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Abstract—Mo/Al,O; catalyst was presulfided with (NH,),S,0; to elucidate presulfidation and activation mechanism. It
is illustrated that the Mo oxide s firstly partially sulfided during presulfidation and then in situ reduced into MoS,_, in
activation, and finally sulfided to active state during hydrodesulfurization (HDS). A synergistic effect between the S* and
S% ions in (NH,),S,0; produces a positive influence on the HDS performance. The S* ions contribute to the sulfidation
of Mo ions, while the S°* species interact with AlL,O, support, weakening the interaction of active species with support.
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INTRODUCTION

Mo-based hydrodesulfurization (HDS) catalysts have been used in
industrial hydrotreating processes for decades [1]. Commercial HDS
catalysts are usually available in an oxide form and must be activated
by a gas or liquid sulfiding agent, such as H,S, CS, or CH;SSCH;
(DMDS) [2-4]. However, the use of such malodorous and noxious
compounds causes environmental pollution and is harmful to the
operators. Presulfidation technologies, due to their environmentally
friendly character and easy operation, have attracted much interest by
refineries [5-7], where the oxide catalysts are presulfided in advance
with a solution of elemental sulfur or polysulfide followed by heat-
treatment, to partially convert the metal oxide to sulfides. Then, the
partly sulfided catalyst is loaded into reactor for hydrogen activa-
tion. The catalytic activity of sulfided catalyst is strongly influenced
by the nature of the sulfiding agent and the activation conditions
[8.9].

The in situ sulfidation of HDS catalysts by gas or liquid sulfid-
ing agents has been extensively studied [10-16]. Unpromoted Mo/
AL, is often used as model catalyst to reveal the relations between
active phase and HDS performance. With ESR, XPS and Raman
spectroscopies, different intermediates such as oxysulfides and MoS;
can be identified in various proportions during temperature-pro-
grammed sulfidation. But in final catalyst, the Mo is mainly present
as MoS,; however, the morphology and structure of MoS, may be
considerably different, depending on the state of the oxide precur-
sor, the sulfiding agent, and the temperature and duration of sulfi-
dation [17].

In alumina-supported (Co)Mo sulfide at least two type of phases
were observed: single-layer type I phase is only partially sulfided
owing to the strong Mo-O-Al linkages with the support; multi-layer
type II phase can be fully sulfided due to a weak interaction with
alumina [18], the type II phase shows an activity twice as that of
the type I phase [19]. Dugulan et al. [20] found that (Co)Mo/AlO;
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sulfided at high-pressure shows much higher HDS activity than at
1 atm due to formation of Type Il Co-Mo-S phase. DFT calculation
reveals that the formation of Mo-O-Al linkages increases the energy
to remove sulfur atoms from the active surface to form coordina-
tively unsaturated Mo sites (CUS), which is considered the active
site of HDS [21]. The Mo-O-Al linkages are preferred to locate at
the S edge in MoS, slabs. Both Mo and S edges may form CUS
but with different catalytic properties [23]; the nature of exposed
edges depends on the preparation and activation conditions [24].

The sulfiding conditions impose important effects on the mor-
phology, dispersion and structures of MoS, slabs, and consequently
HDS activity. An insight into the sulfidation and activation mechanism
is beneficial to the application of presulfidation process. However,
few studies have contributed to such a process. In previous work we
found that Mo-based catalyst presulfided with (NH,),S,0, showed
high sulfidation degree and HDS activity [25]. In this paper, we focus
on the presulfidation and activation mechanism of (NH,),S,0;.

EXPERIMENTAL

1. Catalyst Preparation

The 3~Al,O, support was impregnated with a concentrated ammo-
nium solution of (NH,);Mo,0,,-4H,0 by the pore filling method.
The impregnated sample was dried at 110 °C for 12 h and calcined
at 450 °C for 4 h. The prepared Mo/ALO; catalyst contained 8 wt%
Mo. The Mo/Al,O; catalysts were presulfided by two methods: 1)
Mo/AlO; catalysts calcined at 450 or 600 °C was impregnated with
an aqueous solution of (NH,),S,0, by the pore filling method, and
dried at 90 °C for 2 h. These obtained samples were denoted as MoS3-
450 and MoS3-600, respectively. 2) The »ALO, support catalyst
was co-impregnated with the ammonium solution of (NH,);Mo,0,,*
4H,0 and (NH,),S,0,, and dried at 90 °C for 2 h; the obtained cata-
lyst is designated as MoS3-dry. The Mo content of MoS3-dry cata-
lysts was also 8 wt% after calcinations. The presulfided catalysts have
an S/Mo molar ratio of 3.0.
2. Activation and HDS Activity of the Prepared Catalysts

