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Series of W-incorporated CoMo/~-Al,O3 catalysts were charac-
terized with TPR, DRS, ESR, and XPS. Two series of catalysts with
varying content of tungsten were prepared for characterization by
changing the impregnation order of cobalt and tungsten to a base
Mol/~-Al,Oj3 catalyst. The activity promotion by relatively low con-
tent of tungsten arose from the roles of tungsten in changing the
Mo-oxide coordination from tetrahedral to octahedral, facilitating
the reduction of Mo-oxide species, and increasing the dispersion
of MoS;. By incorporation of tungsten at a content as much as
0.025 in W/(W + Mo) atomic ratio, the MoS; dispersion of CoMo/~-
AlLO3 catalyst was considered to be maximized without noticible
detriment to the active Co—-Mo-O phase, resulting in the maximum
activity promotion. The formation of the Co-Mo-O phases was
more favored in the catalysts prepared by impregnating W onto
CoMo/~-Al,03 than in those by impregnating W onto Mo/~-AlLO3
before impregnation of Co. The effect of tungsten on the dispersion
of active phase was not discriminated between the two series of cat-
alysts. The activity decrease observed in the catalysts containing
higher content of tungsten originated from the increase in the W-
oxide coverage on the surface of Mo-oxides or Co-Mo-O phases,
resulting in not only impeding the reduction or sulfidation of the
oxidic precursor but facilitating the formation of less active Co-W-
O at the sacrifice of more active Co-Mo-O phase. © 199 Academic

Press, Inc.

INTRODUCTION

In the preceding paper (1), we reported that hydrodesul-
furization (HDS) and hydrogenation (HYD) activities of
the W-incorporated CoMo/y-Al,O3 catalysts were pro-
moted or decreased, depending on their tungsten com-
position. It was also found that the maximum activity
promotion occurred at a low content of tungsten corre-
sponding to 0.025 in W/(W 4 Mo) atomic ratio regardless of
the impregnation order of tungsten. Adequate amounts of

! To whom correspondence should be addressed.

tungsten species present in CoMo/y-Al,Oj3 catalyst can be
considered to play a promoting role. As to the roles of con-
ventional promoters such as nickel, cobalt, phosphorous,
and fluoride, a number of possible promotion mechanism
have been suggested as discussed by Prins et al. (2). As far
as the alumina-supported HDS catalysts are concerned, the
roles of promoters as a textural modifier and/or a bonding
modifier of the active catalytic component have been sig-
nificantly considered.

In this paper, as an extention of the previous study (1),
W-incorporated CoMo/y-Al,O3 was characterized to un-
derstand how the added tungsten species promoted the
catalytic activity. The physicochemical properties of the
catalysts in both the oxidic and sulfided states were investi-
gated by means of X-ray diffraction (XRD), temperature-
programmed reduction (TPR), diffuse reflectance spec-
troscopy (DRS), electron spin resonance spectroscopy
(ESR), and X-ray photoelectron spectroscopy (XPS). The
characterization results were discussed in relation to the
catalytic activities in both HDS and HYD reactions.

EXPERIMENTAL

Catalysts

Catalysts for this study were the same as those used in
the part I of this work (1), where their preparation details
can be found. Series of catalysts denoted as CWM were
prepared by impregnating tungsten onto the base catalyst
of Mo(4.0) prior to impregnation of cobalt. The other series
of catalyst, denoted as WCM, were obtained from tungsten
impregnation onto Co(1.71)Mo(4.0) base. The two addi-
tional WCM catalysts which are equivalent to each other in
their total metal content but different in their W/(W + Mo)
atomic ratios have been prepared from their respective
base catalysts, Co(2.14)Mo(4.87) and Co(2.14)Mo(4.0).
These additional WCM catalysts, denoted as WCM-A, of
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W(0.12)Co(2.14)Mo(4.87) and W(1.0)Co(2.14)Mo(4.0) are
nearly same in their total metal loadings but have different
W/(W + Mo) atomic ratios, 0.025 and 0.2, respectively. The
numbers in parentheses following each catalytic component
indicate the number of atoms per square nm of the surface
area of alumina. The physical properties, the catalytic ac-
tivities in thiophene HDS and ethylene HYD, and the O,
uptake in the sulfided state of the prepared catalysts have
been determined in the preceding part I (1).

XRD

An X-ray diffractometer (Rigaku) equipped with a Cu
X-ray tube was used to obtain the diffraction patterns of
the calcined catalyst samples.

