2) given in Table 3 are characteristic

for cobalt atoms decorating the MoS2 phase. Nevertheless, the

shape of the XPS spectra of Co2p and Mo3d core level after
Table 2

Dispersion of Mo and Co for the CoMoRef and CoMo4TGA solids before and

after sulfidation at 350 8C under liquid phase (SRGO + DMDS) as determined

by XPS

Samples IMo3d/IAl2p ICo2p/IAl2p

CoMoRef 1.50 0.89

CoMo4TGA 1.37 1.02

Sulfided CoMoRef 1.49 1.01

Sulfided CoMo4TGA 1.51 1.21
sulfidation at 350 8C of CoMo4TGA is better resolved,

indicating that TGA induces a better sulfidation of molybde-

num and cobalt atoms. A decomposition of the XPS Mo3d and

Co2p peaks (Figs. 5.a and 5.b, respectively) was performed for

both catalysts with the aim to determine the Mo and Co

sulfidation degrees, which are reported in Table 3. They confirm

that the modification of the reference catalyst by TGA induces

an increase in both Co and Mo sulfidation degrees.

3.3.2. TEM

The sulfided catalysts were analyzed using TEM to determine

the effect of the addition of TGA on the MoS2 morphology.

Typical TEM images are given in Fig. 6, whereas the distribution
Fig. 5. Examples of decompositions of XPS spectra after sulfidation at 350 8C.

(A) Mo3d spectrum: (a) contribution of MoVI oxidic phase, (b) contribution of

MoVoxysulfide phase, (c) contribution of MoIVS2 phase and (d) contribution of

S2s. (B) Co2p spectrum: (a) contribution of CoII oxidic phase and (b) con-

tribution of Co atoms in sulfidic phases.



Fig. 6. Typical HREM micrographs of (a) sulfided CoMoRef and (b) sulfided

CoMo4TGA.

Fig. 7. Distribution of the length and stacking of the MoS2 slabs of the

CoMoRef and CoMo4TGA catalysts after sulfidation under liquid phase at

350 8C for 11 h.

Fig. 8. I(S2p)/I(Al2p) and I(C1sCOO)/I(Al2p) XPS ratios (respectively, denoted as

IS/IAl and ICOO/IAl) obtained at different stages of the liquid phase activation

for the CoMoRef and CoMo4TGA catalysts: (a) unsulfided, (b) 110 8C 3 h, (c)

220 8C 3 h, (d) 280 8C and (e) 350 8C 11 h.
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of the lengths and stacking degree of MoS2 slabs are reported in

Fig. 7. For the CoMoRef catalyst, the slab length distribution is

centered on the [2.6–3.9 nm] interval. 28% of the detected slabs

have a length lower than 2.6 nm and 36% of the slabs have a

length higher than 3.9 nm. Moreover, single-layered slabs are

predominant (57% of the detected slabs), only 6% presenting a

stacking higher than two layers. These results are in agreement

with literature data, which show that liquid phase sulfidation

mainly gives single slabs [37]. On the TGA modified catalyst,

these distributions are very different. Indeed, 37% of the detected

slabs have a length lower than 2.6 nm. It is also shown that only

29% of the slabs have a length higher than 3.9 nm. Moreover,

whereas the CoMoRef presents mostly single slabs, the

CoMo4TGA contains a larger amount of two-layered slabs

and 16.5% of the detected slabs present a stacking equal or higher

than three layers. So, TEM shows that the modification of

the oxide precursor by TGA has a strong influence on the

morphology of the active phase, inducing an increase in the

stacking as well as a decrease in the MoS2 slabs length.

3.4. Characterization of the catalysts during the sulfidation

It thus appears that the TGA induces a modification of the

morphology of the active phase which is not directly explained
by the nature of the supported oxide phases. A detailed study of

the sulfidation was therefore undertaken.

