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Chapter 1 

General Introduct±on. 

The Co0-Moo3-y-Al 2o 3 catalyst is, in its sulfided state, 

widely applied in industrial catalytic hydrosulfurization 

(HDS) processes using all kinds of petroleum feedstocks. 

Quite a number of reaction types occur in these processes 

with hydrogenelysis reactions resulting in cleavage of a 

e-s bond being typical, 

Besides thiols or mercaptans used in this exarnple other 

classes of sulfur containing organic compounds often are 
involved in hydrosulfurization. Examples are, in sequence 

of decreasing reactivity: disulfides, sulfides, thiophenes, 

benzothiophenes, dibenzothiophenes and benzonaphtothio

phenes. 

A second type of hydrogenelysis reactions also occur

ring under industrial process conditions result in break

ing of c-c honds which is called hydrocracking. In conse
quence of these reactions molecular weight reduction takes 

place and moreover hydrogen is consurned without removal of 

sulfur. 

The latter phenomenon is also the consequence of the 

third reaction class viz., hydragenation of unsaturated 

compounds. It should, however, be mentioned, in this 

respect that pre-hydragenation may facilitate the removal 

of sulfur, like for instanee in HDS of benzothiophenes. 

Demetallization reactions are important in hydrodesul

furization of residual feeds (fuel oil) which contain or

ganometallic compounds, especially those of V and Ni. 
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These compounds react to give inorganic products, which 

can accuroulate in a reactor and ultimately plug the cata~ 

lyst pores or the interstices of a fixed bed of catalvst 

particles. 

Coking react~ons, common to vtrtually all hydracarbon 

reaction processes,occur as well in hydrodesulfurization. 

Coke is a high-molecular-weight, hydrogen-deficient hydra

carbon product which polsons catalysts and is also capa

ble of blocking catalyst pores or fixed bed interstices. 

Unlike inorganic compounds of V, for example,coke can be 

burned off leading to successful catalyst regeneration. 

The hydrodesulfurization reactions, which dominate over 

side reactions in industrial processes, are virtually irre

versible at temperatures and pressures ordinarily applîed, 

roughly 300-500°C and 30-200 atm (about 30-200 x 10 5 Nm-2). 

The HDS reactions are exothermic with heats of reaction 

approximately between 1.2 and 2.1 kcal per mole H
2 

con

sumed (about 5-9 x 10 4 J/mole H2 ). 

Catalytic hydrodesulfurization is a tvpîcal heteroge

neaus (multiphase) process in which hydragen and gas- or 

liquid-phase petroleum feedstocks are contacted with solid 

catalyst in a fixed -or slurry- bed reactör. The former, 

often referred to as a trickle-bed reactor if the react

ing petroleum feed is liquid, is used for both light and 

residual (boiling point >350°C) petroleum feeds flowing co

currently with H2 downward through the catalyst bed. The 

latter reactor type, also called ebullating-bed reactor, 

is sametimes applied in residuurn HDS. The catalyst parti

cles in the reactor are held in suspension by the upward 

velocity of the liquid reactant through which H2 flows 

cocurrently • 

Large-scale hydrodesulfurization has been practised 

already for about 40 years, mainly in petroleum industrv. 

In the past the most important aims for hydrodesulfurizîng 
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petroleum were: reduction of eerrosion during refining 
and handling, impravement of odor, impravement of gasoline 

(boiling range <75°C) properties (such as color stability, 

resistance to gum formation and octane number) and irnpro
vernents of the higher balling fractions viz., the re!or

rnèr feed (naphta, boiling range 75-155°C), jet fuel (kero

sine, boiling range 145-230°C). Another reasen was pro

teetion of platinum containing reforrning catalysts frorn 

poisoning. 

For the light petroleum feeds, rnentioned above, de

sulfurization technology is well established and routine
ly applied, The lifetirne of the catalyst can be as long 

as 10 years. This rneans that in HDS of light feeds, cata

lyst costs typically account for less than about 10% of 

processing casts, and there is therefore no great incen
tive for developing new catalysts. It seerns unlikely that 
there will soon be significant changes in processing tech

nology. 

Nowadays environrnental proteetion has becorne an im

portant point for the worldwide society. There is espe

cially streng incentive for rernoval of sulfur frorn heavy 

petroleum fractions like gas oil (diesel and heating oil) 

and residual oil (fuel oil) with approxirnate boiling ran

ges of 165-365°C and >350°C respectively, Cambustion of 

sulfur containing fuels is narnely the prirnary cause of 
S02 pollution of the atrnosphere, This pollution is most 

severe in the Eastern United States, Japan and Western 

Europe. 

The eperation conditlans for HDS of residual feeds are 

more severe than these for light petroleum feeds, because 

of the relatively low reactivity of these feeds containing 

sulfur in aromatic syaterns. Deposits of inorganic roetal 

cornpounds prevent regeneratien ~f the catalysts, as a 
consequence their lifetirnes are relatively short (0.5-1,0 
year). 
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For these reasens research in catalytic hydrodesulfu

rization is pres~ntly being very rnuch intensified, even

more so with the increasing tendency to turn to crudes 

with ever higher sulfur content, for instanee oil-rich 

tar sands containing up to 5 w.t% sulfur. Another reasen 

for research intensification is the increasing interest 

of the production of clean fossil fuels frorn shale oil 
and coal. 

All the sourees of fossil fuels contain also organi

cally bound nitrogen (especially the two last·rnentioned 

ones) which on cernbustion forrns nitrogen oxides which are 

also harrnful air pollutants. This rneans that both hydro

desulfurization and hydrodenitrogenation are necessary in 

order to obtain clean fuels. These two processes can be 

done sirnultaneously over sulfided CoO-Mo03-y-Al2o3 or si

rnilar catalyst systerns containing Ni instead of Co. 

An enorrnous arnount of work has been publisbed on the 

kinetics and rnechanisrns of HDS reactions, both of pure 

cornpounds and of various petroleum fractions. This has 

been very well reviewed by McKinley (1), Mitchell (2), 

Schurnan and Shalit (3) 1 Schuit and Gates (4) 1 Weisser and 

Landa, in a cornprehensive text on sulfide catalysts (5), 

and Aroberg (6). In all these reviews including that by 

Grange and Delmen (7) atternpts are made to characterize 

the precise structure of the èatalyst surface, especially 

that by Schuit and Gates (4). 

In spite of all the work done already the chernistry of 
catalytic hydrodesulfurization is not entirely understood. 

This includes also the chernistry of catalyst preparatien 

and operation. In addition hereto in HDS of fuels there 

is a need for better catalysts (higher specific activity 

and longer life time). 

The catalysts most cornrnonly applied in hydrodesulfurizat

ion are derived frorn alurnina supported oxides of cobalt 

and rnolybdenurn (CoO-Mo03-y-Al2o3) 1 which are usually sul-
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fided in operation. Practical catalysts may contain as 

much as 10 to 20wt% of these metaloxides~hough lower 

metal contents are probably more cornrnon. A nurnber of 

related compositions have been applied including for 

example nickel and tungsten. 

The aim of the present investigation is to contribute 

to the knowledge of the structure of the catalyst and 

processes occurring during its preparation. In particular 

the relevanee of the structural aspects on thiophene HDS 

(at atmospheric hydragen pressure was investigated) • 

In chapter 2 the promoter effect of Co, Ni, Zn and Mn 

on oxidic Moo 3-y-Al 2o 3 was studied. 

Similar studies are reported in chapter 3 as concerns 

sulfided Moo3-y-Al 2o 3 and catalysts containing crystalline 

Mos 2 and ws 2 • A description is given of the changes in 

promoter effectivity going from an oxidic to a sulfidic 

catalyst system. 

The sulfiding process is studied in chapter 4 for both 

Moo3-y-Al 2o 3 and Co0-Moo3-y-Al 2o 3 catalysts. The effect 

of sulfidization on HDS activity is also investigated. 

In chapter 5 the role of various supports {y- and n
A!2o3 and Si02 ) is discussed for oxidic and sulfided cata

lysts. 

Finally in chapter 6 different catalyst preparations 

were studied as to their effect on the activity in thio

phene and benzothiophene desulfurization, benzene hydra

genation as wel! as cyclohexene isomerization at 100 atm 

(101.3 x 10 5 Nm- 2) hydragen pressure. 
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CHAPTER 2. 

The CoO-MoOa-AbOa Catalyst. IV. Pulse and Continuous 
Flow Experiments and Catalyst Promotion by Cobalt, 

Nickel, Zinc, and Manganese 

V.H .. r. DE BEER, T.H. M. VAN SINT FIET, J. F. ENGELEN, 
A. C. VAN HAANDEL, M. W. J. WOLFS, C. H. AMBERG,* 

AND G. c. A. SCHUIT 

Department of lnorganic Chemistry, Eindhoven University of Technology, 
/n.~ulir1delwm 2, Eindhoven, The Netherlands 

Received March 9. 1972 

The aclivitics of Moû,-A!,O, <·atalysts promoled with vurion,; umonnts of cobult, 
nickel, zine, and mangancse han; been tiet<•rmincd in pul"<' und ,.ontinuous flow 
experiments for lhc hydrodêsulphurizution of thiophcn<' at atmo,pheric pressure 
and 400°C. The initia! ucliviti<'s of 11 Moû,-ALO, nnd a CoO-MoO"-A!,O, catal;:st 
as infct-rc<i from pulsc Pl!periments are equal. Con i inuous flcnY Pxperiments for all 
cutalysls show that. thc activity dccn~·s mpidly and nppt'Oach<'s a steady-stnte level 
thnt d<"pemls on lh<' promol<'t' and its ronecnlmtion. M!lxÜnum stead,·-stalc acti,-it,· 
level~ are utlaÜINI for Pach of tlw promoln ions at diff<'r<'nl metal-io-mold>rlemu;l 
rat.ios. Som<' mod.,]s are discnss<'d lil :m ati<'lllpt to explain the cxperinwnt:;l r;o~ull". 

A preliminar.'· im·""tigntion of hydrOK<'Uation aethil~· of tht• ahon•-mentioner! 
eatalyets is l'ei'Ol'l<'tl. With inerem<ing promoter <'OnU•nt a minimum for the initia! 
hydrogcn:llion aeti\'il,v is found. Hrdrocnrbon snturation aL llw ,;l<•a<h·-stalc• i~ 

cornparntiv<·l~· insenRilh·c to lh<' natm·<• of !Iw promoteT ion. whif'h m~,. h<> as~ 
socinted wilh tlw RUiphi<lint~: of tlw "urfa<'<'. . 

INTRODl:CTION 

The present paper farms the fourth in a 
series dealing with iuvc~tigations ahned nt 
understauding the eatalytie hydrodesul
phurization over CoO-MoO"-y-AtO,. cat
alysts. It is eApecially concerned with at
tempts to under~tand the action of Co as a. 
promoter and to prove the neressity of a 
highly dispen:cd !ltatc of MoO" in the cata
lyst prior to reductión. 

the Co concentration aud the pretreatment 
of thc catalyst, 'varying amounts of Co"+ 
hecomc incorporated in thc y-Al,03 carrier 
in a situation as cn<'Olmtcred in CoAI20, 
( C?"+ in a tctrahcdrnl environment), in 
wluch ~ituation it i~ iuactive. No sugges
tion was given as to thc nature of the ac
live complex. 

Almast simultancouf'ly, two series of 
paper~ hy Lip><eh and Sehuit (2-4) and 
Ashley nnd Mitrhell ( 5, 81 appeared. In 
both eases the eatalyst prior to rednetion 
wns invcstigated hy spectroscopie (uv, vi~. 
mul ir) nn<l magnetic ml.'asurements. Lipseh 
look grcat care to ~tucty the varions po~
sihle strudnrl'~ n~eribcd to CoMoO,. On 
tlw hasiR of nn indnstrial ratalv~t he eon
elud<•d that eohalt molvhdales ~rrrc absent 
in this catnlyst Rnd tl;at Co2+ wal' almast 
l'ntirely prcsrnt in a tl'tmhedral environ
mPnt ~imilnr to tllnt Pll<'ountered in 

As to the first point let us reeall three 
earlier scUI of papers. Richardson (1), from 
magnetic data on catalysts with varyin~ 
ratios of Co/1\lo bcforl' and aftcr reduc
tion, concluded that it was neecssary to 
aRsumc an "nctivc cobalt-molyhdenum 
romp lex" ( not rNhwihll' \. Depmrling on 

* VisHing ProfMlm·; PermnnenL ntidreFS: Chem
i~try IRlparlmf'nl, Cnrlf'lon Univf'r$ity. Ottawa 
C'tlllllrlll. 

Co)tyriJEhL© 1972 h.v A<·n<IPIIIÎ<· Pre.,;. Iw·. 
All ri~~;ht~ of repro<hwlion in nn.v form l''~'~'l'\'<'<1. 
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DE BEER ET AL. 

CoAI.04 • The Mo03 w,as as~umed to be 
present as a monomolecular layer with 
Mo6+ in an octahedral environment. Pulse 
experiments fa.iled to show a promoter 
effect of Co•+, and neither did sulphiding 
of the catalyst influence the activity of 
a prereduced sample. The conclusions of 
Ashley and Mitchell as to the catalyst 
structure were similar; CoMoO. was not 
present. However, they found that a con
siderable part of the Co2+ was present in 
!l.n octahedral environment, but preierred 
to view Mo6+ as being tetrabedrally co
ordinated. From poisoning experiments 
on a prereduced and sulphided catalyst, 
Desikan and Amberg (7) had come to the 
conclusion that two types of sites or func
tions are present on the c:Jatalyst surface, 
viz., A-sites, strongly electrophilic and 
mainly responsible for olefinic hydrogena
tion, and B-sites, less electrophilic and the 
important active agents for the desulphur
ization. It is noteworthy that Mitchell (8) 
also proposed the necessity for different 
types of sites, i.e., hydrogenation/ isomer
ization sites connected with the presence 
of Co•+, and other sites more directly con
cerned with the desulphurization. 

Following Lipsch's structural proposal 
we decided to examine the activities of 
CoO-MoO,-Al,O, and Mo0,-Al20., cat
alysts in experiments that are less remote 
from the actual technica! experiments than 
his own pulse method. As a compromise we 
investigated catalytic activities in contin
uous flow experiments, but still at atmos
pheric pressure and with thiophene as the 
model compound. Both the supposedly 
beneficia! influence of Co•+ and the neces
sity for a dispersed state of the Mo com
pound had to he reexamined by this tech
nique. 

During the investigation the need arose 
for the study of the influence of other cat
ions as promoters. The promoter metals 
were selected with regard to their preierred 
coordination when incorporated in y-Al,O::. 
According to Romeyn (9), Co•+ and Zn•+ 
have a preferenee for tetrabedral sites, Ni•• 
prefers octahedral sites, ancl Mn•+ has no 
preference. Greenwald et al. ( 10) consider 
on the basis of X-ray intensity and mag-

netic measurements that in CoAI"O. about 
75ro of the .Co•+ ions are in tetrabedral in
terstices, the precise distribution depending 
on the metbod of preparation and subse
quent heat treatment of the samples 

In the literature several studies are re
ported con,cernîng the effect of the hydro
desulphurization activity of molybdenum 
catalysts, with and without a support, pro
moted by transition metal ions other than 
co balt. Beuther et al. (11), measuring the 
desu!phurization of a light gas oil over cat
alysts prepared by double împregnation on 
alumina, found the following sequence in 
decreasing order of promotion: Co, Ni, Pd. 
and Fe. 

The addition of iron to a MoO"-AI.O, 
catalyst caused only a very small increase 
in activity. In a recent paper, Abuja et al. 
(11!) measured thiophene desulphurization 
on Co0-Mo03 and Ni0-Mo03 catalysts 
deposited on y-AI.Oa and Si02 • They found 
that the cobalt-promoted catalysts were 
slightly more active than those containing 
nickel. The investigation of K9Iboe and 
Amberg (13) on the hydrodesulphurization 
of thiophene indicates, however, that dif
ferent catalyst activities may reflect dif
ferent surface areas rather than different 
chemica! compositions. Various MoS, cat-. 
alysts as well as presulfided CoO-MoO,
AI,Oa and Cr20 3 had very similar activities 
expressed as reaction rates per unit surfa<'e 
area. 