TPR

The temperature-programmed reduction (TPR) experi-
ments were carried out in the same apparatus used for HDS
and HYD reactions in the preceding paper (1). An oxide
catalyst sample containing 50 umol of a main metal compo-
nent (Mo in the cases of Mo, CoMo, WCM, or CWM catalyst
series; W in the cases of W or CoW; Co in the case of Co
catalyst) was loaded into the quartz reactor. In order to re-
move adsorbed impurities, the sample was heated to 500°C
for 0.5 h in dry O, (Hanguk UHP grade) flow (30 cm*/min)
and maintained at this temperature for 0.5 h followed by
cooling to 40°C. Then the oxygen flow was switched to a
purified reductive gas mixture of 10% H; in Ar. After stabi-
lization of the TCD signal, the temperature was increased
at a rate of 15°C/min to 700°C and kept at this tempera-
ture for 0.5 h. H, concentration in the effluent stream was
monitored with the TCD and the water produced during
reduction was trapped with molecular sieve 13X.

UV-Vis DRS

The UV-Vis diffuse reflectance spectra of the oxidic state
catalyst samples were recorded in the range of 200-700 nm,
using a Shimazu 240 UV-Vis Diffuse Reflectance Spectrom-
eter. A quartz cell capable of providing a sample thickness
larger than 3 mm was employed, which permits the direct
determination of Roo, the reflectance at infinite sample
thickness. The quartz cell containing the catalyst samples
was first heated to 100°C and evacuated for 0.5 h to re-
move the physically adsorbed species. BaSO4 was used as a
reflectance white standard.

ESR

ESR spectra were recorded on a Brucker ESP 300 spec-
trometer with a single cavity at room temperature in the
2000-4500 G range. The working frequency was 9.75 GHz
and the magnetic field was modulated at 100 kHz using an
incident microwave power of 2 mW. A varian strong pitch
sample (g = 2.0028) was used to calibrate g values (spectro-
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scopic splitting factors). An ESR cell was specially designed
so that catalyst samples sulfided in the quartz reactor could
be transferred to the ESR cell without air contact. In order
to remove the physically adsorbed species, the ESR cell
was evacuated at 0.1 mmHg for 10 min at room tempera-
ture. The sulfidation of oxide catalyst samples (0.1 g) for
ESR was performed in the same manner as used in HDS or
HYD reaction.

XPS

XPS spectra were recorded with a Leybold, LHS-10 spec-
trometer equipped with a MgKo X-ray excitation source
operated at 100 mA and 10 kV. A powdered oxide cata-
lyst sample was pressed into two thin wafers with 10 mm
diameter, one of which was used for the oxidic state anal-
ysis and the other was sulfided according to the same pro-
cedure as for the previous HDS or HYD experiment (1)
for the sulfided state analysis. After sulfidation the reac-
tor was cooled to —78°C, using a cold bath of acetone and
dry ice, and maintained at this temperature for 30 min in
30 cm®/min flow of purified Nj. As soon as the reactor was
opened in the upward flow of N,, an adequate amount of
isooctane (Aldridge, 99.7 + %), enough to soak the sulfided
wafer, wasinjected into the reactor with a syringe. The wafer
soaked with isooctane was immediately fixed to the XPS
sample holder and evacuated down to 102 Pa before it was
moved into the analysis chamber. It has been reported that
cooling the fresh sulfided catalysts to low temperature (3)
and coating with isooctane (4, 5) before their exposure to air
is helpful in preventing their oxidation by air. The spectra of
the Al2s, Mo3d, Co2p, W4f, and S2p levels were recorded.
Binding energies were determined referred to the binding
energy of Al 2s at 119.1 eV.

RESULTS

XRD

For the oxidic state catalysts of the CWM and WCM se-
ries and Co(1.71)Mo(4.0), no significant diffraction patterns
attributable to the impregnated metal species appear. This
indicates that the impregnated metal components are well
dispersed on the support surface and do not form any XRD-
detectable bulk species.

TPR

Figure 1 shows the TPR profiles of some base catalysts.
The W(5.0) catalyst does not show any significant reduc-
tion peaks. This low reducibility of the alumina-supported
W catalyst has been generally known (6-8) and interpreted
as due to the polarizing effect of AI’** ions of the support
(6). The two small reduction peaks observed in the TPR
profiles of Co(2.14)W(5.0), which was prepared by impreg-
nating Co onto the W(5.0) catalyst, may be attributed to
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FIG.1. TPR profiles of (A) W(5.0), (B) Co(2.14)W(5.0), (C) Co(4.0),

(D) Mo(4.0), and (E) Co(1.71)Mo(4.0).

