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Abstract

SiOy-supported Co—Mo and Co-W sulfide catalysts with varying Mo(W) content were prepared from Mad@iQSpresulfided at
673-873 K with a CVD technique using Co(CGD)O as a precursor to Co sulfide. Thes®g-supported counterparts were also briefly
studied. The catalysts were characterized by NO adsorption, TEM, XPS;&dde XANES, and the magnetic measurements of Co. The Co
atoms in the Co—W-S phase showed an antiferromagnetic property. The TOF of the hydrodesulfurization of thiophene on the Co—Mo(W)—S
phase significantly increased as the presulfidation temperature of Me(8W5 increased from 673 to 873 K, whereas it was independent
of the loading of Mo(W). The TOFs on the Co—Mo-S phase and the Co—W-S phase were close to each other but strongly dependent on tf
support. It is suggested that complete sulfidation and the formation of stacked Mppafiftles do not necessarily result in the formation
of Co—Mo(W)-S Type Il
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction hand, Co-W sulfide catalysts have received much less at-
tention compared with Co—Mo catalysts because of weaker

Development of highly active hydrodesulfurization promotional effects of Co in conventionally prepared Co—-W
(HDS) catalysts has been one of the most urgent issues incatalystq23]. Recent studief24,25] however, have shown
the petroleum industry related to protection of the environ- that this is due, at least in part, to a greater difference in
ment[1-3]. Supported Mo sulfides promoted by Co or Ni the sulfidation temperatqre petween Co and W than that be-
have been extensively used in industry for the HDS reac- tWeen Co and Mo, resulting in a lower coverage of Co on the
tion [4—7]. Topsge and co-workefs,8-11]have proposed ~ €dge of WS particles than that on the edge of Mofarti-
that the catalytically active phase in the promoted catalysts ¢/€S: The addition of a chelating agent to the impregnation
is the so-called Co(Ni)~Mo—S phase (structure), in which solution of Co increased the sulfidation temperature of_Co
Co(Ni) atoms are located on the edge of Magarticles. Y @Pout 150 K because of Co-chelate complex formation,
The molecular structure of the Co(Ni)-Mo—S phase and 2660mpanying a significant increase in the HDS activity of

the reaction mechanism thereon are still a matter of debateCO_W.CatalySt$25]‘ Nevertheless, the reason f or the weak
[12-22] catalytic synergy between Co and W sulfides is not clear at

present.
The HDS activity of Co-promoted Mo or W catalysts is
termined by the amount of the Co—Mo(W)-S phase and
its intrinsic activity. It is therefore intriguing to compare the
intrinsic activities of the Co—Mo-S phase and the Co-W-S
" Corresponding author. Fax: +81 852 32 6466. phase for HDS reaction in order to understand the nature of
E-mail address. yokamoto@riko.shimane-u.ac {j¢. Okamoto). Co-W catalysts and to obtain important insights into the role

Supported W sulfide catalysts promoted by Ni have also
been widely studied because of the generation of strongOle
catalytic synergies between W and [Mi~7]. On the other
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of Co situated on the MgSor WS, edge in the HDS reac- 2. Experimental

tion thereon, and into the role of the Mp®%r WS, edge.

With carbon-supported Ni-Mo and Ni-W sulfide catalysts, 2.1 Catalyst preparation
Louwers and Prinf26] suggested that the intrinsic catalytic

f':lctivi.ties of the Ni-Mo-S phase and the Ni-W-S phase are 5 .o ies of Si@-supported Mo@ catalysts (Mo@/SiO,)
identical for the HDS of thiophene. It seems, however, that | ..\ 5, 10, 15, and 20 wit% Mo§was prepared by an im-

there remain some ambiguities about their assumptions thatpregnation technique using (N}$Mo7054 - 4H,0 (Kanto

all of the Ni atoms are situated on the edge of MOEWS; Chemicals; analytical grade). After evaporation of the im-
par'uclgs in the catalyst systems, since no sufficient Charac'pregnation solution to dryness at ca. 350 K with stirring,
terizations were presented, except for EXAFS. the catalyst was dried at 373 K for 16 h. The catalyst

For the purpose of comparing the intrinsic catalytic activ- was calcined in air at 773 K for 5 h with an electric fur-
ities of the Co(Ni)-Mo-S phase and the Co(Ni)-W-S phase, nace. A corresponding series of WSIO; catalysts (5, 10,
it is very desirable to prepare Co(Ni)-Mo and Co(Ni)- 15, and 20 wt% W@) was prepared in an analogous way
W catalysts, in which the edges of Mp®r WS, par- with (NH4)eW12039 - 5H20 (Kanto Chemicals; analytical
ticles are selectively covered by the Co(Ni)-Mo-S phase grade) as a starting precursor. The $g0pports (JRC-SIO-
or the Co(Ni)-W=S phase without a concomitant forma- 8, 323 nf g~ for MoO3/SiO,, and JRC-SIO-9, 370 fig~*
tion of Co(Ni) sulfide clusters with a low catalytic activ- for WO3/SiO;) were supplied by the Catalysis Society of
ity. In a previous study27-30] we showed that supported Japan as reference catalysts.
Co-Mo sulfide catalysts, in which the edge of Mogar- The MoQy/SiO; catalyst thus prepared was presulfided
ticles is fully covered by Co atoms forming the Co—Mo-S at 673, 773, or 873 K in a 10% 4%$/H, flow at an at-
phase, can be selectively prepared when sulfided Mo cata-mospheric pressure for 1.5h (673 K) or 2 h (773 and 873 K).
lysts are exposed to Co(C§)O vapor (CVD technique), The Mo suIﬂdg cgtalyst is demgngted MoSIOy, fo'llowed
followed by evacuation and resulfidation. The Co—Mo cat- by the presulfidation temperature in parentheses if necessary.