Consiclering these different points of 
view we studied and compared the hydro
desulphurization activity of four Mo0,
y-Al203 catalyst series contaîning different 
amounb> of CoO, ZnO, NiO, and MnO. 

EXPERIMENT AL 

A diagram of the apparatus used for 
continuous flow experiment;;: is given in 
Fig. 1. Hydrogen gas is introduced through 
tube I. The flow is regulated by pressure 
regulator (a) and needie valve. (b) and ÎR 
measured by manometer ( c) and flowmeter 
( d). After purification via a B.T.S. cat
alyst ( e) and molecular sieves (f), hy
drogen is saturated with thiophene. To do 
this, H 2 is led through two ve&«els contain
ing thiophen<' (g anrl h), the first one 
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CoO-MoÜa-Al2Üa AND HYDHOUERULPHURIZATION 

' l 
lrf. k ---Tt---EXIT 

w 

FIG. 1. Diagram of the oontinuous-flow apparatus. 

having a temperature between 40 and 50°C 
and the second one being maintained at a 
constant temperature of l6°C. The vapor 
pressure of thiophene at l6°C is 52 mm 
Hg ( 1.;) . This corresponds to a thiophene 
content in the hydrogen gas of about 6% 
by volume, the accuracy being 2% in the 
amount of thiophene. Operating without 
thiophene, for instance, for prereduction it 
is possible to use a bypass (i). After pass
ing the tube reactor (j) with an i. d. of 
8 mm, the gas is led to a loop in the sample 
valve (k) and via a trap (l) to the exit. 
The part of the gas tube between the re
actor and sample valve is heated (100°C) 
in order to prevent condensation of thi
ophene in the tube. To analyze the reaction 
products, the gas samples (1.3 cm3) are 
led [by means of valve (k) J into a glc 
column and the measuring channel (n) of 
a katharometer. The column is a 5.5-m 
long tube with an i. d. of 4 mm, tilled with 
gaschrom (50-60 mesh) impregnated with 
15 wt % of 1-octadecene. Tungsten coated 
with teflon is used as the reference and 
measuring wirc of the katharometer. Col
umn and katbarometer were held at 30°C. 
The carrier gas, hydrogen, passing succes
sively through the reference channel (IJl), 
column, and measuring channel, had an 
inlet pressure of 1.7 atm and its flow rate 
was 60 cm"/min. The gas flow rate through 
the reactor was 57 cm3/min (space velocity 
14,500-17,000 hr-1 ). 

The apparatus used for pulse experi
ments is similar to the continuons flow ap-
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paratus described above in Fig. 1. The 
hydrogen carrier gas stream was first led 
to the referente channel (m) of the katha
rometer and then passed successively 
through the sample valve (k), reactor (j), 
glc column, measuring channel (n), and 
the exit. The' flow rate, thiophene content 
in the hydrogen gas, and sample size were 
the same as for the continuons flow experi
ments. In order to prevent chemica! attack 
by sulphur compounds, both the continuons 
flow and pulse apparatus were made of 
stainless steel except for the reactors which 
were made of quartz glass. 

All the experiments were carried out at a 
temperature of 400°C and atmospheric 
pressure. · For both the continuous flow and 
putse experiments fresh portions of 180 mg 
of powdered catalyst were used. Before 
weighing,. the catalyst was dried 1 hr at 
500°C. Before starting the experiments, 
H. was led through the thiophene con
tainers for 0.5 hr and the catalyst was re
duced with pure hydrogen during 1.5 hr at 
400°C. The reaction products found were~ 
H.S, butene-1, n-butane, trans- and ci.s
butene-2, thiophene, and furthermore, neg
ligibly small quantities of methane, ethane, 
ethene, propane, propene, and isobutane. 

The activities in continuons flow experi
ments are expressed in percentage con
verted thiophene. The conversion of thi
ophene is calculated from the quantities of 
thiophene, H.S, and C.-hydrocarbons. The 
ditierences between the three conversion 
curves are probably attributable to sys-
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TABLEI 
K~;TJEN CoO-MoO. CATALYSTS 

SUPPORTED ON -y-Al,Q, 

Weight percentages 
Surface area. 

CoO MoO, m•g-• 

0 12 227 
12 188 

2 12 201 
3 12 199 
4 12 217 
5 12 177 
6 12 192 

tematic errors made on measuring the peak 
areas of the chromatogram and to coke
formation on the catalyst surface. The ac
tivities in pulse experiments are expressed 
in 0 4-units. These units were obtained by 
multiplying the paper weights of tbe 
thiopbene, H2S, and C.-hydrocarbon peaks 
with correction factors of 0.80, 1.94, and 
1.0, respectively. The Ketjen prepared 
catalysts are given in Table 1. 

RESULTS 

Pulse Versus ContinumtS Flow ,. 
An essential point in comparing the ac

tivittes of the various catalysts is the 
metbod of testing. Two methods are com
pared: continuous feeding of the reactants 
to the catalysts (continuous flow), and 
pulsing small amounts of the reaetanis in 
a constant stream of H" flowing through 
the catalyst (pulse method). Two catalysts 
were rompared: the Ketjeufine Co0-
Mo03-Al20,, cmüaining 4 wt % CoO and 
12 wt % l\foO,, and a sample of MoO,
AJ,O, supplied by Ketjen and suppo~edly 
similar, except for the absence of cobalt. 

Figure 2 shows the glc diagram obtained 
for the pulse metbod and the continuous
flow method. The res\llts for the continuous 
flow are relatively simple to interpret apart 
from the discrepaney between thiophene 
converted and produrts obtained alluded 
to earlier. This is not so, however, for 
the pulse experiments. For instance, the 
amounts of H,S formed during the reaction 

FrG. 2. Gaschromat<.>gram of reu.ction product~. 
Conditions: L'Olumn 5.5 m X 4 mm, 15% 1-octadecene 
on Gaschrom 50 X 60 mesh, 60 cm• mirc• NTP H,, 
30°C, katbarometer detection. 

are far less than tlw~e of the C,-fraetions. 
H2S therefore appears to remain adsorbed 
on the catalyst. Since the di~erepancies can 
be ascribed to "adsorption," it is interest
ing to sec what happens if a series of pulses 
is fed to the catalyl'ts ( ;;ee Fig. 3). The 
amounts of thiophene rf'covered remain 
constant during a sericR of pulses. This 
indicutes that at the mo~t only a very 
small part of the thioph<'ne is Ftronl!:lY ad
'orbed on thf' <'atalyst mul that we have 
to do bere with r<'al thiop\l('nc conver~ion. 

The following observation~ can he made 
from thc pulse exp<>riment!': 

(a) Thc amount of C,-hydrocarbons re
main:< constant and similar for Co0-
:.\Io0,-AI20, and Mo0::-AI20,. Hydro
genation is subl<tantially complete for 
hoth catalyst systems: the first. pulses 
produce almost exclusively butane and 
smal! traces of the butenes. Somewhat 
larger amounts of the butenes (about 
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FIG. 3. Thiophene desulphuriz&tion as a function of ihe number of pulses. Conditions: 180 mg catalyst, 
1.5 hr reduced in hydrogen at 400•c, 1.3 cm• hydrogen with 6 vol % thiophene pulses, 4oo•c. 

20% of total c.) are formed after a 
succession of pulses. 

(b) The amount of thiophene remains 
constant and equal for the two cata
lyst systems. 

(c) H 28 steadily increases and this in
crease is faster for lioO,-AI.O,. 

The results for the thiophene conversion in 
continuous flow are gin:~n in Fig. 4. 

12 

Dispersion of MoO, Over the Carrier 
Surface 

The conclusion of Lipsch and Schuit (3) 
(from reflectance measurements) and of 
Russell and Stokes (15, UJ) (from dehy
drocyclization activity measurements) that 
active MoO, is dispersed over the surface 
of the catalyst, was checked under con
tinuous flow conditions. Compounds and 

·L_~~~~----~----~--~--~--~~~~--~ 
0 20 40 60 80 120 

Minutes _...... 

FIG. 4. Thiuphene desulphurization as a function of run time. Condit ion~: I ROmp; catalyat, 1.5 hr redured 
in hyd~· at 4oo•c, ü7 nn• min-• NTP H, with 6 vol % thiophene, 400'C. 

18 



!JE BEEH. ET AL. 

t . 

catalysts tested were: y-Al20a Ketjen CK 
300, Mo03 , a mixture of 12 wt 7o MoOa and 
88 wt % y-Al 20 8, and a mixture with the 
same composition calcined 16 hr at 5oo•c. 
The speci:fic surface area of the latter cat
alyst was 150 m2/g. 

The activity of y-AbOa was found to be 
zero, which is in accordance with the re
sults of Richardson (1). In Fig. 5(A), the 
conversion is plotted against the run time 
for pure Mo08 and the uncalcined Mo08-

Al2Ü3 mixture. For comparison we have 
plotted in this figure a conversion for pure 
Mo08 which is obtained after multiplying 
the "reai" conversion ( conversion found) 
for this compound by a factor of 0.123, 

z MI X TU RE MoO,- Al201 
0 
;;; 
a: 
w 
> 
z 
0 
u 0 8 

0 I. 

;;- 22 
z 
0 

~ 16 
w 
> z 
3 14 

1 0 

6 

Mo01 

·~ 
• .",.--•--..... x---1( -.........__. _1(_)(_ 

---·--·--·-
MINUTES-

'" LAB. PREPARED CoO-Mo03 .At20., 

'" ~. 
'---x-x-~)1{ 

""' •"-.._. CALCINED MIXTURE Mo01 -Al
1
01 

~. (LAB.PREPAREDl --·--·-·----
2 

0 oL---720~--~40~~6~0~~8~0~~1~00~~12~0 

MINUTES

FIG. 5. Thiophene det<ulphuriza.tion b ... '..d on the 
amount of thiophene i()nverted. Conditions: see 
Fig. 4. 

which is the weight-fraction of .MoO" in the 
mixture. Both catalysts had nearly the 
samc activity on this ba~is. Figurc 5(B) 
shows that after caleination of 5oo•c for 
16 hr the conversion of the :\IoO"-AI.Oa 
mixture had inrreased from 0.4 to 6% thio
pheur. As can be sccn from Figs. 4 and 5 (BI 
thc connncrcial MoOa-AI"O" eatalyst had 
thc samc acti,-ity as tlw ca]!'incd mixture 
(laboratory-prrpared :\IoO:.-AI"O" eata
lyst). 

The Significanee of Cobalt 

As Fig. 4 shows, CoO-MoO,-AI,Oa is 
twice as active as l\IoO"-Al,O" under con
tinuous flow conditions.. The activity of 
CoAlzO. was found to be zero. In order to 
investigate the role of robalt we pre1lared 
a Co0-Mo03-Al20 3 catalyst from the 
calcined Mo0,-Al,03 mixture. The follow
ing procedure was used. The laboratory
prepared Mo03-Alz03 catalyst was im
pregnated wîth an aqueous solution öf 
cobalt nitrate. After evaporation the mix
ture of cobalt nitrate and MoOrA120 3 was 
calcined for 12 hr at 75o•c. The com
position of the catalyst obtained was 4 
wt ra CoO, 12 wt ra MoO,, and 84 wt % 
y-Al,O.,, and its specific surface area was 
153 m'/g. After rcduction, thc activity 
of this catalvst was measurcd in a contin
uons flow re.actor. Exeept at the very be
ginning of the reaction, no significant dif
ference in acth·ity was found between this 
Co0-Mo0-Al20 3 • eatalyst and the com
mercial one, although the specific surface 
area of thc lattPr is higher. 217 m' /~ I 
4 and 5(B)l. 

In order to find out whether thcre is a 
relation between thc amount of cobalt and 
hydrodesulphurization activity, catalysts 
containing wt 12ra of MoO, and different 
amounts of eohalt were rxamined. Their 
composition and speeifie surface area are 
mentioned ahovc, in tabk I. In Fig. 6 the 
pert•rJltag(' CoO i~ plott<>d against the con
wr~ion of t hiophPne calculated from the 
amount« of thiophene, H2R, and C,-hydro
rarhons analyzed after 100 min of reaction. 

The com·~rsion over the catalysts in
creases with the CoO content up to 4 wt % 
C'oO (atomir ratio of Co/1fo:0.67) and 
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CATALY!":.TS 

FIG. 6. Thiophene desulphurizatiou àt n run time 
of JOH min., "" n fum,tion of the CoO eoutent in 
weight pPr<'entnge!'. Conditions' see Fig. 4. 

decrea~es at higher weight percentages. As 
can be seen in Fig. 7, the production of 
H,S for catnlysts with a CoO content be
tween 2-6 wt % reaches a maximum after 
a reaction time of 20 min. This is presum
nhl>· tlnr to the sulphidation of the cata-
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o I 
iii ' 
"' 
f4\i . u • 
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lysts in combination with the normally 
expected decrease in thiophene conversion. 
With catalysts containing less than 2 wt % 
CoO we have not observed this phe
nomenon. Because of the low thiophene 
conversion, though, the initia! ratio of 
H.S/Mo03 for this catalyst is lower than 
for those which contain more CoO. This is 
in agreement with the H.S production 
found for the calcined MoO.-AI.Oa mix
ture and the H.S produced in pulse experi
ments. From these results the conclusion 
can be derived that both the steady-state 
activity and sulphidation of the catalyst 
are influenced by Co. 

The Effect of Nickel, Zinc, or Manganese 
P1·omoters in Comparison with Cobalt 
The catalysts were prepared in a some

what different way from the Co0-Mo0a-
AI2Ü:: cataly>Jt mcntioned above. As carrier 
material we used a Ketjen H.D.S. base 
y-AhO, in the' JlOWder form. This alumina 
was impregnated in two stages respectively 
with aqueous solutions of ammonium para
mol;.·bdnte and promoter metal nitrate of 
the desired concentration. After each im
pre~tnation tht> incipiently wetted catalysts 

10~ 
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KETJENfiNE Co0·Mo01·AI101 CATALYSTS 
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F1o. 7. Thinpheue dMulphurizl\tion hn-1 t>n tho nmmu'n of l:.S prod1wcd, l~' " function of run time. 
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TABLE 2 
PROMOTER OxiDE CoNT~;NT ,\ND SUJtF,\CJ•: A1ua 

OF THB MeO-MoOa-AhOa C.\T.\LYST:< 
CoNT.\JNING 12 wT % Mo03 

MeO Surface area :\oleO Hmfn.ee n.rea. 
wt% m'/g wt% m'/g 

OCoO 25!1 OZnO 197 
1. 7 Coü 251 2.2Zn0 HJ() 
2.8 Coü 249 4.0 ZnO 186 
4.1 Coü 24:3 6.3 ZnO 186 
5.7Co0 231 7.7 ZnO 174 

ONiO 227 OMnO 227 
2.0Ni0 191 2.0 ::VlnO 205 
4.0Ni0 185 4.0 Mnü 203 
5.8 NiO 189 5.5 :\ofnO 1!13 

were dried during 12 hr at l10°C and 
calcined for 2 hr at 600°C in air. The 
samples were tested under continuons flow 
conditions as described above, the only 
difference being the flow rate which was 
143 cm' NTP Hz/min. Table 2 sho\\·s the 
specific surface area and promoter oxide 
content of the l\leO-J\IoO,-AI,O, ratalysts 
all containing 12 wt % of 1\ioO,. 

In order to rompare the promoter effect 
of the different metals we calculatPd the 
renetion rate constant k based on the per
centage of thiophene con~erted under 
"tC'ady-~tatC' ronditions. a"suming that 
the reartion IS fir;:t ordPr in thiophene 
11. 18. 1.9). 

A plot of :lk. the diffC'rC'nre hetwepn the 
renetion ratc constant for the ~JoO,,-AI,O" 
and the MeO<\IoO"-Al,O" ratalysts vNsns 
the Me/1\Io atomie ratio, i;: given in Fig. 8. 
Jt shows that the PffC'rt of promoter ad
dition is po~itivc and on]~· slightl~· de
pendent on the nature of the metal for 
;:ampl•'~ with a l\fp'+IJ\Io rntio lc~l' than 
0.30. At this ratio, the optimum rompo
Rition for thc ~ InO-MoO:~-Al,O" ratal~·~t 
is found with a :lk value of 1.2. A similar 
valuc is found for tlw nirkel-rontaining 
ratalyst sPric;:, although in that case the 
maximnm aC'livity Jips at the Ni/:\Io ratio 
0.59. The· cohalt and zinr-rontaining rat
al:vsts show also an optimnm rompo;:ition 
(Co/Mo = 0.66, Zn/l\Io = 0.92), hut tlw 
t:.k valtic iR si ': 'firantly hiJdier than foi' 
thc nirkcl nnd rriangane~C' rntalyst sC'riC'~. 