The activation and the HDS test were carried out in a fix-bed micro
reactor. The catalyst loading was 0.1 g (40-60 mesh), without includ-
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ing presulfiding agent and absorbed water. Presulfided catalyst was
in situ activated under hydrogen. For presulfided catalyst, the sys-
tem was heated from room temperature to 300 °C at a rate of 5 °C/
min and a pressure of 3.0 MPa under a hydrogen flow of 33 mL/
min. Then it was kept at 300 °C for 0.5 h, followed by cooling to
the reaction temperature of 280 °C. For comparison, the Mo/AlO;
catalyst was sulfided with a flow of DMDS solution (1.5 wt% DMDS
in nonane, 0.08 mL/min) at 3.0 MPa flowing hydrogen (33 mL/
min). The detailed procedures are as follows: The reactor was first
heated to 200 °C, and then the sulfiding feed was introduced; the
temperature was first kept for 2 h, followed by increasing from 200
to 350°C at a rate of 2.5 °C/min; the sulfidation was then contin-
ued for 4 h; finally the reactor was cooled to reaction temperature.

The HDS of thiophene was performed at 280 °C in a H, flow (3.0
MPa, 33 mL/min). 1.5 wt% thiophene in nonane was pumped into
the reactor at a liquid velocity of 0.08 mL/min. The product oil was
collected in a liquid collector and measured on a Shimadzu GC-
14B chromatograph packed with an OV-101 capillary column and
equipped with an FID detector. The spent catalysts were washed with
n-hexane solvent and sealed under Ar into glass bottle for charac-
terizations.
3. Catalyst Characterization

High resolution transmission electron microscopic (HRTEM)
images of the spent catalysts were obtained on a JEOL JEM-2010
microscope operated at 200 kV. For estimation of the stacking and
size distribution of MoS, crystallites, more than 400 crystallites were
measured. The average slab length and stacking degree were cal-

culated according to following equation: 1\_/I=Zn:n,M,/Zn:n,, where
i=1 i=1

M, is the slab length or number of slabs of a MoS, unit and n, the
number of slabs or stacks in a determined range of length or stacking
number.

For the fresh catalysts, the total sulfur content was measured by
chemical analysis [26]. The S* content of the spent catalyst was
performed on a micro coulometer (KZDL-3, Hebi-gaoke, China)
by coulomb titration method. The carbon content in spent catalyst
was measured by combustion method [27].

The surface area and pore properties of the catalysts were meas-
ured by nitrogen adsorption at 77 K with a Tristar 3000 (Micromeritics
Instrument Co., USA). Before analysis, the catalysts were degassed at
60 °C for dried samples or at 200 °C for other samples in a vacuum
0f 0.13 Pa for 6-8 h.

Thermogravimetry-mass spectrometer (TG-MS) tests were con-
ducted on a Setaram TGA92 thermogravimetry instrument connected
with an OmniStar 200 quadrupole mass spectrometer. The connect-
ing pipes were heated at 200 °C to avoid deposition of effluents. In
each run, ca. 30 mg catalyst was loaded, and the temperature was
ramped from room temperature to 600 °C at a rate of 10 °C/min.
The m/z signals of H, (2), H,O (18), S (32), H,S (34), SO, (64) and
SO; (80) in eftluents were recorded by mass spectrometer. The exper-
iments on presulfided catalysts were conducted under reductive atmo-
sphere (10%H,-90%Ar). For comparison, a sample of (NH,),S,0,/
Al,O; was prepared by impregnation of alumina support with the
same amount of ammonium thiosulfate used in presulfided cata-
lysts. This sample was measured under reductive gas and simulat-
ing air (219%0,-79%Ar).

X-ray photoelectron spectra (XPS) were measured on a Physi-

cal Electronics Company Quantum-2000 Scanning ESCA Micro-
probe spectroscope (Al K). Each sample was loaded in a glove-
box and transported into the instrument under N, protection. Bind-
ing energy (BE) was calibrated with signal of contaminated carbon
at 284.6 eV.

