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Abstract

The preparation conditions of a Co—)&l,03 model sulfide catalyst, in which CoMoS phases are selectively formed, were studied
by a CVD technique using Co(CeNIO as a precursor. The CVD technique used for the preparation of the GédMd; model
catalyst was applied to reveal the effects of calcination and the addition of a chelating agent (NTA; nitrilotriacetic acid) on the thiophene
hydrodesulfurization (HDS) activity of Co—M@l,0O3 catalysts prepared by impregnation methods. The catalysts were characterized by
means of NO adsorption, TEM, FTIR, and XAFS.>8l3-supported Co—Mo model catalysts were prepared by decorating presulfided
Mo/Al>,03 with Co(CO3NO and subsequent sulfiding. It is demonstrated that the model catalyst is prepared, when the Mo content exceeds
a monolayer loading and when Ml 03 is calcined prior to the sulfidation. The amount of Co forming CoMoS phases was estimated from
the correlation between N®o and CgMo ratios. TEM observations have suggested that the NTA addition in the preparatiory &f M
promotes the lateral growth of MgSlabs. The calcination of M@l 03 increased the dispersion of Mo sulfide phases regardless of NTA
addition. It is suggested that the NTA addition to Co-Mb, O3 coimpregnation catalysts reduces detrimental effects of Co on the dispersion
of Mo species. Furthermore, the calcination increased the Co coverage of the edge sites giavtw®s on simultaneous and double
impregnation catalysts. It is suggested that the present preparation technique of the model catalyst predicts the potential maximum activit
of a Co—Mo catalyst under study, since the edge sites ofdMia®ticles are fully covered by CoMoS phases. In addition, the CVD technique
provides a unique characterization method to evaluate the Co coverage on the edge sites paiol8s for supported Co—Mo sulfide
catalysts.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction by Topsge and co-workers [1,3,11-15], a so-called CoMoS
model, in which Co decorates the edge sites of highly dis-

Development of highly active hydrodesulfurization persed Mo$ crystallites, has attracted increasing attention
(HDS) catalysts is one of the most urgent subjects in the as catalytically active sites in Co—Mo sulfide catalysts. How-
petroleum industry not only to protect the environment but ever, because of heterogeneity inherent to practical Co(Ni)—
also to efficiently utilize limited natural resources. Sulfided Mo(W) sulfide catalysts supported on refractory oxides, pre-
Co—Mo or Ni-Mo(W)-based catalysts have been extensively cise structures of active sites and HDS reaction mechanism
used in industry for HDS reactions [1,2]. Numerous stud- still remain ambiguous. It is considered that understandings
ies [1-10] on the catalyst systems, accordingly, have beenof the active sites of the catalysts are extensively promoted
conducted to understand the mechanism of synergy generapy their selective preparations. It has been found [16-21]
tion between Co(Ni) and Mo(W), the structure of catalyti- that the addition of a chelating agent, such as nitrilotriacetic

cally active sites, the reaction mechanisms of HDS and hy- 5¢id (NTA), in an impregnation solution provides a method
drogenation, support effects, and so on. Since the proposakg prepare selectively a Co(Ni)MoS phase, excluding the for-
mation of separate Co(Ni) sulfide phases. The use of Co

~* Corresponding author. or Ni carbonyls as a precursor was reportedly effective to

E-mail address: yokamoto@riko.shimane-u.ac.jp (Y. Okamoto). a preferential formation of a Co(Ni)MoS phase [22-29].

0021-9517/03/$ — see front mattér 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S0021-9517(03)00029-0


http://www.elsevier.com/locate/jcat

Y. Okamoto et al. / Journal of Catalysis 217 (2003) 12—22 13

In a previous study [30], we have recently shown by XPS pared to examine the effects of calcination and NTA addition
that Co sulfide species interacting with the preexisting MoS (NTA/Mo mole ratio 1.2).
particles are preferentially formed, when Mo sulfide cata- A series of Co—Mg@Al O3 catalysts (9.1 wt% Mo,
lysts supported on AD3, TiO, ZrOy, or Si0; are exposed 2.0 wt% Co, CgMo = 0.36) was prepared by a simulta-
to a vapor of Co(CQNO and subsequently treated with neous impregnation technique using (N§Mo7024 - 4H,0
H2S/H>. It has been demonstrated that the amount of Co and Co(CHCOQ), - 4H,0O (Kanto Chemicals, analytical
accommodated on the Mo sulfide catalyst is proportional to grade) in the presence and absence of NTA (KNWa mole
the amount of NO adsorption, indicating that Co species areratio 1.2), followed by drying at 383 K for 16 h. The pH of
present on the edge sites of highly dispersed Ma$stal- the solution was not adjusted. JRC-ALO-4@8k was used
lites. In addition, the catalytic activity for thiophene HDS as a support. An aliquot of the catalyst was calcined at 773 K
over the Co—Mo catalysts thus prepared was proportionalfor 5 h.
to the amount of Co incorporated. On the basis of these re-  Another series of Co—MAI 03 catalysts (9.1 wt% Mo,
sults, we have proposed that CoMoS phases are selectively2.7 wt% Co, CgMo = 0.48) was prepared by impregnating
formed by use of Co(C@QNO as a precursor and that the a calcined Mo@/Al203 (Al203: JRC-ALO-6, 180 ig~?)
Co-Mo catalysts thus prepared are useful for further stud- with an aqueous solution of Co(GBOO), or Co(NGs)2,
ies on the structure of active sites, reaction mechanism, supfollowed by drying at 383 K for 16 h. An aliquot of the cat-
port effect, preparation effect, and so forth. In our previ- alystwas calcined at 773 K for 5 h.
ous study [30], the Mo content was fixed approximately at ~ The Mo or Co-Mo catalyst (0.1 g) was sulfided in a
a monolayer loading. However, Co(GD)O molecules ad-  10% HS/Hz flow (100 cn? min~?). The sulfidation tem-
sorb on the support such asy8; and on Co-Mg@AIl,03 as perature was raised from room temperature to 373 K at a
well as on Mo$ particles [23,30,31]. This may pose some fate of 2 Kmir! and kept isothermal at 373 K for 1 h. Sub-
questions on the conditions of a selective preparation of the sequently, the temperature was ramped to 673 K at a rate
model catalyst system. Thus, the first purpose of the presentof 5 K min™* and then kept at 673 K for 1.5 h. After the

study is to disclose the effect of Mo content of Jd 03 sulfidation, the sample was cooled in theSAH, stream
on the Co species, when Co(GDO is used as a precur- {0 room temperature to prepare a sulfide catalyst. The Mo
sor. sulfide catalyst is designated il here with Mo content