the reduction of Co species in view of the TPR profile
of Co(4.0) exhibiting a broad reduction pattern starting at
450°C. The TPR profiles of Mo(4.0) and Co(1.71)Mo(4.0)
catalysts resemble each other in the shape exhibiting the
two reduction regions as reported (8-13). Medema et al.
(9) proposed that two Mo species are present for Mo load-
ing up to monolayer coverage (8): (i) isolated tetrahedral
molybdenum-oxide (Mort), which is resistant to reduction,
and (ii) ploymeric distorted octahedral molybdenum-oxide
(Mo,), which s easier to reduce. Several authors (9-13) sug-
gested for the two-peak reduction pattern of Mo catalysts
that the low-temperature reduction peak be assigned to the
partial reduction of Mo, and the high temperature peak to
further reduction of such species plus that the Mor. How-
ever, the high-temperature reduction peak in the present
experiments seems not to be related to reduction of Moyt
because these species require higher temperatures to be-
come reduced than those currently employed.

The TPR profile of Co(1.71)Mo(4.0) catalyst shows the
increase in the degree of reduction as compared with
Mo(4.0). Such increase induced by Co impregnation might
be originated from the reduction of Co species rather than
the additional reduction of Mo species because the two
catalyst samples have equal amounts of molybdenum. The
Co-oxides in alumina supported catalysts are configured
as tetrahedrally coordinated species, which are resistant to
being reduced, and octahedrally coordinated species and
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FIG. 2. TPR profiles of (A) Co(1.71)Mo(4.0) and CWM series cat-
alysts containing tungsten in W/(W + Mo) atomic ratio as follows: (B)
0.0125, (C) 0.025, (D) 0.05, (E) 0.1, and (F) 0.2.

bulk Co304, both of which are reducible (14). It is striking
that the additional reduction has occurred evenly within the
temperature region confined by the two reduction peaks of
Mo(4.0). This indicates that the reducible Co-oxide species
are present as forming Co-Mo-O phases (11, 14). That the
Co-Mo-O structures are not much different from the orig-
inal polymolybdate phases in Mo/Al,O3 could be a reason
for the even increase of the TPR spctrum as compared to
the unpromoted sample.

The TPR profiles of CWM series catalysts are presented
in Fig. 2. It should be noted that the absolute amount of
molybdenum in the samples has been kept constant (50
umol of Mo), i.e., sample sizes are increased with increas-
ing content of tungsten. The TPR profiles of all the catalysts
containing tungsten display two reduction peaks similar to
those of Co(1.71)Mo(4.0). However, general trends in the
peak-width broadening towards the higher temperature re-
gion and small shifts of the maximum peak position are
observed with increasing W-content. The width of the first
reduction peak becomes broader as the content of tungsten
increases and the maximum peak position is first shifted to-
wards lower temperatures and then moved towards higher
temperatures. However, the total amounts of reduction ap-
pear not to be greatly changed with the tungsten content.
Similar trends were observed for the catalysts of WCM se-
ries based on the Co(1.71)Mo(4.0), although they are not
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FIG.3. TPR profiles of WCM-A catalysts, (A) Co(2.14)Mo(4.87) and

W(0.12)Co(2.14)Mo(3.87), and (B) Co(2.14)Mo(4.0) and W(1.0)Co(2.14)
Mo(4.0).

presented here. Figure 3 shows the TPR profiles of WCM-A
catalysts. The TPR profile of W(0.12)Co(2.14)Mo(4.87)
compared with that of its base Co(2.14)Mo(4.87) shows
higher amounts of reduction instead of a shift of the max-
imum peak position as observed in CWM and WCM se-
ries catalysts. It is presumed that W-oxides present in the
W-incorporated catalysts experience almost no reduction
according to the extremely low reducibility of the W(5.0)
catalyst, as shown in Fig. 1A.

The shift of the maximum peak position towards lower
temperatures observedin the relatively low W-content cata-
lysts suggests that some of the Mo (or Co) species have been
rendered more reducible by the presence of tungsten. It has
been reported (11, 14) for the alumina-supported CoMo
catalysts that Mo increases the Co reducibility. Arnoldy
etal. (11) explained this influence of Mo on the Co reducibil-
ity, suggesting that the presence of Mo®* ions in the Co sur-
roundings results in a decreased number of AI** neighbors,
decreasing the polarization of the Co—O bonds, and con-
sequently resulting in a higher reducibility. Likewise, it is
possible that the presence of W®* ions in the Co or Mo sur-
roundings lowers the number of AI>* neighbors around Co
or Mo ions, resulting in a better reducibility. Also the pos-
sibility cannot be excluded that WOs3 species are placed or
intercalated between the isolated monomeric Mor species
and, as a result, the monomeric Mor species is bridged via
WO _linked oxygen to form a structure similar to the octa-
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FIG. 4. The ratios of FWHM to the maximum height of the first peak
of TPR profiles of the catalysts of Co(1.71)Mo(4.0), and CWM and WCM
series.

hedral coordination. Such a postulation was reported (9, 14)
for the alumina-supported Mo catalysts, that is, when the
Mo impregnation levelisincreased, the isolated monomeric
Mor is bridged by oxygen to form ploymeric Mo in octahe-
dral coordination.

