Kinetics and Catalysis, Vol. 46, No. 1, 2005, pp. 77-87. Translated from Kinetika i Kataliz, Vol. 46, No. 1, 2005, pp. 85-96.
Original Russian Text Copyright © 2005 by Kogan.

35S Tracer Study of the Effect of Support Nature on the
Dynamics of the Active Sites of CoMo and NiMo Sulfide
Catalysts Supported on Al ,O; and Activated Carbon

V. M. Kogan

Zelinskii Institute of Organic Chemistry, Russian Academy of Sciences, Moscow, 119991 Russia
Received October 30, 2003

Abstract—The influence of the support (&5 and activated carbon) on the activity of Mo, NiMo, and CoMo
catalysts in thiophene hydrogenolysis is studied uSB@s a tracer. The carbon-supported catalysts have more
active sites than their alumina-supported counterparts, while the turnover frequencies of these sites are similar.
Thiophene desulfurization and hydrogenation of the resultir@efins take place at the same Mo sites. Tracer

tests have demonstrated that the active sites in the catalysts examined are identical and that the support has an
effect only on their concentration.

Hydrotreating catalysts prepared by loading acttify, because they give rise to very simi@2p spectra
vated carbon with an active phase (C-supported cafab]. Méssbauer emission spectroscopy and X-ray
lysts) are more active than conventional systems bassssorption spectroscopy confirmed the presence of a
on AlLO; or SiG, [1-9]. After the service life of a C- Co—Mo-S phase in the CoMo/C catalysts [16—20]. The
supported catalyst is over, metals of the active phafset that the active phase in C-supported catalysts is not
can be recovered by burning out the support and thieaund to the support through oxygen atoms suggests
reused. Furthermore, cobalt in C-supported CoMo cdhat the Co—Mo—S species on carbon differ in proper-
alysts, unlike cobalt i€oMo/Al,O; (Al,Os-supported ties from the same species on alumina. Two types of
catalysts), does not react with the support to form @—Mo-S structure were discovered in,@¢-sup-
spinel and remains entirely in the active phase. Howerted catalysts [21, 22]. Type | structures form at con-
ever, there are reasons why C-supported catalysts haeational sulfiding temperatures; type Il structures
found only little industrial application. Firstly, althoughform at ordinary or elevated temperatures, but they
C-supported CoMo catalysts show a very high specifiequire special impregnation conditions. The Co—Mo—
activity, their support has a low density and, accord structures on activated carbon are type Il. This fact is
ingly, they are inferior to AD;-supported catalysts in consistent with the assumption that type | Co—Mo-S
terms of activity per liter (which is an industriallystructures are more strongly bound to the support and,
accepted characteristic of catalysts). Secondly, abdherefore, less active than type Il structures [23].

50% of the pore volume in activated carbon is due t0 owing to the strong interaction between the active
micropores, which can limit the diffusion of the reaCphase and AD,, small molybdenum disulfide crystal-
tants. lites are uniformly distributed over the support surface

These are the reasons why C-supported catalysts anel are stable (primarily with respect to agglomeration)
primarily interesting as model systems for investigatinduring the catalytic reaction. At the same time, the
the effect of the support on the performance of therong interaction in ADs-supported catalysts is disad-
active phase. Most studies in this field have dealt witlantageous: it favors formation of the low-active (type
the structure of catalysts, the effects of the preparatiQnCo—Mo-S structure.

method and support on this structure, and the correla- | order to understand the principles of functioning
tion between these characteristics and catalytic activigy the active phase on different supports, it is necessary
[7-13]. to study the transformations of organosulfur com-
X-ray photoelectron spectroscopy (XPS) [14pounds on the surface of this phase. A number of recent
revealed different types of interaction between the sugtudies have been devoted to the kinetics of conversion
port (AlL,O; or activated carbon) and molybdenum sulef thiophene and dibenzothiophenes on C-supported
fide as an active phase. XPS data indicate the prese@oe and Ni-containing molybdenum sulfide catalysts of
of MoS, and cobalt sulfide specieBq;Sg, Co-Mo-S, various compositions [24—29]. These studies have dealt
and CoMo,S,) in sulfided CoMo/C and CoMo/AD;  with the effects of the partial pressure of hydrogen sul-
catalysts. However, these species are difficult to idefide, N- containing additives in the reaction mixture and
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Table 1. Results of the tracer study of thé\l,05- and carbon-supported molybdenum sulfide catalysts