The catalytic performance of Co-Mo sulfide catalysts de- in parentheses when necessary./Mbprepared using NTA
pends strongly on preparation variables and additives [1,2]. iS denoted MgAI(NTA). The Co-Mo sulfide catalysts pre-
The preparation method may modify the edge dispersion Pared by the coimpregnation and double impregnation tech-
and stacking degree of Me%articles and the efficiency ~niques are denoted ColAl fOI’.SImp|ICIty. The s_ulflde cat-
of transformation of Co to CoMoS phases. In the present alysts prepared from the calcined and uncalcined precursor
study, by use of the preparation technique of the model cat-aré shown such as Mal(calc.) or Mo/Al(uncalc., NTA),
alysts we studied the effects of NTA addition, calcination, When necessary. N _
and Co precursor salt with respect to Co-Mi,O3 cat- .A chemical vapor dep(_)smon (CVD) technique was used
alysts prepared by a conventional impregnation technique.{© introduce Co to the sulfided catalysts. jd or CoMo/Al

Finally, it is suggested that the model catalyst prepara- Was evacuated at 673 K for 1 k(L x 10~ Pa) prior to

tion technique can be used to assess the potential max&xPosure to a vapor of Co(CENO (Strem Chemicals) at

imum HDS activity of a Co-Mo sulfide catalyst under oM temperature [30]. A vapor pressure of Co(eXp
study. at 290-300 K (room temperature) was used. After a 5-min

exposure, the sample was evacuated at room temperature

for 10 min to remove physisorbed Co(GDO molecules.

The exposure time was chosen at 5 min, since the HDS

activity and Co content were not varied within the accu-

) racies when the exposure time was longer than 1 min un-

2.1. Catalyst preparation der the present conditions. The sample was subjected again

to the same temperature-programmed sulfidation in a 10%

Al>0s-supported Mo oxide catalysts having 3.4-22.2 wt% H,S/H, stream as described above to produce a Co-Mo sul-

Mo were prepared by an impregnation technique using fide catalyst, unless otherwise stated. The catalyst prepared

(NH4)eM07024- 4H,0 (Kanto Chemicals, analytical grade). using Co(CO3JNO is denoted CVD-CaMo/Al (Mo /Al

After evaporation of the impregnation solution to dryness at was used) or CVD-CACoMo/Al (CoMo/Al was modified).

ca. 350 K while stirring, the catalyst was dried at 383 K for A supported Co sulfide catalyst (CVD-ZAl) was pre-

16 h. Calcination was carried out in air at 773 K for 5 h by pared by exposing presulfided &3 to a Co(CO}NO va-

using an electric furnace. AD3 (JRC-ALO-4: 177 Mg1) por. The other procedures were identical to those with CVD-

used for the study of the effect of Mo loading was supplied Co/Mo/Al. The Co content anchored by the CVD technique

by the Catalysis Society of Japan as the Reference Catawas determined for the sulfided catalysts by means of XRF

lysts. MoG/Al 03 catalysts (9.1 wt% Mo) were also pre- (Rigaku RIX 2000).

2. Experimental
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2.2. Reaction procedure amplitude and phase shift for Mo—S and Mo—Mo pairs were
extracted from the EXAFS data for polycrystalline MoS

The catalyst sulfided in situ (0.1 g) was evacuated
at 673 K for 1 h before catalytic reaction. In order to 2.3.3. IR measurements
evaluate the initial activity of the freshly prepared catalyst, = The FTIR spectra of AlO3 were recorded in a transmis-
the reaction was conducted under mild conditions using sion mode at room temperature on a single-beam FTIR spec-
a circulation system (200 cih made of glass [26-30]. trophotometer (JASCO, FTIR-620V). The resolution of the
The HDS of thiophene was carried out at 623 K and the spectrometer was set at 2 th). A self-supporting wafer of
initial H, pressure of 20 kPa. The thiophene pressure wasAl,03 (ALO-4) was evacuated in an in situ IR cell at 773 K
kept constant (2.6 kPa) during the reaction by holding for 1 h (< 1 x 10~2 Pa). After the sample was cooled to
a small amount of liquid thiophene kept at 273 K as a room temperature, the IR spectra were measured and back-
reservoir in the bottom of a U-shaped tube in the circulation ground spectrum was subtracted. Subsequently, th@Al
system. The reaction products were analyzed by on-line gaswafer was exposed to a vapor of Co(GRYP for 1 min, fol-
chromatography. The products were mainly @mpounds lowed by evacuation for 10 min. The IR spectra of the sam-
and a corresponding amount ob8l The amount of biS ple were recorded again.
formation was periodically monitored during the reaction.
The HDS activity was calculated on the basis of the 2.3.4. TEM observations
accumulated amount of4$ evolved after 1 h. The amounts Transmission electron microscopic (TEM) images of
of HsS evolution from the sulfided catalysts were estimated Mo/Al were taken on an electron microscope JEM-2010
by blank experiments without introduction of thiophene (JEM) with an accelerating voltage of 200 keV [32]. The
vapor into the reactor, showing that they were negligibly Mo/Al powder sample was evacuated and sealed in a glass
small (< 5-10x 10° molh-1g~') compared with the  tube without exposure to air. The catalyst sample was

amounts of HS formed by the HDS reaction. suspended in acetone and placed on a specimen grid in
a glove-bag filled with M gas to avoid as much contact

2.3. Characterization with air as possible. The sample was then transferred in a
stream of Nl to a sample holder attached to the microscope.