The peak-width broadening towards higher tempera-
tures without a significant change in the total peak area indi-
cates that the retardation occurred in the rate of reduction
of the corresponding reducible species. In order to evalu-
ate such peak-width broadening with the tungsten content,
the ratios of FWHM (full width at half maximum) to the
maximum height of the first peak are shown in Fig. 4. The
effects of retardation on the reduction by tungsten appear
not so large as to be neglected in cases with lower tungsten
content but become more and more significant with higher
contents of tungsten. On the whole, such effects are more
pronounced in the catalysts of the WCM series than the
CWM series.

From the above results, it can be stated that the tungsten
incorporated in CoMo catalysts affects the reduction be-
havior of the catalyst in two complicated ways, i.e., a small
shift of the peak maximum position to lower temperatures
and the retardation of the overall reduction rate, depend-
ing on its content. In the relatively low content of tungsten,
the former as a favorable effect is pronounced without a
significant effect of the latter, while in the higher content of
tungsten the latter effect prevails against the former.

DRS

DRS spectra of the CWM series catalysts as well as
Co(1.71)Mo(4.0) are presented in Fig. 5. All catalysts show
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FIG.5. DRS spectra of CWM series catalysts and Co(1.71)Mo(4.0).

similar spectra, exhibiting one broad band at about 300 nm
and triplets centered at about 583 nm. The DRS spectra of
WCM series catalysts, although not presented here, shows
patterns similar to those of CWM series catalysts. The band
appearing at 250-350 nm in the present catalysts indicates
the presence of Mo®* species in tetrahedral and octahe-
dral coordination. According to the literature (14-17), the
bands at the lower wavelength region (220-270 nm) and
that at the higher wavelength region (300-330 nm) are due
to isolated tetrahedral MoO?~ species (Mor) and octahe-
dral Mo®* (Mo,), respectively. The triple bands centered at
583 nm are reported (14, 16, 18) to represent tetrahedrally
coordinated Co®™ species.

The position of the Mo band maximum is not significantly
changed with the W content. However, the band is shifted
or broadened slightly towards the octahedrally coordi-
nated Mo®* region in Co(1.71)W(0.1)Mo(4.0), of which
W-composition corresponds to 0.025 W/(W + Mo). Similar
Mo band broadening towards the high wavelength region
is observed also for the catalyst W(0.12)Co(2.14)Mo(4.87),
as shown in Fig. 6A. However, catalysts containing
tungsten at the higher contents are less broadened than
Co(1.71)W(0.1)Mo(4.0), as shown in Figs. 5 and 6B. Such
minor broadening at higher contents of tungsten might be
originated from the presence of tetrahedrally coordinated
WO+ species covering the molybdate surface in higher pop-
ulation. W(5.0) supported on Al,O3 shows a single band
at about 260 nm, which is attributed to tetrahedrally coor-
dinated W% species (19), as shown in Fig. 7A, indicating
that the catalyst consisted mainly of the tetrahedrally co-
ordinated W+ species. The impregnation of tungsten was
done at pH 9.5, in which tetrahedral WO3~ anions are the
predominant species (20-22). As shown in Fig. 7, the intro-
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Mo(4.0) and Co(1.71)Mo(4.0).
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duction of Co to Mo or W catalyst leads to a shift of the Mo
or W band towards higher wavelength region, indicating a
change in the Mo or W coordination to the octahedral.

In order to estimate the relative contribution of the oxi-
dic Mo species in the W-incorporated catalysts, the ratios of
F(R0o0)320/ F(Roo)260, Which indicate the relative concentra-
tions of Mo, to Mor, are shown in Fig. 8. Although the ratios
are varied within a narrow range, it can be observed that
increasing the W content in the catalysts gives a maximum
in the relative fraction of Mo, at 0.025 W/(W + Mo), and
that the relative Mo, fractions are higher for the WCM se-
ries catalysts than the CWM series catalysts at the same
W-content. These results indicate that the incorporation
of tungsten leads to a relative decrease in Mot and an in-
crease in Mo, species, and that such an effect is maximized
for the catalyst of tungsten content corresponding to 0.025
W/(W + Mo).