alysts thus prepared by the CVD technique are designrcltedWO3/Sioz was sulfided at 673, 773, or 873 K for 2 h to pre-

WS/SIO,.
CVD-Co/MoS/support here. The amount of Co accom- pare
modated in CVD-Co/Mogsupport (support: AlOs, TiO» WO3/Al203 (22 Wt% WC3) and MoGy/Al20s (13 wt%

205, or Si0y) is proportional to the amount of NO ad- MoQ3) were prepared in a similar way. The surface area of

. . the Al,O3; support (JRC-ALO-7) was 180 fg—1. MoS,/
sorption on the Mog@support, suggesting that Co atoms are Al,Os and V\?&F‘;/AI 2(03 were pre)sulfided at?ng73 or 773 K
preferentially located at the edge of MpParticles[27].

for 1.5 and 2 h, respectively.
The Co XPS [27] and CoK-edge XANES[30] spec- Cobalt was introduced to MefsiO, and WS/SIO, by

.tra clearly demopstrated a selective formation of Co—MqS a CVD technique[27—30] Briefly, M0S,/SiO, was first
interaction species. The FTIR results of CO adsorption g5cuated at 673 K for 1 h and subsequently exposed for
by Maugé et al[31] also suggested the selective forma- 5 min at room temperature to a vapor of Co(GR{

tion of the Co—Mo-S phase in ex-carbonyl catalysts. How- (Strem Chemicals) kept at 273 K (CVD technique). Af-
ever, no clear experimental evidence was reported aboutter evacuation for 10 min at room temperature, the sample
selective formation of the Co-W-S phase by the CVD was sulfided again at 673 K for 1.5 h to prepare CVD-
technique, except for spectral indications from €eedge Co/MoS/SiO;, regardless of the presulfidation temperature
XANES [25]. of M0S,/SiO,. CVD-Co/WS/SiO,, CVD-Co/M0oS/Al 203,

In the present study, we prepared CVD-Co/MS0O, and CVD-Co/W$g/Al,03 were prepared in a similar man-
and CVD-Co/W$/SiO, with a varying Mo or W loadingto  ner. CVD-Co/SiQ was prepared similarly with the use of
compare the intrinsic activities of the Co—Mo-S phase and presulfided Si@ (JRC-SIO-9). The amount of Co incorpo-
the Co-W-S phase for the HDS of thiophene. The effect rated by the CVD technique was determined by means of
of presulfidation temperature was also examined. We stud-XRF (Rigaku RIX2000) within an accuracy of 5fa0].
ied mainly SiQ-supported Co—Mo(W) sulfide catalysts and
briefly Al,O3-supported counterparts, even though the lat- 2.2. Reaction procedure
ter catalysts have been widely employed as practical HDS

catalysts, to avoid strong and complicated interactions be-  The initial activity of the freshly prepared catalyst for the
tween the active phase and support and thereby to directlyqps of thiophene was evaluated at 623 K with a circulation
extract the nature of the active sites. It is concluded that the regction system made of glass under mild reaction condi-
turnover frequencies (TOFs) of the HDS of thiophene on the tions (initial H, pressure, 20 kPa). The HDS activity was
Co-Mo-S phase and the Co-W-S phase are close to eaclalculated on the basis of the accumulated amountx&.H
other and significantly depend on the presulfidation temper- The details of the reaction procedures have been reported
ature and support. previously[27].
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2.3. Characterization

The amount of NO adsorption on the catalyst was mea- _ 2 | R
sured at room temperature by a pulse technique after the}: 5
catalyst sample was cooled from the presulfidation temper- = - n
ature in a 10% HS/H, stream. The sample was purged for LS r u
15 min with a He stream before periodic admissions of a
pulse of 10% NO/He. Details of the procedures have been
reported elsewhelfd9,27]

The W L3z-edge X-ray absorption near-edge structure
(XANES) spectra of the catalysts and reference compounds = 5 |
were measured in transmission mode at room temperature at
BL-10B of KEK-IMSS-PF with the use of an in situ XAFS
cell with Kapton windows, with a 2.5-GeV ring energy and 0
250-290 mA of stored current.