2.3.1. NO adsorption The distributions of Mo particle size and stacking were

The amount of NO adsorption on MAl was measured  calculated over ca. 300 particles in two or three arbitrary
by a pulse technique [30]. After cooling in thex&/H» chosen areas.
stream, the sulfided catalyst (0.1 g) was flushed at room
temperature with a high-purity He stream (20%min—1).
A pulse of 5.0 cr of 10% NO/He (purity of NO: > 99%, 3. Resultsand discussion
atmospheric pressure) was repeatedly injected every 8 min
to the He stream by using a six-way stopcock until no ad- 3.1. Effects of Mo loading on the distribution of Co species
sorption was detected (pulse size; 20 umol/Qise, 15-20
pulses). The effluent gas was analyzed by a gas chromato- Fig. 1A shows the thiophene HDS activities of KAd
graph equipped with a thermal conductivity detector to mea- and CVD-CgMo/Al as a function of Mo content. The
sure the amount of NO. The amount of NO adsorption was maximum activity of Mg/Al was attained around 10—
calculated from the cumulative amount of NO adsorption. 15 wt% Mo in agreement with a previous study [33].
The reproducibility was usually better thatb% of the total According to the literature [34-37], it is considered that

amount of NO adsorption. in the present series of M&l, a monolayer dispersion of
Mo is attained around 8.5 wt% Mo (3 Mo nrf). The
2.3.2. XAFSmeasurements addition of Co by the CVD technique greatly enhanced the

Mo K-edge XAFS spectra for MAl and reference  HDS activity. The activity of CVD-CgMo/Al is not very
compounds were measured in a transmission mode at roondependent on the Mo content between 6.9 and 22.2 wt%
temperature at BL-10B in the Photon Factory of Institute Mo with a maximum being observed around 14 wt% Mo.
of Materials Structure Science, High Energy Accelerator The increase in the activity by the addition of Co, (activity
Research Organization (KEK-IMSS-PF), with 2.5 GeV of CVD-Co/Mo/Al)/(activity of Mo/Al), depended on the
ring energy and 250-290 mA stored current [29]. The Mo content and was relatively high at a Mo content below
synchrotron radiation was monochromatized by a Si (311) 6.9 wt% Mo as shown in Fig. 1B.
channel-cut monochromator. The number of scans was As noted above, it has been shown [30] that when the Mo
three for each sample and the sum spectrum was used focontent corresponds to a monolayer loading, a CoMoS phase
further analysis. The EXAFS data were analyzed assuming ais selectively formed on supported Mp&atalysts by using
spherical wave approximation and a single scattering model.Co(COxNO as a Co precursor. Fig. 2 shows the amount of
The EXAFS data were Fourier-transformed frdmspace Co accommodated on M@l as a function of Mo content.
(40-150 nnl) to R-space. The empirical backscattering It should be noted that a considerable amount of Co is
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Table 1
B Amount of NO adsorption of MEAI? and the Co content of CVD-
R Sr T Co/Mo/Al
"é Mo content NQMo Co content CpMo atomic
B4 1 (Wt%) (molmot1) (Wt9%) ratio
g 0 - 2.61 -
< 3} 1 34 0.480 3.80 1.81
6.9 0.265 3.95 0.93
9.1 0.202 3.58 0.64
25 143 0.104 2.59 0.29
222 0.063 2.74 0.20

a Al,03, JRC-ALO-4.

Table 2
Structural parametetsas derived from the Mo K-edge EXAFS for sulfided
Mo/Al,O3 catalysts (M@Al)

HDS Activity / 10 mol g-cat'l «h?!

Mo content ~ Absorber—scatterer R CN Eg o Rs
(Wt9o) pair (nm) ev) (m) (%)
34 Mo-S 0.240 4.1 -07 0.0072 1.6
i Mo-Mo 0.315 2.0 6 0.0077
6.9 Mo-S 0241 51 @ 0.0067 0.7
Mo-Mo 0.315 26 6 0.0066
> 9.1 Mo-S 0.241 4.7 -05 0.0066 0.8
Mo-Mo 0.316 2.9 n  0.0072
Mo content / wt. % 143 Mo-S 0241 48-01 0.0066 0.9
Fig. 1. (A) HDS activities of MgAI (O) and CVD-CgMo/Al (@) as a Mo-Mo 0315 29 ® 0.0069
function of Mo content. (B) Activity ratio of CVD-CoMo/Al to Mo /Al as Reference compound
a function of Mo content. MoS, Mo—-S 0241 6.0 MO 0.0060
Mo—Mo 0.361 6.0 @O 0.0060

4
a R, distance; CN, coordination numbg&p, inner potentialr, Debye—

Waller-like factor; Ry, R factor defined af = {3 [xobs(k) — xcal(k)]%/
3 Xobs(k) 212,

of Mo to Al,O3 when Ce(CO)g was used as a precursor.
These results suggest the interactions of Mo sulfide species
and Co(CO3NO molecules.

Co content / wt. %
(3%
T

The amount of NO adsorption was measured for/Ko
Lo to assess the dispersion degree of Mo sulfides. They are
VOO presented in Table 1. The N®lo ratio decreased as the

. Mo content increased, indicating that the dispersion of
Mo sulfides decreases with increasing Mo loading. The
dispersion of Mo sulfides was also examined by EXAFS.