The spectra in the wavelength region 500-700 nm are
different from each other in their band intensities with
increasing tungsten content, as shown in Figs. 5 and 6.
The W-incorporated catalyst Co(1.71)W(0.1)Mo(4.0) or
W(0.12)Co(2.14)Mo0(4.87), which corresponds to 0.025
W/(W + Mo), exhibits higher band intensity than the ref-
erence CoMo catalysts, while the band intensities of the
catalysts containing W at higher content are comparatively
lower. According to previous reports (23,24) indicating that
the signal due to the octahedrally coordinated Co> ™ species
(Coy,) overlaps with the broad triplet of tetrahedrally coor-
dinated Co?* species (Cor), it is difficult to conclude that
the increase in the band intensity is attributed to the in-
crease in the Cor resulting from the decrease in Co,, or vice
versa. Consequently, it can be thought that the increase or
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FIG. 8. F(R0o0)320/F(R00)260 of sulfided CWM and WCM series cata-
lysts versus tungsten content.

LEE ET AL.

T T T T
v
¢ I |
W
It
:‘é’
5
g ©
5
<
S| ®
‘»
c
g
=
(A)
2800 3200 3600 4000

Magnetic field (Gauss)

FIG.9. ESR spectra of sulfided WCM series catalysts, (A) Co(1.71)
Mo(4.0), (B) W(0.1)Co(1.71)Mo(4.0), (C) W(0.44)Co(1.71)Mo(4.0), and
(D) W(1.0)Co(1.71)Mo(4.0).

decrease in the band intensity is due to the increase or de-
crease in the surface density of Co species regardless of its
coordination.

ESR

The ESR spectra of the sulfided WCM series catalysts as
well as Co(1.71)Mo(4.0) are presented in Fig. 9. Four ESR
bands appeared at g values of 1.93 (band (I)), 2.0 (band
(II)),2.04 (band (I1II)),and 2.31 (band (IV)). Band (I) can be
assigned to oxo-Mo * interacting with the alumina support
(25-29) and band (IT) to Mo species in sulfur environments,
i.e., bulk defects in a MoS,-like phase or Mo’ ions con-
nected with anion vacancies, which are directly related to
catalytic activity (25-27). Because the paramagnetic prop-
erties of W are not much different from those of Mo (25-27),
bands (T) and (IT) could also arise from tungsten. Band (III),
with relatively low intensity, can be assigned to sulfur radi-
cal species according to ESR studies (25-27) reporting that
the band attributed to the sulfur radical species on MoS; or
WS, consisted of triplet bands of g values centered at 2.04.
From the viewpoint of its broadeness, band (IV), appearing
at a g value of about 2.31, suggests the presence of species
of strong ferromagnetic character. In the ESR study on un-
supported NiW catalysts, Thakur et al. (26, 27) reported a
broad band at a g value of 2.32, similar to band (IV). They
suggested that this band originated from the presence of
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some ferromagnetic nickel sulfide. They found that HDS
and HYD activities of the catalysts were related to the in-
tensity of the ESR band of ferromagnetic nickel sulfide and
suggested that the interaction between the ferromagnetic
nickel sulfide and W** present in WS, was responsible for
the increased activity. The band (IV) might be assigned to
ferromagnetic cobalt species in our case.

As it can be seen from Fig. 9, the intensities of the ESR
bands (I), (II), and (IV) are strongly dependent on the con-
tent of tungsten incorporated. The intensity of band (I) in-
creases more or less with increasing content of tungsten,
while that of band (IT) or band (IV) increases extremely for
the catalyst W(0.1)Co(1.71)Mo(4.0) of 0.025 W/(W + Mo)
and decreases with further increases in tungsten content.
The increases in band (I) intensity with increasing tung-
sten content may be originated from the partial sulfidation
of W* to W>* or may be due to the retardation effects
on the reduction of Mo oxide by tungsten present in higher
content, as ascertained by TPR (Fig. 4). Band (II) is thought
to be mainly originated from molybdenum, considering the
extremely low reducibility of tungsten oxide supported on
alumina. The trends observed in the intensity changes of
bands (IT) and (IV) with tungsten content are quite anal-
ogous to those of HDS and HYD activities, and oxygen
uptake as reported elsewhere (1). These ESR results also

ascertain that the presence of tungsten to an appropriate
amount in CoMo catalyst facilitates the creation of Mo *
ions which play the role of catalytic active centers.