3.4.1. XPS study of C1s and S2p core levels

The relative amounts of sulfur introduced in the CoMoRef

and CoMo4TGA catalysts were evaluated during the sulfidation

by measuring the corresponding I(S2p)/I(Al2p) intensity ratios

at different stages of the sulfidation treatment. The evolution of

the I(S2p)/I(Al2p) intensity ratio is reported in Fig. 8. This figure

also presents the evolution of the C1s core level XPS peak at

289 eV, which is characteristic of the TGA carboxyl group in

the metal–TGA entities, during the CoMo4TGA sulfidation.

The relative concentration of this element is thus evaluated by

the I(C1sCOO)/I(Al2p) intensity ratio.



N. Frizi et al. / Catalysis Today 130 (2008) 32–4038
The evolution of the I(S2p)/I(Al2p) ratio is very different for

both solids. For the CoMoRef catalyst, the I(S2p)/I(Al2p) ratio

only increases after sulfidation at 220 8C for 3 h indicating that

sulfur is introduced in the solid between 110 8C and the end of

the treatment at 220 8C. This is in agreement with the

production of H2S in the reactor. Indeed, Texier et al. indicate

that the decomposition of DMDS into H2S and CH4 starts at

about 160 8C [38].

In the case of the CoMo4TGA, the I(S2p)/I(Al2p) and the

I(C1sCOO)/I(Al2p) ratios remain constant after sulfidation at

110 8C for 3 h, whereas a drastic decrease is observed after

sulfidation at 220 8C for 3 h. This means that the TGA-based

species are mainly decomposed at the end of this latter stage, in

agreement with a previous study [27], in which we have shown

that the Mo–TGA and Co–TGA complexes are stable up to

220 8C under H2/H2S atmosphere. After activation at 350 8C
for 11 h, the I(S2p)/I(Al2p) ratio obtained for the CoMo4TGA is

higher than that of the CoMoRef, in agreement with the Mo and

Co sulfidation degrees given in Table 3.

3.4.2. XPS study of Co2p and Mo3d core levels

3.4.2.1. Evolution of the CoMoRef during the sulfidation.

Figures 3.A and 3.B respectively show the evolution of the

Mo3d and Co2p XPS spectra of the CoMoRef at the different

stages of the sulfidation. The BE of the Mo3d does not change

after activation at 110 8C for 3 h and no sulfidic components are

observed (Fig. 3.A.b). This shows that no sulfidation of the Mo

atoms occurs at this temperature, as suggested in Fig. 8.

However, a small peak broadening is observed, which suggests

that a reduction of a small amount of Mo atoms into MoV

oxospecies occurs since no H2S is present in the reactor at this

temperature. After activation at 220 8C for 3 h (Fig. 3.A.c), a

contribution of Mo in sulfidic state (BE = 228.8 eV) is

observed, in agreement with the above mentioned evolution

of the I(S2p)/I(Al2p) ratio (Fig. 8). This suggests that

molybdenum sulfidation starts at a temperature between 110

and 220 8C, most probably at 160 8C, i.e. temperature at which

the DMDS starts to decompose into CH4 and H2S [38]. Then,

the spectrum of molybdenum evolves continuously from

220 8C up to 350 8C (Fig. 3A.c–e). Indeed, the Mo XPS

features of the oxidic components (BE = 233 eV) gradually

disappear, while those of the sulfidic components increase

(BE = 228.8 eV) with increasing the sulfidation temperature up

to 350 8C. At low temperatures, the evolution of the Co2p

spectrum is similar to that of Mo. Indeed, after activation at

110 8C, no sulfidation of Co is observed (Fig. 3.B.b), whereas

after activation at 220 8C for 3 h, a contribution of Co in sulfidic

state (BE = 778.8 eV) is observed (Fig. 3.B.c). This suggests

that the sulfidation of Co starts also at a temperature between

110 and 220 8C. Nevertheless, the Co2p spectra obtained after

activation at 280 8C and after activation at 350 8C for 11 h are

quite similar (Fig. 3.B.d, e), their full width at half maximum

being exactly the same (i.e. FWHM = 4.3 eV). This shows that

the sulfidation of Co is already complete at 280 8C. So, taking

into account the decomposition of DMDS into H2S and CH4

which starts at 160 8C, we can propose that the sulfidation of Co
and Mo starts at 160 8C, in agreement with the XPS results.