/ , N , , Table 2 summarizes the structural parameters foyMo
% 5 10 15 0 T2 The Mo-S and Mo—Mo atomic distances were in conformity
Mo content / wt. % with those for crystalline Mog The coordination number

Fig. 2. The amount of Co species in CVD-@do/Al as a function of Mo ,Of the Mo-Mo contribution increased as the Mo content
content.O, The total amount of Co accommodated by the CVD technique; INcreased to 9.1 wt% Mo and leveled off at9.1 wt%.
A, the amount of Co sulfide clusters produced by the interaction with basic It is evident that the EXAFS technique is not as sensitive
sites of AbOg; A, the total amount of separate Co sulfide clusters;@and as the NO adsorption method for the evaluation of the Mo
the amount of Co species forming CoMoS phases. sulfide dispersion. This obviously results from the fact that
EXAFS information is limited to the local structure of Mo
loaded even when the supporbRz is exposed to a vapor of  atoms averaged over the whole Mo sulfide phases.
Co(CO)NO. The amount of Co increased as the Mo content  In our previous study [30], it has been shown that the
increased to 6.9 wt%. After taking a maximum at 6.9 wt% amount of Co (C@Mo) thus accommodated is proportional
Mo, the Co content decreased on a further increase in Moto the NO adsorption capacity (N®lo) for a series of
loading and leveled off at a Mo content higher than 14 wt%. monolayer Mo$ catalysts. On the basis of the finding, we
In conformity with this, Okamoto et al. [26] reported thatthe have proposed that the Co atoms introduced tg Malec-
accommodation amount of Co was increased by the additionorate the edge sites of Mg®articles to form Co—Mogin-
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teraction species, i.e., CoMoS phases, since it is well estab-

lished [1] that NO molecules adsorb on coordinatively un- Fig. 4. FTIR spectra of the hydroxyl groups of 3. Solid line, after
saturated Mo sites on the edge sites of Mp8rticles. It has evacuation at 773 K; and dotted line, after adsorption of CogBIlO).
been shown by XPS and HDS activity measurements [30]
that no additional Co is incorporated on the edge sites of groups [37]. The formation of polymolybdate species is de-
Mo$S, particles. In order to examine whether Co species in- tected at 1.3-1.5 Monn?f (3.5-4.1 wt% Mo). A mono-
teract with the Mo sulfides in the present series of CVD- layer of Mo oxides is usually established around 3 MoBm
Co/Mo/Al, the Co/Mo atomic ratio is plotted in Fig. 3 (8.5 wt% Mo). It is considered that a sharp decrease in the
against the N@Mo mole ratio. With MQ/Al (> 9.1 wt%), amount of Co sulfide clusters by the addition of 3.4 wt% Mo
the Cg’Mo ratio was proportional to the No ratio. The (Fig. 2) is caused by the consumption of the basic hydroxyl
slope of the linear line in Fig. 3 is in excellent agreement groups by the loading of Mo, with which Co(C§NO mole-
with that reported previously [30] for supported Mo&at- cules also strongly interact as substantiated by the FTIR re-
alysts with a monolayer loading of Mo, demonstrating that sults in Fig. 4, where the FTIR spectra of the surface hy-
the Co species in these catalysts interact selectively with thedroxyl groups of the AlOs sample are compared before
edge sites of Mogparticles. On the other hand, when the and after Co(CQNO adsorption. It is well known that the
Mo content was below the monolayer loading 9.1 wt%), bands at 3789 and 3773 crare basic in nature [35-38].
the Cg/Mo ratio was higher than the value expected from It is apparent that these bands are significantly reduced in
the linear line. Fig. 3 suggests that an excess amount of Cointensity by the introduction of Co(C@)O, while the hy-
over that required for full decoration of Me®dge sites is  droxyl bands observed below ca. 3730 ©m(neutral or
anchored when Ml has a Mo content less than the mono- weakly acidic) are not affected. This substantiates selective
layer loading. Taking into consideration the finding that Co interactions of Co(C@NO with the basic hydroxyl groups
sulfide clusters are anchored on@®k by using Co(COINO of Al,O3 as observed for Mo oxide species [35-37]. The
as a precursor (Fig. 1), it is considered that the excess Coamount of Co(COINO adsorbed on A0z is 2.61 wt% Co
is located on bare ADs sites, when the Mo content is be- or 1.5 Connt? and is close to the maximum amount of
low the monolayer. The amount of Co sulfides adsorbed on Moyt Species on AlO3 [37].
Al,O3 was calculated by assuming that the amount of the  In our previous study [30], it has been demonstrated that
Co species interacting with the Mg$articles was provided  the HDS activity of CVD-CgMo/supportis proportional to
by the linear correlation in Fig. 3. The amount of Co sul- the amount of Co for the monolayer catalysts. Fig. 5 shows
fide clusters on AIO3 thus estimated is shown in Fig. 2 as the HDS activity of CVD-CgMo/Al having a variety of
a function of Mo content. It decreases sharply on the addi- Mo content as a function of Co content. The activities of
tion of a small amount of Mo, 3.4 wt%, and disappears at the supported CVD-CtMo catalysts having the monolayer
9.1 wt% Mo, the monolayer loading. loadings of Mo [30] are also presented, for comparison.
With MoOs/Al»0g, it is well established [34—-37] that It has been proposed [30] that the solid line in Fig. 5
Mo oxide species in tetrahedral configurations (d)care represents the activity of CoMoS(l) (Co—Mo-S Type I [1]),
predominantly formed below the Mo content of 0.7—0.9 Mo while the dotted line that of CoMoS(ll) (Co—-Mo-S Type
nm~2 (2—2.5 wt% Mo in the present M@\) at the expense Il [1]). The turnover frequency (the slope of the line) of
of basic hydroxyl groups on the AD3 surface. The maxi-  thiophene HDS on CoMoS(ll) is 1.7 times higher than
mum amount of Mg species was estimated to be 1.7 Mo that on CoMoS(l) in agreement with other workers [15,18].
nm~2 and close to the number of the most basic hydroxyl With CVD-Co/Mo/Al exceeding a monolayer loading of



Y. Okamoto et al. / Journal of Catalysis 217 (2003) 12—22

400

9.1
02/ ® @69
)

143 @

300

200 <> O

HDS activity / 10° mol » g-cat™ « h™!
>
(=]

2

3

Co content / wt. %

Fig. 5. HDS activity of CVD-CgMo/Al as a function of Co con-
tent. Some previous results [30] are also presented for compa@on.
CVD-Co/Mo/Al (Mo content is shown in the figureyp, CVD-Co/Mo/
Al corrected for the Co content of G8g clusters; O, CVD-Co/Mo/
Al,03 [30]; V, CVD-Co/Mo/TiO2 [30]; A, CVD-Co/Mo/ZrO, [30]; <,
CVD-Co/Mo/SiO» [30].