ET AL . 
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Fw. 8. Thiophene desulphurization liS a function 
of the l\Ie/Mo atomie ratio. Conditions: 180 mg 
catalyst, 1..5 hr reduced in hydrogen at 400°C, 
143 cm' min-• NTP H, with 6 vol 1'7" thiophene, 
400'C. 

A special featur(' of the ZnO-l\IoO"-Al20, 
series is the rapid arth·ity or !!.k decrease 
at Znj:Mo ratio~ higher than 0.92. The 
thiophene conYer,áon of the eatalyst with 
the highest zinc contPIÜ Zn :.\Io = 1.12 is 
found to be even lower than the conYersion 
of tlw :\lo(},-AtO" eataly>t. Thi>' i~ also 
the case for ti](' eataly~t~ "·ith the hi[!hest 
nickel and manganC'"' rontent te;:t<>cl. The 
optimum Coi:\Jo ratio founcl for ti](' lab
orator~· prPparcd C'oO-:\IoO"-ALO,, eata
ly;:ts m(•JJtioucd herc i;; similar to that re
portprJ aboYc for the commercial KPtjen 
ratalysts. 

Effect nf Promoter on P1d.~e H ydrngenntion 
Actirity. Initia/ E.rperiments 

The rC'aetion product;: fotmd in our thi
ophPllC' c]P,.ulphnrization expNinwnts are 
He:;:· lmtmw. mul t]J(' thrC'P n-hut('Jl<'S. Bu
tadiPllC' wa~ JJc·,·pr fotmcl. whh·h mean~ that 
thP hutacliPnP C'OJitent i;: lower than 1%. 
In Fig. 9 it i' ~hown 1hnt the hydrog('Jla
timi arti,·ity of a :\IoO"-AlcO:: ratalyJ<t c'<liJ
tniniJ;g up to 4 wt 'k of zinr oxiile i" lowPr 
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10 12 14 16 
pulses 

FIG. 9. Helative percent of butane in ZnO
:VloO,-Al,O, catalysts with several weight. per
centages of :VIeO as function of number of pulses for 
thîophene desulphurization. Conditions: 180 mg 
mtalyst, 1..5 hr reduced in hydrogen at 400"C, 
J.a cm' hydmgen with 6 vol ~;ó thiophene pnlses, 
4000C. 

than that of the Mo0,-AI20" catalyst, to 
rise above this l\Io03-AI20a catalyst at 
high percentages. By replacing zinc by 
cobalt, rnanganese, or nickel a similar pic
ture is obtained. 

H ydrogenation Activity in Contimtolt-~ 
Flow Expe1iments 
The hydrogenation activities for the 

oxidie catalysts (reduced) at a steady-state 
level of thiophene desulphurization under 
the conditions applied bere always Iie be
tween 10 and 14% of butane saturation. 

By camparing pulse and continuons flow 
results we notice that in the initia) period 
of the reaetion most of the C, is converted 
to butane, while when reaching the steady- . 
state rnerdv n-butenes are forrned. This 
rneans that· there is a strong deercase in 
hydragenation activity frorn C,-olefins to 
hutane; an even lower conYersion to butane 
j, reached when a CoO-::\Io03-AI20, cata
ly~t is presulfided. 

8irnilar to Owens and Arnberg (20) and 
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:\.Icccalfe (18) we found the 1-butene con
centration to he in excess of equilibrium, 
while the trans-2/cis-2 ratio lies close to it. 

DISCUSSION 

The foregoing results represent an at
tempt to throw further light on the role 
of promoters in Moü,-Al20. catalysts for 
desulphurization as well as hydrogenation 
reactions. 

Figure 4 allows cornparison between a 
12 wt % MoO, on y-AI2Ü3 catalyst with and 
without Coü. In the pulse experirnents 
dernonstrated in Figs. 2 and 3, the results 
obtained were sirnilar to those given by 
Lipsch and Schuit (4). If onP \IWC to judge 
frorn pulse experirnents alone, where it is 
apparent that the addition of Co to an 
Mo0.,-Al20,, catalyst produres no l'ignifi
cant increase in hydrodeRtllphurization, one 
would eorne to the condusion that no new 
dcsulphurization sites had h<'en created, 
nor existing ones rnodified. (lt should he 
emphasized that this is pertinent to oxidic 
systerns only, since in~ufficient sulphilr is 
produced to sulphide anvthing but a minute 
fraction of the surf ace.) However, as can 
he seen in Fig. 4, a rnarked difference showR 
up under steady-state conditions. By rom
paring the results of hoth experimental 
terhniques, one is led to aasurne that cobalt 
serves only to stabilize the catalyst. This 
ran he argued, if one acccpto: that extrap
ointion to zero time in the flow experiment 
approaches the initia! JWll;e conditions, i.e., 
equal conversion in the 70-80% range, over 
hoth catalysts. One rnight have expected 
the CoO-MoO,-Al20, to give higher con
ver!'ions initially, if the promoting effect 
of Co had occurrcd through a mechanisrn 
other than catalyst stabilization. 

Several new features ernerge on exarnina
tion of <'hanges in robalt concentration. 
Th<' steady-state adivities which are ap
proa<'hed at approxirnntely 80 min of reac
tion time ( see Fig. 4) differ by a factor of 
2 or mor<' in going from 0 to 4 wt % CoO. 
Wlwn <'xarnined as a function of Co con
tent, a continumts irnprovement in the 
Rteady-state activity can he observed be
twe<'n 0 and 4 wt % CoO, foliowed by a 
drop towards higher CoO contents. Attain-
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ment of the steady-stat~ implies that the 
catalyst surface has becomc sulphided dur
ing the preliminary period. If this were the 
only factor operative during activation, 
curves such as presented in Fig. 7 would 
have to show an initia! increase in H2S 
yield with time, as less and less H,S is 
required for surface conditioning; this 
would then be foliowed by an asymptotic 
approach to the steady-state. Clearly, how
ever, most of the curves in Fig. 7 show a 
maximum at about 20 min or earlier. This 
must be presumed to be due to at least one 
additional factor, namely poisoning through 
buildup of reaction products on the 
catalysts, which in turn reduces the 
amount of H,S produced by thiophene 
hydrogenolysis. 

The role of Co in converting the catalyst 
from an oxidic to a sulphidic state cannot 
be explained in a simple manner. When 
comparing the H 2S-uptake of a catalyst 
containing 0 and 4% CoO (pulse experi
ments, Fig. 3), it becomes clear that the 
presence of CoO increases the amount of 
sulphur captured by the catalyst. Similarly 
the rate of sulphur-uptake appears from 
"Fig. 7 to depend markedly on the amount 
of CoO present. A simple experiment con
ceming the morphology of tne catalyst was 
thought to be of interest, especially in 
conneetion with the earlier work of Lipsch 
et al. (3) on the dispersion of MoO. on 
AJ,O,. These authors had concluded from 
diffuse refiection measurements that MoO, 
in a Mo03-Al,O, and CoO-MoO.-Al,O, 
catalyst was far more :finely dispersed than 
could be accounted for by assuming a 
simple mixture of AI.O, and MoO,. They 
therefore postulated that MoOa is mono
molecularly dispersed on the alumina 
surface by a reaction such as: 

solid Ahûa-OH + H,MoO,-> 
(ga.seous) 

solid Al,0,-0-Moûa-H + H,O. 

Our present experiments (see Fig. 5) show 
that as a consequence of heating a mix
ture of MoO, and AJ,O,, the steady-state 
level of conversi"'n of the catalyst is greatly 
enhanced in gouJ.• .. greement with Lipsch's 
prediction. We therefore conetude that the 

origin of the hydrodesulphurization activity 
of the oxidic forms of the molybdenum/ 
alumina catalysts both with and without 
cobalt resides in this highly dispersed state 
of molybdenum ions on the alumina 
surf ace. 

Preliminary Experiments with Different 
Promoter !ons (Co, Zn, Ni, Mn) 
The results of a cornparison of the effect 

of adding Co, Ni, Mn or Zn ions to the 
MoO,-alumina catalyst are dernonstrated 
in Fig. 8. Although no definitive interpreta
tion can be made from these data, a num
ber of interesting features arise and point 
to the direction in which further investiga
tions have to he made. 

At the outset it should be ernphasized 
that all catalysts in this series, regardless of 
type of promoter ion or its concentration, 
were prepared initially in the same manner 
(2 hr, ooo·c for calcination, and 1.5 hr. 
4oo•c for reduction). Moreover, all data 
refer to a partly sulphided state attained hy 
desulphurization of thiophene on an ini
tially oxidic, reduced catalyst. It is note
worthy that we found no significant 
changes in the relative order of activities 
after sulphiding. At first sight it seerns sur
prising to find so little apparent difference 
in the rate of increase of activity with ion 
concentration in the ascending branches of 
the curves. A possible explanation of this 
could he based on the work of Lo Jacono, 
Schiavello, and Cimino (23). These au
thors have shown that a RampJe of NiO 
on y-AI.Oa corresponding to our :first point 
on the NiO-MoO,-AlzO, curve (Fig. 8) 

contains 10% of its Ni•• ions in the tetrahe
clrally coordinated form. With increasing 
total Ni content more and more of the 
tetrabedral surface sites become occupied 
until the proress is completed, or nearly 
completed, at about 4 wt % of NiO. This 
can be seen to correspond approximately 
with the maximum in our graph number 8. 
It is therefore tempting to ascribe the 
rapid deercase following this maximum to 
poisoning by excess oxide. In terms also of 
the workof Lo .Jacono et al. (23), one could 
understand the initia! rise in all four curves 
ns originating·merely from tetrabedral site 
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occupation by our four promoter ions. The 
exact mechanism, of course, by whîch such 
an occupation increases the catalytic ac
tîvity is not at all clearly understood. 
Evidence cited earlier pointed towards cata
lyst stabilîzation as constituting at least 
one factor in the process. Our model is 
predicatcd on the assumption that for all 
these ions, thc mcchanism is thc samc, vîz. 
u change in the :;tatc of the molyhdenum on 
the alumina sm·face, which in turn could 
intlucnee thc initia! bU!phiding process. 
Marked differcnccs between the four ions 
appear only at thc succeeding stage of the 
activity curves (Fig. 8). This is then fol
Iowed by a sharp drop in activity simHar 
to that cxhihited hy the Ni cun·e referred 
to earlier. If the ahovc model of tetrabedral 
surface site occupation were to he the only 
proccss taking placc during the second im
pregnation, then one would expect the 
maxima to fall on the same Me/Mo ratio 
in all four cases. Thc data of Krischner 
et al. (24) show clearly that interaction 
with the hulk lattice of the y-AloO., can
not be disregarded. In a comparison be
tween ZnO and NiO rearting with y-AloO, 
at 600°C to form the respective t:pinels, 
ZnO proved to be the faster reactant. This 
is in agreement with Stone and Tilley's 
(25) earlier determination of activation 
energies of 88 and 103 kcal/mol, respec
tively, for the formation of Zn and Ni 
spinels above 1000°C. Similarly, the dop
ing of our y-Al20:1 lattice can he expected 
to have been more extensive with ZnO than 
with NiO during the relatively short cal
eination time of 2 hr. While we were not 
able to find pertinent compari8ons for Co 
and Mn in the literature, the ahove gives 
us at least one possîble explanation for 
the relative positions of the maxima on 
the concentration axis. 

In view of the above solubility phenom
ena, an interpretation of sriecîfic actlvities. 
at maximum for the different ions hecomes 
inevitably more complicated. In addition, 
the steady-state is based on a partly sul
phided solid. For instance, to account for 
the promoter effect of Co2+ one would have 
to think of an inb~raction of Co with, possi
bly transfer to, the newly formed MoS,. It 
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is known that sulphides can incorporate 
metal atoms in their layer structure; 
Jellinek (26) and Voorhoeve et al. (27) 
have both briefty discussed this effect. Fur
thcrmore, Lo Jaco11o et al. (28) have dem
on::;trnted the prescncc of reduced states of 
cobalt, (Co+ and Co0 ) in sulphided Co0-
Mo0,-AI.03 catalysts. It is therefore possi
bie to expcct the involvement of such re
duced states in our promoter action. There
by a difficulty could arise if, in order to 
attain the sulphided steady-state, Co•• had 
to be transferred from a cobalt aluminate 
surface spinel with its highly stabie tetra
hedral coordination. On the other hand, 
Lo Jacono, Schiavello, and Cimino (23) 
have also shown that in a y-Ah03 surface, 
octahedrally and tetrahedrally coordi
nated nickel spinels may coexist. The octa
hedral Ni-0 honds are weaker and may 
be reduced more easily. A similar mecha
nism might be in':oked for all four promoter 
i ons. 

Finally we wish to report some initia! 
attcmpts further to elncidate the nature of 
the catalytic sites. These involved the de
sulphurization of thiophene pulses starting 
with catalysts fully reduced, but not sul
phided. An analysis of C4 saturation, ex
prcsserl as percent butane formed, was 
found to be of particular intereRt. Thus 
Fig. 9 clearly shows the behavior of zinc
promoted catalysts, which was exhibited 
also by the other promoter ions, although 
not to such a marked extent. A decrease 
of percent butane in the lower concentra
tion range of promoter ions was foliowed 
hy an increase in the higher range. It will 
he remembered that this stands in an in
ver~e relationship to desulphurization ac
tivity, albeit on a partly sulphided catalyst. 
Although it is obviously too early to at
tempt an interprctation, any proposed 
model must fit both the desulphurization 
and hydrogcnation data. Th!' model pro
posed ahove, in which the zinc ions at the 
lower concentration occupy tetrabedral 
alumina sites, will he one possihility which 
we intend to test. The resulting lowering of 
the aciditv of the alumina surface could 
then be advanced as the rea~on for the re
tardation of olefin hydrogenation. More-
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over, the increase in hydragenation activity 
in the concentratien range above the de
sulphurization maximum could then be 
ascribed to buildup of metal oxide as such 
on the surface. It is well known that the 
reduced oxides and sulfides of at least three 
of our promoter ions (zinc, cobalt, and 
nickel) are active olefin hydrogenation 
catalysts. 

A comparison between the four promoter 
ions at an oxide concentra ti on ·of 4 wt % 
shows that hydracarbon saturation is com
paratively insensitive to the nature of the 
promoter ion under steady-state conditions. 
In the experiments referred to here, all the 
hydragenation activities lie between io and 
14%. This Jack of discriminatien is thought 
to be associated with the sulphiding of the 
surface. Experiments presently under way 
are designed to show the effect of presul
phiding on desulphurization and hydroge
nation. Indications so far are that a presul
phided CoO-MoO,-AI"O., catalyst cxhibits 
olcfin saturation which is slightly higher 
than that of the last-mentioned group of 
catalyst. lts desulphurization activîty has 
twice the value of these catalysts, which, as 
will be reca!led, had been merely reduced 
but not sulphided prior tó the activity test. 

AcKNOWLEDGMENTS 

The provision of several commêrcially manu
factured catalyst samples by the Koninklijke 
Zwavelzuurfabrieken v/h Ketjen N. V. is grate
fully mentioned. Thanks are due to Mr. W. van 
Herpen for technica! assistance. 

REFERENCES 

1. RtcHARDSON, J. T., Ind. Eng. Chem. Fundam. 
3, 154 (1004). .. 

:3. LIPSCH, J. M. J. G., AND ScHUIT, G. C. A., 
J. Catal. 15, 163 (1969). 

8. LIPScH, J. M. J. G., AND ScHUIT. G. C. A., 
J. Catal. 15, 174 (1009). 

4. LIPscH, J. M. J. G., AND ScHUIT, G. C. A., 
J. Ca tal. 15, 179 (1009). 

ti. ASHLEY, J. H., AND MITCHELL, P. c. H., J. 
Chem. Soc. A, 2821 (1968). 