The temperature programmed desorption of ammonia (NH;-TPD)
was performed using a quartz micro reactor TP-5000 (Tianjing-
Xianquan, China). About 50 mg sample was loaded in each run.
The sample was first pretreated in an Ar flow of 50 mL/min at 500 °C
for 2 h, and then cooled to 120 °C. This was followed by pulse-in-
jecting enough ammonia. Further, the sample was flushed with the
Ar flow at 120 °C for 1 h to remove physically adsorbed ammonia.
Finally, the temperature was raised from 120 to 500 °C at a rate of
10 °C/min. The amount of desorbed NH; was measured with a ther-
mal coupled detector (TCD). The profiles of NH;-TPD were decon-
volved by Gaussian method.

RESULTS

1. Thiophene HDS Activity

Fig. 1 shows the conversion of thiophene vs. time on stream. At
least 8-10 hours was needed for MoS3-dry and MoS3-450 to achieve
stability. During this period, the thiophene HDS activity increased
with the time on stream. This suggests that the catalysts might not
be well sulfided during hydrogen activation. They were continually
sulfided by thiophene during HDS reaction. At initial stage, the MoS3-
450 showed higher thiophene conversion than MoS3-dry. However,
after about 5 h, the MoS3-dry surpassed MoS3-450. Owing to no
calcinations applied to the MoS3-dry, this catalyst was presented at
wet status and was more difficult to be effectively sulfided. Con-
trarily, MoS3-600 and Mo/ALO, seem to have been sufficiently
sulfided during activation. No apparent stabilized duration was ob-
served. MoS3-600 was calcined at 600 °C before impregnation with
ammonium thiosulfate. Although the high temperature calcination
had negative effect on the HDS activity, the catalyst was easier to
achieve stabilization. Because the Mo/AlO; was effectively sulfided
by DMDS, the HDS activity maintained stable during the test.

It is clear that the HDS activities of presulfided catalysts were
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Fig. 1. Thiophene conversion vs. time on stream over (a) Mo/ALO;,
(b) MoS3-dry, (c) M0S3-450, (d) M0S3-600. Reaction con-
ditions: 3.0 MPa, V(H,)/V(oil)=412, LHSV=4.0 h™".
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Fig. 2. HRTEM images of spent catalysts: (a) Mo/ALQ;, (b) MoS3-dry, (¢) M0S3-450, (d) M0S3-600.

higher than that of DMDS sulfided catalyst. Ammonium thiosul-
fate had positive influence on the thiophene conversion. For pre-
sulfided catalysts, the calcinations conditions had important impact
on the initial and final catalytic activity. If calcinations were applied
to catalysts before impregnating with sulfiding agent, hydrogen acti-
vation was easier. The stabilization duration was at the sequence of
MoS3-600<MoS3-450<MoS3-dry. However, the final HDS activ-
ity was at the sequence of MoS3-600<MoS3-450<MoS3-dry.
2. HRTEM Observation

The dispersion and morphology of the spent catalysts were investi-
gated by HRTEM. The side-view images of MoS, hexagonal base

Table 1. Analysis of sulfur and carbon content in spent catalysts

planes with 0.62 nm inter-plane distance are shown in Fig. 2. Mo/
ALO, possesses single layer MoS, structures (Type I), while the
presulfided catalysts show mainly double or multi-layer MoS, slabs
(Type 1I) [28]. The mean width and stacking number of MoS, slabs
are calculated by measuring over 400 MoS, slabs. The results are
listed in Table 1. The mean width and stacking number of Mo/AlLO,
are only 2.4 nm and 1.1, respectively, much smaller than those of
presulfided catalysts. The strong interaction between MoS, slabs
with ALLO, prevents the active crystallines to grow. The presulfided
catalysts show similar mean width of MoS, slabs. This illustrates
that the different preparations have less influence on the mean width,

C contents Molar ratio MoS, particles
Catalysts , - -
(Wt%) of S*/Mo Ave. width (nm) Ave. stacking No.
Spent Mo/AlLO, 0.2 1.7 2.4 1.1
Spent MoS3-dry 33 1.9 32 34
Spent M0S3-450 1.9 1.8 3.2 3.0
Spent M0S3-600 1.5 1.3 3.2 2.5

August, 2014
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but the stacking number increased with the decrease of the treatment
temperature applied to the Mo metals. This suggests that the presulfi-
dation technology can effectively decreases the interaction of active
phase with support. High treatment temperature to Mo metal in-
creased the interaction between active metal and support.
3. Sulfur and Carbon Element Analysis