Mo (14.3 and 22.2 wt% Mo), the activity was higher
than that expected from the linear line for CoMoS(l),
suggesting a partial formation of CoMoS(ll) possibly due
to increased stacking degree of MoSlabs at high Mo
content [15,18,30]. With the monolayer catalyst (9.1 wt%
Mo), the activity is close to that expected for CoMoS(l).
On the other hand, CVD-Qdo/Al catalysts having lower
Mo contents showed considerably lower activities than those
expected from the Co contents. It is considered that the low
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of CoMoS(l) as shown in Fig. 5. However, the activity
of CVD-Co/Mo/Al(3.4) was still far below that expected
for CoMoS(l) even after the correction, suggesting a lower
content of CoMoS(l) or lower specific activity of Co—Mo
interaction species in the catalyst. As discussed above, it
has been shown by a variety of techniques [34—37,39] that
Mo oxide species in tetrahedral configurations predominate
in MoO3z/Al>O3 at a low Mo content € 2.5 wt% Mo)
and that these Mo oxide species are not easily sulfided to
Mo$S, particles but tend to transform to isolated or small
clusters of Mo oxysulfides. The relatively low coordination
number of Mo-S bondings for M@&l(3.4) (Table 2) may
be explained in terms of the formation of these species. It is
proposed here that Co(C§)O molecules are anchored on
these oxysulfide species, which also adsorb NO molecules,
to form separate Co sulfide clusters on the subsequent
sulfidation. The fraction of Co to form CoMoS(l) in CVD-
Co/Mo/Al(3.4) is estimated to be about 40% of the total
amount of Co from the activity—Co content correlation in
Fig. 5. Fig. 2 shows the amounts of CoMoS phases and Co
sulfide clusters thus estimated as a function of Mo content.
It has been proposed previously [30] that the adsorp-
tion sites of Co(COINO on Mo sulfide species are co-
ordinatively unsaturated sulfur anions. It has been demon-
strated [30] that when CVD-Gdo/Al is exposed to a va-
por of Co(CO}NO again, the additional Co(CeNO mole-
cules are transformed to only Co sulfide clusters without
further formation of CoMoS phases. Taking into account
these results, the fate of Co(GDO molecules adsorbed on
Mo/Al and CoMa/Al is schematically presented in Fig. 6. It
is concluded that the primary conditions of selective prepa-

activities of these catalysts are attributed to simultaneousration of CoMoS phases by use of Co(GNYP are to use
formations of a CoMoS phase and Co sulfide clusters, thea supported Mog catalyst (calcined, vide infra) having a

latter exhibiting a much less activity for HDS. The amount

of the CoMoS phase was estimated from the linear line in
Fig. 3 as described above. The activities are plotted for the
catalysts with 3.4 and 6.9 wt% Mo by using the estimated
amount of the CoMoS phase. Obviously, the activity of

CVD-Co/Mo/Al(6.9) became well correlated to the activity

o] o)
g 3 g %
3 5 4 8
! AN S\ /b\ k1
- Mo Mo, H
H :
T
o o o o/ o 1
Basic Sites Oxysulfides
AlLOy
Sulfidation

.

CogSg Clusters CogSg Clusters

Fig. 6. Schematic model showing the fate of ad

MoS; Cluster

CoMoS Phase

Mo content higher than a monolayer loading. At the mono-
layer loading, the basic OH groups are completely consumed
by the reaction with the Mo phase and oxysulfide species
are sulfided to Mo and/or involved in Mo$ particles as
anchoring sites to AlD3. A single exposure to a vapor of
Co(COxNO (e.g., 5 min at room temperature) was suffi-

o o] o
Z % s
& o) @)
3] g g
’ @ °

CoMoS Phase

o CogSg Clusters

sorbed Cof§O)molecules on the sulfidation.
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cient to prepare the maximum amount of CoMoS phases.
CVD-Co/Mo/Al catalysts & 9.1 wt% Mo) thus prepared
are regarded as Co—Mo model catalysts, since the Co species
are present only as CoMoS phases. It is considered that the
model catalyst systems can be used for the study of active
sites structure and reaction mechanism because of their sim-
plicity. The effects of support have been studied by using the
model Co—Mo catalysts and reported elsewhere [30].

It is worthy of note that the slope of the line in Fig. 3
indicates an adsorption stoichiometry of D = 3. Tak-
ing into consideration the adsorption form of NO (dinitro-
syl [40,41]) on Mo sulfide species, the slope of the propor-
tional line in Fig. 3 suggests that the amount of Co atoms
which form CoMoS phases is about six times larger than the
amount of NO adsorption sites or coordinatively unsaturated
(cus) Mo sites. This fact indicates that NO molecules and Co
sulfide species are anchored on different Me8ge sites,
the former on cus Mo sites, while the latter cus sulfur sites
as suggested previously [30]. A considerably higtyo
atomic ratio (e.g., 0.64 for the monolayer catalyst, 9.1 wt%)
suggests that the edge sites of Mgfarticles are fully cov-
ered by Co species forming CoMoS phases. In contrast, the

Fraction / %

80

20F

1 2 3 4 <
Stacking Number

fraction of cus Mo sites accessible to NO adsorption is con- Fig. 7. The distribution of stacking number of Mp@articles as observed

siderably small under the present adsorption conditions. by TEM. White bar, Mg/Al(calc.); black bar, MgAl(uncalc.); dark gray
bar, Mo/Al (calc., NTA); and light gray bar, MpAl(uncalc., NTA).