Composition
ofthe active phase | v o | 1., 1C,Hs | Suoch % | Snop M0| Miaer X 10 | SHICUS|  VE ES*
Mo, wt % support

3 ALO; | 7.30 0.084 200 | 058 5.1 2.65 51 327
6 ALO, | 15.54 0.134 400 | 087 7.2 1.20 72 764
10 ALO; | 23.70 0.210 667 | 1.01 9.5 0.61 95 1548
12 ALO; | 27.08 0.284 800 | 212 10.0 050 104 1916
3 C 8.36 0.165 200| 097 35 0.95 35 1018
6 c 16.27 0.357 400| 1.29 5.1 0.48 51 2051
12 c 35.70 0.491 800| 2.33 6.2 0.41 62 2365

Note: Y is thiophene conversiongg§ch is the sulfur content of the catalyst calculated on the basis of BMofghiometry, §qp, is the

amount of mobile sulfur (for Mo/AD3, Syob= Sasp: Miast IS the turnover frequency of the active sites borne by Mo, SH/CUS is
the ratio of the number of coordinatively unsaturated sites to the number of SH ¥ruissthe number of functioning vacancies,
and ES is the number of empty sites.

* Per 1000 SH groups.

reaction conditions. It is assumed that desulfurization Prior to tracer tests, the catalysts were sulfided with
and hydrogenation sites are different and that coordinelementary?>S in a 21-crf autoclave aP, =6 MPa,

tively unsatur_ate(_j sites (CUS’s) play a key ro_Ie iICf’=360°C and a catalyst-to- sulfur ratio of 5: 1 for 1 h.
hydrodesulfurization. However, the above-mentioned ’

studies have provided no direct experimental evidence A catalyst sample containing radioactive sulfur
that CUS’s exist. Indeed, no quantitative estimates ha{Z5-200 mg) was transferred into a pulsed catalytic
been reported for the properties of these sites. A traeeicroreactor coupled with a radiometric chromato-
method [30—32] enabled us to determine the numbergriaph (Fig. 1). The catalyst was treated with helium,
surface SH groups and CUS'’s, evaluate the reactivityahd the hydrogen flow (chromatographic carrier gas)
active sites, and correlate these data with the composias switched over to pass through the reactor. This was
tion of the active phase of the sulfide catalyst. Here, igllowed by pulsed injection of it portions of unla-
report a tracer investigation of the dependence of catseled thiophene into the reactor.
lyst activity in thiophene hydrogenolysis on the nature _ _
of the support. '_Fhe reaction y!e_ldefI4 hydrocarbons angl hydrogen
sulfide. Radioactivity was detected only in hydrogen
sulfide. The molar radioactivity of the resulting hydro-
EXPERIMENTAL gen sulfide gradually decreased as the number of
thiophene portions injected increased, because the
We examined four series of Mo catalysts (Table ¥xdioactive sulfur of the catalyst was progressively

and CoMo and NiMo bimetallic catalysts (Table 2) supeplaced by the nonradioactive sulfur of thiophene.
ported ony-Al,0; and activated carbon. The molybde-

num content of Mo/AIO; and Mo/C catalysts was var-  Chromatographic analysis of thiophene conversion
ied between 3 and 12 wt %. Furthermore, we tested?Eoducts was carried out in two modes. In the first
series of samples containing 10% Mo, varying the gpode, the products were separated into hydrogen sul-
concentration between 0.5 and 4%. The catalysts wéi@e, hydrocarbons, and thiophene to measure the radio-
prepared by impregnating-Al,O; (specific surface activity of the hydrogen sulfide. In this mode, we used
area, 240 fig; pore volume, 0.54 ciy) and coconut column 1 (Fig. 1), which was packed with 15% Carbo-
charcoal (specific surface area, 82%gnpore volume, wax/Celite 545 (3 mnx 3 m; 120°C). Analysis of the
0.46 cni/g) with agueous solutions containing approprinydrocarbon fraction was carried out in the second
ate amounts of ammonium heptamolybdate and nickebde. In this mode, after the products were separated
(cobalt) nitrate. The impregnated materials were driediat column 1, the hydrocarbon fraction and hydrogen
110°C for 2 h and calcined at 500°C for 3 h. sulfide were collected in trap 2 and then directed to col-
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Table 2. Results of the tracer study of thé\l,05- and carbon-supported Ni(Co)Mo sulfide catalysts