Using the sulfur chemical analysis, the S/Mo molar ratios of fresh
MoS3-dry MoS3-450 and MoS3-600 are 2.9, 3.0 and 2.9, respec-
tively. These are almost the same as those added, indicating no sulfur
losses during the presulfiding process. The S*/Mo mole ratios of spent
catalysts are listed in Table 1. The spent MoS3-dry and MoS3-450
had S* /Mo ratios of 1.9 and 1.8, respectively, close to the stoichio-
metric ratio of ideal MoS, crystal. This indicates a sufficient sulfi-
dation. In contrast, the S*/Mo molar ratio of the spent MoS3-600
is only 1.3; this is due to high temperature calcinations leading to
some of Mo ions into Al,O; support and formation of AL(MoO,),;
this part of Mo is difficult to sulfide [29]. The DMDS sulfided Mo/
ALO, has an S*/Mo molar ratio of 1.6, lower than the stoichiometric
ratio of MoS,. This is a result of the strong interaction of Mo with
Al O;, which inhibits the sulfidation of Mo ions. The carbon con-
tent decreased in the order of MoS3-dry>MoS3-450>MoS3-600>
Mo/ALO;. The presulfided catalysts contained higher amount of
carbon than the parent catalyst. The carbon species might modify
active phase or exist as coke [30].
4. BET Analysis

To investigate the influence of ammonium thiosulfate on the physi-
cal properties of catalyst, BET analysis was carried out on the fresh
and the spent catalysts, as well as support (Table 2). For the fresh
MoS3-dry and MoS3-450, the surface areas and pore volumes de-
creased apparently after being impregnated with Mo metal and am-
monium thiosulfate, although the pore diameter was not apparently
changed. The decreased degree of surface area and pore volume is
much larger for the MoS3-600, accompanied with the increase in
the average pore size. This is due to collapse of pores at high calcina-
tion temperature. After HDS reaction, the surface area of Mo/ALO;
was not changed, but pore volume and average pore size dropped
slightly. In contrast, the surface areas of MoS3-dry and MoS3-450
had recovered to the level of the parent catalyst, while the pore volume
and the average pore diameter were slightly smaller than that of
Mo/ALO,. This indicates that the presulfidation did not change the
support porosity. The decrease in the pore volume and the average
pore size may be due to the block of pores by carbon species. Never-

Table 2. Textural properties of fresh and spent catalysts

Catalysts Average pore  Pore volume  BET surface
diameter (nm)  (cm’/gcat)  area(m?g cat)
7#ALO;, 8.0 0.46 230
Fresh Mo/ALO; 9.1 0.40 176
Fresh MoS3-dry 8.1 0.24 120
Fresh MoS3-450 9.8 0.24 116
Fresh MoS3-600 26.2 0.14 21
Spent Mo/ALO, 8.3 0.37 178
Spent MoS3-dry 7.5 0.32 170
Spent MoS3-450 82 0.33 164
Spent MoS3-600 16.9 0.24 56

theless, the surface area and the pore volume of MoS3-600 were
much less than those of Mo/ALO;. The average pore size is almost
twice as much as that of Mo/ALO;. This evidenced the collapse of
the support.
5. TG-MS Test

Fig. 3 shows the TG-DTG profiles over different samples. Three
weight loss regions were observed below 250 °C for (NH,),S,0;/ALO;
(Fig. 3(a)). SO, and a small amount of SO; was detected by MS
between 150 and 350 °C. The ammonium thiosulfate is an unsta-
ble compound, which decomposes at about 150 °C in air to ammo-
nium sulfurous acid, sulfur, ammonium and water, etc. The weight
loss below 100 °C is ascribed to the desorption of absorbed water,
while loss in the range of 100-250 °C is attributed to the decompo-
sition of ammonium thiosulfate.
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Fig. 3. TG-DTG spectra of samples: (a) (NH,),S,0,/ALO; in 20%
0,-80% Ar; (b) (NH,),S,05/AL,0; in 10% H,-90% Ar; (c)
MoS3-dry in 10% H,-90% Ar.
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Table 3. XPS analysis of catalysts after H, activation and after HDS reaction

Catalyst Mo3ds, (eV) Fraction (%) S 2p;» (€V) Fraction (%) S*/S* S*/Mo

MoS3-dry after activation 227.9 (1.6) 75 161.4 (1.4) 81 0.2 0.7
2293 (1.3) 12 167.2 (3.0) 19
231.82.1) 13

MoS3-450 after activation 228.5(2.3) 61 161.7 (2.5) 75 0.3 0.9
231.0 (1.2) 8 169.0 (2.1) 25
232.6 (2.3) 31

