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The promotional effects of Co in Co~~lo/Al~O~ hyd~I)desr~lfrlri~ation (HIM) catalysts were 
stltdied by means of X-ray photoelectron spectroscopy. The higher hloO3-content I\lo/Al& 
catalysts (10 and 20 wty;, PvIoO:~) contain mobile b10, which migrnles from the pores to i he 
outemost surface layers of the catalysts and segregates to form less active crysblline RIoS, 
during the H I)S reaction, while in the case of 1\lo/Al&:< (5 wt “‘;, ;\IoO:,) catalyst no migration 
of No wits observed. It is revealed that the Co in Co-~lo/.4l~O~ cat.alyst inhibits the migration 
and segregation of MO and thaw it keeps MO effective for the 1-i I).9 reaction, since no slufare 
enrichment of RIO WRS observed. It is concluded that st :tbilix:ttion of the LIo mo~lomole~rllal 
Iayer is the main role of Co. The active species of RIO is suggested to have the compositim of 
S/RIo(IV) = 1 on the hasis of the s~dfllr contents of the c~atalysts Imder the mild HI )S reaction 
conditions. 

A great amount of rcsrarch has bwn 
carried out to drt’crmiw the role played 
by the promoter Co in Co-Mo/AlzOa 
carried out to dct’crminr thr role played b! 
the promoter Co in Co-Mo/Al&, hydro- 
dcsulfurization (HDS) catalysts. Howwcr, 
no clear-cut rxplanation has been prcwntrd. 

Richardson (1) has suggrstc>d that an 
unknown CO-MO compl(lx is wsponsiblc 
for HDS w&ions b:wd on mngnctic 
susceptibility mcusurcmclnts. Phillips :md 
Fotcl (2) have prwcnted, assuming the 
surface clnrichmcnt of Co on the MO phaw, 
a surf&cc complrx model in which the 
complcxcs of Co and MO arc active spccicas 
and a boundary model in which the grain 
boundaries of Co and MO phases arc actiw, 
in order to clxplain t’hc activit’y dcpcndcncc 
on the CO/MO ratio obwrvcd by DcBwr 
pi al. (3). On t’hr other hand, Co compounds 

such as CoMosS,, Co&, CoMoOl, COO, 
CoAl#.I, and C&MO&~ have been ruled 
out as being the primary catalytic species 
(1, d-7’). In addition, CoMo04 was found 
to bc absrnt in industrial catalysts (8) 
and laboratory-prrparcd CO-MO/AI&~ cat- 
alysts (5, 9). DrBtw et al. (IO) have 
prcwntcd an intcwnlation model in which 
th(b Co-Mo/AIZOa c:rt)slyst st:wts :IS :L 
nzonor~iol~~cul:~r system, but is conwrtcd 
into an intcwalat~c~d structure (sm:lll MoSs 
crystallitw intcwnlatcd by Co?+) by the 
migration of Co from the bulk to thr 
surface in u fen- hours during the pwsulfid- 
ing treatment. 

A synergistic c#fcct of Co has bwn 
claimrd by some workers (11-13) on the 
basis of rcwlts on t,hc unsupportc~d CO-MO 
sulfide system, whcrt: t’he synwgy bctwccn 
MoS2 :md CO$~ is supposed to promote 
thr c:Lti\l\.st. 
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FIG. 1. XPS spectra of MO 3d and S 2p levels for 
the Mo(10)/A1203 catalyst during the HDS reaction 
at 400°C: (a) calcined; (b) 400°C, I-hr evacuation; 
and (c) 10, (d) 40, and (e) 100 min of reackn. 

Finally, an explanation for the promo- 
tional effect of Co has been suggested by 
Schuit and Gates (14) based on the 
monolayer model. They have supposed 
the stabilization of the MO monomolecular 
layer by Co which is located in the tetra- 
hedral sites of the alumina surface. 

However, no decisive evidence has been 
presented even for the above-mentioned 
explanations to elucidate the role played 
by Co in Co-Mo/AIPOe catalysts. 