Composition @
ofthe activephase | | o | & | Sy, | S| S [Sw| B [ T | G [yt vt [ess

5 § __,§ o"?\j support ;j % | mg | mg | mg XE é % fast | Vslow
==z|Z2=|0= ) C C n

6.8 0 0 ALO; |0 11.9| 0.14| 452 091 091 O 58 0 1.p0 58 0O 943

6.8 09| O AbO; [0.18| 45.7| 0.33 5.02 180 0.77 1.03 187 40 865 80 P3 36

68| 18| O AbO; [0.30| 495/ 0.3 550 1.98 090 1.03 168 47 726 Jy9 p5 59

68| 35| 0 AlO; |0.45| 58.8| 0.27 6.40 235 064 171 204 63 1125 bB6 @45 33

6.8 0 0 C 0 326 037 458 224 224 O 59 00 098 59 0 962

68| 09| O C 0.18 76.6 0.98 5.04 245 141 1)04 187 45 D.94 108 |19 951

6.8 1.8| 0 C 0.30| 80.7 124 5851 230 15 1j04 215 56 071 117 |25 1283

68| 35| O Cc 046/ 794 130 643 285 0Pp3 193 191 ¢y5 D80 |62 |51 1191
10 | O 0 ALO; | O 23.7| 0.21| 6.67 1.01 1.00 O 95 0 061 9b 0 1548
10 0 0.5| ALO; |0.08| 56.2| 0.27 6.94 2.1f 0.82 1.35 223 34 355 94 11 197
10 0 1 ALO; [0.14| 71.8| 0.2 7.21 2.08 0.66 141 265 82 258 105 B6 303
10 [ O 15/ ALO; |0.20| 80.9| 0.3 7.48 23F 056 181 319 83 379 115 Pp3 188
10 | O 3 ALO; [ 0.33| 90.7| 0.35 8.29 276 0.53 223 567 31 494 108 p5 94
10 | O 4 ALO; [ 0.39| 83.6/ 0.28 8.84 296 0.39 257 670 29 518 89 Pp5 104
10 0 05 C 0.08/ 53.5 04p 6.94 235 0B1 1554 189 4.2 D.51 |65 |27 1884
10 0 1 C 0.14] 5232 0.7% 720 241 04 197 2836 6.0 D.60 |74 (34 1596
10 [ O 15 C 0.20] 89.9 196 7.48 3.15 0.p2 2/53 421 41 0.73 |93 |23 1290
10 | O 3 Cc 0.33| 934 589 829 364 057 3p7 525 26 D.78 (82 (22 1195
10 0 4 C 0.39] 89.8§ 561 884 395 045 350 638 2.2 .81 (73 |19 1164

Note: Experimental conditions: catalyst weight, 100 Tg;360°C; hydrogen flow rate, 20 &min; thiophene injected per pulsejll
* Per 1000 SH groups.

umn 2 (12% tributyl phosphate/Chromosorb P; 3 mm RESULTS AND DISCUSSION
7.5 m;25°C). Unpromoted Catalysts Mg®\l,0, and Mo$/C

Signals from the thermal-conductivity detector and Experimental data for the Mg@&l,0; and Mo$/C
radiation counter were processed in the on-line modatalysts are presented in Table 1 and Figs. 2—7. It is

using the Mul'tikhrom 2.74 program. The radioactivityCIear from Fig. 2 that the concentration of mobile sul-

of hydrogen sulfide was measured with a flow- typfé”’ S0 and its fraction in the total amount of sulfide

tional radiati ¢ Th h sulfur are much greater in the C-supported catalysts
proportional radiation counter. 1h€ quencher Wagan, in the AJO,-supported catalysts. Therefore, both

methane, which was fed into the counterasal : 1 Mg g | content and the ratio of surface (mobile) sulfur
ture with the carrier gas. The sulfur content®8- o pulk (immobile) sulfur depend on the nature of the
labeled catalyst samples was determined by measuriigoport.