MoS3-600 after activation 228.5(1.9) 55 161.6 (2.7) 77 0.2 0.9
2309 (1.3) 20 169.0 (2.4) 23
2326 (1.1) 25

MoS3-dry after HDS 228.4 (1.5) 74 161.5(1.9) 76 0.1 1.7
230.5 (2.9) 9 168.5 (2.1) 23
2322 (1.9) 17

MoS3-450 after HDS 228.5 (1.7) 71 161.4 (1.8) 84 0.2 1.7
230.7 (2.0) 15 1682 (2.1) 16
2322 (1.6) 14

MoS3-600 after HDS 228.6 (1.9) 63 161.2 (1.7) 81 0.2 1.3
230.0 (2.5) 13 168.7 (1.7) 19
231.9 (2.1) 24

Mo/Al, O, after HDS 2284 (1.9) 71 161.2 (1.6) 100 0.0 1.6
230.0 (1.5) 15
231.7 (2.0) 14

*The full widths at half maximum are given in parentheses

Four weight loss regions were observed for (NH,),S,0,/ALO,
heated in reductive atmosphere (Fig. 3(b)). The first three regions
are similar to those observed in air atmosphere. Between 200 and
250°C, SO, and H,S was observed by MS. This suggests that the
fourth weight loss region might be attributed to reductive decom-
position of resides formed through the decomposition of (NH,),S,0;
at lower temperature.

The different (NH,),S,0; presulfided catalysts showed similar
TG-DTG profiles; thus as an example the TG/DTG curves of MoS3-
dry in reductive gas atmosphere were shown. Clearly, there are five
weight loss regions. The regions corresponding to DTG peaks at
90 and 135 °C are due to desorption of water and initial decompo-
sition of (NH,),S,0;, while ones around 180 and 250 °C can be at-
tributed to the reductive decomposition of (NH,),S,0O;. For the weight
loss larger than 300 °C, MS measurement shows that a large amount
of hydrogen was consumed although no sulfur species can be de-
tected around this temperature. According to ref. [31], during sulfi-
dation of Mo-based catalysts, the Mo®" ions are reduced to Mo
through the Mo** intermediates. The highest reduction rate was ob-
served between 300 to 400 °C. Therefore, the weight loss larger than
300 °C could be ascribed to the reduction of Mo. From above results,
we can conclude that the sulfidation of Mo mainly takes place be-
tween 130 and 300 °C, and reduction mainly occurs between 300
and 400 °C.

6. XPS Characterization

To investigate the change in valence and coordination of Mo and
S ions during hydrogen activation and thiophene HDS reaction, XPS
measurements were conducted over the catalysts after activation
and HDS reaction, respectively. The Mo 3d;, with BE around 232
eV represents the oxidized Mo™ species, the Mo 3ds,, of sulfided
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Mo* appears at about 228 €V, and Mo 3d;,, at 230 €V is attributed
to the Mo™ intermediate ions of oxysulfide [32]. For the S 2p spectra,
the BEs at about 162 and 168 €V is attributed to S* ligands and S
species, respectively [33]. The envelopes of Mo and S ions were de-
convoluted by XPSPEAK 4.1 software and the relative content was
calculated by the sensitive factors provided by instrument provider.

The XPS results are listed in Table 3. The S*/Mo molar ratios
of presulfided catalysts after activation and HDS reaction show large
differences. The relative content of Mo®, Mo™* and Mo*" is almost
the same before and after HDS reaction for MoS3-dry, but its S*/
Mo ratio increases from 0.7 to 1.7. During activation the S* ligands
may be stripped by hydrogen from the active surface [34]. This would
result in a low S* content on the surface of the activated catalyst.
However, the stripped sulfur can be supplemented by the sulfur of
thiophene during HDS reaction. This also held true for MoS3-450
and MoS3-600, although the relative content of Mo slightly in-
creased during HDS reaction. This shows that besides the sulfur
supplement, the reductive sulfidation of Mo also occurs during HDS
reaction for these two presulfided catalysts. The results illustrate
that the sulfidation for a presulfided catalyst can be well achieved
through both ammonium thiosulfate presulfidation and HDS reaction.