3.2. Effectsof calcination and NTA addition on the
preparation of Mo/Al203

The preparation technique of the model catalysts was
applied to disclose the effects of calcination and NTA
addition on the catalytic performance of supported Co—Mo
sulfide catalysts. First of all, we studied their effects on the
preparation of MgAI(9.1). Table 3 summarizes the N®Io
mole ratio to assess the edge dispersion of Mp&ticles.

It is evident that the edge dispersion of Mofarticles is
increased by the calcination at 773 K for A regardless

of NTA addition, whereas it is decreased by the addition of
NTA.

The size and stacking degree of Mosarticles were ob-
served by means of TEM for the catalysts in Table 3. The dis-
tributions of stacking number and slab length are presented
in Figs. 7 and 8, respectively. Small but significant changes

Table 3
Effects of calcination and NTA addition on the HDS activity of CVD-
Co/Mo/Al2

Preparatiof NO/Mo Activity ¢ of Coconterfl  Co/Mo¢
CVD-Co/Mo/Al (wt%)

Fraction / %

60

20F

0-2 2-4 4-6 6-8 8 <
Slab Length / nm

Uncalc. 0.169 314 3.99(3.03) 0.71(0.54) Fig. 8. The distribution of slab length of MeSarticles as observed by
Calc. 0.202 355 3.56 0.64 TEM. White bar, Mg/Al(calc.); black bar, MgAl(uncalc.); dark gray bar,
Uncalc.+NTA  0.154 320 4.16 (2.72) 0.74(0.48)  Mo/Al (calc., NTA); and light gray bar, MpAl(uncalc., NTA).

Calc.+ NTA 0.175 356 3.07 0.55
@ Mo content, 9.1 wt%; AlO3, JRC-ALO-4.

b Calc., calcined at 773 K and uncalc., dried but not calcined. were observed with the preparati_qns. With the StaCking num-
€105 molgth-L ber of Mo$ slabs, the NTA addition rather favored single
d The Co content in parentheses is that forming CoMoS phases. slab Mo$ particles in the present preparations. The forma-
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tion of highly stacked Mogparticles & 3 layers) was ob-  Fig. 10 against the N@Mo ratio. The results in Fig. 3 for
served for the uncalcined Mal. With the size of Mo$ CVD-Co/Mo/Al(14.2 and 22.2) are also included in Fig. 10,
particles, the most abundant slab length was in the range offor comparison. The calcined catalyst without NTA addition
2—-4 nm for all the catalysts. However, it appears that the cal- is the same catalyst as Mal(9.1) in Fig. 3. Obviously,

cination decreases the size of Mofarticles, while NTA irrespective of the addition of NTA, the ¢blo ratio for the
addition increases it, in conformity with the tendencies ob- calcined catalysts was well correlated to the line for selective
served for the NO adsorption. formation of CoMoS phases. It is, accordingly, concluded

In order to obtain a semiquantitative correlation about the that Co is selectively located on the edge sites of MoS
edge dispersion of MaSparticles between NO adsorption particles for the calcined catalysts. However, the uncalcined
and TEM observations, a parameteris proposed for  catalysts showed the Mo ratio much higher than those

anisotropic structure of Ma$ expected from the edge dispersion of Mg&articles. It is
considered that the excess Co is produced by the adsorption
o= Z Z”dn’i/z anf’l., 1) of Co(COxNO on the basic sites of the bare,®k surface.
nel i el i The amount of Co forming CoMoS phases was estimated

from the proportional line in Fig. 10 as discussed above
and is presented in Table 3. It is thus estimated that
about 25 and 35% of the total incorporated Co are present
as Co sulfide clusters in CVD-GMo/Al(uncalc.) in the
F\bsence and presence of NTA, respectively. It is considered
that reactions between surface basic hydroxyl groups and
Mo oxide species take place to completeness only during
calcination processes at high temperature and, accordingly,
that calcination of Mo@/Al,O3 at high temperature is

a necessary process for the preparation of the Co—Mo
model catalysts using Co(CgNO. It is considered that

wheren andd,, ; represent the stacking number and length of
particlei, respectively. The numerator is proportional to the
total number of edge sites and the denominator to the total
volume of Mo$ particles, assuming that the MpBarticles
have similar geometries, such as hexagon. The paramete
« is plotted in Fig. 9 as a function of the N®lo mole
ratio. A good proportional correlation suggests that the size
and stacking distributions of MeSparticles observed by
the present TEM technique represent their morphology and
that the edge dispersion of Mg®articles are reasonably

estimated both by the NO adsorption and TEM observations. ) .
I y - vat the presence of NTA considerably prevents the Mo anion—

It will be safe to say that parameteris simple but useful ALLO » N due to d d oH of th
for a similar series of catalysts. Payen et al. [42] presented &’ 2 ~3 reactions 1o occur due lo decreased pH of ne

more rigorous correlation to estimate the dispersion of MoS |mpre|gna}t|on stplutlon.tr(]plu, 1_.2) [33,??6;’1]4and, In part, to
particles by using TEM. complex formations wi 0 anions [43,44].

The HDS activity and Co content of CVD-Ebo/Al Fig. 11 shows the HDS activity of CVD-Gdlo/Al(9.1)

are also presented in Table 3. The apparent activity of the'!1 Table 3 as a function of Co content. The HDS activi-

calcined catalyst was unaffected by the NTA addition and tlles O.f Cli\ideCq’ '\é(.)/ s;gp?rt reporteq prev\lﬁﬁly tLSO] a;e
higher than that of the uncalcined catalyst. The amount of aiso Incuded in Fg. 11, for comparison. e the activ-
Co of CVD-Co/Mo/Al(uncalc.) was much larger than that ity of CVD—Co/Mo/AI(caIc.) V.V'th.OUt NTA ad_dltlon was
of the calcined counterpart. In order to determine the amountdfog3 l:/cl) tsh? ctc;]rrelatltc.)r?t.confl;mcl::]/gDaCseIecR\l/e for||”nat|on
of Co forming CoMoS phases, the @do ratio is plotted in of CoMosS(l), the activities o -CMoy/Al(uncalc.)