their specific radioactivity (SR) and comparing it with  |n the C-supported catalysts, as in M@$,0;, the

the SR of the sulfiding agent. Processing of experimeproportion of mobile sulfur decreases as the Mo con-
tal data is described elsewhere [31]. tent is raised. A plausible explanation of this fact is that
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Fig. 1. Schematic of the pulsed catalytic setup, including on-line radiochromatographic analysis of the ptpfuatsvay valve,
(2) eight-way valve, and3] six-way valve; ADC is an analog-to-digital converter.
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Fig. 2. (a) Amount and (b) fraction of mobile sulfur as a function of Mo contenfif@ymina- andZ) carbon-supported molyb-
denum sulfide catalysts.

the molybdenum sulfide phase coarsens with incredde/C. Comparing the curves plotted in Figs. 2b and 3
ing Mo content of the catalyst. However, the shape efiggests that SH/CUS and,,3S,: vary in the same
the mobile- sulfur curve is support dependent. Favay and that the amount of CUS’s in the unpromoted
MoS,/AlLO;, S,0fSe: decreases monotonically. ForAl,Os;- and C-supported molybdenum catalysts is pro-
MoS,/C, this ratio falls markedly between 3 and 6%portional to §; content (Fig. 4).
Mo, while further raising of the Mo content does not | our earlier studies [30, 31], we arrived at the con-
cause considerable changes jp,Sand, accordingly, cjysion that CUS's are a totality of functioning vacan-
molybdenum sulfide particle size. cies (Vs) and empty sites (ES'®CUS =3V + SES.
Furthermore, raising the Mo content reduces theomparison between Figs. 5a and 5b demonstrates that
SH/CUS ratio (Fig. 3), and the proportion of SH groupthe relative amounts of Vs and ES’s increase in propor-
decreases much more rapidly in M68,0; than in tion to Mo content.
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Fig. 5(a) V and (b) ES densities as a function of Mo content forljhel¢S,/Al ,O3 and @) MoS,/C catalysts.

Analysis of these data together with the evaluatazhtalysts, like that of catalysts poisoned with N-con-
catalytic activity data for thiophene hydrodesulfurizataining compounds [32], depends linearly on the den-
tion (Fig. 6) shows that the specific activity of thesity of the vacancies responsible for desulfurization.
molybdenum catalyst depends only slightly on the suphis finding confirms the deduction that thiophene
port and the amount of the active phase. Therefore, bydrogenation and desulfurization take place at the
changing the support or varying the amount of theame sites.
active phase, one can change only the number of active

sites, not their activity. As compared to the MgB\,O; catalysts, the

MoS,/C catalysts have a higher hydrogenating capac-
Figure 7 shows how the butane : butenes ratidy, which is attainable at a lower V density. This is due
which is a characteristic of hydrogenating capacityp the fact that the C-supported catalysts have more

depends on the density of functioning vacancies (nummobile sulfur (surface SH groups) than the@tsup-
ber of Vs per 1000 SH groups) for th®S,/Al,0;and ported catalysts (apparently because the active phase in
MoS,/C catalysts. The hydrogenating capacity of thedhe former is more finely dispersed). Therefore, the
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Fig. 6. Specific catalytic activitA = —In(1 — y)/Mo as a
function of the catalyst sample weight for tle-4) alu-
mina- and %-7) carbon-supported molybdenum catalysts Fig. 7.Hydrogenating capacityC(H,,/C4Hg) as a function
containing ¢, 5) 3, (2, 6) 6, 3) 10, and 4, 7) 12% Mo.y s of V density Ws{(1000 SH)) for unpromoted 1)
thiophene conversion. MoS,/Al ,03 and @) MoS,/C with different Mo contents.
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Fig. 8. Thiophene conversion as a function of promoter con- Fig. 9. Thiophene conversion as a function of the amount of
tent for the {) Al,O3- and @) C-supported NiMo sulfide mobile sulfur for theX) Al,03- and @) C-supported NiMo
catalysts. sulfide catalysts.

fraction of Vs per SH group in the C-supported catado content and interacts strongly with the support.
lysts is lower than this fraction in the &;-supported Type Il MoS, phase forms in catalysts that are rich in
catalysts. The total number of vacancies per Mo atoM© and/or are supported on an inert material.