XPS

The XPS spectra of Mo3d, Co2p, and W4f for
the catalysts of Co(1.71)Mo(4.0), W(0.1)Co(1.71)Mo(4.0),
Co(1.71)W(0.1) Mo(4.0), and Co(1.71)W(1.0)Mo(4.0) in
their oxidic and sulfided states are shown in Fig. 10. The
binding energy (BE) data are summarized in Table 1.

The spectra and the BE data for Mo3d and Co2p of the
oxidic state catalysts show that the BE values are not sig-
nificantly altered by the incorporation of tungsten in a low
content but increase considerably with the tungsten in a
high content. On the other hand, for the sulfided state cat-
alysts, the BEs of Mo and Co are considerably increased by
the presence of tungsten for W(0.1)Co(1.71)Mo(4.0) and
Co(1.71)W(0.1)Mo(4.0). However, such increase is not ob-
served for Co(1.71)W(1.0)Mo(4.0). The increases in BE in
the sulfided state indicate the increase in the dispersion of
the sulfided phases of Mo and Co (30). The BE value of
Wi4fin oxidic catalysts of low W-loading is higher than that
of high W-loading. The Mo3d spectra show that most of
molybdenum oxide species are converted to the sulfided
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TABLE 1

XPS Binding Energy Data for the Catalysts in Oxidic and Sulfided States

Catalysts Mo3ds;  Mo3dsn  Co2psp W4f  S2p  A(BE)® A(BE)
In oxidic state
Co(1.71)Mo(4.0) 233.0 236.0 781.2 —
W(0.1)Co(1.71)Mo(4.0) 233.0 236.0 781.1 37.7
Co(1.71)W(0.1)Mo(4.0) 232.9 235.9 781.1 37.6
Co(1.71)W(1.0)Mo(4.0) 233.4 236.4 781.5 37.0
In sulfided state
Co(1.71)Mo(4.0) 228.8 231.8 778.7 — 162.1 66.7 616.6
W(0.1)Co(1.71)Mo(4.0) 229.4 232.5 778.9 370 1624 67.0 616.5
Co(1.71)W(0.1)Mo(4.0) 229.1 232.1 778.5 370 1622 67.0 616.3
Co(1.71)W(1.0)Mo(4.0) 228.6 231.8 778.3 36.7 162.1 66.5 616.2

“ A(BE);, binding energy difference, Mo3ds»-S2p.
b A(BE),, binding energy difference, Co2p3,»-S2p.

species by the sulfidation, but a small amount of molyb-
denum still remains oxidic after the sulfidation. The in-
creased broadeness of the Co2p spectra in sulfided sam-
ples points to the presence of Co species both in sulfided
and oxidized forms after the sulfidation (31). The sulfiding-
resistant Co-oxides are supposed to be tetrahedrally coor-
dinated species. It can be observed from the W4f spectra
that most of the tungsten oxides of W(0.1)Co(1.71)Mo(4.0)
and Co(1.71)W(0.1)Mo(4.0) catalysts remain oxidic after
the sulfidation and that, on the other hand, larger amounts
of tungsten oxides have been converted to the sulfides in
the Co(1.71)W(1.0)Mo(4.0) catalyst.

Alstrup et al. (32) proposed the use of the BE differences
of (Mo3ds,-S2p) and (Co2p3,-S2p) as a reliable way to
identify the sulfided species of Mo and Co. Table 1 gives
the values of such BE differences, A(BE); and A(BE),, for
(Mosds;p—-S2p) and (Co2ps»—S2p), respectively. The mean
value of A(BE)y, 66.8 eV, corresponds closely to the value
66.9 eV reported for MoS, by Alstrup et al. (32). The
A(BE); values, 616.6 and 616.5 eV, for Co(1.71)Mo(4.0)
and W(0.1)Co(1.71)Mo(4.0) catalysts, respectively, are rea-
sonably close to the value 617.0 eV, which is reported to be
characteristic of Co in the CoMoS phase (32), as ascertained
by Bouwens et al. (33). On the other hand, the A(BE); val-
ues for the CWM series catalysts of Co(1.71)W(0.1)Mo(4.0)
and Co(1.71)W(1.0)Mo(4.0), 616.3 and 616.2 eV, respec-
tively, are closer to 616.1 eV, which is typical for CoSg (32),
rather than to 617.0 eV, for Co in CoMoS phase. The value
of S2p BE, 162.1 eV, indicates the presence of S~ on the
sulfided catalyst surface (32, 34).