Although the X-ray photoelectron spcc- 
troscopy technique has been applied to 
the investigation of Co-Mo/AlzOB cat- 
alysts, the promotional effect of Co is 
still ambiguous. Mo(V1) is reduced to 
form MO(V) and Mo(IV) and is sulfided 
by reduction, sulfiding trcatmcnt, and 
HDS reaction (9, 15-17). With regard to 
Co, some Co is reduced to metal after the 
HDS reaction or after sulfiding of the 
catalysts, and the unreduced Co remains 
as CoAl&A (16, 17). In addition, no 
discrete phase such as CoS, CoSZ, or Co&!& 
was found, although Co was partially 
sulfided (17). Cimino and DeAngelis (9) 
have reported that cobalt molybdate similar 

240 235 230 165 160 

EIN1IiK ENERGY (EV) 

to bulk CoMoO , is ckxcluded on the surface 
of t.h(h catalysts. AH for the role played b:, 
Co, Frichdman ct al. (10) suggwted th(l 
stabilization of surface active phase b) 
CoAl&l based on the relationship between 
the int’rnsity ratios of CoAlzOd/Mo and 
the HDS reaction activities. Recently, 
Grimblot and Bonnclle (18) have claimed 
the appcarancr of a phase with the composi- 
tion of MO/CO = 4 in which MO occupies 
an octahedral site and Co occupies a 
tetrahedral site on the alumina surface. 

In this paper, we present XI’S results 
which support clearly the stabilization of 
MO phase by Co in the course of the HDS 
reaction. The migration of MO on the 
Mo/A1203 catalysts was investigated. More- 
over, the active species of MO is suggested 
based on the sulfur contents of thr catalysts. 

EXPERIMENTAL METHODS 

Material. Mo/A1203 catalysts were pre- 
pared by a conventional impregnation 
technique using ammonium paramolybdate. 
After drying at lOO”C, catalysts were 
calcincd at 500°C for 5 hr in air. The 
supported amounts of Moos were 5, 10, 
and 20 w-t%, and these catalysts arc 
denoted as MO(~), Mo(lO), and Mo(20)/ 
A1203. The surface area of the y-alumina 
was 160 m”/g. The Co-Mo/AlzOs catalyst 
(COO: 3.5 wtyo; MOOS: 10 wt%) was 
prepared by impregnating cobaltous nitrate 
on the Mo(10)/A1203 catalyst and calcining 
at 500°C for 5 hr in air after drying. 

Procedure. The photoelectron spectra 
were measured on a Hitachi 507 photo- 
electron spectrometer using AlKarl, radia- 
tion. The samples were mounted on a 
sample holder made of stainless st.eel. The 
samples were treated in the sample prc- 
treatment chamber. All binding energy 
values were referenced to C 1s of contam- 
inant carbon (285.0 cV). The intensities 
of the spectra wcrc: obtained by measuring 
the peak areas of the Al 2s level for 
aluminum, Mo 3d lcvcl for molybdenum, 



S 2p level for sulfur, and Co 2~; level 
(including the assnciatrd satellite peaks) 
for cobalt,. 

HDS reactions were carried out at 400°C 
for 10 min by introducing 10 Torr of 
reaction gas (thiophcnr: H, = 1: 15) in 
the sample pretreatment chamber. The 
XI’S spectra during the reaction wrrc 
recorded after evacuating t’he reaction gas 
and cooling down the sample to room 
tempcrat~ure. The same procedure was 
repeated for the prolonged reaction t!ime. 

The reaction rates of the catalysts used in 
this study were measured with a usual flo\\ 
reactor. The catalytic activit,ies reached 
the steady state after about 2 hr. The 
amount of catalyst used was 50 mg. 
Atmospheric hydrogen was saturated with 
t’hiophrnc (Hz flow rate; 1 ml/see) at 
room temperature. The reaction tempera- 
ture was 400°C. The products were an- 
alyzed with a gas chromat#ograph. 