The static magnetic susceptibility measurement of the
sglﬂded catalyst was made in situ with a Faraday method Fig. 1. Catalytic activity of CVD-Co/Mog/SiO, (open symbols) and
with the use of a Cahn 2000 Electro-Balance system be- cvp-comws/sio, (closed symbols) for the HDS of thiophene at 623 K as
tween 4.2 and 300 K19]. The catalyst sample was evac- afunction of loading (atoms nii) of Mo (Smo) or W (Sw). Presulfidation
uated at 673 K for 1 h (ca. 16 Pa) before it was fused  temperature© and®, 673 K; A andA, 773 K; andJ andM, 873 K.
into a glass ampoule (AD3-supported catalysts) or a quartz
ampoule (Si@-supported catalysts). The magnitude of the
magnetic field was fixed at 10,000 G. We obtained the effec-
tive magnetic moment and magnetic susceptibility by sub- o
tracting the magnetic contributions of the glass or quartz < %15 ©
ampoule and the corresponding supported Mo WS,
catalyst or AbO3 measured separately under identical con-
ditions.

The XPS spectra of 20% WEIO, (673) were measured
on an X-ray photoelectron spectrometer, an ESCA 5400
(ULVAC-PHI). The catalyst was mounted on double-sided
adhesive tape in an Nilled glove box and transferred to
the pretreatment chamber with the use of a specially de-
signed cell to avoid air contamination. Mg, , radiation
(1253.6 eV) was used, and the pass energy was adjusted to ~ °©
35.75 eV. The binding energies were referenced to the Si2 >
level at 103.8 eV due to SiO Syio Or Sy (atoms nm™)

TEM Observa_tlons were made on a‘JE_M'ZO]'O (200 kv) Fig. 2. Amount of Co in CVD-Co/Mo&/SiO, (open symbols) and
for 10% MoS/SiO; (673) and 20% WJZSIO;, (673). The CVD-Co/WS/SiO, (closed symbols) as a function of loading (atoms
catalyst sample was dispersed in heptane in-dilled glove nm~2) of Mo (Smo) of W (Sw). Presulfidation temperatur® and @,
bag. The distributions of MagSor WS, slab size and stack- 673 K; A andA, 773 K; andJ andM, 873 K.
ing number were calculated over 100—-250 parti¢hss.
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The HDS activity of CVD-Co/Mo(W)Q/SiO, increased

with increasing presulfidation temperature, particularly at
3. Results a lower Sy or Sw. CVD-Co/SiQ showed only a negligible

HDS activity (0.02 mmol gt h—1). This is due to a very lim-

The catalytic activities of CVD-Co/Mo8SiO, and ited anchoring capacity of Co on Si®y the CVD technique

CVD-Co/WS/SIO, catalysts for the HDS of thiophene and to the formation of less active Co sulfide clusfgi§.
are shown inFig. 1 as a function of Mo or W loading, Fig. 2 shows the amount of Co anchored by the CVD
Smo OF Sw (atoms nn2). CVD-Co/M0oS/SiO, exhibited a technique as a function dfy;, or Sw. The amount of Co
considerably higher HDS activity than CVD-Co/WSiO, exhibited a broad maximum around 2.3 Mo and 0.8 W
over the whole range of metal loading. Regardless of the atoms nn2 for CVD-Co/M0S/SiO, and CVD-Co/W$S/
presulfidation temperature, the HDS activities of CVD- SiOy, respectively, except for CVD-Co/WBiO, (873), in
Co/M0S/Si0, and CVD-Co/WS/SiO, weakly depended  which the amount of Co decreased monotonically with in-
on Sye and Sw, with broad maximum activities around creasing W content. The amount of Co in CVD-Co/MbS
2.3 Mo atomsnm? and 0.8 W atoms ni?, respectively. SiO, decreased slightly as the presulfidation temperature of
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Fig. 3. The NQMo(W) mole ratios for Mo%/SiO, (O), WS/SiO, (@
andA), 13% Mo$/Al,03 (), and 22% WS/AI,03 (@) as a function

of loading (atoms nmz) of Mo (Smo) or W (Sw). Presulfidation tempera-
ture:0, @, O, @, 673 K anda, 773 K.

MoS,/SiO; increased from 673 to 773 K, but no further de-

crease was observed for the catalyst presulfided at 873 K. In

CVD-Co/WS/SiO,, the amount of Co was decreased con-
siderably by the presulfidation between 773 and 873 K.
For MoS/SiO, and WS/SIO, catalysts sulfided at 673
or 773 K, the NO/Mo and NO/W mole ratios are plotted in
Fig. 3againstSyo and Syw. The NO/Mo and NOYW ratios
decreased aSy and Sy increased, indicating decreasing
dispersion of Mog or WS, particles.Fig. 3 also presents
the NO/Mo and NO’'W mole ratios for 13% MoZAl,03
(673) and 22% WgZAI,03 (673). Apparently, the dispersion
of Mo and W sulfides on the AD3-supported catalysts is
much higher than that on the Si@upported counterparts.
The morphology of Mog and WS particles in 10%
Mo0S,/SiO; (673) and 20% WgZSIO, (673) was observed
by TEM (not shown for brevity). The average stacking num-

bers were calculated as 2.1 and 3.7, and the average slab.
lengths were 2.7 and 6.7 nm for the Mo and W catalysts,

respectively. Obviously, MagS particles are more highly
dispersed than WsSparticles at a similar loading of Mo
(1.44 atoms nm?) and W (1.75). In both catalyst systems,
stacked Mo% and WS particles were predominant.