in the C-supported catalysts is somewhat higher than

that in the AJOs-supported catalysts. These results are NiMo and CoMo Promoted Catalysts Supported

in good agreement with earlier data suggesting the on ALO; and Activated Carbon

existence of two types of MgPhase [23, 33], asinthe  These catalysts are similar to the unpromoted cata-
case of the Co(Ni)-Mo-S phase. According to thodgsts in that they are sulfided to the maximum possible
data, type | Mogphase dominates in catalysts with lowsulfur content corresponding to the formation of sto-
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Fig. 11. Edge—rim model of the active phase of the MoS
catalyst [29]. The white circles are possible thiophene
adsorption sites on thé&)(edge and2) basal plane.

0 01 02 03 04 0.5 Figure 10 plots $,/Mo as a function of the promoter
Ni/(Ni + Mo) atomic ratio  contentr = Ni/(Ni + Mo) for they-Al ,O5- and C-sup-
ported catalysts. For unpromoted M6S,0;,
Fig. 10.Mobile sulfur per gram-atom of Mo as a functionof ~ S,,.yMo0 = 0.4. The g/Mo ratio in this catalyst is about
promoter content for thel(3) fast and Z, 4) slow active 2; that is, 1/5 of the total sulfide sulfur participates in

sites of the 1, 2) Al,O3- and B, 4) C-supported NiMo sul-

fide catalysts. hydrogen sulfide formation. This result supports the

assumption that reactive sulfur is the sulfur located on
the edges of Moscrystallites. The sulfide sulfur of the
ichiometric MoS and NiS in the active phase. It fol-basal planes of alumina-supported Ma8ystallites is
lows from the data presented in Table 2 and Fig. 8 thaactive. For the MogC catalyst, §,/Mo = 1, while
the NiMoS/C catalysts are much more active in botie S/Mo ratio in molybdenum disulfide is 2. Therefore,
desulfurization and hydrogenation than theip@y mobile sulfur makes up only half of the total sulfide sul-
supported counterparts of the same composition.  fur. From this, we inferred that active sulfur in MoS

Introducing a promoter (Ni) produces diﬁerenf_:lusters is located not only on crystallite e_dges but also
effects on catalyst activity and the ratio between cofft basal planes, probably near the crystallite edges [34].
version and the amount of mobile sulfur: for thegy  1hose regions were called rims [35] (Fig. 11).
supported catalysts, these quantities are linearly inter- It was demonstrated by EXAFS that there is loosely
related; for the C-supported catalysts, even smdbnded sulfur in the basal plane of molybdenum disul-
amounts of the promoter cause a drastic rise in catalyfide crystallites, and it was assumed that this plane can
activity. In the latter case, promoter concentration haslsorb thiophene [36].
only a minor effect on the mobile-sulfur content, and This assumption has recently received indirect sup-
further raising the latter does not increase the catalyport [37]. The interaction between thiophene and flat
activity (Fig. 9). The unusual shape of the conversianolybdenum disulfide crystallites on a neutral (gold)
versus mobile sulfur curve for the C-supported catgupport (Mo$/Au) was studied by scanning tunneling
lysts, particularly striking as compared with the lineamicroscopy, and it was found that thiophene is
dependence for the ADs-supported catalysts, appar-adsorbed near edges of the basal planes of, MiyS-
ently indicates that introduction of Ni causes qualitaallites. Thiophene is activated owing to hydrogenation
tive changes in the active phase of the C-supported catthe C=C bond followed by cleavage of the C-S bond.
alysts. Possible changes of this kind are alteration Obviously, this pathway of the reaction is, to a consid-
the nature of active centers and redistribution of activgable extent, due to the inertness of the support and the
centers caused by changes in the particle size of tyeakness of the support—active phase interaction. Sim-
active phase. It is, therefore, pertinent to make a mdfer processes are possible on the basal planes of C-sup-
thorough analysis of data relevant to the mobility angorted molybdenum disulfide, since MeSipport
distribution of mobile sulfur in the active phase. interaction may be weak because of the inertness of