RESULTS 

The MO 3d/Al 2s intensity ratios of the 
calcined Mo/A1&3 catalysts were 1.87, 
2.27, and 2.70 for the MO(~), Mo(lO), 
and Mo(20)/Al& catalysts, respectively, 
and they wcrc not proportional to the 
amount of supported Moos. This fact 
implies that the Mo(10)/A1203 and Mo(20)/ 
A1203 catalysts include some small crystal- 
line Moos. X-Ray diffraction analysis 
actually showed the presence of crystalline 
MoOa in the Mo(20)/A1203 catalyst. 

In Fig. 1, the XPS spectra of MO and 
S for the Mo(lO)/A1203 catalyst are shown 
during the HDS reaction in the sample 
pretreatment chamber. MO was in the 
Mo(V1) state (MO 3d;; 233.3 cV) after 
calcination, but some Mo(V1) was reduced 
by evacuation at 400°C (ca. 1 X 10-j 
Torr). Mo (VI) was gradually reduced to 
forms Mo (V) and Mo(IV) and sulfidcd 
in thr course of the HDS reaction. After 
100 min of reaction (10 times the lo-min 
reaction over the same sample), deconvolu- 
tion of the MO 3d spectrum revealed that 
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FIQ. 2. XPS spectra of Co 2p level for the Co-MO/ 
A1203 catalyst during the HIM reaction at 400°C: 
(a) calcined, (b) 400°C, 1 hr evacuation; and (c) 
10, (d) 30, and (e) SO min of reaction. 

Mo(VI), MO(V), and MO (IV) contents 
were 17, 30, and 539;1, by assuming that the 
binding energy values of the MO 3d; level 
for Mo(VI), MO(V), and Mo(IV) were 
233.2, 231.7, and 230.2 rV, respectively. 
These binding energies gave the best fits 
and arc consistent with those reported by 
Patterson et al. (17). The amount of 
MO(V) had a maximum value of about 
35y0 after 20 min of reaction, then grad- 
ually decreased and reached a plateau of 
30y0 after 60 or 70 min. Mo(IV) increased 
and Mo(V1) decreased as t,hc reaction 
proceeded ; they reached constant values 
aft!cr 60 or 70 min of reaction. These 
tendencies for the reduction of Mo agree 
with those obtained by Patterson and 
co-workers (17). In the cases of MO(~)/ 
Al,03 and Mo(20)/A1&3 catalysts, similar 
behavior of the MO reduction was observed. 
Forty and fifty-five percent MO(W) were 
produced after 80 min for the Mo(5)/A1203 
and MO (20)/A1203 catalyst,s, respectively. 
The higher the content of MOO, on the 
catalyst, the higher the extent of reduction 
observed. 
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FIG. 3. Sulfur content, of the catalyst in t,he 
course of the HIIS reaction at 4OO’C: ( l ) Mo(~~)/ 
Al&; (0) Mo(lO)/Al~O~; (a) ;\Io(20)/A1203; 
(A, Co-.\Io/Al& 

The amount’s of Ma(V) observed in 
our study (30-35%) were much higher 
than those reported by Seshadri and 
I’ctrakis (19) who have revealed the 
concentration of MO(V) to be 5-10”10 in 
MO, depending on the reduction conditions, 
by means of ESR. These facts may indicate 
the enrichment of MO(V) in the surface. 

The MO 3d spectra for the Co-Mo/Al,Os 
catalyst were similar to those for the 
Mo(lO)/A1&3 catalyst in Fig. 1, but only 
subtle changes in the respective contents 
of MO oxidation states wcrc obscrvcd 
aftrr 100 min of HDS reaction [Mo(VI), 
IS%; MO(V), 32oj,; and Mo(IV), ;iOyG). 
In Fig. 2, the changes in Co 2p spectra 
with reaction are shown. Somr Co was 
found to bc reduced. A new peak with thf 
Co 2~: binding cncrgy of 777.8 aV can 
be ascribed to m&l, since the spin-orbit 
splitting of Co 2p lcvcl \\-as 15.0 cv, 
which is same for thr metal (20). The 
reduction of Co during HDS reactions has 
been reported by some workers (16, 17). 
The unwduced Co is considcrcd to bc 
CoAI&~ (16, 17, 20). Contrary t,o the 
results rcportcld by l’attcrson et al. (l’i’), 
we could not obscrvc t’he sulfidation of 
Co under our c~xpwirnc~ntal conditions, 