Fig. 4 shows a correlation between the @ mole ra-
tio for CVD-Co/WS/SiO, and the NQGW mole ratio for
WS,/SiO; presulfided at 673 or 773 K. The results for
22% WS/AI>03 are also shown irFig. 4. A single pro-
portional line was obtained for the series of W&O, and
22% WS/AI,03 within experimental accuracy, regardless
of the presulfidation temperature. A similar proportional cor-
relation was observed for MefsiO; (673), as shown previ-
ously for supported MoScatalyst427,28] The correlation
in Fig. 4 suggest$27-29]that the Co—-W-S phase is selec-
tively formed by the CVD technique, with Co(C§NO as a
precursor to Co sulfides.
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Fig. 4. Correlation between the @& mole ratio for CVD-Co/W$/SiOp
and the NQW mole ratio for WS/SiOp. The results for
CVD-Co/WS/Al,03 (@) are also included. Presulfidation tempera-
ture: @ and 4@, 673 K anda, 773 K.
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Fig. 5. TOF of the thiophene HDS at 623 K over CVD-Co/MSO,
(open symbols) and CVD-Co/W&iO, (closed symbols) as a function of
Swmo or Sw. Presulfidation temperaturé and®, 673 K; A andA, 773 K;
andJ andll, 873 K.

The intrinsic activity of the catalyst was evaluated in
terms of a TOF calculated on the basis of the amount of
Co anchored by the CVD technique, assuming that the
Co-Mo(W)-S phase is selectively prepared by the present
technique. As shown in our previous stu@®7,29] the
HDS reaction on unpromoted Mo(Wj&dges in the CVD-
Co/Mo$S catalysts can be neglectdedg. 5 shows the TOF
values over CVD-Co/Mo8SiO, and CVD-Co/WS/SiOy
as a function ofSy, or Sw. The TOF was almost indepen-
dent of the surface concentration of Mo or W, except for a
slight tendency toward a higher TOF at the highest loading
for the Mo and W catalysts presulfided at 673 K. However,
the TOF strongly depended on the catalyst component and
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Table 1

TOF of thiophene HDS on the Co—Mo-S phase and the Co—W-S phase supported am&i&h O3

Support MowW Amount of oxides Presulfidation temperature  TOF Relative TOF

(Wt%%) (K) (h=1 SiO, (T1)/AI,05(673F  TOF(I%)/TOF(673

SiOy Mo 5-20 673 18 18 10
773 154 21 12
873 165 23 13

SiOy W 5-20 673 a 13 10
773 112 16 12
873 179 25 20

Al,O3 Mo 13 673 73 - 10
773 87 - 12

W 22 673 71 - 10

773 7 - 11

@ Relative TOF is defined as the ratio of the TOF value on theSi@ported CVD-Co/Mo(W)gScatalyst to the one on the corresponding®¢-supported
CVD-Co/Mo(W)S catalyst sulfided at 673 K. Presulfidation temperaftyre- 673, 773, or 873 K.

b Relative TOF is defined as the ratio of the TOF on the CVD-Co/MoM\&&alyst sulfided at 773 K to the one in the corresponding CVD-Co/MogW)S

catalyst sulfided at 673 K. Presulfidation temperafyre- 773 or 873 K.

the presulfidation temperature of MgSiO, and WS/SiOs.
Table 1summarizes the TOF values over $i@nd AbOs3-
supported CVD-Co/Mogsand CVD-Co/W$S catalysts pre-
sulfided at 673, 773, or 873 K.

The TOF values over CVD-Co/MoefAl,O3 and CVD-
Co/WS/AI»03 presulfided at 673 K were the same within

cating complete sulfidation of W oxides to \Warticles.

On the other hand, the white line around 10208 eV for the

WS,/SiO; (673) catalysts was much broader than that for

crystalline WS. It is assumed that the peak is broadened by
a superposition of the peaks due to W oxides and sulfides,
judging from the peak position (10210 eV) for WISIO,.

experimental accuracy, suggesting that the Co—Mo-S phaseThe peak was successfully deconvoluted into two peaks due
and the Co—-W-S phase exhibit the same intrinsic activity. to WS, and W oxides, as exemplified fig. 6B for 20%

The high-temperature presulfidation of the@-supported
CVD-Co/MoS and CVD-Co/WS catalysts caused
a 10-20% increase in the TOF. The TOF on CVD-Co/Mo0S
SiO, (673) was 1.8 times as high as that on CVD-Co/MoS
Al>03 (673), in excellent agreement with the previous ob-
servations[27]. On the other hand, the TOF on CVD-
Co/WS/SiO; (673) was only 1.3 times as high as that on
the Al,Os-supported counterpart. With regard to the SiO