Although the atomic ratio of S to S* in ammonium thiosulfate
is 1, the relative content of S®* is much smaller than that of S* after
activation. This discrepancy suggests that much more of S ions are
released in the form of SO,, as shown by TG-MS. The remained
sulfate species may primarily come from the AL(SO,);-SH,O, which
can be detected in fresh presulfided catalyst by XRD [25].
7. NH;-TPD Acidity Measurement

Fig. 4 shows the NH,-TPD profiles of spent catalysts. The acid
sites have been classified on the basis of an arbitrary range: weak
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Fig. 4. NH;-TPD curves of spent catalysts: (a) Mo/ALO;, (b) MoS3-
dry, (c) M0S3-450, (d) MoS3-600.

(120-220 °C), medium (220-350 °C), and strong (350-550 °C) [35].
Table 4 compiles the number of weak, medium and strong sites ob-
tained by such classification. As seen in this table, MoS3-450 shows
two types (weak and strong) of acid sites, while others possess the
weak, medium and strong acid sites. Considering the total number
of acid sites, the observed trend is: MoS3-dry>Mo/Al,0,>MoS3-
450>Mo0S3-600. Although the sulfate groups are present on the pre-
sulfided catalysts, the acidity does not increase. This suggests that
the combination of sulfate groups with aluminum ions inhibited
the formation of new acidic centers.

The acidities of the presulfided catalysts are significantly differ-
ent. Because MoS, shows almost no acidity, the acidity of samples
mainly comes from the acidic hydroxyl group of alumina support.
The low acidity of MoS3-600 is due to the condensation of hydroxyl
groups of support caused by calcination at high temperature. In the
Mo/ALO; catalyst, MoS, interacts strongly with basic hydroxyl groups
of Al,O; support [36], and thus the acidic sites on the support sur-
face are kept almost intact. In contrast, for the presulfided catalysts,
the sulfate species may compete with MoS, to interact with basic
hydroxyl group. This would cause part of MoS, to interact with me-
diate acidic hydroxyl group, weakening the acidity of support. As a
result, MoS3-450 shows lower acidity than Mo/ALQO;. As for MoS3-
dry, no calcination was applied to the Mo precursor; thus, the surface
hydroxyl groups were reserved, exhibiting slightly higher acidity.

DISCUSSION

In the presulfided catalyst, parts of the metal oxides are trans-

Table 4. Surface acidity of spent catalysts measured by TPD-NH;

formed into oxysulfides or sulfides [37]. Moulijn et al. [11] reported
that extensive O-S exchange occurs below 200 °C between MoO;
and H,S when H,S is used to sulfide MoO,/Al,O;. De Boer et al.
[12] found through EXAFS that even at room temperature the O is
also considerably exchanged with S in Mo/SiO,.

In this experiment, the catalysts after impregnation with (NH,),S,0,
were heat-treated at 90 °C for 2 h in air. The XRD results of our
previous experiment evidenced the formation of AL(SO,);-5SH,O
phase [25,38]. It was proposed that a part of (NH,),S,0; is trans-
formed into (NH,),SO, through O-S exchange with Mo oxides, then
the (NH,),SO, intermediate reacts with Al,O; to form AL(SO,);
5H,0. The XRD also showed that the other (NH,),S,0; were still
reserved on the presulfided catalyst. During the hydrogen activation,
this part of (NH,),S,0, decomposed and sulfided the Mo specie,
and the Mo™ ions were simultaneously reduced to Mo™ ions. The
TG-MS results show that the (NH,),S,0, decompose and produce
H.S and SO,, etc., between 130 and 300 °C, The H.S can react with
Mo oxides or oxysulfides. The reductive reaction of Mo*® occurs
mainly at 300-400 °C. The XPS results shows that after activation
the S*/Mo molar ratio in the presufided catalysts is much smaller
than that (1.5) of fresh catalysts. This indicates that the S* ions in
ammonium thiosulfate might not take part in the sulfidation of Mo
ions.

By the temperature programmed sulfidation (TPS), Scheffer et
al. [39,40] observed the H,S release at about 225 °C. They pro-
posed that the breaking of Mo-S bond of MoS; intermediate pro-
duces elemental sulfur, which is then reduced to H,S. De Boer et al.
[12] found in MoO,/SiO, catalyst that increasing the temperature
to 150 °C leads to the formation of MoS; analogies, which are trans-
formed into MoS, between 250 and 300 °C. Payen et al. [14] could
identify different proportions of intermediates, such as oxysulfide
and MoS, during the sulfidation of MoO;/ALO, by in situ Raman
technology. However, de Jong et al. [41] could not find evidence
for the formation of elemental sulfur when studying MoO,/Si0,/Si
catalyst. They suggested that at low temperature MoO, or HMoO;
species are included in the interior, while Mo** oxysulfides are formed
on the surface.