'l‘h(~ sulftll~ r0111l~111:: (If lIl(~ (~:lhlysts 

during the HDS rwction arc shown in 
Fig. 3. The atomic ratios of sulfur and 
molybdenum (S/MO),~ were cvaluat’cd ba 
comparing the intensity ratios (S 2p/Ma 
3d) of the catalysts and t’hat of MoS2. 
The cxt#clnt of sulfidat,ion diminished with 
decreasing Moos-contwt from 20 t’o 5 
wt% for the Mo/A1203 catalysts. Tht> 
CO-MO/AI&~ catalyst8 was lrss sulfidcd 
compared to the Mo(10)/A1203 c&lgst 
under tho samr reaction conditions. The 
amounts of sulfur on thr Mo(lO)/AlrOa 
and Mo(20)/Al#~ catalysts continwd to 
incrrasc considerably even aftrr SO or $10 
min of reaction, while thr sulfur contcwts 
of the Mo(5)/Al&s and t*hc Co-Mo/AlJ)~ 
catalysts reached thrir rquilibrium v:duc~s. 

In Fig. 4, the peak intensity ratios of 
MO 3d/Al 2s are plottrd against the HDS 
waction t,imc. Thrsr values arc normalizrd 
for thrir init,ial values. The intensity of t’hc 
contaminant or dcpositcd carbon peak 
was not changf>d during thr rract)ion. Thr 
Mo(5)/A1203 catalyst gavo no change in 
thr intensity ratio, while the Mo(lO)/Al~O~ 
and Mo(20)/Al&, catalysts showd con- 
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FIG. 4. Change in the normalized (I\lo 3d/Al 2x) 
intensit,y ratio for the ~Io/Alz03 catalyst during 
the HIM reaction at 4OO’C (ev. means t,he evacua- 
tion at 400°C for 1 hr in the prekeatment chamber) : 
(0) Mo(.i)/AlnOn; (0) Mo(IO)/Al~O~; (a) 
Ti1Io(20)/Al~O~. 
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FIG. 5. (htnges in i he normalized (.\I() :%d/Al 2s) 
and (Co 2pg/-\Io 3d) iutenaity ratios for t,he CO-MO/ 
AlnO;+ catalyst during the HDS reaction at 400°C 
(ev. means the evacuation at 400°C for 1 hr iu the 
pretreatment chamber) : (0) uormnlixed (1Io :3d/ 
,41 2s) : ( l ) normalized (Co 2p;/.\fo 3d). 

sidcrable changes during th(x rwction ; 
t(h(y incrascd gradually. 

In Fig. 5, thr Mo 3d/Al 2s and Co 2p:/ 
MO Sd ratios arc% shown for th(h CO-MO/ 
Al&, cztalyst in the course of the rcnction. 
Intcwstingly, t,hrw ratios ww inv:wi:mt 
during th(L reaction, although the MO (10) / 
Al&s c:Lt:Ll-yst g:~vo a considw~blc change 
as is shown in Fig. 4. 