WS,/SiO; (673), allowing the estimation of the sulfidation
degree of W. The contribution of the W®eak for 20%
WS,/SiO; (673) was 56% and much lower than that for 10%
WS,/SiO; (673) (81%). Since the sulfidation degree of W
was lower at a higher W content, it is assumed that large
WO;3 crystallites are only partially sulfided to W®articles.
The XPS spectrum of the Walevel for 20% WS/SiO,
(673) (not shown for brevity) showed a clear contribution

supported catalysts presulfided at 673 K, the Co-Mo-S of W oxides (W4f7,,: 36.3 eV) to WS (32.6 eV). A decon-
phase showed a considerably higher intrinsic activity than volution of the spectrum indicated that 21% of W remained
the Co-W-S phase. When the catalysts were presulfidedunsulfided after the presulfidation at 673 K, suggesting the

at 773 K, the TOF values on both CVD-Co/MgSiO, and
CVD-Co/WS/SIiO; increased by about 20%. When CVD-
Co/M0S/SiO, was presulfided at 873 K, the TOF increased

formation of the surface WSayers around W oxide cores.
Similar phenomena were observed by XPS for the sulfida-
tion of poorly dispersed MoglSiO, [34]. On the basis of

further, but to a smaller extent (7%). However, the effect of extensive physicochemical characterizations, van der Vlies
the high-temperature presulfidation was very significant for et al.[35,36]have proposed a detailed mechanism of sulfida-

CVD-Co/WS/SiOp, and the TOF increased by 60% com-
pared with that for CVD-Co/WZSIiO, (773). The TOF on

tion of crystalline monoclinic W@and WQ; - H,0 to WS,
involving the formations of hydrogen tungsten bronze, shear

the Co—-W-S phase was comparable to or even higher tharoxides, and various oxysulfide intermediates, and eventual
that on the Co—Mo-S phase at a presulfidation temperaturetransformations of the oxysulfidic phases to WS

of 873 K.
Fig. 6 presents the W.3-edge XANES spectra of 10 and
20% WS/SIO, sulfided at 673 and 773 K for examination

We measured the magnetic property of the Co species
in the CVD-Co/Mo(W)$ catalysts to study the effects of
the support and metal sulfide component on the structure

of the chemical state of W in the sulfided catalysts, since and electronic state of Jd8,19] Fig. 7 presents the effec-

it is well known that supported-W oxides are not easily sul-
fided compared with the Mo oxide counterpdftd 3,32,33]
The XANES spectra of 10% W4ISIO, and a crystalline
WS, reference are also shown for comparison. Y880,

tive magnetic moment and magnetic susceptibilitpf Co

for CVD-Co/WS/Al>03 (773) as a function of temperature.
The catalyst was treated in g ldtream at 673 K for 30 min
after the second sulfidation. With decreasing temperature,

(773) showed a XANES spectrum very close to the one the magnetic susceptibility of Co increased and had a max-

due to crystalline Wg regardless of the W loading, indi-

imum around 15 K, followed by a sharp decrease at a lower
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Fig. 6. W L3-edge XANES spectra for 10% WSiOy, 20% WS/SIO,,
and references. (A) (i) polycrystalline W$solid line) and 10% W@/'SiO»
(dotted line), (ii) 10% WS/SIO, (673) (dotted line) and 10% W&SIiO»
(773) (solid line). (B) (i) 20% W$/SIO, (673) (dotted line) and 20%
WS,/SiO, (773) (solid line), (i) deconvolution of the XANES spectrum
of 20% WS/SiO, (673) (solid line, observed; dotted line, convoluted spec-
trum) into two components (WS dash-dot line; W@, dash line).

temperature. This temperature dependency &f a typical
antiferromagnetic behavior. A similar magnetic property of
Co was previously reported for CVD-Co/Mgial 203 (673)
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Fig. 7. Magnetic susceptibility and effective magnetic momentg) of

Co as a function of temperature for CVD-Co/WA8I,03 (773) treated in

an Hy-stream at 673 K. The best fitting curve, assuming a dinuclear Co
sulfide cluster, for the observed magnetic susceptibility is also shown.

Table 2

Magnetic parametefsobtained by fitting the experimental magnetic sus-
ceptibility of Co assuming the formation of dinuclear Co clusters on the
edge of Mo$ or WS, particles

Catalyst Mo(W)@  Presulfidation J o
content temperature (K)
(Wt%) (K)
CVD-Co/M0S/Al 03P 13 673 -71 084
CVD-Co/MoSy/Al,050:¢ 13 673 —-6.9 096
CVD-Co/WS/Al,03° 22 773 74 077
CVD-Co/M0S/SiOp 10 673 -85 12
CVD-Co/WS/SiO,° 20 673 -9.6 098
2 Eq.(1).

b Pprevious resultglo].
€ H,-trated at 673 K for 30 min.