It was demonstrated [31] that the active phase of tharbon.
CoMo/Al,O; andNiMo/Al,0; bimetallic catalysts has  The fact that the number of fast sites in the NiMo
two types of surface SH group differing in capacity focatalysts grows with increasing promoter content is in
forming H,S (mobility) and, accordingly, two types of agreement with the shape of the corresponding curve
active site (AS) differing in reactivity. The more reacfor fast sites in the CoMo catalysts (see above). Com-
tive sites (fast AS’s) are associated with Mo, and thaaring the curves for the £D;- and C-supported cata-
less reactive sites (slow AS’s) are associated with dgsts (Fig. 10) demonstrates that, as the Ni content is
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Fig. 12. Turnover frequencyl of the (, 3) fast and Z, 4)
slow active sites as a function of promoter content for the
(1, 2) Al,05- and B, 4) C-supported promoted NiMo sulfide
catalysts (6.8 wt % Mo).

in a more rapid descent of the fast-AS curve. Raising
the Ni content increases the number of slow sites in the
Al,O;- and C-supported catalysts at equal rates (the
corresponding curves coincide). Therefore, catalytic
activity is shown only by nickel sulfide particles situ-
ated on the edges of Mg8&rystallites, while the parti-
cles blocking active MosSsites in the basal planes do
not form “slow” sites capable of participating in hydro-
gen sulfide formation.

These results are consistent with turnover frequency
data as a function of promoter content (Fig. 12). For the
unpromoted MogAI,O; and MoS/C catalysts,
0.05 molecules of hydrogen sulfide are formed and the
same number of thiophene molecules are converted per
pulse at one SH group. Therefore, every 20th (1/0.05)
group takes part in hydrogen sulfide formation. These
SH groups are fast sites borne by Mo. Introducing a
promoter brings about slow active sites. The turnover
frequency of both types of site increases with increas-
ing Ni content of the active phase. At 0.45, the turn-
over frequency of the fast sitedig = 0.2: every fifth
SH group belonging to the fast sites participatds,h
formation. For slow sited]l, = 0.06 at the samg

increased, the number of fast AS’s in the C-supportddicating that one of 16 SH groups of this type is
catalysts decreases markedly, while this characterisfivolved in the reaction.

of the ALO;-supported catalysts changes little. The Coincidence of turnover frequency versus promoter

pointis that the AS’s in basal planes 0f@4-supported

content curves for one type of AS and different supports

MoS, crystallites are inactive (Fig. 11). Therefore, th¢Al O, and carbon) is also observed for the CoMo cat-
deposition of nickel sulfide particles on the basal plane$ysts (Fig. 13). Therefore, only the number of AS’s,
of NiMo/Al ,O4 crystallites does not change the numbaerot their nature and properties, depend on the support.
of mobile SH groups bound to fast AS’s. For the C-suprdeed, the NiMo/C catalysts have a larger number of
ported catalysts, blocking of basal and edge sites resuiftst AS’s than the ADs;-supported catalysts of the
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Fig. 13. Turnover frequencyl of the (, 3) fast and Z, 4)
slow active sites as a function of promoter content for the
(1, 2) Al,05- and B, 4) C-supported promoted CoMo sul-
fide catalysts (10 wt % Mo).
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Fig. 14.Density of (, 3) fast and Z, 4) functioning vacan-
cies ) as a function of promoter content for tHe 2)
NiMo/Al ,05 and @, 4) NiMo/C sulfide catalysts.
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Fig. 15.(a) SH/CUS and (b) ES/(1000 SH) as a function of promoter content fdp) tNév{o/Al ,O5 and @) NiMo/C sulfide cat-
alysts.

SH/CUS ES/1000 SH
6 (a) 2000 (b)

1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5
Co/(Co + Mo) atomic ratio Co/(Co + Mo) atomic ratio

Fig. 16.(a) SH/CUS and (b) ES/(1000 SH) as a function of promoter content fdj) tieNlo/Al,O3 and @) CoMo/C sulfide cat-
alysts.