The steady-state wtivitiw of t,hc cat- 
alysts uwd in t#hc prtwnt study, jvhich 
ww obtuimd with th(t usu:~l flo\v wactor, 
\v(w 2.5.7, X3.1, 1X3, and :WZr,, as 
mwsured by th(l convwsions of thioph(w 
for 50 mg of the MO(~)/, Mo(10) 1, 
MO (“o)/, and Co-MO/AI&~ c:lt.:Jysts, 
rwpcctiwly. Th(l promotion:J c#wt of 
Co in the Co-Mo/Al,Ou c:btjalyst W:IS 
confirmed by comparing the artivit,g of 
the promoted catalyst. t,o that of th(b 
M0(10)/Al&~ catalyst. The conversion of 
thiophcna per unit Mo03 was highw fot 
loww MoO+xntctnt catalysts. The product 
distribut#ions of C-4 compounds wwc almost 
the same for all cutalysts (1-butmcw, 
32 f 1%; cis-“-butcw, 31 f lc;lo; tra,rs-“- 
butenr, 23 f lcj,; and butnno, 14 f 1%). 

and sulfidation of t#he cat’alysts procccdcd 
during the HDS reaction. Howcvcr, in 
tjhe cxw of the Mo(Z)/Al& catalyst, no 
change was obwrwd. Samoly, thta (arich- 
meat of MO on th(l outwmost surfacw 
of th(l catnlgsts took plaw in the high 
Mo03-contcwt, c:kt,:Llysts. Thwc~fow, it is 
considwcld that in t,hc Mo(l0) /Al,03 and 
Mo(L’0) ‘Al,O, c:rt:tlysts migr:\tion of MO 
occurs from th(l pow to the topmost 
surf:iws of the catalysts and wgwg:Ltw 
thwcl. Accordillg to I>efaus cl al. (21), :L 
surf:w inttwction complm arising from 
a11 ncidPbnw rcwtion during the c:Glntion 
JV:IS suggwtctd. On thck othw hand, it is 
\\-(~ll knows (22) t,h:lt t,h(l alumina has :UI 

acid stwngth distribution. Than, it is 
considw~d that’ th(b strength of th(b intcwc- 
tion b(~twwn Mo and alumina, is h&w)- 
gcwous. Actually, Massoth (23) has w- 
portcad that the reducibility of supportcxd 
Mo03 on :dumina d(apcwds on the umount 
of MoOa and that th(h lowr Mo03-contjrnt 
catalysts :w mow difFicult to rcducc than 
;w t,h(> highrr MoOa-contcbllt, c;rt,:llysts 
under th(l S:I~P conditions. Thwc~fow, the 
st:lbilit#y of sup1~ortc.d MO is supposed to 
br h(>tcwgwwous on thta alumina surfwe, 
although it is gcwwnlly acwptcd that MoO1 
is c>xtrtwtbly ~~~11 dispcwcd ovw the alumin;~ 
surf:w of :L Mo/A1~OI catalyst, to form 
:L monomol(~cul:lr layer whw R400:~ con- 
trnt dws not cwx~~d about 10 \vt’“; 
(8, IO, 23). 

Thwo is SOI~~C controvcwg :IS to the 
natuw and st’ructuw of t,h(l MO phase. 
Richardson (1 j and Lipsch and Schuit, 
(8) haw proposed a monoh~gw of MOO, on 
:Jumina, the MoO3 having bulk propwties. 
Ashley and Mitchclll (6) and Massoth (24) 
have suggwt~cd a surfaw intww%ion bc- 
town MOOR and alumina. A combhwd 
mod(bl has bwn prcsentt~d by 1,oJ:~~mo 

et ~1. (25). On th(l basis of our results, w: 
sulq)ort th(l third nlod~l (25). In th(% wsvs 
of lll(b Mo(lO) ‘,\lrO:; :1r1tl RTo(20) ‘.11&):; 
c~:rt~:~lysts, 1,111’ 310 I\-Ilkl-1 h:w :I \W;ik 
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exists as a MOO, small crystallite mi- 
grates from the pores to the outermost 
surfaces during the HDS reaction. How- 
ever, with regard to the Mo(5)/A1203 
catalyst, the interaction brtween MoOa 
and alumina is considered to be strong 
enough for the MO to be stabilized on the 
support in the course of the reaction, since 
no migration takes place. 