[18,19] With CVD-Co/M0oS/Al»03, the magnetic suscepti-
bility x of Co was reasonably fitted by Eq. ([B7], assum-
ing the formation of a dinuclear Co sulfide cluster on the
edge of Mo$ particles (spin-pair model)

X = aNag?ub/keT[3+exp(—2J /ksT)], (1)

where Np is Avogadro’s constantyg is the Bohr magne-
ton, g is the gyromagnetic factor (assumed to be 2 here),
kg is Boltzmann’s constant/ is the magnetic interaction
strength (defined by = —2JS; x S3), and« is the frac-
tion of the paramagnetic spin per Co atom. It was found that
the temperature dependency of the obseryefbr CVD-
Co/WS/AI,03 (773) was also rationally fitted by using the
theoretical Eq(1) as shown inFig. 7. The fitting parame-
ters,J and«, are summarized iffable 2together with the
previous results for CVD-Co/Ma#Al 03 [19]. The effec-
tive magnetic moment for CVD-Co/WH\I203 is close to
the theoretical value for Co(ll) at a low spin state/3ug,

at around 300 K. As presented ifable 2 the magnetic
property of CVD-Co/Mo%/Al,03 was not changed by the
treatment in a K stream at 673 K for 30 mifiL9]. It should
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be noted that thg values for CVD-Co/Mo%/Al,03 (673)
and CVD-Co/W$/Al,03 (673) are the same within experi-
mental accuracy0.5 K).

With CVD-Co/M0oS/SiO, (673) and CVD-Co/Wg

ingly, the selective formation of the Co—W-S phase is con-
firmed by the finding that the value afis essentially unity
within experimental accuracy.

As shown inFig. 7, the magnetic property of CVD-

SiO, (673), it was found that the temperature dependency Co/WS/Al>Os3 (773) can be described by Hg.), indicating

of the magnetic susceptibility of Co was also reasonably
fitted by Eq.(1) (not shown for brevity). The magnetic para-
meters are presentedTable 2 It seems that the values for

that the Co species in the Co-W-S phase form a dinuclear
Co sulfide structure, as observed for the Co—Mo-S phase
in CVD-Co/MoS/Al 203 (673)[18,19] With the SiQ-sup-

the SiQ-supported Mo and W catalysts are rather close to ported CVD-Co/Mo(W)$ catalysts, the same conclusions
each other but are slightly greater in the absolute value thancan be derived froriable 2 Together with the spectroscopic

those for the AdOs-supported catalysts. The valuescoéire

and adsorption results for CVD-Co/Mg8\l,03 (Fig. 4),

close to unity for the CVD catalysts regardless of the sup- the value of«e in Table 2and CoK-edge XANES[25]
port and catalyst composition, indicating that the dinuclear strongly indicate that the antiferromagnetically coupled Co
Co species are preferentially formed in these catalysts byatoms in CVD-Co/W$ catalysts are in sulfur environments
the CVD technique. The effective magnetic moments around and are situated at the edge of Y&rticles.

300 K indicate that Co(ll) species in the CVD catalysts are

The parameter/, which shows the magnitude of the

in a low spin state characteristic of sulfur environments even magnetic interactions between the adjacent Co atoms of

after the H treatment at 673 K.

4, Discussion

4.1. Selective formation of the Co-W-S phase and its
structure

In our previous study on various CVD-Co/MgSupport
(support: AbOg, TiO,, ZrO,, or SiQy) catalysts, it has been
shown by XPS[27] and CoK-edge XANES[30] spectra

CVD-Co/WS/AlI203 (773), is very close to that of CVD-
Co/M0oS/Al,03 (673), suggesting that the local structure
and electronic state of the Co(ll) species in the Co-W-S
phase and the Co—Mo-S phase are very similar to each other.
The value of/ for CVD-Co/WS/SIO; is slightly larger than

or rather close to that for CVD-Co/MefSi0O, within the
experimental accuracyH0.5 K). On the other hand, the val-
ues of J for the SiQ-supported catalysts are slightly but
significantly greater in the absolute value than those for the
Al,O3-supported counterparts. Although it is assumed that
the difference in theJ value resulted from the differences

that the Co sulfide species, admitted by the CVD technique in the local structure and electronic state of the Co species
with Co(COxNO, preferentially interact with MoSparti- in the Co—Mo(W)-S phase, caused by the interactions with
cles. Furthermore, the amount of anchored Co as expressedhe support, we have to await more systematic experiments
by the CgMo mole ratio was proportional to the amount of and theoretical calculations for a more detailed discussion
NO adsorption (N@Mo mole ratio) on the Mogsupport on the Co—Mo(W)-S structure, magnetic property, the effect
catalyst, substantiating the conclusion that the Co sulfide of support, the effect of pretreatment (evacuation at 673 K in
species are located on the edge of M@@rticles[27—-29] the present study), and the TOF of the HDS reaction. How-
since it is well established that NO molecules adsorb selec-ever, it is worth noting here that the magnetic property of
tively on the edge of Mogparticles. These results allowed the Co—Mo(W)-S phase can differentiate slight changes in
us to conclude that the Co—-Mo-S ph#skor the Co—Mo-S the nature of the Co species between the,S&hd AbOs-
structure, in which Co atoms interact with a Mo&dge, is supported catalysts, in contrast to XPS (the samepge2
preferentially and fully formed by the CVD technique. The binding energy27]).
FTIR spectra of NO adsorption on CVD-Co/Mg8&l,03
substantiated the conclusiof28]. 4.2. Intrinsic activity of the Co-Mo-S phase and the