Nevertheless, the sulfidation of Co ends before that of Mo.

3.4.2.2. Evolution of the CoMo4TGA during the sulfida-

tion. Figures 4.A and 4.B respectively show the evolution of

the Mo3d and Co2p XPS spectra of the CoMo4TGA at the

different stages of the sulfidation. The Co2p and Mo3d spectra

do not change after activation at 110 8C for 3 h. The shape of

the Mo3d is only slightly affected (Fig. 4.A.b), which suggests a

small reduction of the Mo atoms as confirmed by the constant

I(S2p)/I(Al2p) and I(C1sCOO)/I(Al2p) ratios. After sulfidation at

220 8C for 3 h, the Co2p3/2 peak (Fig. 4.B.c) shifts toward lower

BE, while the shape of the Mo3d spectrum (Fig. 4.A.c) clearly

shows the formation of MoS2. Moreover, the I(S2p)/I(Al2p) and

I(C1sCOO)/I(Al2p) ratios drastically decrease (Fig. 8). This

confirms that the Co–TGA and Mo–TGA complexes are mainly

decomposed during this stage of the activation, inducing the

sulfidation of the metals. Upon increasing the temperature, the

Mo3d and Co2p spectra evolve continuously up to the end of

activation at 350 8C. In particular, the FWHM of the Co2p3/2

peak (Fig. 4.B.d, e) decreases from 3.4 to 2.9 eV between 280

and 350 8C, which shows that the sulfidation of Co is complete

only after treatment at 350 8C for 11 h. In the same way, the

evolution of the Mo3d spectrum (Fig. 4.A.d, e) highlights that

its sulfidation is completed after activation at 350 8C for 11 h.

Thus, this study shows that the modification with TGA

induces differences in the evolution of the metals during the

liquid phase activation. Indeed, the sulfidation of Co is

completed before that of Mo in the CoMoRef, while the

sulfidation of both Mo–TGA and Co–TGA species occurs

simultaneously in the same range of temperatures, i.e. from 220

to 350 8C.

4. Discussion

It has thus been shown that impregnating a classical CoMo-

based oxidic precursor with TGA aqueous solution induces an

improvement of the gas oil HDS performance. As the active

phase is still the CoMoS phase, this improvement of the

catalytic performance should be explained by the modification

of the exact nature of the CoMoS phase induced by the use of

TGA.

XPS results show that the dispersion of the molybdenum is

not affected by the modification with TGA. Thus, contrarily to

previous studies where the aim was to improve the dispersion

by the introduction of chelating agents in the impregnation

solution [2–9], the objective here was to change the nature of

the supported species, which will be sulfided. Indeed, whatever

the complexing agent used in the aforementioned studies, a

calcination step was performed before the sulfidation.

Consequently, this was always the same type of oxomolybdate

species, which were sulfided, the calcination being a levelling

step for these modifications [2].

The modification of CoMoRef by TGA leads to an

enhancement of the molybdenum sulfidation degree, whereas

a decrease in the length of the MoS2 slabs is indicated by

HREM. Both results suggest that a higher number of MoS2
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slabs and accordingly a higher number of active sites are

generated on the modified catalysts. This effect could be

assigned to the modification of the nature of the supported

species, which are sulfided during the activation. The same

effect is observed for the cobalt atoms. Indeed, the TGA

induces a higher cobalt sulfidation degree, which should also be

considered to explain the improvement of the performance. In

agreement with the evolution of the ICo2p/IAl2p ratio, it can be

suggested that some Co2+ atoms of the aforementioned

CoAl2O4 surface species, which are not supposed to be easily

sulfidable, are used for the promotion because of the presence

of the chelating agent.