In the presence of Co, no migration of 
MO or Co was observed. The role played 
by Co in the Co-Mo/AlzOB catalyst can 
bo immediately understood by comparing 
the results on the Mo/A1203 catalysts to 
those on the promoted catalyst. Namely, 
the Co inhibits the migration of MO and, 
therefore, the segregation of MO to form 
crystalline MOOS and/or MO& on the 
surface during the HDS reaction, although 
the actual nature of the inhibiting effect 
for the MO diffusion is still ambiguous. 
It is well known that Co occupies a tctra- 
hcdral site to form CoA1204 and MO 
occupies an octahedral site on the alumina 
surface (1, 8, 18, 25). Then, it might be 
reasonable to assume that the surface 
diffusion of MO occurs through a process 
whereby Mo in an octahedral site jumps 
to an adjacent tetrahedral site and then 
to another octahedral site and scgregatcs 
there with former occupants. If that is the 
casr, occupation of tetrahedral sites by 
Co will retard MO diffusion. Another 
explanation may be possible, in which 
some in&action bctwccn Co and an 
adjacent Mo will stabilize the MO phase. 
Although the nature of the interaction is 
not clear, it may relate to the synergistic 
effect of Co (11-15). In both cases, however, 
Co in CoAl20q is considered to act as a 
promoter, because catalysts with higher 
CoAlzOd/Mo ratios have higher activities 
for HDS reaction (16). 

Before discussing the sulfur contents of 
the catalysts, we must mention some 
difficulties in obt,aining quantitative infor- 
mation from the XPS peak intensities. 
Contaminating impurities such as doposit,csd 

or adsorbed carbon on the surface change 
the XPS intensities and even the peak 
intensity ratios. A second difficulty arises 
from differences in the depth distribution 
of the atoms concerned in the sample and 
in the standard specimen. Both difficult,ies 
arise from the differences of the escape 
depths of the electrons ejected by X-ray 
radiation. Other problems such as the 
surface roughness and the surface geometry 
of the sample were ignored here. However, 
fortunately, the kinetic energies of the 
S 2p (ea. 1320 eV) and MO 3d levels 
(ea. 1250 eV) are very close to each other, 
and, consequently, the escape depths of 
the electrons are about 15 A for both 
lcvcls (26). Thcreforr, in our measurement 
of sulfur content we can neglect these 
problems associated with the XPS tcch- 
nique and we can obtain reasonable atomic 
ratios ; (S/‘Mo)a, without any correction 
for the escape depths. (S/MO),~ values 
were calculated by dividing the observed 
S 2p/Ma 3d ratios for the catalysts by 
the 0.5 (S 2p/Ma 3d) ratio obtained from 
MoSz. 

The sulfur content of the catalyst 
depends on the amount of MOOS supported 
on the alumina. The lower the MOOS 
content, the smaller the cxtcnt of sulfida- 
tion of the Mo as is shown in Fig. 3. A 
similar dopcndence of the sulfur content on 
the supported Moos-contents has bocn 
rcportcd by DcBeer and co-workers (27). 
These findings will confirm the proprrtics 
of the supported MoOa discussed above 
and will suggest the active state of MO 
for the HDS reaction. In the Mo(5)/A1203 
catalyst, (S/Ma),, was about 0.4, and 
the content of Mo(IV) was about 40%. 
Therefore, the active state of MO would 
have a composition of S/MO (IV) = 1, 
since the [S/MO(IV)],~ value was 1.0 
under our reaction conditions, assuming 
that the sulfur is combined to Mo(IV). 
Thr Mo(10)/AlZ03 and Mo(20)/A1203 cat- 
alysts showed higher values (larger than 
1.5). It suggc,xts thcl formation of some 
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MO’&. Accordingly, it is plausible that 
migrated and segregat’cd MO forms small 
crystallites of MO& on the Mo(10),‘A1203 
and Mo(20)/A1203 catalysts and that 
crystalline MoSz is less active, taking into 
account t#he result,s on the act,ivities of t’he 
catalyst’s. Mitchell and Trifiro (5’8) have 
reported, on the basis of the c~lcctronic 
spectra for the sulfidt>d catalysts, that no 
discrete sulfides, e.g., MoSz and CogSs, 
arc predominant and that t’hrrc probably 
exists a small amount of MO& in the 
sulfided catalysts. These findings seem to 
support our model. 