same composition. The number of slow sites is suppo8H groups, are all almost independent of support
independent and is determined by the amount of pneature. Introducing a small amount of Ni into the
moter introduced. This is particularly clear from théMoS,/Al, O, catalyst causes a dramatic increase in the
promoter-content dependence of the ratio of the nurBH coverage of surface of the active phase (Fig. 15a)
ber of Vs to the number of SH groups for fast and slowiving to the decreasing number of ES’s (Fig. 15b).
AS’s in the ALOz- and C-supported catalysts (Fig. 14). _ _

ported counterparts in terms of the relative number 6ftalysts supported onA); (Figs. 15a, 16a). In the C-
vacancies. Both of the fast-vacancy densi,.j SUpp.Orted catalysts, the proportion of CUS’s varies Ilt-
curves have a maximum negar 0.3; that isV;,, peaks tle with promoter content because of the gradual varia-
near the region of the NiMoS phase. The slow-vacantign in the fraction of empty sites (Figs. 15b, 16b). This
density Vo) curves for the AlO,- and C-supported insignificant effect of the promoters on the number of
catalysts almost coincide and ascend slowly witgUS’s is apparently due to the fact that the support and
increasing. Analysis of data presented in Figs. 12-14he active phase in the C-supported catalysts interact
and 15a demonstrates that, in the promoted Mag- weakly, irrespective of whether a promoter is present.
lysts, the ratio of the number of surface SH groups &5 a consequence, the C-supported catalysts have a
the number of CUS'’s, as well as the ratios between tlwsver SH coverage of active-phase surface and a larger
number of Vs, the number of ES’s, and the number &fction of ES’s than the ADs-supported catalysts.
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C,H,y/C4Hg The hydrogenation activity of the CoMoS phase,
unlike that of the NiMo catalysts, is support-dependent,
2 ° o as in the case of the unpromoted M@$,0; and

MoS,/C catalysts (Fig. 7). As is clear from Figs. 17 and
18, the C-supported CoMoS catalysts exceed the
Al,O;- supported ones in amount of mobile sulfur
(number of surface SH groups). Therefore, the number
of fast Vs ¥;.) per SH group is smaller in the C-sup-
ported catalysts than in the,8;-supported catalysts.
However, the total number of Vs in the C-supported
catalysts is 3-5 times higher than that in thepyOM
supported counterparts with the same composition of
the active phase (see the SH/CUS data in Table 2).

In other terms, the NiMoS phase forms on both car-
bon and alumina and is apparently a type Il phase. The
CoMoS phase on carbon is always type II. The CoMoS
phase on alumina can be either type | or type II,
depending on the catalyst composition, preparation
conditions, and the properties of the support.

0.8

0.4+

m]/
02

0 1 1
40 60 80 100 120
Viae/ 1000 SH

Fig. 17. Hydrogenating capacityC4H;,/C4Hg ratio in the
thiophene hydrogenolysis product) as a function of V den-
sity (Viasf(1000 SH)) for the ) NiMo/Al,O3 and @)

NiMo/C sulfide catalysts. CONCLUSIONS

The main results from the comparative study of the
alumina and carbon-supported Mo and Ni(Co)Mo sul-
fide catalysts are the following:

(1) The C-supported catalysts contain more mobile
or sulfur than the AlOs-supported catalysts because of the
smaller particle size of the active phase.

(2) The SH/CUS ratio in the C-supported catalysts
is much smaller than that in the,®L-supported cata-
lysts, suggesting that the active phase in the former is
reduced to a greater extent. Raising the Mo content
reduces SH/CUS in both the /8- and C-supported
catalysts.

C4H,o/ C4Hg

2 © (3) The ALO5- and C-supported catalysts are similar
in terms of the turnover frequency of the active sites.
1 Therefore, these sites are of the same nature. The turn-
0 , , , over frequency of the active sites depends on the pro-
70 80 90 100 110 moter content of the active phase and is support-inde-
Viase/ 1000 SH pendent.
(4) The dynamic properties of the active sites in the
Fig. 18. Hydrogenating capacitC4H,¢/C4Hs ratio in the — NjMo and CoMo catalysts are similar.
thiophene hydrogenolysis product) as a function of V den- 4
sity (Viasf(1000 SH)) for the 1) CoMo/AlL,O; and @) (5) The hydrogenation of butenes that have resulted
CoMo/C sulfide catalysts. from thiophene hydrogenolysis takes place on sites that

are associated with Mo and responsible for desulfuriza-

The hydrogenation activity of the C-supported M(Sion.
and NiMo catalysts is higher than that of theis@y
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