In this study, the mole ratios of S**/S* of presulfided catalysts were
found to drop from 1.0 to 0.2-0.3 after hydrogen activation. The
TG-MS experiment showed the SO, release under air or reductive
atmosphere. Thus it is postulated that the initial decomposition of
ammonium thiosulfate produced the elemental sulfur and SO,. Then
the elemental sulfur intermediate was reduced to H,S, as shown in
Eq. (1) and (2). And the (NH,),SO; intermediate continually de-
composed to release NH;, H,O and SO.,.

(NH,),S,0,—(NH,),S0;+S M

Total acidity

Dispersion of acidity (umoINH,/g) (%)

Catalysts

Y (umoINH;/g) Weak Mediate Strong
Spent Mo/ALO, 360 90 (25%) 137 (38%) 133 (37%)
Spent MoS3-dry 417 163 (39%) 109 (26%) 144 (35%)
Spent MoS3-430 230 76 (33%) 0 154 (67%)
Spent MoS3-600 156 63 (40%) 80 (51%) 13 (9%)
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S+H,—H,S @)

By comparing the sulfiding intermediates in MoO,/SiO,/Si(100)
with the (NH,),[Mo;S,;]-H,O cluster, Muijsers et al. [42] thought that
the sulfidation goes through a Mo®™ intermediate species (MoOS, ).
Guichard et al. [43] found the Mo™ oxysulfides in the sulfided Mo
catalysts. The XPS results of the presulfided catalysts showed the
existence of Mo ions, suggesting the formation of Mo oxysulfides.

We deduced that (a) the Mo® oxysulfides intermediate are formed
by O-S exchange during presulfidation and activation (as shown in
Egs. (3) and (4)), (b) the Mo™* oxysulfides are formed in activation
(Eq. (5)), (c) elemental sulfur intermediate originates from the de-
composition of sulfiding agent, and (d) the MoS, intermediate may
not form because of the limited supplication of H,S in activation.

M(NH,),$,0,+MoO;=1(NH,),SO,+Mo0;_S, 3)
MOO3+yH2 S:MOO3 ,J,Sy"rtzO ( 4)
MoO;_,S,+H,=Mo0S, s+(2-))H,0+(—1.5)H,S G)

The HRTEM shows that the active phases of presulfided cata-
lysts have multi-layer type II structures, and the DMDS sulfided
Mo/ALO; shows mainly single MoS, slabs. Candia et al. [44] reported
that in an increase in the sulfiding temperature from 400 to 600 °C,
the structure of the active phase of CoMo/ALO; catalysts transformed
from type I to type II. The type I active phase interacts strongly
with alumina, forming Mo-O-Al linkage, whereas the type II struc-
ture exhibits only a weak van der Waals interaction with support.
Catalysts with type II active phases show higher intrinsic activities
[45]. The transformation of type I to type II can be made possible
by addition of ligands, or use of support with weak interaction, such
as carbon [46-51]. Prins et al. [52,53] found that passivation by air
led to formation of sulfate species on sulfided Co(Ni)Mo/ALO; cata-
lyst and induced the structure transformed from type I to type 11
Co(Ni)-Mo-S active phase.

The XPS shows that the S* ions were present on the surface of
the presulfided catalyst after activation and HDS reaction (Table 3).
AL(SO,);-5H,0 phase in the support should represent these sulfate
species. It is deduced that the basic AlI-OH group reacts with acidic
sulfate species to form the AL(SO,);. This resulted in the decrease
of interaction of Mo with Al,O,, and the formation of Type Il MoS,
structures, as illustrated in Scheme 1.

The effect of sulfate species on Mo/ALO, catalysts is compara-
ble to that of phosphate. The phosphate has been extensively applied
in refineries to improve HDS catalysts. After introduction of phos-

N,

/

Al;0; support

Al,0; support+50,>

(NH.),8,03 presulfided catalyst Mo/Al,O; catalyst

Scheme 1. Active phase and support models of (NH,),S,0; pre-
sulfided and DMDS sulfided Mo/AlO; catalysts.
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phate, the AIPO, formed on the surface of alumina support decreases
the interaction of support with oxide precursors [54]. HRTEM images
showed that addition of phosphate increases the stacking number
and width of MoS, crystallites in Mo/ALO; and CoMo/ALO, cata-
lysts [55]. The enhancement in stacking suggests the formation of
Type II Co-Mo-S structures. Our results show that the sulfate species
in (NH,),S,0; presulfided catalysts plays a role similar to that phos-
phate does.