In the case of the CwMo/A1203 catalyst’, 
the [S/MO (IV)],, value was 1.1 under 
the steady st.ste of the catalyst and its 
value was very close to the 1 .O found for 
the Mo(T,)/A1&3 catalyst. Conwqucntly, 
it is concluded that the Co in the CO-MO/ 
A1203 catalyst inhibits the migration and 
segregation of the weakly bound MO on 
alumina and that, it kwps MO as active 
species which would have the composition 
of S/Mo(IV) = 1. Our results on sulfur 
content seem to support the monolayer 
model (14) which predicts S/MO = 1 for 
the sulfidation of the catalysts. 

The binding energy value of MO 3dg 
for Mo(IV) species obtained in our study 
(230.2 cV) agreed with that for MoS2 
within t.hc reproducibility of the spect,rom- 
ctclr (fO.2 cV). Cimino and DeAngclis 
(9) have reported a 0.7 eV-lowr value 
for MoOz than for MO&. The binding 
clncrgy of the active Mo(IV) species, 
therefore, should fall bctwwn thrsc values, 
but WC could not discriminatr bctwcen 
it and that of MO& because of the small 
chemical shift). The binding energy of S 2p 
was consistcrlt with that in M&t. 

DrBcer et ab. (3) have reported that 
the optimum activity of Co-Mo/Al&)z 
catalysts for HDS reaction is observed by 
varying th(b CO/MO ratio. In our opinion, 
(‘0 is c*ollsiclcw~d to ~1, :w :I 1)ron1ot(*r, :~s 
is diswssc~d allow for tli(b cat al\3(s wit,11 

low CO/MO ratios, but in the catalysts 
with high Co/Ma ratios, Co accumulation 
on the Mo monomolecular layer, which is 
suggrst#ed by the XI’S results reported 
by Brinen (29) and which has been assumed 
by Phillips and Fotc (a), will rct’ard the 
activity sinw Co itself has lit.tle activit,y 
for HDS reaction (4). 

Intcwstingly, t,h(l MO migration of the 
Mo/A1?03 cat’alysts I\-as observed cvcn 
undw our mild reaction conditions (10 
Torr of the thiophtw/H2 reaction gas). 
Therefore, more extensive migrations of 
Mo and probably of Co would occur under 
t,hc practical HDS waction conditions and 
under the usual reaction conditions em- 
ploycd in many reports. In the intcrcala- 
tion modrl (IO), they have assumed t,he 
migration of Co from the bulk to the small 
crystalline MO& whew Co*+ is intc>rcalatc>d. 
Thwe is a strong possibility on thr basis of 
our wsult’s t,hat the intercalation model 
is xdcquatr in t.ho practical operations, 
although t’hrre remains some doubt whether 
the intercalated MO& is the main active 
spt&s or not. In addition, w cannot rule 
out t#hc synergistic effect of Co (11-13) 
under practical reaction conditions, since 
Co would bc sulfidcd to some extent and 
might act as a promotw. Under our mild 
rrnction conditions, the monolayc>r modrl 
(14) is the most plausible one, although 
some modifications nil1 bc rcaquirod. 

Consequently, the st,abilizstion of Mo 
phase by Co in CwMo/AlsOs HDS 
catalysts was suggested on the basis of the 
Xl% study of Mo/AlzOs and Co-Mo/AlzOs 
catalysts. Th(a high Moos-content. MO/ 
A1203 catalysts contain mobile MO, which 
migrates from the pores to the outermost 
surfaws and segregates to form crystalline 
less-actiw MO& during the HDS reaction, 
while the low Moos-content, catalyst dew 
not contain mobile MO. The active species 
for HDS rwction might, haw the composi- 
tion IIF S nIo(l\y = 1 unthbr our nrilcl 
rcwtion wlltlilic)ns. 
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