6. ASHL!lY, J. H., AND MITCHELL, P. c. H .. J. 
Chem. Soc. A, 2730 (1009). 

7. DEl<IKAN, P., AND AMBERG, C. H .. Can. Chem. 
42, 843 (1964). 

8. MITCHELL, P. C. H., "The Chemistry of Some 
Hydrodt"sulphurisation Catalysts Containing 
Molybdenum." Climax Molybdenum Com
pany, London, 1967. 

9. RoMEYN, F. C., Thesis, University of Leiden, 
The Netherlands, 1953. 

10. GREKXWALI>. s .. PICKART, S. J., ANil GRAN:-.11~. 
F. H .. J. Chem. Phys. 22, 1597 (1954). 

11. BEUTI!Ea, H., FLINN, R. A., AND McKINLEY, 
J. B .. lwl. Eng. Chem. 51, 1349 (1959). 

12. AHUJA, s. P., DERRIEN, M. L. ..• Nil LB PAGE, 
J. F .. lnd. Eng. Chem. Prod. Res. Dev. 9, 
272 (1970). 

13. KoLBOE. S .. AND AMBERG, C. H., Gan. J. Chem. 
44, 2623 (1966). 

14. WADDINOTON, G., KNOWLTON, J. W., ScoTT. 
D. W., ÜLIVER, G. D., TonD, S. S., HuBBARD. 
w. N .. SMITH. J.C., AND HAFFMAN, H. M., 
J. Amet. Chem. Soc. 71, 797 (1949). 

15. RussELL, A. S., AND STOKES, J. J., lnd. Enu. 
Chem. 38, 1071 (1946). 

16. RessELL, A. S., AND STOKES, ,J. ,J., lnd. Eng. 
Chem. 40, 520 (1948). 

17. SHARF, V. Z., FREIDLIN. L. KH., GERMAN, E. 
N., s.,MoKnvAwv, a. I., ANn PAPl{(J, T. s., 
Kinet. Cntal. 9, 784 (1968) 

18. METCALFE, T. B., Chim. lnd. Gen. Chim. 102, 
1300 (1969). 

19. Hooo, H., J. lnst. Petrol. 36, 738 (1950). 
ro. ÛWENS, P. J., AND AMBERO, c. H., Can. J. 

Chem. 40, 941 (1962). 
21. ScHUMAN, S. C., AND SHALIT, H., Catal. Rev. 

4, 245 (1970). 
ft. KIRSCH, F. w., SHALIT, H., AND HEINEMANN, 

H., lnd. Eng. Chem. 51, 1379 (1959). 
1!3. Lo J.,coNo, M., ScHIAvELW, M., AND ,CIMINO, 

A., J. Phys. Chem. 75, 1044 (1971). 
!4. KRtscHNER, H., ToaKAR, K., HoFFMANN, R., 

,,ND DoNNERT, D., Monatsh. Chem. 99, 1080 
(1968). 

.%. SmNE, F. S .. AND TILLEY, R. J. D., in "R!'ae
tivity of Solids" (G. M. Schwab, Ed.), p. 
583. Elsevier, Amsterdam, 1965. 

~r1. JELLINEK. F., in "Inorganic Sulphur Chem
istry" (G. Nickless, Ed.), p. 669. Elsevier. 
Amsterdam, 1968. 

flrl. VooRHoEvE, R. J. H .. AND STuiVER, J. C. M., 
J. Catal. 23, 243 (1971). 

28. Lo J.,mNo, M., VERBEEK. J. L ... •ND ScHUIT. 
G. C. A., (unpubEshed). 

25 



CHAPTER 3 

v. Sulphide catalystspromoted by cobalt, nickel 

and zinc. 

V.H.J. de Beer, T.H.M. van Sint Fiet, G.H.A.M. van 

der Steen, A.C. Zwaga and G.C.A. Schuit. 

J. Catal. 35, 297 (1974). 

Department of Inorganic Chemistry and Catalysis, 

Eindhoven University of Technology, The Netherlands. 

26 



INTRODUCTION 

Recently two structural roodels for the CoO-Moo 3-y-Al2o 3 
hydrodesulphurisation catalyst were proposed, viz.,the 
"intercalation model" and the "monolayer model". 

In an ideal situation, intercalation involves the 

accomodation of roetal atoms (such as Cu and Ag) in the 

empty cation sites between the double layers of sulphur 

occuring in disulphides of,for instance,Nb and Ta. These 

disulphides have layer structures in which the roetal is 

surrounded by six sulphur atoms in a trigonal prismatic 

coordination. The intercalation model is discussed in de

tail by Voorhoeve and Stuiver (1,2), Voorhoeve (3), and 

Farragher and Cossee (4) • They postulated that although 

intercalation of Co and Ni in ideal crystals of respectively 

Mos 2 and ws 2 (with trigonal prismatic structure) is ener

getically unfavourable, it does occur to a certain extent 

provided the crystals are smal!. The intercalated cations 

then are situated at the layer edges in octahedral sur

rounding. Farragher and Cossee estimated that because of 

the smallness of the Mos 2 and ws 2 crystals in commercial 

catalyst the intercalation might increase to values of 

Co/Mo or Ni/W of aborit 0.3-1.0. 

From benzene and cyclohexene hydragenation experiments 

in combination with ESR measurements and electron micros

cope observations, all limited to the system wsj-Ni, two 
active sites were postulated: namely a single W + ion con

nected to a vacancy, and a combination of two w3+ ions 

with interconnecting sulphur being absent. 
CoMo2s

4 
might be con.sidered as an ideal intercalation 

compound [ van den Berg ( 5) and Chevrel et al. ( 6) J , yet, 

it was found by Hagenbach et al. (7) to be almost inactive 

as a catalyst. This result is ascribed by Farragher and 

Cossee to the different type of s-coordination; actabedral 
instead of trigonal prismatic. On the other hand, in a 

series of experiments with mixed sulfides a combination 
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of co9s 8 and MoS 2 was found to have a higher activity for 

thiophenehydrogenolysis than Mos 2 alone (7). A higher 

activity of this combination was also found for cyclohexene 

hydragenation and cyclohexane isomerization. However, 

these studies did not yield any conclusive indication con

cerning the nature of the active species. 

A monolayer model was discussed in some detail by 
Schuit and Gates (8), for both the oxidic and sulphided 

Co0-Moo3-y-Al 2o 3 system. In this model y-Al 2o 3 is assumed 

to consist of particles formed by alternating stacking of 

two different layers in the direction of the (110) crystal

lographic plane. According to Lippens (9) the (110) plane 
is preferentially exposed to the surfac~ in the case of 

y-Al 2o 3 . Moreover the surface of a partiele is assumed to 

consist entirely of two different types of surface layers 

with their ratio being unity. 

Basedon the f!ndings of Dufaux et al. (10) and Lipsch 
et al. (11) molybdenum is supposed to be present in a mono

layer, chemically bonded to the surface of the support 

y-Al2o 3 , the monolayer being epitaxial to the support in 

such a manner that the alternating layer stacking is con

tinued at the surface. Charge effects due to the presence 
of Mo 6+ !ons are assumed to be compensated by o 2- !ons, 

situated in a so-called capping layer on top of the mono

layer. The maximum number of these o 2- ions per unit mesh 

is four,just as for y-Al 2o 3 • 

2+ Incorporation of Co , for instance,as CoO, is assumed 

to result in the location of this cation in a tetrahedral 

position somewhere within the solid, hence below the surface 

layer of the support. Its accompanying o 2- ion is forced 
to remain in the capping layer. Penetratien of co2+ !ons 

in the y-Al 2o 3 must be accompanied by expulsion of Al 3+ 
!ons from the bulk of the support to either its surface 

layer or the Mo-containing mon~layer. 
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The primary effect of Co promotion is the incorporation 

of tetrahedrally coordinated Al 3+ ionsin the monolayer, 

their presence increasing the stability of this layer be

cause part of the task of binding the monolayer to the 

surface layer is taken over by a nonreducible Al cation. 
Combination of all different ways for Co incorporation, 

possible in this model, makes Co/Mo ratios between 0.5 and 

1.0 to he acceptable. This is within the range of the Co/Mo 

ratio for several catalysts described in literature (12). 

8ulphiding of the catalyst is assumed to b~ restricted 
to removal or exchange of the o 2- ions located in the 

capping layer. 8ince 82- is much larger than o 2-,the maximum 

of 82- ions in this layer is fixed at two instead of four 

per unit mesh. This implies that in the "mixed" monolayer 

the maximum value for the 8/Mo ratio is 1. 0. Removal of 
2-8 ions, for instance,by means of hydrogen reduction, 

results in the formation of an isolated Mo 3+ ion or a pair 

of Mo 3+ ions which are supposed to be the active sites 

similar to the situation in the intercalation model. 

Formation of the single Mo 3+ sites is only possible in the 

presence of Co. 8o in the monolayer model the function of 

the promotor is primarily to increase the reduction of Mo 

and to a lesser but still significant degree to stabilize 

the monolayer. 

In contrast with the intercalation model,the monolayer 

model stresses the preferenee of the promotor for tetra

hedral site occupation. With respect to this de Beer et al. 

(13) measuring the thiophene conversion under continuous 

flow conditions on various oxide catalysts of the type 
Me0-Moo3-y-Al2o 3 (with Me standing for Mn

2+, co 2+, Ni 2+ and 

zn2+) have found the tendency to occupy tetrahedral position 

to be relevant in making a transition metal cation a promotor. 

The outcome of past structural investigations on fresh 

oxidic Co0-Moo 3-y-Al2o
3 

catalysts appears predominantly in: 

favour of the monolayer model (11,14,15,16). Actually,no 

proof has been given so' far for the existence of the Cç-Mos2 
intercalated system or that Co could indeed promote 29 



MoS
2 

in the manner as shown for Ni-ws 2 • It appears reasonable 

to assume the parallelism to hold but an experimental proqf 

would be desirable, the more so since the compound CoMo 2s 4 
was shown to possess a different structure (5,6) and to be 

almast inactive (7). 

A secend problem is given by the consideration that a 

change in structure, for instance,from monolayer to inter

calated structure, might be feasible in actual operation, 

viz.,in relatively short periods of the order of hours or 
2+ days. This would involve a mobility of Co because the 

promotor cation has to migrate from the bulk of the y-Al 2o
3 

to the Mos 2 • Experiments to check such a mobility would be 

desirable. 

Granting the existence of a certain promotor mobility,an 

interesting situation arises. In the two roodels the preferenee 

of the most effective promotor ions for this surrounding is 

different, tetrahedral for the monolayer and octahedral for 

the intercalation model. The promotion effect of some cations 
2+ (Zn ) would then decrease with time of operation, while for 

ethers (Ni 2+) it might increase. 

It was now planned to campare the thiophene hydrogenelysis 

activity of oxidic and sulphidic catalysts prepared in three 

different ways. The first methad of preparatien applied here 

was the more conventional one viz.,sequential impregnation 

of the carrier with Mo and Co solutions; it could be reasonably 

expected to result in an intrinsically ideal monolayer system 

(type I catalysts). 

A secend methad was designed to furnish catalysts (type II) 

which were supposedly intermediate between the monolayer and 

intercalation systems. It was attempted here to keep the ac

tive Mo compound initially separated from the promotor. The 

latter may be present either as a separate oxidic or sulphidic 

phase or incorporated in the support. 

In addition,hereto a third methad yielding true interca

lation systems (type III catalysts) was designed. This si

tuation was believed to occur when: 
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1. The sulphide was already present as Mos 2 or ws 2 for 

instanee by slurrying the sulphide with a carrier 

before the promotor was added. 

2. A carrier was chosen which under the preparatien con

ditions applied here was not able to aceomedate Co in 

the solid, for instanee silica (17). 

EXPERIMENTAL 

All the materials used for preparing and testing the 

catalysts are listed in table I. A list of the catalysts 

studied is given in table II together with catalyst com

positions, specific surface areas,and indications as to 

the preparatien method. 

TABLE I., LIST OF MA.TEll!ALS USED 

Zn (N0
3

) 2: 4 H
2

0 

Co(NOJ) 2: 6 H20 

Ni (N0 3 ) 2: 6 H20 

MoS2 

ws, 

Thiophene 

9.:."!:::-Ç.:,_~!±:Y:!!! 

1-octadecene 

Gaschrom (50-60 mesh) 

Ketjen .. Fluid powder alumina 

grade B, surface area 255m2 g .. 1 , 

pore volume 1.8 cm3 g~la 

Davison 1 grade 12, surface area 
600m2 g-1 ,. pore volume 0.40 cm3 g-~ 

Merck "extra pure" 

Merck "for analysis" 

Merck 11 for analysis" 

Schuchardt München, purity ~ 98.5% • 

average partiele size 0.5).1 • 

schuchardt München, purity ~ 99.8% • 

partiele size I.Sp • 

Matheson, e.p. grade 

Merck "for synthesis" 

Loosco, pur i ty 99.9% with 

additional purification over B.T .s. 

catalyst (BASF, R.3-ll} ac:tivated 

tn H2 at 150°C and over molecular 

sieves {Union Ca:tbide 4 A). 

activated in H2. at 2S0°C. 

B.D.H. 

Appl1ed Sc:ience Laboratories lnc. 
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a. All catalysts were black or dark grey except the 

humhers 1, 3 and 8, which were,respectively,light 

grey, blue,and greyish blue. 

b. A description of these types is given in the Introduction. 

c. Al and Si are abbreviations for y-A12o3 and Sio2 . 

Impregnation and mechanical mixing are indicated by 

and +,respectively. 

d. An explanation of the preparation methods indicated by 
the capitals A up to and including Eis given.in the 

text. 

e. Condi ti ons: 2 hr , 

volume ratio 1/6. 

f. Conditions: the same as e. except for the temperature 450°C. 

TABLE II. LIST OF CATALYSTS TESTEO 

Catalyst a· I mol% surface thiophene con-
baÛmced by the support preparatien met.hodd, version at 100 

b. 
nota ti on c ·1 MoO 

3 
9-1 minutes run 

nU111ber Typo CoO Mos
2 ws, NiO zno time (%) 

1 I Mo-A! a.a 227 Ketjen type 120-JE ·15 

2 . . . 221 presulphidede · Catalyst 1: 9 

3 . co-Mo-Al a. 1 5.5 217 Ketjen type 124-1. SE 27 

• . .. . . 213 Catalyst 3; pres ulphiàede • 38 

5 u . . . 209 A 39 

6 . Zn-Mo-Al 6.9 204 A 8 

7 Ni-Mo-Al 5.2 210 A 46 

a . co-Al 6. 7 220 B 3 

9 . . . .. 215 Catalyst 8: presulphidedf • 5 

10 MoS
2
+ (Co-Al 5.6 17.5 166 ç 6 

11 . 162 catalyst lO:presulphidedf · 22 

12 III 

I co- 1::; ~ :~~) 18.5 186 D 1 

13 . 5.6 17.5 178 E 53 

14 . MoS 2 100 7.8 Schuchardt München 6 

15 . ws2 100 2.6 " • 
16 . ws

2 
+Al Hl.S 162 D <1 

17 Co-(WS
2

+Al) ... lLJ 151 8 38 

18 . Ni- {WS2 +Al) . 6.4 154 E 36 

19 MOS
2

+Si 14.3 295 D 2 

20 CO+ Si ... 331 B 2 

I 
2l . .. . 324 catalyst 20; presulphidedf • 14 

22 . MOS 2 +(CO-Si 3.9 13.8 270 c 33 

23 . " . " 263 ca.talyst 22: presulphided f • 37 
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Method A 

The standard Mo0 3-y-Al2o 3 catalyst, Ketjen type 120- 3E, 

was sulphided during 2 hour at 400°C in a flow of H2S and 

H2, with H2S/H2 volume ratio of 1/6 and a flow rate of 

175 crn3 rnin- 1 (NTP). 

After sulphiding,the sample was irnpregnated with an 

aqueous solution of cobalt 1 nickel· 1 or zinc nitrate of 

the desired concentration. The incipiently wetted catalyst 

was dried in N2 (12 hrr at 100°C) and calcined (2 hr· at 

450°C) in a H2S/H2 flow with the volume ratio and flow rate 

being the same as rnentioned above. 