Fig. 4 shows a proportional correlation between the Co-W-Sphase
Co/W and NO/W ratios for the W$ catalysts regardless of
the W loading, sulfidation temperature, and support, demon-  As shown inFig. 5and Table 1 the TOF values of the
strating that the Co—W-S phase is selectively formed by thiophene HDS on the Co—Mo-S phase and the Co—-W-S
the CVD technique as observed for the Co—-Mo-S phase.phase strongly depend on the support, metal sulfide com-

The selective formation of Co-V¢3nteraction species was
suggested by the C&-edge XANES spectra for CVD-
Co/WS/AI>03 [25]. The value ofe in Table 2shows the

ponent, and presulfidation temperature. With the CVD-
Co/M0S/Al,03 and CVD-Co/WS$/AI,03 catalysts sul-
fided at 673 K, the TOF values on the Co—Mo-S phase and

fraction of paramagnetic spin per Co atom accommodatedthe Co—W-S phase are identical under the present reaction
in the CVD-Co/Mo(W)S catalysts. As discussed elsewhere conditions. Louwers and Prif26] suggested that the in-
[18,19], the Co species in the Co—Mo-S phase are describedtrinsic activities of the Ni-Mo-S phase and the Ni-W-S
as a dinuclear Co sulfide cluster model with an antiferro- phase supported on activated carbon are identical, on the

magnetic property, since @8s shows a Pauli paramagnetic
behavior § = 1.2 x 1074 cm®mol~! Co~1) [38]. Accord-

basis of the activity increase with the addition of Ni. The
present results directly demonstrate, for the first time, that
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the TOF values on the Co—Mo-S phase and the Co—W-Strast to Co—Mo(W)-S Type I, and that pseudo-Type Il is cor-

phase supported on #D3 are identical, on the basis of the

actual number of the active sites for the HDS of thiophene.

related with a distorted structure of Mgg8articles, whereas
Type Il is correlated with a well-crystallized MeStructure.

Topsge et al. defined two types of the Co—Mo-S phase de-It seems rational to assume that the crystallinity of MoS

pending on the intrinsic activity, Co—Mo-S Type | and |l
[5,39,40] Co—Mo-S Type IlI, which is formed by high-
temperature sulfidation (875-1275 K), is about two times
more active for the HDS of thiophene than Co—-Mo-S Type |
formed by low temperature sulfidation (675 K). Since CVD-
Co/M0oS/Al,03 and CVD-Co/W$/Al,03 were presulfided
at 673 K, itis concluded that Co—-Mo-S Type | and Co—-W-S
Type | show the same TOF of the HDS of thiophene, in con-
formity with a closeJ value inTable 2

The TOF over CVD-Co/MoZSiO, (673) is 1.8 times
that of CVD-Co/Mo0$/Al03 (673), in agreement with the
previous study[27]. On the basis of the results, we pre-
viously concluded that there was formation of Co—Mo-S
Type Il in CVD-Co/M0oS/SiO, (673). However, as shown
in Fig. 5and Table 1 the TOF over CVD-Co/Mo8SiO,
is increased by the presulfidation at 773 K and further

particles is mainly determined by the sulfidation temperature
at a fixed BS/H, pressure. Recently, Kooyman et g5]
clearly showed by HRTEM that the crystallinity of supported
MoS; particles is improved by sulfidation at 873 K com-
pared with those formed at 673 K.

With the W-based catalysts, we propose the formation
of Co—-W-S pseudo-Type Il in CVD-Co/WSIO, (773),
in which WGQ;s is completely sulfided to WS as indicated
by the W L3-edge XANES spectra ifig. 6. The TOF on
CVD-Co/WS/SIO; is significantly increased by the presul-
fidation of WS/SIO, at 873 K, suggesting the formation
of Co—W-S Type Il simply on the basis of a 2.5 times in-
crease in TOF relative to Co—W-S Type | observed for CVD-
Co/WS/AI,03 (673). It is confirmed that full sulfidation
(Fig. 6) and the formation of Wisstackings (averaged stack-
ing number 3.7) are not enough to form Co—-W-S Type II.

increased, although to a lesser extent, by the sulfidationThe formation of Co-W-S pseudo-Type Il requires a higher

at 873 K. The TOF over CVD-Co/Ma$SiO, (873) is
2.3 times that over CVD-Co/Ma#Al 03 (673); the extent

presulfidation temperature (773 K) than Co—Mo-S pseudo-
Type Il (673 K). This is correlated with a higher difficulty of

of the increase in TOF is consistent with that reported by the full sulfidation of W oxides than that of Mo oxides to the

Topsge et a[5,39]for the shift from Co—-Mo-S Type | to Il
Accordingly, it is concluded that the Co—-Mo-S phase in
CVD-Co/M0S/SiO, (873) is classified as “real” Co—Mo-S
Type Il defined by Topsge et al5,37] The Co—Mo-S
phase in CVD-Co/Mo8SiO; (673), with a TOF interme-
diate between those of Co—Mo-S Type Il and |, is desig-

nated as Co—Mo-S pseudo-Type Il hereinafter for conve-

corresponding sulfides, as evidenced by the XANES spectra
in Fig. 6. With CVD-Co/WS/SiO; (673), the relatively low
TOF may have resulted from the incomplete sulfidation of
W oxides (XANES inFig. 6 and XPS). It should be noted
that there remains a possibility that a presulfidation temper-
ature higher than 873 K is needed for the formation of “real”
Co-W-S Type I, in contrast to the formation of Co-Mo-S

nience. In the present study, the TOF calculated here is aver-Type Il at 873 K[10,11]

aged over the Co—Mo-S structures existing in the catalysts.