DISCUSSION

Structure of the CoMo Catalyst

From the TPR and DRS results for the Mo and CoMo
base catalysts in this study, it is assured that the most proba-

ble Mo-oxide species in the oxidicstate catalysts are isolated
Mot and polymeric Mo,. The introduction of Co to the Mo
catalyst induces some changes in the Mo-oxide structure
from tetrahedral to octahedral, as indicated by DRS spec-
tra. The TPR results indicate that the reducible Co-oxide
species in the CoMo catalyst are well distributed, associated
as Co-Mo-O phases, which have been known as the precur-
sors of highly active Co-Mo-S (35-37). The existence of the
Co-Mo-S phase in the sulfided Co(1.71)Mo(4.0) catalyst is
verified by the BE difference in XPS analysis. However, the
DRS result indicates that nonreducible Cor species are also
present in a significant amount. It has been reported that
the Co-promoted Mo catalysts are preferentially present as
a monolayer on the alumina support (38, 39).

Effects of Impregnation Order and Tungsten Content

Throughout the interpretation of the characterization re-
sults in the preceding section, the textural and structural
effects induced by the incorporation of tungsten in CoMo
catalyst are found to be dependent on the impregnation
procedure and the loading content of tungsten. As shown
in Table 1 of (1), the textural effect, which is exemplified
by the changes in surface area, is generally considered to
be not so significant to induce large differences in the re-
action rates. The surface areas of the catalysts slightly de-
crease with increasing tungsten content, indicating that the
impregnated metal oxides have been well dispersed on the
catalyst surface without the formation of large bulk-like
species which may block the fine pores of the alumina sup-
port. The absence of bulk species is also corroborated by
XRD results. However, the structural effects exerted by
tungsten incorporation induced the changes in catalytic ac-
tivity. A simplified description for the structural changes of
tricomponent catalysts affected by the tungsten impregna-
tion sequence and its loading is presentedin Fig. 11.
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FIG. 11. Simplified description for the trimetallic catalysts prepared
by impregnating a fixed amount of Co and variable amount of W onto the
Mo/y-AlL,O3 with alternation in the impregnating sequence of cobalt and
tungsten.

W-Impregnation onto CoMo/y-ALO3

The most distinct feature of this case is that tungsten is
impregnated onto the catalyst in which relatively large frac-
tions of both Co and Mo have been chemically associated
with each other as Co-Mo-O phases. In the low content of
tungsten up to 0.025 W/(W + Mo), as shown as (WCM)L
in Fig. 11, monomeric oxide species of tungsten in the cal-
cined catalyst may result in the preferential formation of
a bond with alumina, occupying the Mo or Co oxide-free
vacant sites, and some of the species may be also placed
on top of the polymeric Mo, monolayer which has been
associated with cobalt atoms. At this amount of tungsten
incorporation, the catalytic activities of HDS and HYD are
maximum, which can be explained by the results obtained
from the various characterization methods as follows: (i)
TPR, shift in the first TPR peak towards lower tempera-
ture, (ii) DRS, maximal increase in the ratios of Moy,/Mort
(iii) ESR, maximal increase in the band intensity of Mo>*
ions, and (iv) XPS, increase in the BE values of the sulfided
Mo, indicating its increased dispersion. In addition, a sharp
increase in the O, uptake of the catalysts was previously
reported (1). Within this low content of tungsten, it is also
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assured from the XPS results that Co-Mo-O phases previ-
ously formed are mostly preserved, resulting in Co-Mo-S
phases after sulfidation.

At a high content of tungsten, as shown as (WCM)y in
Fig. 11, larger fractions of Co- and Mo-oxides surface may
be covered with W-oxide. As a result, phenomena such as
the peak-width broadening and the shift of the TPR peak
towards higher temperatures become prominent. The BE
values of Mo- and Co-oxides increase. These are the ad-
verse effects of tungsten on the sulfidation of oxide precur-
sors and on the catalytic activity. Due to the higher popula-
tion of W-oxides on the surface, the previously existing Co—
Mo-O phases may be dissociated to form Co—W-0O phase,
which results in the oxidic precursor of less active Co—W-
S phases (40). A large portion of Co-Mo-O structures of
W(1.0)Co(1.71)Mo(4.0) catalyst is considered to be dam-
aged, leading to the formation of Co—-W-O structures. As
discussed in (1), this is suggested by the facts that the cat-
alytic properties of W(1.0)Co(1.71)Mo(4.0) were closer to
the CWM series rather than the WCM series, as shown in
the correlation of the HDS and HYD activities with oxygen
uptake.