Method B 

The support was incipiently wetted with an aqueous so

lution of cobalt nitrate of the desired concentration. The 

sample was thén dried (12 hr at 110°C) and calcined (2 hr 

at 600°C) in air. 

Method c 

coo-y-Al 2o 3 
with Mos 2 as an 

in N2 for 12 hr 

and CoO-Si02 samples were 

aqueous slurry. This was 

at 100°c. 

mechanically mixed 

followed by drying 

Method D 

This invol.ved mixing y-Al 2o 3 with MoS 2 or WS 2 in the 
same way as described for method c. 

Method E: 

Catalysts prepared according to rnethod D were irnpreg

nated with cobalt or nickel.nitrate as described for 

rnethod A. 
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Method A led to catalysts of type II (intermediate). 

Method B and C on y-Al 2o 3 furnish type II and on Sio
2 

type III (intercalation) catalysts. The methods D and E 

are supposed to result in systems of type III. 

X-ray diffractogramms were recorded using Cu Ka radiation 

and a Ni filter. They did not yield significant additional 

information about the structure of the catalysts. 

Unless otherwise stated the catalysts were prereduced 

in H
2 

at 400°C during 1 hourandtheir thiophene hydrodesulphu

risation activity was measured at 400°C under continuous 

flow conditions similar to those described by de Beer et al 

(13). The same applies for the apparatus and the glc ana

lyses system used here. 

The experiments with catalysts 1-7 were carried out with 

a reactor charge of 180 mg. Due to the relatively low spe

cific activity of the other samples,the reactor charge was 

enlarged to 750 mg for catalysts 8-9, to 700 mg for cata

lysts 20-21 and 1000 mg for the catalysts 10-19 and 22-23 

(see Table II). 

The reaction products were the same as those described 

earlier (13). Thiophene conversion (n) was calculated from 

the total amount of c 4-hydrocarbon produced and the amount 

of unconverted thiophene using for c 4-hydrocarbons and thio

phene respectively 1.0 and 0.73 as katharemeter sensitivity 

factors (estimated by calibration). 

If necessary,as for instanee in the case of Mos 2+y-Al 2o1 

corrections were made for relatively big amounts of cracking 

products formed,viz. ,methane, ethane, ethene, propene and 

propane. 

The reproducibility for the steady-state conversion 

(at 100 minutes run time) was found to be better than + 1. 0 

conversion percentages. 
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RESULTS 

Fig.1 shows the thiophene hydrodesulphurisation con

version as a function of the run time for the Ketjen cata

lysts and these prepared according to methad A (table II 

catalysts 1-7 inclusive). Under the conditions applied 

---- Ketjen catatysts 

- preparatien methad A 

22 

10 

Zn0-Mo03 -y-A1203 
6o 20 40 60 80 100 120 

minutes-

Fig.1 Thiophene desulphurisation as a function of run time. 

Conditions: 180 mg catalyst, 1.5 hr reduced in hydragen 

;~-~~~Ö~~-50 cm3 min- 1 NTP H
2 

with 6 vol% thiophene, 

400°C. 

a. Catalysts prepared according to methad A were not 

r~uuced prior to the activity test. 
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here all samples showed a relatively high initia! 

activity (at 5 minutes run time) foliowed by an activity 

decrease in the first 60-80 minutes of the experiment. 

After this period a so called steady state activity level 

could be observed for all catalysts except the initially 

oxidic Moo 3-y-Al 2o
3

whichshowed a gradual activity decrease 

down to 8% conversion during a period of about 7 hour: 

(see figure 2A). In this figure the same phenomenon is 

shown for a double impregnated Zn0-Moo 3-y-Al 2o 3 catalyst 

containing 12 wt% Moo
3 

and 4 wt% ZnO. 

t 
28 \ 

' ' 
24 ' 

' . 
20 \ 

16 

12 

.. , 
',, 

'• .................. 

0o!------:3'=-o ---"'Go 
minutes-

ZnO·Mo03 ·y·AI203 
initiat oxidi<: 

.... , ...... 
Mo03 -y·AI2o3 
initial o.xidîc 

~-, .... 1_,_ _______ ._ -- _,.. 

\~~--~~--~~~-6~~7~8 
hours-

Fi2.2 A. Thiophene desulphurisation as a function of run time. 
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Ç2~2!~!2~~: see fig.1. 

B. Initia! thiophene conversion (run time 5 minutes) 

as a function of reduction time. 

Ç2~2!~!2~~= see fig.1, 1000 mg catalyst. 



The decrease in activity during the first period of the 

run is very probably connected with the establishment of 

a new reduction-oxidation equilibrium nn.der reaction con

ditions. However, a contribution from a poisoning effect 

cannot be entirely excluded. 

As already reported earlier (13),introduction of cabalt 

in the Moo 3-y-Al 2o 3 system resulted in a considerable in

crease of the steady-state conversion level. Sulphidation 

decreased the steady-state level of Moo 3-y-Al2o 3 by a factor 

of 0.6, while the effect of the same pretreatment on the 

Co0-Moo3-y-Al 2o 3 system was found to be a substantial in

crease of the steady-state activity. 

When a Moo 3-y-Al 2o 3 sample was successively sulphided, 

impregnated with cabalt nitrate, dried in N2,and calcined 

at 450°C in a H2/H2s flow (Co0-Moo3-y-Al2o 3 preparation, 

methad A) , the thiophene conversion appeared to be in

creased substantially when eeropared with the initia! oxidic 

Co0-Moo3-y-Al2o 3 sample. About the same steady-state level 

as for the presulphided catalyst was reached. 
In a similar catalyst system,Ni was found to be much 

more effective as promotor than Co while Zn did not show 

any promotor effect at all. 

The results obtained for the catalysts containing Mos 2 
as the main active compound are given in fig.3. Within 

the first 100 minutes only pure Mos 2 and the mixture 

Mos 2+y-Al 2o 3 showed what migh~ be called a steady-

state conversion. As can be seen from fig.3 the conversion 

over MoS 2+y-Al 2o 3 is irnproved by a factor of 50 after 

impregnation with cabalt nitrate and calcination in 

H2/H 2S. 

Although to a somewhat lower extent,a similar effect 

of Co and Ni was found for the ws 2+y-Al 2o 3 catalyst(Table II, 

catalysts 16-18). 

Returning now to the results presented in fig.3 it can 

be seen that initially oxidic Co0-y-Al 2o 3 containing 5% CoO 

by weight '(introduced by impregnation, ~rying,and calcining 
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Fi~.3 Thiophene desulphurisation as a function of run time. 

Çgug!~!2B2: see fig.1, 1000 or 750 mg catalyst. 

in air at 600°C) showed an initia! activity of 1.5% which 

increased to 3% at the end of the run. The colour of the 

coo-y-Al2o 3 sample (greyish blue instead of blue) used here, 

indicates the presence of co3o 4 as demonstrated by Lo Jacono 
et al (16). Presulphidation of this catalyst resulted in 

an activity increase of 4.5% at the beginning of the ex

periment and 2% after 100 minutes run time. A somewhat 

higher conversion {7% instead of 5%) was found for a pre
sulphided CoO-y-Al 2o 3 sample where Co was introduced only 

by impregnation and drying, and not by additional calcination. 

When the initially oxidic coo-y-Al2o 3 was mixed mechani

cally with Mos2 the activity of the mixture appeared to in

crease gradually during the entire period of testing. The 

rate of this increase was such that at the end of the ex

periment the conversion of the Mos 2+(CoO-y-Al2o 3) sample (6%) 
was somewhat but significantly higher than the sum of the 

ultimate conversions found for Mos2+y-Al2o 3 (1%) and ini

tially oxidic Co0-y-Al2o 3 (3%). 

38 



The thiophene hydrodesulphurisation properties of the 

mixture of Mos2 and CoO-y-Al2o 3 were found to be substan

tially improved by calcination in H2/H2s (2 hour at 4S0°c), 

especially when the ultimate converslons are compared, 

Besides y-Al 2o 3 another support viz.,Sio2 was applied. 

For Si02 supported catalysts the thiophene conversion de

termined during a run of 100 minutes is given in fig.4. 

20 

i!:initîal o~idtc 
~;presulphided 

" ·---·------· --, _\_,__ ' 
~V>O-Si02 

I~ •---..---4---;-·~-Aos2 +Sio2 
0o 20 40 60 BO 100 120 

minutes--. 

Fi9.4 Thiophene desulphurisation as a function of run time. 

Çgag!~!Qa~: see fig.1, 1000 ar 700 mg catalyst. 

Camparisen of their ultimate conversion levels with these 

of the corresponding y-Al2o 3 supported catalysts shows 

similar effects on the activity due to the methad of pre

paration (Table II, catalysts 8-11 and 20-23). However, 

the magnitudes of these effects are different. Very low 

conversiena (2%) were found for MoS2+sio2 and initially 

oxidic CoO-Si02 , When the latter was presulphided the ac

tivity increased to 14%. A mechanical.mixture of Mos 2 with 
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initially oxidic Co0-Si02 showed a conversion increase from 

28% to 34% during the first 30 minutes,followed by a slight 

decrease to 33% conversion at 100 minutes run time. Sear

ching for the reason of this activity increase,the influence 

of prereduction time (H2 , 400°C) on the initial thiophene 

conversion (at 5 minutes run time) was measured. The results 

given in fig. 2B show a considerable positive effect of pre-. 

reduction on the initial activity. After being sulphided 

the activity of the MoS 2+(CoO-Si02) catalyst was increased 

from 28 % to 47 % conversion initially and from 33% to 37% 

at the end of the run. 

DISCUSSION 

The first point to be discussed is whether Co-Mos2 in

tercalation systems exist, i.e.,whether it is possible in

deed to produce evidence for a promotion of Co in such 

systems. The answer based on the experiments described is 

that there are good reasons to accept this situation (type III 

catalysts). Mos2 present as such can be promoted by Co just 

as ws2 can be promoted by Ni in entirely similar experiments. 

The experiments with Sio2 as the carrier (fig.4) gave results 

that were in good agreement with this conclusion. 

The second point is whether there are observations 

that support a diffusion of co2+, from the interlor to 
the surface of the carrier, during catalytic operation. 

Because of the fact that Co alone possesses some hydrode

sulphurisation activity,this diffusion became observable 
indeed. This effect is also observed, and is even more pro

nounced, when Mos 2 is present [ see fig.3 CoO-y-Al2o 3 and 

Mos 2 + (Co0-y-Al2o 3) ). 
Presulphiding appears to exert a similar influence: 

after presulphiding the catalysts are initially more active 

and no further increase during oparation is noticed. 

The difference between the experiments 10 and 11, listed 
in Table II, is that in the first one diffusion to the sur-
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face followed by intercalation becomes apparent during the 

activity run whi~e in the secend one bath processes were 

already finished during pretreatment. Obviously the rate of 

diffusion appears to be so fast as to occur in a time 

of the order of some hours. This is confirmed by the obser

vations on a Zn-promoted catalyst. Initially it is very 

active,but after 8 hour its activity is equal to that of 

the non-promoted Moo 3-y-Al2o 3 system (fig.2A). 

Actually this experiment produces a beautiful confirmatien 

of quite a number of assumptions. Firstly, the high initial 

activity of the Zn0-Moo3-y-Al2o 3 catalyst is evidence for 

the reality of the monolayer model,viz~ promotion by tetra

bedrally surrounded cations. Secondly, the relatively fast 

decrease in activity shows the relevanee of fast cation dif

fusion during sulphidation. Finally, that zn2+ evidently is 

no promotor for the intercalated system is in agreement with 

the predictions of Farragher and Cossee (4). 

For Ni 2+ the situation is reversed. Earlier results (13) 

have shown that this cation is not particularly active in 

the "initial" state and certainly less so than co 2+. 

However, the results of experiments 5 and 7 (Table II) 

show that Ni 2+ is more active than co2+ as a promotor 

provided when introduced in the presulphided Moo 3-y-Al2o 3 , 

viz.,Mos2+y-Al 2o 3 (see fig.1). In this respect it should he 
mentioned that Farragher and Cossee on the basis of cation 

radii predicted co2+ and Ni 2+ to he almast equally effective 

when intercalated in ws 2 y-This is confirmed by the results 

of experiments 17 and 18 in Table II. 

On the basis of this combined evidence we now postulate 

that the Co0-Moo 3-y-Al2o 3 catalyst starts as a monolayer 

system but is converted into an intercalated structure in 

a few hours either when in operatien or during the pre

sulphiding treatment. One might conclude .from this that the 

monolayer has no particular importance. We do believe, 

however, that this conclusion is not correct for the fol

lowing reasons. 
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The non-promoted monolayer system Moo3-y-Al2o 3 after pre

sulphiding as well as after being 8 hour in operation, 

has only a small activity. The activity of the Co-promoted 
monolayer structure Co0-Moo3-y-Al2o 3,on the other hand,is 

substantially improved by presulphidation. We now propose 
. 2+ that the stabilization of the monolayer by Co , a stahili-

zation that can only be destroyed by the reappearance of 
2+ . 

Co at the surface, leads to smaller Mos 2 crystals that 

are immediately intercalated by co2+. The initia! monolayer 

structure thus represents a synthetic route to the formation 

of finely divided, relatively highly intercalated,and there

fore highly active catalysts. 

Experiments with catalysts prepared according to prepa

ration method A (Table II numbers 5 and ?) make the possi

bility to prepare highly active catalysts via an alternative, 
albeit more complicated,synthetic route plausible. This 

route is probably based then on the action of co2+ to break 

up the already formed relatively big Mos 2 crystals when it 

intercalates the Mos 2 phase. 

· REFERENCES 

1. Voorhoeve, R.J.H., and Stuiver, J.C.M., 
J.Catal. ~, 228 (1971). 

2. voorhoeve, R.J.H., and Stuiver, J.C.M., 
J .Catal. 23, 243 (1971). 

3. voorhoeve, R.J.H., 
J.Catal. ~. 236 (1971). 

4. Farragher, A.L., and Cossee, P., 
"Proc.Fifth Int.congr.on Catal."(J.W.Hightower, Ed.), 
p.1301. North-Holland, Amsterdam, 1973. 

5. van den Berg, J.M., 
Inor~.Chim.Acta ~, 216 (1968). 

42 



6. Chevrel, R., Sergent M., and Prigent, J., 
C.R.Acad.Sci. Paris Ser.c., ~' 1135 (1968). 

7. Hagenbach, G., Courty, Ph., and Delmon, B., 
C.R.Acad.Sci.Paris, Ser.C., ~, 783 (1970) 
J.Catal., ll• 295 (1971). 

8. Schuit, G.C.A., and Gates, B.C., 
AIChE Journal !!• 417 (1973). 

9. Lippens, B.c., 
Ph.D.thesis, Technica! Univ.Delft, The Netherlands (1961). 

10. Dufaux, M., Che, M., and Naccache, c., 
J.Chim.Phys., &I• 527 (1970). 

11. Lipsch, J.M.J.G., and Schuit, G.C.A., 
J.Catal., ~. 174 (1969). 

12. Mitchell, P.C.H., 
"The Chemistry of some hydrodesulphurisation Catalysts 
containing molybdenum". 
Climax Molybdenum Company, London, (1967). 

13. de Beer, V.H.J., van Sint Fiet, T.H.M., Engelen, J.F., 
van Haandel, A.C., Wolfs, M.W.J., Amberg, C.H., and 
Schuit, G.C.A., 
J.Catal., ~' 357 (1972). 

14. Ashley, J.H., and Mitchell, P.C.H., 
J.Chem.Soc.A, 2821 (1968). 

15. Ashley, J.H., and Mitchell, P.C.H., 
J.Chem.Soc.A, 27JO (1969). 

16. Lo Jacono, M., Cimino, A. and Schuit, G.C.A., 
Gazz.Chim.Ital. !Ql, 1281(1973). 

17. Dalmon, J.A., Martin, G.A., and Imelik, B., 
J.Chim.Phys.Physicochim.Biol., 70, 214 (1973). 

·43 



CHAPTER 4 

VI Sulfur Content Analysis and Hydrodesulfurization 
.Activities. 

V.H.J. de Beer, C. Bevelander, T.H.M. van Sint Fiet, 
• P.G.A.J. Werte~and C.H. Aroberg 

(Submitted to Journal of Catalysis) 

Department of Inorganic Chemistry and Catalysis, 

Eindhoven University of Technology, 

The Netherlands. 