However, it is unlikely that Co—Mo-S pseudo-Type Il in
CVD-Co/M0S/SiO, (673) is a simple mixture of Co—-Mo-S
Type | and I, since the TOF on Co—Mo-S pseudo-Type I
is independent of the Mo content or Mp®atrticle size
within the experimental accuracy and since Mgfrticles
only weakly interact with Si@surfacg41,42]and are com-
pletely sulfided at 673 K34,43,44]

The origin of Co—-Mo-S Type | has been attributed to

As for the AbOs-supported catalysts, it is assumed by de-
finition [5,39] that Co—Mo-S Type | and Co—-W-S Type | are
formed, when presulfided at 673 K. These phases show iden-
tical TOFs. When Mo(W)ZAI,0s is presulfided at 773 K,
the TOF is increased by 10—-20%; this is ascribed to partial
formation of Co—Mo(W)-S pseudo-Type Il in these cata-
lysts.

The TOF values increase in the order Co—Mo(W)-S
Type | (7.1-7.3 h1) < Co-Mo(W)-S pseudo-Type Il (11.2—

strong interactions between Mo oxides and support and, ac-12.8 ') < Co-Mo(W)-S Type Il (16.5-17.91). The dif-

cordingly, to incomplete sulfidation of Mo oxides to MpS

particles and their resultant single-slab structure with resid-

ual anchoring bonds with the support such as Mo—O-Al,

whereas that of Type Il has been attributed to complete sul-

fidation and the formation of stacked MpBarticles[5,39].
The formation of Mo$ stackings (averaged stacking hum-
ber 2.1) was confirmed by TEM for 10% M@SiO, (673).

Itis therefore assumed that full sulfidation and the formation
of stacked Mog particles are not enough to form Co—Mo-S

ferent intrinsic activities of these phases stem from a slight
difference in the local structures and electronic states of the
Co species in the active phase. If we compare the TOFs in
Table 1and theJ values inTable 2 it seems that these val-
ues are closely correlated with each other. However, a further
systematic study is needed to establish the correlation be-
tween the magnetic property and TOF.

It is well known that only a weak synergetic effect ap-
pears between Co and W sulfides compared with the other

Type Il. On the basis of the dependence of the TOF on combinationg23]. Kishan et al[24] and Kubota et al[25]

the support and presulfiding temperatukég( 5 and Ta-

ble 1), we instead propose that Co—Mo—S pseudo-Type |l
and Type Il are formed on the edge of fully sulfided MoS
particles with no strong interactions with the support, in con-

have demonstrated that the HDS activity of Co—W catalysts
is greatly increased by the addition of a chelating agent to
impregnation solutions containing Co, suggesting that the
weak catalytic synergy between Co and W sulfides is caused
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by a difference in the sulfidation temperatures between Co phase. The Co—W-S phase showed an antiferromagnetic
and W precursors that is greater than those between Co and  property.

Mo counterparts. The present results clearly demonstrate 2. The TOF of the Co—-Mo-S phase and the Co-W-S
that if Co—W sulfide catalysts were prepared properly, strong phase increased as the presulfidation temperature of
synergetic effects would be generated, even between Coand MoS,/SiO; and WS/SiO; increased from 673 to 873 K,

W sulfides, as observed for Co—Mo sulfide catalysts. The whereas it was independent of the loading of Mo and W

fact in Fig. 1 that the HDS activity of CVD-Co/W8SiO, (5-20 wt% MoQ and WQ).

(873) is lower than that of CVD-Co/Ma&5i0; (873) does 3. The TOFs on the Co—Mo-S phase and the Co-W-S
not result from a lower intrinsic activity of the Co-W-S phase were very close for the HDS of thiophene; that
phase than that of the Co—Mo-S phase, but is due simply is, Co—-Mo-S Type k Co-W-S Type I< Co—Mo-S

to a lower edge dispersion of W®articles compared with Type Il =~ Co—-W-S Type Il. The magnetic results sug-
that of Mo$ particles, as suggested by the N@o(W) ratio gest that the TOF is changed by a slight modification
in Fig. 3and the TEM observations. in the local structure and electronic state of Co in the

Close similarities in TOF between the Co—Mo-S phase Co—Mo(W)-S phase.
and the Co—W-S phase may imply the reaction mechanism 4. It is suggested that Co—-Mo(W)-S Type Il is not nec-
of HDS on the Co—Mo(W)-S phase or the genesis of the essarily formed by full sulfidation and stackings of
catalytic synergy between Co and Mo or W sulfides. There Mo(W)S; slabs, but by a high-temperature treatment.
are mainly two proposed reaction mechanisms of HDS on
the Co—Mo(W)-S phase; one model assumes that the reac-
tion takes place on coordinatively unsaturated Co sites andAcknowledgments
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