1
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NO/Mo mole ratio
0‘0(?.00 0.05 0.10 015 0.20 0.25 Fig. 10. Correlation between the N®o mole ratio for Mg/Al(9.1) and
NO/Mo mole ratio the Cg/Mo atomic ratio for CVD-CgMo/Al. O, Mo/Al(calc.); O, Mo/Al

(calc., NTA);®, Mo/Al(uncalc.);l, Mo/Al(uncalc., NTA); andA, Mo/Al
Fig. 9. Correlation between the parameteand NO/Mo mole ratio. having 14.3 and 22.2 wt% Mo in Fig. 3.
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Fig. 11. HDS activity of CVD-C@gMo/Al as a function of Co content.
Some previous results [30] are also presented for comparizadyD-Co/
Mo/Al(calc.); O, CVD-Co/Mo/Al(calc, NTA); ®, CVD-Co/Mo/Al
(uncalc.); ® CVD-Co/Mo/Al(uncalc.) corrected for the Co content of
CoySg clusters;Hll, CVD-Co/Mo/Al(uncalc., NTA); B, CVD-Co/Mo/Al
(uncalc., NTA) corrected for the Co content of S clusters;A, CVD-
Co/Mo/Al»,03 [30]; V, CVD-Co/Mo/TiO, [30]; ¥, CVD-Co/Mo/
ZrO, [30]; <, CVD-Co/Mo/SiO; [30].

with or without NTA addition were far below the propor-
tional line. CVD-CgMo/Al(calc., NTA) showed an HDS
activity slightly higher than that for CoMoS(l). The ac-
tivities of the uncalcined catalysts are plotted in Fig. 11
against the Co content corrected for Co sulfide clusters
(Table 3). The uncalcined catalyst in the absence of NTA
shifted onto the line, showing the formation of CoMoS(l),
whereas CVD-CpMo/Al(uncalc, NTA) exhibited an activ-

ity slightly higher than that for CoMoS(l). It is concluded
that the addition of NTA reduces the edge dispersion of the
resulting Mo$S particles, while the calcination enhances the
edge dispersion of MgSparticles irrespective of NTA ad-
dition. The addition of NTA hinders the reaction of Mo ox-

ides and basic surface hydroxyl groups because of the for-

mation of agglomerated Mo anion species [35,36] and, to a
lesser extent, Mog¥—-NTA complex formation [43,44] and,

in consequence, reduces the edge dispersion of,\da8i-
cles. The effect of NTA addition remains even after the calci-
nation at 773 K. It has been claimed [15,18] that CoMoS(l)
is formed by edge decoration of MpSingle slabs, while
CoMoS(Il) by edge decoration of stacked Masabs. Other
workers [17,18,45] have reported that the presence of NTA
tends to develop stacking of MgSlabs to form CoMoS(ll).

Y. Okamoto et al. / Journal of Catalysis 217 (2003) 12—22

Table 4
Effects of calcination and NTA addition on the HDS activity of Copd?
prepared by a coimpregnation technique

PreparatioH Activity € of Activity® of Co conterft Activity Activity
CoMo/Al  CVD-Co/ (Wt%) rati®  ratiof
CoMoy/Al
Uncalc. 152 274 5.61 0.55 0.87
Calc. 182 305 5.45 0.60 0.86
Uncalc.+ NTA 162 308 6.55 0.53 0.96
Calc.+ NTA 207 350 5.36 0.59 0.98

@ Co content, 2.0 wt%; Mo content, 9.1 wt%; &3, JRC-ALO-4.
b calc., calcined at 773 K and uncalc., dried but not calcined.

€10 °molglh1

d Co content of CVD-C¢CoMoy/Al.

€ (Activity of CoMo/Al) /(activity of CVD-Co/CoMo/Al).

f (Activity of CVD-Co,/CoMo/Al) /(activity of CVD-Co/Mo/Al).

3.3. Effects of calcination and NTA addition on the
preparation of CoMo/Al203

Table 4 shows the HDS activity of CoMal (Co/Mo =
0.36) prepared by a coimpregnation technique. It is ap-
parent that the activity ranges from 152 to 20710~°
molh~1g~1, depending on the calcination and NTA ad-
dition. CoMo/Al(calc., NTA) showed the highest activity,
whereas CoMpAl(uncalc.) in the absence of NTA exhib-
ited the lowest one. Irrespective of the calcination, the addi-
tion of NTA to the Co—Mo impregnation solution increased
the catalytic activity of CoMgAl, in agreement with other
workers [17,18,45,46]. The calcination prior to sulfidation
also gave favorable effects on the activity regardless of NTA
addition. However, Shimizu et al. [46] reported detrimental
effects of calcination on the activity of NTA-modified Co—
Mo /Al O3 for the HDS of benzothiophene at 1 MPa.

The HDS activity of CVD-CgCoMo/Al is summarized
in Table 4. The addition of Co significantly increased the
activity. Taking into consideration the findings that the
present CVD technique fills the vacant edge sites of MoS
particles with Co and thus gives the maximum activity [30],
the ratio of the activity of CoMpAl to that of CVD-
Co/CoMo/Al provides the fraction of Mo edge sites
decorated with Co in CoMAIl. The ratios are shown in
Table 4. With CoMgAl at Co/Mo = 0.36, only 53—60% of
the possible edge sites of Mg$articles is occupied by Co
to form CoMoS phases. The coverage of Co on Me8ge
sites was not increased by the addition of NTA and slightly
increased by calcination in the present preparations.