•visiting Professor; Permanent address: 

44 

Chemistry Department, earleten University, 

Ottawa, KlS 5B6, Canada. 



Introduetion 

The various forms of lattice and surface sulfur present in 

hydrodesulfurization catalysts, and their involvement in the 

actual hydrodesulfurization reaction is not entirely under

stood. This can be illustrated by the different structure 

roodels for sulfided catalyst systems given in the literature. 

Richardson (1) proposes that the true catalytical agent was 

Mos2 • It is promoted by "active" Co in octahe<'j.ral coordination 

which could be neither reduced nor sulfided. Other Co-species 

assumed to be present were CoA12o 4 , which was resistant to 
sulfiding, and co9s 8 • His model leads one to expect the ratio 

of lattice sulfur-to-molybdenum atoms to approach 2. 
On the basis of their intercalation model for the Ni-WS2 and 

Co-MoS2 systems Voorhoeve and Stuiver, and Farragher and 

Cossee (2,3,4) predicted approximately the same S/Mo ratio. 

Following physicochemical investigations and measurements 

of catalytic activity on crystalline molybdenum sulfide and 

cobalt sulfide mixed catalysts, Hagenbach et al.(5) ascribed 

their HDS activity to a synergetic effect of strongly 

interacting MoS2 and co9s 8 phases. Much more sulfur was 

present in the mixed ·catalysts than required by stoichiometry. 

According to these authors this was probably a requirement 

of the synergetic system. 

In the monolayer model proposed by Schuit and Gates (6) 

Moo3 was assumed to be partially sulfided to such an extent 

that the maximum S/Mo ratio is 1. The Co-species was thought 

not to be acoessible to sulfur in this model. A study of the 

kinetics of the reduction and sulfidation of Co0-Moo3-Al2o 3 
ledKabeet al.(7) to describe the sulfided catalyst by the 

formula cos.Moa1 . 5s 1 . 5-Al2o 3 . Free Moo3 present in the 
catalyst samples was found to be barely sulfided. 

Armour et al.(8a) and Mitchell and Trifir~ (8b) took a 

position intermediate between the last two. From spectros

copie and magnetic measurements on oxidic and sulfided 

45 



Co0-Moo 3-y-Al2o 3 catalysts these authors concluded that 

sulfur adds to Mo-tetrahedra and that no more than one or 

two of the oxide ions, probably those bridging between Mo 

and Co, are replaced by sulfide. They found no evidence for 

descrete Mo- and Co-sulfides although the sulfur content 

of their samples allows one tè assume that Mos 2 and co9s 8 
is present. 

Recent X-PES measurements on sulfided Co0-Moo3-y-Al2o 3 and 

Moo3 -y~Al2o 3 by van Sint Fiet (9) , who found a spectrum 

reminiscent of that of Na2 s 2o 3 suggest the presence of bath 

s2+ and s0
• An interesting question is whether or nat bath 

these species are involved in the HDS reaction. 

There has also been some evidence for the occurrence of 

S-polymers on the catalyst (10,11) and fbr the conversion 

of Al2o 3 toa farm of surface sulfide (12,13). 

Considering this great variety of observations, and the 

uncertainty still connected with the role of sulfur in H.D.S. 

reactions, we undertook a systematic study of the sulfiding 

processof Co0-y-Al2o 3 , Moo 3-y-Al2o 3 and Co0-Moo3-y-Al2o 3 
catalysts, followed by measurement of thiophene hydrogenelysis 

activity as a function of their sulfur content. 
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Experiment al 

For this investigation the commercially manufactured 

catalysts Ketjen Moo3-y-A12o 3 type 120-3E and Ketjen 

CoO-Mo03-y-A12o 3 type 124-1.5E were used. The farmer 

contained 11.7 weight% Moo3 and its specific surface area 
2 -1 was 227 m g • The CoO and Moo3 contents of the latter 

catalyst were 4.1 and 12.4 weight % respectively and its 
. . 2 -1 

specific surface area was found to be 217 m g • Mo03 2 -1' (Merck, purity ~99,5%, surface area 0,5 m g ) and Mos 2 
(Schuchardt, purity ~98,5%, surface area 7,8 m2g-1 ) were 

also used for some experiments. In addition to this a series 

of Moo3-y-Al2o 3 samples, with different Mo03 content, and 

a series of CoO-y-Al2o 3 catalysts, calcined at different 

temperatures and containing various amounts of Co~were 

prepared for studying the sulfiding process. Ketjen, Fluid 

powder y-alumina grade B (surface area 255 m2g-l) was used 

as support.The methad of preparatien was described befare 

(14)~Moo3 and CoO contents, calcination temperatures and 

surface areas are given in table II. 

The catalyst samples were sulfided at "atmospheric" pressure 

in a flow of H2S (Matheson, C.P.grade) and purified H2 (15), 

with a H2S/Hj volume ratio of 1/6 and a flow rate of either 

50 or 175 cm min- 1 NTP. The following parameters were varied: 

sulfiding time, temperature, and the H2s pressure. 

In same experiments the catalyst was reduced in pure H2 
(50 cm3min -l NTP, at 400°C for 2 hr.:) in order to see how 

much sulfur could be removed. Thiophene (6 vol %) mixed with 

H2 was also used as a sulfiding agent under experimental 

conditions described earlier (14). 

In the following the (pre~treatments: sulfidation with 

H2s;H2 , reduction in pure H2 and sulfidation with c4H4S/H2 
will be indicated by the small letters a, b and c respect

ively. 

Successive application of these (pre .. )treatments will be 
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indicated by a +-sign, for example (a+b) means sulfidation 

in H2S/H2 foliowed by reduction in H2 . 

All samples used for sulfur analysis were heated to 

the desired temperature in purified N2 (15) , sulfided, 
cooled quickly to room-temperature in the sulfiding gas 

mixture and flushed again with N2 for about 10 minutes. 
Sulfur was analysed titrimetrically using an all-glass 

apparatus. Catalyst samples (200-300 rog on dry basis) 

covered with quartz wool were heated from roomtemperature 
up to 800°C in a continuous flow of 0 2 (10 cm3min-l NTP) 

over a period of 2 hours. The so2;so3 mixture obtained was 

passed through a tube filled with quartz wool and chips, 

in which was maintained a temperature gradient from 800°C 

to 400°c. The emerging gas mixture was trapped in two vessels 

in series containing an icecooled aqueous solution of H2o 2 
(3 vol %) . 

In order to avoid leakage of so2 and so3 the eperating 

preesure was kept below 1 atm. by means of an aspirator at 

the exit. After the oxidation the whole apparatus was rinsed 

with water which was collected in the first two H2o2 -vessels. 

The amount of sulfurie acid obtained was determined by 

titration with 0.1 N NaOH using methylred as an indicator 

(PH 4. 2-6. 3) . 

The accuracy of our method was tested with pure Mos2 
(sample size 20-40 mg) and mixtures of 7-12 mg elemental 

sulfur and 200 mg pure grade y-Al2o3 (Ketjen CK300). In both 

cases 98 ± 1.5% of the sulfur could be analysed. 
All sulfur determinations were corrected for sulfur initially 

present in the oxidic samples probably as a sulfate impurity 

in the y-Al2o 3 . 
All samples used,for sulfur analysis except the Ketjen 

Moo3-y-Al2o 3 catalyst were sulfided in situ. No significant 

differences were found when the in situ procedure was foliowed 

for the latter catalyst as well. 

X-ray diffractograms were reccrded using C~ - and CoK -
a , a 

radiationin combination with respectively a Ni- and Fe-fjlter.,,, 
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They did not yield significant information about the for

mation of new Mo- or Co-species arising from sulfidation. 

The relation between sulfur content and thiophene hydro

genelysis activity, as well as the remaval of sulfur by 

means of H2 reduction were also studied. Under exoerimental 

conditions as described in an earlierpaper (14),All the 

samples used in thiophene hydrodesulfurization tests were 

sulfided and reduced in situ. 
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RESULTS 

The sulfur uptake of the alumina support alone was 

found to be 0.6 wt % after standard H2S/H2 treatment at 

400°c. The colour change from white to light gray. 

A small fraction of the sulfur could be removed from 

crystalline Mos 2 by hydrogen reduction for 2 hr at 400°C. 

Following the thiophene/H2 treatment the sulfur content 

increased, while the S/Mo ratio remained only just below 

that for pure Mos 2 • 

~g~g3 

Sulfidation of bulk Moo 3 appeared to be a slow process 

(table I). Seshadri et al.(10), Coleuille and Trambouze (16) 
and Gautherin et al.(17) have found that this compound 

decomposes rather rapidly when treated with H2S/H2 at 

temperatures between 300 and 500°C and that the products 

formed were Mos 2 and Moo2 , of which the latter reacts slowly 

with H2s. This might explain the twofold increase in sulfur 

content after additional H2 reduction followed by thiophene/ 

H2 treatment. 

!:!29 3:r:~!293 
The results of the sulfidation of Ketjen Mo03-y-Al 2o 3 

with H2s;H2 are given in figures 1 and 2 and table I. 

In fig. 1 the atomiq ratio S/Mo has been plotted versus 

sulfiding time. As can be seen from curve A at 400°C ene

half of the sulfur was taken up already in the first 5 

minutes and the catalyst was optimally sulfided after one 

hour, thereafter apparently remaining in a steady state. 

The S/Mo ratio at the steady state level was equal to 2 

within experimental error, so that there is a streng 

possibility that all the Mo had been converted to Mos 2 
during sulfiding. 
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TABLE I. Degree of sulfiding after different treatments. 

Sample Treatment Atomie ratio Total degree of 

sequenoe s total/Mo S/CoY• sulfiding z. 

x, b 1.88 0.95 

MoS 2 b + 0 1.96 0.98 

x. a 0.11 0.06 

Mo03 
a+b+o 0.25 0.13 

x. a 2.04 1.02 

Ketjen a+b 1 .23 0.62 

Mo0 3-y-Al 20 3 a+b+o 1. 72 0.86 

b+o 1.36 0.68 

a 2.44 0.63 0.95 

a+b 1.51 0.44 0.59 

Ketjen a+b+o 2.07 0.55 0.81 

Co0-Mo03-y-Al2o3 a + o 2.68 1.05 

I 
0 2.51 0.98 

L_ c+b 1. 35 0.53 

3 -1 a. Sulfidation in H2S/H2 : 175 cm min NTP H2S/H2 , 

volume ratio 1/6; 400°C, 2 hr: .. 

b. Reduction in H2 :· 50 cm3 min-l NTP H2 , 400°C, 2 hr. 

c. Sulfidation in thiophene/H2 : 50 cm3 min-l NTP 

H2 with 6 vol.% thiophene, 400°c, 2 hr,. 

x. These samples had been in contact with air, at room 

temperature, between the sulfidation and analysis 

steps (see text also). 

y. Assuming the S/Mo ratio being the same as for the 

corresponding Moo3-y-Al2?3 sample. 

z. Based oh the formation of Mos 2·and co9s 8 • 

--
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0 
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Ketjen 

Mo03-y-Al203 
Co0-Mo0ry-At2o3 

60 120 240 360 
minutes-

Fig. 1 Sulfur content as a function of sulfidation time. 

Sequence of treatments is added in parentheses. 

ç2!!9H!2!!ê 1 

a. Sulfidation in H2stH2 : 175 cm3min-1 (Moo 3-rA12o 3) 

and 50 cm3 min-1 (CoO-Mo03-y-Al2o 3) NTP H2S/H2, 

volume ratio 1/6, 400°C. 
3 -1 0 b. Reduction in H2 : 50 cm min NTP H2 , 400 c, 

2 hr. 

c. Sulfidation in 

H2 with 6 vol 

(curve C) and 

3 -1 thiophene/H2 : 50 cm min 

% thiophene, 400°C, 2 hr 

x hr (curve D) • 

NTP 

At steady state about one third of the sulfur had been 

removed by hydrogen reduction (treatment b) during 2 hr 

at 400°C (curve B), leading toa S/Mo ratio of 1.23. 

For sulfiding times shorter than 30 minutes even a higher 

percentage of the sulfur is removed by H2 reduction. 

After further treatment (c) with a 6 vol % mixture of 

thiqphene in H2 (2 hr at 400°C) the sulfur content of 

these presulfided and prereduced samples was increased up 

toa S/Mo ratio of 1.72 (curve C), but the level found for 
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the freshly sulfided catalyst was never reached. 

When an oxidic Moo 3-y-Al2o 3 was successively reduced in H2 
and sulfided in thiophene/H2 for 2 hr (treatment b + c 

in table I and first point curve c in figure 1) a much 

lower S/Mo ratio was found than for the sample treated with 

H2StH2 during the same period. Whether this phenomenon is 

ascribable to the substantially lower partial pressure of 

the sulfur containing agents during thiophene/H2 treatment 

was checked by decreasing the H2stH2 ratio from 1/6 to 

1/24. The result was only a small decrease of the S/Mo 

ratio from 2.04 to 1.97 after 2 hr , so that the reason must 

be sought elsewhere, for instanee slow sulfurizeability of 
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/ 
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Ë 
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0 
:::e: 

tö 1.7 
0 

(/) 1.5 A/ 

I ~"''•" 1.3 

Ketjen 
1.1 ---- Co0-Mo0ry-At~3 

Mo03-y -At20 3 

100 200 300 400 500 600 
oe-

Fig. 2. Sulfur content as a function of sulfidation 

temperature. 

Sequence of treatments added in parentheses. 

S:2!!2!!:!9!HU. 

a. Sulfidation in H2stH2: see fig.1, 2 hr. 

b. Reduction in H2 : see fig. 1, 

c. ~:~.~.,lfidation in thiophene/Hû see fig .1, 2 hr. 
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Moo 2 formed as a result of H2 reduction of the free Moo3 
that could have been present in the Moo 3-y-Al 2o 3 catalyst··~Ioi.
The temperature effect. on the sulfidation of Moo 3-y-Al2o 3 
{H2S/H2=1/6, 2 hr) is given in figure 2. The tendency 
found for all three different treatments {a, a+b, a+h+c) 

is an increase of the degree of sulfiding with increasing 

temperature. Qualitatively this is in agreement with the 

findinqs of Seshadri et al.{lO). 

The S/Mo ratios found for a series of laboratory prepared 

Moo3-r-Al2o 3 catalysts are given in table rr. A relatively 

a. 
TABLE II. Labaratory prepared catalysts, degree of sulfiding. 

f'nmnno.i ,x. 
~:;.~!~=~~~: oe 

Surface Sulfi- Atomie ratio 
Number ··~ wt % area dation 

Moo3 cao ~!oO~ CaO 2 -1 tempera- S/Mo S/Co 

" 
m g ture oe 

1 2 600 162 400 1.41 

2 4 600 160 400 1.26 

3 6 600 170 400 1. 73 

4 8 600 159 400 1.81 

5 10 600 155 400 1.92 

6 12 600 152 400 2.00 

7 16 600 143 400 2.14 

8 4 200 217 400 0.86 

9 4 400 224 400 0.80 

10 4 400 224 600 0.87 

11 4 600 221 400 0.31 

12 4 600 221 600 0.78 

a. Sulfided in H2s;H2, volume ratio 1/6, 2 hr•· 

b. Balanced by the support. 
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low sulfur uptake was found for samples containing 2- and 
4 wt % Moo3, and from 6 up to 16 wt % a slight increase 

in S/Mo ratio was observed. For the highest Moo3 content 
a S/Mo ratio significantly higher than that for Mos 2 was 
found. 