After hydrogen activation, the S>/Mo ratios of presulfided cata-
lysts are smaller than 1.0 (Table 3). TG-MS measurement shows
that the temperature for decomposition of (NH,),S,0; into SO, and
H,S is between 130 and 300 °C. However, only over 300 °C, sulfided
Mo-based catalyst can catalyze the SO, gas reduced into elemental
sulfur and H,S under hydrogen atmosphere, the yield of H,S in-
creases with increasing temperature [56]. The SO, originating from
decomposition of (NH,),S,0; cannot be reduced into H,S in this
experiment. Owing to the shortage of H,S, the presulfided catalysts
cannot be effectively sulfided during activation. However, after HDS
reaction, the sulfiding degree has enhanced apparently. The S* /Mo
of MoS3-dry and MoS3-450 have increased over 1.7. MoS3-600,
owing to calcinations at the high temperature, shows less S*/Mo.
We determined that during thiophene HDS a supplementary sulfi-
dation occurs, namely, the sulfur removed from thiophene remains
on the MoS, active phases; thus the Mo is sulfided continually by
thiophene. Meanwhile, some oxysulfide can be further sulfided to
MoS,, as evidenced by XPS. The total sulfidation process is illustrated
in Scheme 2. After the supplementary sulfidation, the (NH,),S,0;
presulfided catalysts show much better HDS performance than Mo/
AlO; sulfided by DMDS, as shown in Fig. 1.

From the above results and analyses, it could be concluded that
during presulfidation and activation the S* ions in (NH,),S,0; sulfide
the Mo ions, while S* species weaken the interaction of Mo with
Al O, support and enhance the sulfiding degree. Their synergetic
effect results in the formation of Type II MoS, active phases. On
the other hand, the (NH,),S,0O, presulfided catalysts showed simi-
lar or lower acidity compared to the catalyst sulfided by DMDS;
this excludes the possibility that the HDS activity is facilitated by
the crack of sulfur-containing compound. XPS results show that the
MoS3-dry and MoS3-450 catalysts have a Mo" relative content
similar to the DMDS sulfided catalyst, and MoS3-600 has lower
Mo* relative content, excluding the enhancement in catalytic activ-

H,
MoSO,
MoS,0 + MoS,, Supplementary
7 sulfidatiion by feed
MoO,/ALO, y H,S |
* __ =5 Mos,
vati 2 Lt Active phase
Activation
(NH3)45,05
\4 Wakened
(NH,);50, interaction

w 3
Al3(S0,)s5H,0

Support modification

Scheme 2. Schematic presulfidation and activation mechanism of
Mo/AlLO; catalyst presufided by (NH,),S,0:.
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ity by higher content of MoS,. Although the high calcination tem-
perature used for MoS3-600 causes low sulfidation degree and Mo*
relative content, this catalyst still showed higher HDS activity than
DMDS sulfided Mo/ALQO;. This suggests that the formation of Type
I MoS, is the main reason for the high catalytic activities of (NH,),
S,0; presulfided catalysts and the sulfiding degree has less mean-
ing for the HDS activity.

CONCLUSIONS

During impregnation of Mo/ALO, with (NH,),S,0,, the Mo is
partly sulfided through the O-S exchange; the intermediate of (NH,),
SO, reacts with AL,O; support to form AlL(SO,),, which weakens
the interaction of active metal with support. The Mo species are
further sulfided by (NH,),S,0; and reduced by hydrogen in the acti-
vation process, and the multi-layer Type Il MoS, active phases are
formed. The insufficiency of S* ligands in presulfied catalysts re-
sulted in a molar ratio of S*/Mo lower than 1.0 after activation pro-
cess. In HDS reaction, the S*/Mo molar ratio was markedly enhanced
through a supplementary sulfidation, being close to the ideal sto-
ichiometric ratio of 2. The (NH,),S,0; presulfided catalysts show
higher thiophene HDS activities than DMDS-sulfided Mo/AlO;
catalyst. This is due to the formation of intrinsically highly active
Type 11 phases in former catalyst. An increase in the sulfiding degree
may also have a positive effect on the HDS activity. The different
sulfur atoms in (NH,),S,0; play different roles; the S* sulfides the
Mo ion, while the S* modifies the support. The cooperation of these
two types of S ions makes the (NH,),S,0, presulfided catalysts exhibit
excellent HDS activities.
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