The activity ratio of CVD-CgCoMo/Al to that of the
corresponding CVD-CtMo/Al in Table 3 suggests the ef-

However, the present TEM observations in Fig. 7 seems to fects of Co in the coimpregnation solution on the dispersion
be in conflict with these observations. The difference may and stacking of Mogslabs. The ratio is summarized in the
result from different pH of the impregnation solutions. Itis last column of Table 4. The catalysts prepared in the ab-
proposed that CoMoS(ll) is also formed when the interac- sence of NTA obviously show considerably lower activities
tions between Mogparticles and support are reduced. Ac- than CVD-CgMo/Al, whereas CVD-C@CoMo/Al(NTA)
tually, it has been reported by Bouwens et al. [45] that Co— catalysts show essentially identical activities with CVD-
Mo/C catalysts are of CoMoS(ll) type regardless of a single Co/Mo/AI(NTA) catalysts. The findings indicate that the
slab structure. edge dispersion of MgSparticles in CoMgAl is consid-
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erably decreased by the coimpregnation technique in the ab-CoMo/Al from the activity ratio in Table 5, (activity of

sence of NTA, possibly as a result of modification of the
acid—base properties of the &3 surface by Co antbr

the formation of Co—Mo mixed oxides. In the presence of
NTA, however, most of the Cd ions form C3T-NTA com-
plexes [43,44], thus reducing the interactions of Co with
the Al,Os3 surface angdor with Mo species. Accordingly, the
detrimental effects of the coexisting Co ions on the disper-
sion of Mo are reduced by the €o-NTA complex forma-
tion.

3.4. Effects of Co precursor and calcination on the
catalytic activity of doubleimpregnation CoMo/Al>O3
catalysts

Finally, the effects of Co precursor and calcination were
studied for the CoMpAl catalysts (CgMo = 0.48) pre-
pared by a conventional double impregnation technique.
A precalcined Mo@/Al,03 was impregnated with an aque-
ous solution of Co salt, followed by drying. An aliquot of

CoMoy/Al) /(activity of CVD-Co/CoMo/Al). In the case of

the uncalcined catalysts, the Co coverage of CoMds rel-
atively low (71 and 77%), suggesting that their low activity
is simply due to a lower degree of edge decoration. The cal-
cination considerably increased the coverage of Co as ob-
served for the coimpregnation catalysts in Table 4. This may
be due to increased interaction strength of Co with the sup-
port surface during the calcination and, accordingly, an in-
creased dispersion (for instant, surfac&epecies as re-
ported by several groups [1,18,41,47]). Itis surmised that the
former effect increases the sulfidation temperature of Co and
then the fraction of Co on MagSedge sites. The preferable
effect of nitrate to acetate may be a consequence of higher
stability or inertness of the acetate complex toward the in-
teraction with MoQ/Al»Os. It is suggested that the present
preparation technique of the model catalysts predicts the po-
tential maximum activities attainable when the edge sites of
MoS; particles are fully covered by Co, that is, when the
amount of CoMoS phases is maximized. Furthermore, the

the sample was calcined at 773 K. Table 5 presents the HDSpresent preparation technique using Co(§N®) provides a

activity of CoMo/Al catalysts thus prepared. The calcined
catalyst prepared by use of Co(N)@ showed the highest
activity, while the uncalcined catalyst from Co(@EOO)

the lowest one. An activity difference more than 20% was
generated by the catalyst preparation method.

CoMo/Al was exposed to a vapor of Co(C$NO and
sulfided again to prepare CVD-CGoMo/Al. The HDS
activity of the impregnation catalyst was considerably in-
creased by the addition of Co (by 15-40%, depending on
the preparation). The activity of CVD-G&oMo/Al is sum-
marized in Table 5. It is worthy of note that the CVD-
Co/CoMo/Al shows essentially the identical activity re-
gardless of the calcination and Co precursor. This may be

explained by assuming that the preexisting Mo oxide phases ™

are not modified very much by the subsequent addition of Co
and calcination, resulting in the formation of almost identi-
cal dispersion and morphology of Mg§garticles.

Taking into consideration the finding that the maximum
Co coverage on the MeSedge sites is attained by the
CVD technique [30], the Co coverage can be estimated for

Table 5
Effects of Co precursor and calcination on the HDS activity of C¢M&
prepared by a double impregnation technique
Preparation Activit§ of Activity ¢ of Activity
Precursor Calcinatidh CoMo/Al  CVD-Co/CoMo/Al  ratiod
Co nitrate  Uncalc. 257 335 0.77
Calc. 294 337 0.87
Co acetate Uncalc. 232 326 0.71
Calc. 269 336 0.80

@ Co content, 2.7 wt%; Mo content, 9.1 wt%;/03, JRC-ALO-6.

b Calc., calcined at 773 K and uncalc., dried but not calcined after the
impregnation of Co.

€10 °molg1h1,

d (Activity of CoMo/Al) /(activity of CVD-Co/CoMo/Al).

unique characterization method to evaluate the Co coverage
on the edge sites of MeJarticles for supported Co—Mo
sulfide catalysts.

4. Conclusions

Summarizing the present study on the preparation of
Co—Mo model sulfide catalysts and their application to the
effects of the preparation of HDS catalysts, the conclusions
are as follows:

1. Alumina-supported Co—Mo model sulfide catalysts, in
which CoMoS phases are exclusively formed, are pre-
pared by decorating presulfided @l,O3 with
Co(COxNO and subsequently sulfiding. It is required
that the Mo content of MpAI,03 exceeds a monolayer
loading and that MgAI O3 is calcined prior to the sul-
fidation.

2. The amount of Co forming CoMoS phases is estimated
from the correlation between N® o and Cg'Mo ratios
except for the catalysts having a predominant amount of
oxysulfides.

. The NTA addition in the preparation of MAI,03 pre-
vents the interactions of Mo oxides and,®g surface
and, in consequence, reduces the edge dispersion of
Mo$; slabs, when pH of the impregnation solution is
not adjusted.

. The calcination of MgAI O3 increases the dispersion
of Mo sulfide phases regardless of NTA addition.

. The effects of NTA addition to Co—M@&\l.03 coim-

pregnation catalysts reduce the detrimental effects of Co

on the Mo oxide dispersion. The calcination increases
the Co coverage on the edge sites of Mqfarticles

N
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