Moreover, we have shown that, under activation in liquid

phase, the sulfidation of both Mo and Co starts at 160 8C for the

reference oxidic precursor, the sulfidation of Co being complete

before that of Mo. The modification with TGA induces a

beginning of the sulfidation of both metals at 220 8C due to the

stability of Mo–TGA and Co–TGA species toward the

sulfidation, leading to a simultaneous sulfidation of both Mo

and Co atoms. We may suggest that this inhibits the formation

of Co9S8, making more Co atoms available for the decoration

position. Several authors proposed that the improvement of the

HDS performance obtained through the use of complexing

agents (En, EDTA, CyDTA or NTA. . .) in the impregnation

solution used for the preparation of oxidic precursors could be

assigned to the modification of the genesis of the active

(Ni)CoMoS phase if the catalysts are not calcined before

the sulfidation [10–18]. They suggested that the Co ions would

be able to disperse themselves over the edges of the MoS2

crystallites if the sulfidation of Co was proceeding after the

formation of the MoS2 slabs. In contrast to that, without any

complexing agent, the sulfidation of Co would be complete

before the formation of MoS2 slabs, yielding bulk Co9S8

formation, the Co atoms of which would not be available to

promote the MoS2 slabs at higher temperatures [39]. This was

also observed in this work for the CoMoRef catalyst.

However, the simultaneous sulfidation of Co and Mo atoms

can also be related to the decrease in the MoS2 slabs size, which

is observed for the CoMo4TGA. Indeed, the Co atoms would

migrate on the MoS2 edges during the formation of the MoS2

slabs, which should block the growth of the MoS2 in the lateral

direction. This is in agreement with DFT calculations showing

that sulfur atoms have a lower affinity to cobalt than to

molybdenum [40]. So the presence of cobalt atoms in

decoration position on the MoS2 crystallite edges would

prevent the growth of the slab. In contrast to that, if the

sulfidation of Co is inhibited by a too strong chelating agent,

whereas molybdenum sulfidation takes place, the MoS2 slabs

will consequently become longer. This is in agreement with the

results recently obtained by Gonzalez-Cortés et al. [41], which

show that an increase in the MoS2 size is observed upon gas

phase sulfidation of a CoMo/Al2O3 oxidic precursor prepared

with such an amount of EDTA that only the Co atoms are

chelated.

Finally, the higher stacking of the MoS2 slabs induced by the

use of TGA could also be considered to explain the improved

performance in HDS of gas oil that we obtained. Indeed, it
could correspond to the formation of the more active type II

CoMoS phase, which was associated with stacked MoS2 slabs

[22]. Moreover, some authors proposed that stacked CoMoS

phase should be more efficient for the desulfurization of large

molecules such as dialkyl dibenzothiophenes [21,42], which

are present in large amount in the real feed used in this work

(Sievers-chromatogram not reported here). These hypotheses

are nevertheless still controversial in the literature. Indeed, a

recent work of Eijsbouts et al. showed that the most active

commercially available Type 2 catalysts for ultra low sulfur

desulfurization do not contain high amount of stacked MoS2

slabs after liquid phase sulfidation [37]. They concluded that

MoS2 stacking is not required for the formation of the CoMoS II

phase as well as for the desulfurization of molecules like 4,6-

dialkyl dibenzothiophenes. Hensen et al. already observed the

formation of such stacked slabs for Mo–NTA/Al2O3 systems

and they attributed the stacking to a decrease in the Mo–

alumina interaction due to the complexation of the metal by the

NTA [42]. However, their results also show an increase in

the length of the slabs. In the present work, both the decrease in

the length of MoS2 slabs and the increase in the stacking are

obtained due to the use of the TGA modifying agent which

enables to control the sulfidation of both metal atoms.

5. Conclusion

This work confirms that the liquid phase sulfidation of a

conventional HDS CoMo catalyst is not optimized as the

sulfidation of Co is completed before all the Mo atoms are

transformed into MoS2. This study clearly shows that the

catalytic performance in HDS of gas oil of such a conventional

oxidic precursor can be improved through its modification by

the impregnation of a well-chosen chelating agent such as

thioglycolic acid. It has been shown that the impregnation of

thioglycolic acid induces a complexation of both metals, which

leads to an optimization of the active phase through a better

control of the Co and Mo sulfidation.
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