As was demonstrated earlier (15) a substantial HDS 
activity decrease results from presulfiding the Moo3-y-Al 2o3 
catalyst (see also figure 4). 
In addition hereto the influence of the time of H2s;a2 
presulfiding was now examined. The results (figure 3) 

5 30 60 120 
H2S /H2 sulfiding time(minutesl _ 

Fig. 3. Thiophene conversion after 2 hr run tme versus 
sulfiding time in a 2s;a2• 
Sequence of treatments added in parentheses 

!:21!9g!Q!:J.!: see fig • 1, ·200 mg catalyst. 
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indicate a correlation between the sulfur content found after 

different sulfidation times, (figure 1, curve A} and HDS 

activity. Such a correlation was also found for Moo 3-y-Al 2o 3 
sulfided at different H2S concentrations at constant time 

and temperature (2 hr ., 400°C}~ likewise for samples 

sulfided under standarà conditions (H2s;H2 volume ratio 1/6, 

2 hrs} but at different temperatures. The general pattern 

was that the higher the initial sulfur content, the lower 

was the thiophene conversion found after a 2 hr run. 

c 
0 

·~ 46 ... 
> 
c 
s 42 

38 

20 

' ' 

40 60 80 100 120 
minutes-

Fig. 4. Thiophene conversion as a function of run tiire af ter 

different pretreatments. 
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Sequence of treatments added in parentheses. 

ç~~~!~~~~~: see fig. 1, sulfiding time 2 hr, 

50 cm3min-l NTP H
2

S/H 2 , 200 mg catalyst. 



As can be seen in figure 4 there is no necessity for pre

reduetion with H2 in o~ to activate the Moo 3-r-Al2o 3 
catalyst, no matter whether presulfided or oxidic. 

As expected, marked differences show up in the oxidic catal

yst only during the initial 30 minutes, depending on whether 

the molybdenum is initially in a higher or lower oxidation 

state. This was also clearly shown in a series of pulse 

experiments (18). 

CoO-y-Al 0 --------2-3 
With respect to the sulfurizeability by means of 

H2S/H2 of Co in CoO-y-Al2o 3 samples it is shown in table II 

that the S/Co ratio increased with decreasing calcination 

temperature and also with increasing sulfiding temperature. 

For samples 8 and 10 the S/Co ratio is very close to that 

of co9s 8 • As demonstrated earlier (15) the sulfiding 

process of initially oxidic CoO-y-Al2o3 can be "visualised" 

by measuring the thiophene conversion as a function of time 

in a flow experiment. Similar experiments were performed, 

as shown in figure 5 for samples containing 4 wt % CoO, and 

calcined at 400 and 600°C. The results showed that the 

lower the calcining temperature the more sulfided cobalt 

was formed on the catalyst surface, probably aided by 

diffusion of co2+ from the interior of the carrier to its 

surfaceo Presulfidation in H2s;H2 at 400°C would enhance 

such a diffusion process. 

As can be seen in table I and figures 1 and 2 the total 

sulfur uptake of CoO-Moo3-yA12o 3 is significantly higher 

than that of Moo 3-y-Al2o3 • The results indiaated that 

about 70% of the Co is very probably converted into co9s8 
by sulfidation in H2s;H2 at 400°C for 2 hr• 

This is an appreciably higher fraction than found for the 
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Lab. prep. Co0-Y-Al203 
--4.:._ initial oxidîc 
-- o-- presulfided 

i 
18 c:::J calcination temp . 

..., ___ .., 0 

• 16 ----, (b+cl 
;,- --'b ~ 

5 /-----~--- · )'I400°CI 
·~ 14 '11----o... _____ 

0
_ 

... 
§ 12 / . (a+c 

1 
0.05t 

butane J 

8 

6 

0o~--L---~--~---e~o---1~00---1~2~o--,~40 

minutes-

Fig. 5. Thiophene conversion as a function of run.time. 

Sequence of treatments added in parentheses. 

çgn9H!9n!: 
3 . -1 a. Sulfidation in H2S/H2: SO cm m1n NTP H2S/H2 , 

volume ratio 1/6, 400°C, 2 hr. 
b. see.fig. 1. 

c. see fig. 1, 800 mg catalyst. 

comparable CoO-y-Al2o3 catalyst calcined at 600°C and 

sulfided at 400°C in H2S/H2 (table II nuffiber 11) • 

The presence of Mo seems to facilitate the sulfurizeability 
of the cobalt species. From table I it can also be seen that 

the cobalt sulfide species present in CoO-Moo3-y-A1 2o3 seem 

tobe sensitive to hydrogen reduction at 400°C (decrease of 

S/Co ratio after treatment a + b) and to subsequent 

thiophene/H2 sulfiding (increase of S/Co ratio after treat~ 
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ment a+b+c).This is similar to the pheno~ena observed for 

the Mo in Mo0 3-r~Al2o3 • 

Sulfidation in thiophene·;H2 for 2 hr at 400°C (treatrnent c) 

ledtoa relatively high sulfur content. However a.large 

fraction of this sulfur could be removed by sucéessive 

reduction in hydrogen, 2 hr at 400°C (treatment c+b). 

This might have been due to the formation of sulfur contain

ing hydracarbon residues which can be removed by H2 reduct

ion. 

In studying the sulfur uptake at 400°C a.S a function of t:ine 

it was found (figure I) that although it was faster in the 

first 5 minutes than in the case of Moo3-y-Al 2o 3 the 
attainment of optimum sulfiding with H2S/H2 (curve A') took 

longer overall. For the samples sulfided in thi9phene/H2 
this period was extended even further (curve D). 

The temperature dependenee of the sulfur uptake was 

increased to some extent by the presence of Co, as can be 
seen by a comparison of curves A and A' in figure 2. The 

results presented in figure 2 curve A' are in good agreement 

with the findings of Wakabayashi and O~ito (19) from 

sulfiding experiments at atmospheric pressure. 

The sulfur content appeared to be only weakly dependent on 

the partial pressure of H2s. An increase from 1/24 to as 

much as 1/1 in the H2s;H2 ratio resulted in corresponding 

S/Mo ratio$- of 2.21 and 2.44 after 2 hr of sulfiding,.a 

difference of only 10%. Wakabayashi and Orito (19) have 

found a somewhat stronger H2s pressure dependency. 

As can be seen in figure 4 the behaviour of both the oxidic. 

and sulfidised Co0-Moo3-y-Al2o 3 catalyst with respect to 

the effect of prereduction in H2 is the same as observed 

for the corresponding Moo 3-y-Al 2o 3 samples. Again this 

could be confirmed by pulse experiments (18). 

The results presented in figure 1 (curve A') and figure 3 
suggest a fairly good correlation between the sulfur content 

and desulfurization activity of CoO-Moo3-y-Al2o 3 , as also 
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demonstrated by Wakabayas~i et al.(l9). However, for the 

series of catalysts sulfided on the one hand at different 

temperatures and on the other at various H2S partlal pres

sures,such smooth correlations were not in evidence. 

Even so for both series the samples with the lowest sulfur 

content appeared to be significantly less active than the 

other ones. 

:9!~9~n-~!!~~~:-2n-~22L~2-§~1~!2~2-~2Q:~2Q3:r:~12Q3. 

The H2s;H2 sulfided CoO-Moo3-y-Al 2o 3 catalyst was found 

to be very sensitive to oxygen. Exposure of a fresh sample 
to air, even at roomtemperature, caused a vigorous exother~ 

mie reaction 1 an effect strongly dependent on the sample 

temperature at the time of contact. so2 was formed and 

colour changes could be observed. When the catalyst had 

beensulfided with thiophene/H2 these phenomena occurred to 

a much lesser extent. 

In order to obtain reproducible analytica! results with 

respect to the sulfur content,the Co0-Moo3-y-Al 2o 3 samples 

had to be maintained in an oxygen free atmosphere. For 

Moo 3-y-Al2o 3 this in situ sulfidation was not necessary. 

After the freshly sulfided sample had been in contact with 

pure o 2 or air~ lts thiophene desulfurization activity 

measured after 2 hr under standard continuous flow 
conditions appeared to be surprisingly high providing that 
not too much sulfur had been removed from the catalyst, 

(02 or air contact at:about roomtemperaturel. 

As can be seen in figure 6 the first air treatment (d) at 

50°C during o.S hr led to an increase of thiophene convers-· 
ion (at 2 hrs run time) from 38 to 44%. In addition hereto 

primarily observations were a temperature increase up to 

about 100°C and sulfur deposition at the reactor exit. 

After three sequentia! H2s;H2 and air: treatments (a+d) a 

conversion level of 49% was found. The cumulative extent 

of the "oxygen-effect" decreased with the number of air 

treatments. 
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fig. 6. Thiophene conversion as a function of run time 

after different pretreatrnents. 

Sequence of treatrnents added in parentheses. 

ÇQ!!9H!2!!ê= 

a. see fig. 5 • 

b. see fig. 1, 200 rog catalyst. 

o. 50 crn3rnin- 1 NTP air, 50°C, 0.5 hr. 

Frorn experirnents with a CoO-(MoS 2+v~Al 2o 3 ) catalyst prep~red 

according to methad E described earlier (15) qualitatively 

sirnilar results were obtained. However the "oxygen-effect" 

on thiophene HDS rneasured after 2 hr run time was found to 

be rnuch smaller and the stability was lower. 
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• 

Except in the first 20 minutes of the activity test no 

significant "oxygen-effect" was observed for Ketjen 
Moo 3-y-Al2o 3 (figure 6). 

Discussion 

From the observed sulfur content in various catalyst systems 

it can be most plausibly inferred that almost all the 

sulfur is chemically bonded to molybdenum and cobalt. 
This results in the most probable formation of Mo8 2 and 

Co988 • 
Other sulfur species, the formation of which during the 

sulfiding process cannot be excluded, are "aluminiun: 
sulfide" ( 12) , H28 adsorbed on aluminum:::. hydroxyl groups 

(13), sulfur containing hydracarbon residues in case of 

thiophene being the sulfidising agent (see table [, Co0-

Moo3-y-Al2o3 treatment c and a+c) and even polymerie sulfur 
2- 2-(11), for instanee 82 and 8 3 • However, these sulfur 

species would occur only to a small extent. 

Analysis of the results obtained for the series of 

Moo3-y-Al 2o 3 catalysts indicates that part of the Mo 

present in the oxidic state cannot be sulfided at all, 

assuming that the formation of Mo0x8y compounds can be 
excluded as stated by Gautherin et al.(17) for the 

sulfidation of Moo3• As will be demonstrated in another 

paper (20) this unsulfidable Mo is not very active in th~o
phene hydrodesulfurization, indicating again that it is not 

easily reducible. These Mo species might be the same as the . 

ones mentioned by Ishii et al.(21) and 8onnemans et al.(22) 
as being barely removable on washing in ammonia. 

All these phenomena may be ascribed to the preEerred fannation of 
stable Al 2 (Mo04) 3-like structures at the surface of 

Moo3-y-Al2o 3 samples with low Mo content (23, 24, 25). This 

surface "compound" contains molybdate ions with tetra

hadrally oxygen coordinated Mo6 +, strongly interacting 
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with the support. A similar situation was described by 

Biloen and Pott for wo3-y-Al 2o 3 samples (26) where Al 2 (wo4) 3 , 

which is isomorphous with Al 2 (Moo4) 3, was found to be 

present. 

The high sulfur content (S/Mo*2) analysed for the laboratory 
prepared Moo 3-r-Al 2o 3 catalyst with 1& wt % Mo0 3 and the 

Ketjen Moo 3-r-Al 2o 3 catalyst sulfided at 500°C is in agree

ment with the findingsof Hagenbach et al.(5) for unsuppor

ted Mos 2 and Mos 2-co9s 8 catalysts, viz. that there is a 
substantial amount of sulfur in excess qf the. stoichiometrie 

content of the sulfides. The nature of this excess sulfur is not clear. 

As demonstrated in figure 5 and table II the sulfuri

zeability of the Co present in the Co0-y-Al2o 3 system 

depends on bath the calcination and sulfiding temperature. 

This can be explained in terms of temperature effect on the 

diffusion rate of the co2+ions, which migrate from the 

surface into the subsurface layers of the y-Al 2o 3 or in 

the reverse direction during the calcination and sulfiding 

stage respectively. 

The results obtained for the Ketjen CoO-Moo3-r-Al2o 3 
catalyst indicate that part of the Co is present as a 

sulfide, probably co9s 8 and that the remaining part is 
either incorporated as co2+ in the carrier or intercalated 

2+ as Co in the Mos 2 phase, thus reducing the Mo ions to the 

trivalent state. In the two latter situations Co does not 

contribute to the sulfur uptake. 

From the results presented 'here it can be seen that a 

large fraction of the sulfur taken up by Moo 3-y-Al 2o 3 and 

CoO-Moo3-y-Al 2o 3 can be removed by reduction in H2 at 400°c. 

In this respect it should be mentioned that according to 

the findings of Kalechits [discussion part of the paper 

by Parragher and Cossee (4)] the percentage of mobile 

sulfur, viz. about 5% of the total sulfur, in unsupported 

ws 2 is very close to the calculated amount of surface sulfur. 

Since in alurnina supported catalysts the Mo is highly 
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dispersed it is reasonable to accept that 30% of the sulfur 

can be removed by reduction in H2 • 

However one should expect this large sulfur remaval to 

influence the catalytic properties of bath Moo 3-y-Al2o 3 
and CoO-Moo3-rA12o 3, either positively by complete 

reduction of Mo4+ to Mo3+, or negatively by over reduction 

of the Mo 3+ active centre. 

According to the results presented in figure 4 this is 

apparently nat the case. So it must be concluded thatthis 

mobile sulfur is nat involved in the hydrodesulfurization 

process or else the sulfur deficiency would have had to be 

largely made up during the first minutes of the activity 

test of the H2-reduced, sulfided, samples. 
In figure 1 it is shown that sulfidation· is indeed a fast 

process. 
An "oxygen-effect", insome respects similar to that 

described above has also been ohserved by Kolboe and 

Aroberg (27) for unsupported Mos 2 in a continuous
1
flow 

experiment with thiophene/H2 at very low conversion (1.2%). 

However the activity returned gradually to its initial 

level over a period of hours. The same might also be the 

case for the effect observed here on the CoO-(MoS2+yA1 2o 3) 

catalyst, Y.Thile for a H2StH2 sulfided Moo 3-y-Al2o 3 sample the 

effect is found to be of short duration (see figure 6). 

In contrast the "oxygen-effect" measured for a Co0-Moo3-

y-Al2o3 sample, prepared by double impregnation and sulfided 

in H2StH2 seemed to be permanent under the test conditions 
applied. 

A possible explanation for this oxygen effect might be the 

breaking up of the Mos 2 crystals by (partial) reoxidation 

resulting in an increase of Mo ièns exposed. This situation 

may be stabilised during the resulfiding step when there 

is enough Co available to enter the newly formed Mos 2 
crystals by intercalation, preventing them in this way to 

grow to the~r original size. 

Another possibility is that the presence of oxygen ligands 
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improves the specific catalytic properties of some Mo sites. 

However this can only be a temporary effect because of the 

exchange of oxygen by sulfur during the desulfurization 

reaction. Moreover it is limited to the surface of the 

Mos 2 phase because of the fact that formation of MoOxSy 
crystals is unlikely (17). 
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Introduetion 

In the various models proposed for hydrodesulfurization 

catalyst systems the role assigned to the support differs 

essentially. 

In both the "intercalation model" and "synergy model" 

described respectively by Farragher and Cossee (1) and 

Hagenbach et al. (2) the carrier plays no role in the 

actual HDS reaction. Consequently there is no necessity 

to assume chemica! interaction between the active species 

and the surface of the support. The carrier function 

remains limited to increasing the degree of dispersion of 

both the active component and the promotor. 

However in the "monolayer model" proposed by Schuit and 

Gates (3) the molybdenum species are supposed to be present 

in a monolayer chemically bonded to the surface of the 

y-Al 2o3 support, the monolayer being epitaxial to the 

support. The function of the promotor is also strongly 

related to the structure of the carrier. Several versions 
of this manolayer model have been proposed by other 

investigators, for instanee Lo Jacono et al.(4), Kabeet 

al. (5), Armour et al. (6a), Mitchell and Trifir0(6b), 

Sonnemans and Mars (7), and Seshadri and Petrakis (Sa), 

and Massoth (Sb). 

Ahuja et al.(9) have studied the influence of the 

support, for sulfided catalysts containing a.o. Mo and Co, 

on for instanee the hydrodesulfurization properties of 

the catalyst. This was done at 350°C and 60 kg cm- 2 H2 
pressure using a feed which contains thiophene, toluene 
and cyclohexane. They found at the optimum Co/Mo ratio 

Al 2o3 and Si02-Al 2o3 (85-15 wt%) to be better supports 

than pure Si0 2 which is explained in terms of acid functions 

of the carrier. From this model one might expect that the 

support will influence not only the typical HDS reactions 

but also hydrogenation, isomerisation and cracking reactions. 