W-Impregnation onto Mo/y-Al,O3 Prior to
Co-Impregnation

In this case, tungsten was impregnated onto Mo/y-Al,O3
before impregnating cobalt. Cobalt has a higher probability
to become associated with W-oxides which are present on
the surface of support or on Mo-oxide layers, resulting in the
formation of less active Co—W-O phases instead of more
active Co-Mo-O. However, at a lower content of tungsten,
as shown as (CWM) in Fig. 11, the same favorable effects
as discussed above are predominant over the unfavorable
effects in the Co—W-O phase formation. The effect of W-
incorporation on the creation of the active sites on MoS,
is likely to be more effective in this (CWM), catalyst than
in the (WCM)_, catalyst because oxygen uptakes are larger
for the CWM series catalyts than for the WCM series, as
shown in Fig. 3 of (1).

Atahigher content of tungsten, an increase is expected in
the fraction of W-covered surface of the Mo/y-Al,O3 and,
accordingly in the number of Co—-W-O phases which will
bring about unfavorable effects on the catalytic activity to a
great extent. Part of the cobalt impregnated next may pro-
duce a small amount of bulk oxide, Co3O4, which is a precur-
sor of CoySg, due to the scarcity of adsorption sites on the
surface of Mo-oxide and the support, as ascertained by XPS.

Role of Tungsten as a Promoter for CoMo/y-AlL O3

The promotion in the activity of CoMo/y-Al,O3 by the
addition of small amount of tungsten can be explained by
the results obtained from various characterization meth-
ods, i.e., change of Mor to Mo, (DRS), the increase in
the reducibility of Mo or Co oxide species (TPR), more
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creation of active sites on MoS, phase (ESR), and in-
crease in the dispersion of MoS, phase (XPS). Such fa-
vorable characterizing evidence is more clearly detected
for the sulfided catalysts than the oxidic catalysts. Ac-
tually, XPS analysis (Fig. 10 and Table 1) for the ox-
idic state catalysts shows no substantial differences be-
tween the base catalyst of Co(1.71)Mo(4.0) and the cata-
lyst of W(0.1)Co(1.71)Mo(4.0) or Co(1.71)W(0.1)Mo(4.0),
notwithstanding the differences in the catalytic activities
between the catalysts that apparently exist, as reported in
(1). This indicates that the small amount of tungsten did
not significantly affect the oxidic precursors but affected
greatly the state of sulfides. The number of active sites are
dependent on the dispersion of MoS; because highly dis-
persed MoS; phases can provide more sites on their edges
(39,40). These results suggest that the monomeric W-oxides
play a certain deterministic role, which is related to the
dispersion of sulfided Mo phase during sulfidation. The
comparison of XPS spectra of Mo3d with W4freveals that
W-oxides have been sulfided to a slight extent, while Mo-
oxides have been to a nearly complete extent. It has been
reported (29) that the sulfidation of CoMo/Al,Oj3 catalysts
to a complete extent facilitates the formation of crystalline
molybdenum sulfide, resulting in the decrease of disper-
sion. It can be thought that this sulfiding-resistant WO,
contributes to increasing or at least maintaining the disper-
sion of MoS; layers and thereby providing more affordable
active sites.

CONCLUSION

The promotional effect obtained by the addition of a
small amount of tungsten to CoMo/y-Al,O3 was attributed
to the positive roles of tungsten as follows: (i) changing
the Mo-oxide coordination from tetrahedral to octahedral,
(ii) facilitating the reduction of Mo-oxide species, and (iii)
increasing the dispersion of MoS;, which lead to the in-
creased number of coordinatively unsaturated sites during
sulfidation. By incorporating tungsten at a content as much
as 0.025 in W/(W 4+ Mo) atomic ratio, the MoS, dispersion
of CoMo/y-Al,Os catalyst was considered to be maximized
without noticible detriment to the active Co-Mo-O phase.
At this content of tungsten, cobalt was characterized to be
mainly involved in the active Co-Mo-S phase. Such effects
of tungsten on the dispersion of active phase was not much
different between the catalyst series WCM and CWM but
the formation of active Co-Mo-O phases more favored in
the WCM series than in the CWM series. The decrease in
activity observed in the catalysts containing higher content
of tungsten was originated from the increase in the W-oxide
coverage on the surface of Mo-oxides or Co-Mo-O phases.
It was understood that the increased coverage of W-oxides
on the surface of such active phase precursors resulted in
not only impeding the reduction or sulfidation of the oxidic
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precursor but also facilitating the formation of less active
Co-W-0 at the sacrifice of more active Co-Mo-O phase.
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