Indeed some data given by Ahuja et al. (9) and by van Sint 
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Fiet (10) seem to confirm such an influence. 

In the investigation reported here the carrier effect 

was mainly caracterized by thiophene desulfurization 

activity measurements at 400°C and "atmospheric" pressure, 

on catalysts containing only Mo or both Mo and Co. The 

supports used were y-and n-Al 2o 3 and Sio2 • 

Experimental. 

The supports used were: 

surface 

average 

y-Al
2
o 3 ; Ketjen, high 

2 -1 
purity, CK-300-1.5E, 

area 181 m g 1 pore volume 0.50 3 -1 cm g , 

pore radius 55 R. 
n-Al 2o 3 ; prepared according to Maciver, Tobin 

2 -1 and Barth (11), surface area 154 m g , pore volume 0.30 

cm3g-l, average pore radius 39 g_ 

Siü2 ; Ketjen, Fluid Silica, F-2, surface area 

397 m2g-l, pore volume 1.1 cm3g-l, average pore radius 55 g• 
In order to obtain catalyst samples with high specific 

surface area the silica support was treated with excess 

ammonia (~ 4.5 N), washed with de-mineralised water, dried 

at ll0°C (24 hr) and 2 hr~ calcined in air at 600°C, before 

being used in catalyst preparation. 

Unless otherwise stated the catalysts were prepared 

according to the standard impregnation method described 

earlier (12), with the only difference for the Sio2 supported 

samples being the calcination temperature, 4S0°C instead of 

600°c. A list of oxidic catalysts prepared by this standard 

method is given in table I. 

Some samples were presulfided in situ during 2 hr., at 

"atmospheric" pressure and 400°C in a H2s;H 2 flow; volume 
3 -1 ratio 1/6 and flow rate 50 cm min • Part of these samples 

were analysed for their sulfur content as described by de 

Beer et al. (13). 
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X-ray diffractogrammes were recorded on a Philips 

diffractometer, PW 1009, with a proportional counter using 

both CuK - and CoK -radiation in combination with 
a a 

respectively a Ni- and Fe-filter. The diffractograms 

recorded showed almast only weak and braad lines. Many 

of them are similar to those reproduced by Lo Jacono et al. 

{ 4) • 

Optica! reflectance spectra from oxidic samples were 

recorded at roomtemperature. The wave number range 4,000 -

11,500 cm-l was measured with a Zeiss Spectrophotometer 

PMQII in c~mbination with a monochromator M.M. 12 and a 

reflectance attachment RA 3. An Unicam Ultraviolet Spectro

meter SP BOOD fitted with an expansion attachment SP 850 

and a diffuse reflectance unit SP 890 was used for the 
-1 

speetral range 11,500- 52,500 cm • All the samples were 

ground in a bal! mil! befare use. 

The apparatus, methad and conditions applied for 

thiophene hydrodesulfurization activity measurements 

{continuous flow) were similar to those described befare 

{12), except for presulfided samples which were not reduced 

in H2 prior to the activity test. Thiophene conversion was 

calculated as reported earlier {14). 

Results. 

Figure 1 shows the thiophene conversions measured after 

1.5 and 8 hr run time for the Moo3-y-Al 2o 3 , CoO-Mo0 3-y-Al 2o 3 
and Moo3-n-Al 2o 3 catalyst series. {Table I numbers 1-8, 

9-12 and 1 3-20) • 

Starting with the conversions measured after 1.5 hr it was 

found that up to 4 wt % Moo
3 

the y-Al 2o 3 supported samples 

were inactive. Increasing the Moo3 concentratien led to a 

gradual activity increase which seemed to be the highest 

between 4 and 8 wt % Moo3 • 

Addition of 4 wt % CoO to the Moo3-Y-Al 2o
3 

samples 

containing 4-6-8 and 12 wt% Mo03 increased the thiophene 

conversion levels substantially. 
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TABLE I. List of oxidic catalysts prepared. 

Cernpos i tien a. Surface Atomie 

Nuld::>er Support Moo 3 CoO Colour area ratio b 
wt % wt % 2 -1 s total/Me • m g 

1 y-Al 2o 3 2 white 162 l.4le. 

2 » 4 .. 160 1.26 
3 " 6 .. 170 1. 73 
4 .. 8 n 159 1. 81 

5 .. 10 " 155 1.92 

6 .. 12 " 152 2.00 
7 " 14 " 145 

8 " 16 .. 143 2.14 

9 .. 4 4 gray 153 
10 .. 6 4 " 150 

·u .. 8 4 blue..:gray 147 
12 .. 12 4 blue 144 2.38 

13 n-Al 2o 3 2 white 120 1.12 
14 . 4 " 119 1. 56 
15 .. 6 .. 121 

16 " 8 .. 124 1.89 
17 " 10 " 117 
18 " 12 " 112 1.97 
19 " 14 " 96 
20 " 16 " 89 2.08 

" 21 12 4 blue 105 2.36 

22 Si02 2 yellow-white 272 1.82 
23 " 4 pale-yellow 270 1.92 
24 " 6 (pale- 261 1. 99 
25 " 8 247 1. 95 
26 . 10 -yellow- 244 1. 81 
27 .. 12 249 1. 92 
28 " 14 -green.) 227 1.68 
29 .. 16 222 1.42 

30 " 12 2 brown.:pink 220 2.08 
31 " 12 4 violet-gray 223 2.40 
32 .. 12 6 dark-gray 217 2.61 
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Legend to table I 

a. balanced by the support 

3 -1 b. analysed after sulfidation: 50 cm min NTP H2s;H2 , 

volume ratio 1/6, 400°C, 2hr, 

c. Moo 3-y-Al2o 3 samp~es used for sulfur content analysis 

were supported on Ketjen Fluid powder y-alumina grade B. 

t 
3l ;;- 28 

c 
0 

.. 24[_ 
~ 
c 
0 

V 20 

16 

12 

8 

4 

11> CoO-Mo03-y-Al203 

4 wt •t.- x wt •t. 
x ·Mo03-y-AL203 

• Mo03-l)-AL203 

-- run time Ui hr 

----- run time 8 hr 

6 8 10 12 14 16 

Fig. 1 Thiophene desulfurization as a function of Moo3 
content. 

ÇQng!~!Qnê= 180 mg catalyst, 1.5 hr prereduced in 
hydragen at 400°C, 50 cm3min-l NTP H2 with 6 vol % 

thiophene, during 1.5 and 8 hr , 400°C. 

With the exception of the catalyst with the highest 

Mo03 content all the n-A1 2o 3 supported ones were found to 

be more active than those supported on y-Al 2o 3 • Even for 

the lowest Moo3 concentratien an activity albeit low could 

be measured. Because of the fact that the reactor density 
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of the n-A1 2o 3 , used was about 30% higher than that of the 

Y-Al2o 3, the n-A12o 3 runs had a shorter contact time. 

This effect of contact time however was compensated to 
some extent by a somewhat higher flow resistance of the 
n-A1

2
o

3 
supported samples due to the smaller average particles 

size. Increase of the flow resistance at a given flow rate 

leads to an increase of the reactor.pressure and consequently 

to an activity increase. Because the two effects are in 

opposite directions as to their influence on conversion 

levels they were further supposed to counteract each other. 

The amount of Moo3 added above 4 wt % turned out to be 

highly effective if the total Mo03 content did not exceed 

10 wt%. For higher Moo3 concentrations a steady activity 

decrease was observed which runs more or· less parallel with 

a decreasein surface area (see table I). 
The results obtained after 8 hr runtime were similar to 

those described above. There are however two esse~tial 

differences. In the first place both the y- and n-Al 2o 3 
supported catalysts showed a substantial activity decrease 

and secondly the absolute as well as the relative activity 

differences between samples with the same Moo3 content became 

smaller. The phenomenon last menti.oned was noticed even more 

pronounced for presulfided y- and n-Al
2

o 3 supported samples 
containing 8 and 10 wt % Moo3 • 

The steady state conversion levels measured for these 

catalysts, numbers 4, 5, 16 and 17 from table I, were 

respectively 7.6 - 8.0 - 8.2 and 9.8 %. 

The same applies to the CoO-Moo3-y-Al2o 3 and Co0-Moo3-n-Al2o
3 

catalysts both containing 12 wt % Moo3 and 4 wt % CoO 

(table I, 12 and 21). When measured in the initially oxidic 
state the n-Al 2o 3 supported sample was found to be substan

tially more active than the Y-Al 2o 3 supported one while for 
the presulfided samples no significant difference could be 
observed. 

The results of sulfur analysis experiments given in 

table I show that with respect to the sulfurizability there 
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is no essential difference between the y- and n-Al 2o
3 

suppor~ 

ted catalysts. [~otice that the S/Mo ratios of the Moo3-y

Al2o3 series are the same as thosepresented earlier for 

cauuysts prepared on Ketjen Fluid powder y-alumina grade B, 

(11)]. The sulfurizability of Moo3-r-Al2o
3 

samples with 

low Moo3 content (2 and 4 wt %) was found to be relatively 

low which was similar to the findings for comparable 

Y-Al 2o
3 

supported samples. 

For the laboratory prepared Co0-Moo3~y-Al2o3 and Co0-Moo3-

n-Al2o3 S/Co ratios of respectively 0.59 and 0.61 were 

found assuming the S/Mo ratio to be the same as for the 

corresponding Moo3-r-Al2o 3 and Moo3-n-Al2o 3 samples. 

This is in fairly good agreement with the S/Co ratio of 0.63 

calculated for the Ketjen Co0-Moo
3
-y-Al 2o

3 
(13). 

The optical reflection spectra obtained for the 

alumina supported catalysts are essentially the same as 

those reported by other investigators (4, 15, 16a). 

The UV-reflection spectra demonstrated for all oxidic 

samples, supported on alumina, the presence of molybdenum 

tetrabedrally co-ordinated by oxygen (peaks at ca 46,000 

and 38,500 cm-1 ). No indications were found for the 

presence of Moo6 octahedra~ viz., no significant broadening 
-1 

of the 38,500 cm charge transfer band towards lower 

wave numbers was observed (15). 

The spectra of the oxidic Co0-Moo3-Al 2o
3 

catalysts 

(9-12 and 21, table I) were typical for tetrabedrally 

co-ordinated oxo co2+ species in a spinel system. 

Two intense threefold splitted bands, 4A ~ 4T (F) and 

4A ---- 4T (P), with maxima respectively2 at 6,603,1 - 7,400•1--

8,ÓOO and 16,000 - 17,000 - 18,300 cm- 1 were observable. 

A third, relatively weak, band around 4,500 cm-1 probably 

originates from both the 4A ~ 4T ligand field 
2 2+ 2 

transition of tetrabedral Co and a water peak (4). 

In addition to this, for the cabalt containing samples 
-1 with 12 wt% Moo3 a very weak band at 21,000 cm could 
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be distinguished. This band might be ascribed to the 

octahe~ral cabalt transition 4T (F) ~4T (P) (16b,17). 
1g 1g 

The remaining bands from octahedral cabalt were net 

observed because of their relatively lew extinction 

coefficients and"the fact that their positions are very 
close to the bands of tetrabedral co2+. 

No significant differences were found for the spectra 
of the corresponding Co and Mo containing catalysts 

supported on y- and n-Al 2o 3 (12 and 21, table I). 

Some indications for the presence of the black 

coloured compound co3o4 could also be obtained from the 

spectra especially from these with 4 - 6 and 8 wt % Moo 3 
and 4 wt% CoO (9- 11, table I). The observations in 

. -1 
this respect were a band shoulder at about 14,000 cm and 
a broad absorption starting around 21,000 cm-1 the 

maximum of which is covered by the streng and brqad 

absorption b~nd of the molybdenum species. The co 3o 4 
band intensities decreased with increasing Mo03 concentration. 

Preliminary experiments with H2s;H2 sulfided 

Moo 3-y-Al2o 3 and Co0-Moo3-r-Al2o 3 catalysts yielded 

reflection spectra with bands at respectively 15,200-
16,700- 28,000 cm-land 15,200- 16,700- 28,500 cm-l 

provided the samples were sulfided in situ. These results, 
different from these reported by Mitchell and Trifiro (6b), 

indicate the presence of Mos 2 which showed bands at 
15,200 - 16,900 and ·29,500 cm- 1 

For the y- and n-alumina supported catalyst series, 

only the Moo 3-n-Al2o 3 samples with 14 and 16 wt % Ho03 
showed X-ray diffraction patterne significantly different 

from these of the support. These diffraction patterne 
indicated the formation of Al 2 (Moo4) 3 (ASTM 20-34) in 

both samples and possibly that of Mo4o 11 (ASTM 5-337) in the 

sample with the highest r1oo3 content which showed diffrac

tion lines at the following d-values (in sequence of 

decreasing intensity) of 3.77, 3.80-3.39, 4.01, 4.24, 3.50, 
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2.90, 3.18 and 5.69 R. 
With respec~ to the possib1e presence of Mos 2 and or 

co9s 8 no conclusive information was obtained from the x-ray 

diffractograms of H2s;H2 sulfided alumina supported 

catalysts. 

For a series of oxidic Moo 3-sio2 catalysts {22-29 table 

I) a maximum conversion level of about 17% was measured 

after 1.5 hr runtime for samples with a Moo 3 content around 

12 wt% {figure 2). In camparisen with the alumina supported 

samples the effectiveness of small amounts of'Moo3 { 2- and 

4 wt %) was higher for the silica supported ones. 

In addition to this silica seemed to imprave the stability. 

Figure 3 shows in this respect that as result of presulfiding 

in H2s;H2 there was some decrease in conversion of the 
12 wt % Moo 3-Si02 albeit by far net to the same extent as 

observed earlier {13, 14) for a corresponding y-Al 2o 3 
supported sample. This stability effect is also demonstrated 

by the results of long run experiments given in figures 2 

and 3. 

As can be seen in figure 2 introduetion of respectively 

2 - 4 and 6 wt % CoO in a 12 wt % Moo 3-sio2 {30 - 32 table 

I) led to a gradual activity decrease. These initia! oxidic 

CoO-Mo03-Si02 catalyst systems were found to be relatively 

stable when the thiophene hydrodesulfurization actlvities 

measured after 1.5 and 4 hr: runtime were compared. 

However for instanee for the sample containing 12 wt % Mo0 3 
and 4 wt % CoO a substantial activity decrease was observed 

during the first 45 minutesof the run {figure 3). 

When this Co0-Moo3-sio2 catalyst was presulfided the steady 

state activity increased with 5 conversion% {figure 3). 

Although this absolute increase is much smaller than found 

for the corresponding y-Al 2o 3 supported sample &he relative 

increase is higher {14). 

The results obtained for CoO-Mo03-sio2 catalysts, all 

containing 4 wt % cao and 12 wt % Moo3 , prepared by a 
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Fig. 2 Thiophene desulfurization as a function of Mo0 3 
and CoO content for initial oxidic Sio2 supported 

catalysts. 

ÇQ!H:!H!Q!!.!lP see fig. 1 , run time l. 5 and 4 hr. 

methad essentially different from the standard double 

impregnation methad (12) will be described below. The main 

results are presented in figure 3. 
No significant impravement of the thiophene hydrogene

lysis activity could be measured when Co was introduced in 

the Moo3-sio2 system by impregnation and drying at 110°C 

alone (the calcination step being omitted). For such a 
catalyst either prereduced in H2 at 400°C or not a steady 

state conversion level of respectively 6- and 4% was found. 

However when the CoO-Mo03-s±o2 catalyst under consideration 

was sulfided in H2S/H2 at 400°C rig~t after the drying 

step its activity was substantially increased (figure 3, 

curve B). 
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A similar result {~ 19 conversion %) was obtained for 

a presulfided Moo 3-coO-Si02 sample prepared according to 

the standard preparatien methad but with reversed impregna

tien sequence {figure 3, curve C). It should be mentioned 

that the oxidic Moo3-coO-Si02 catalyst was black instead 

of violet-gray which colour was observed for the comparable 

CoO-Moo3-sio2 catalyst {31, table I). Moreover this Moo3-

CoO-Si02 catalyst did nat seem to become stable during the 

period of testing. 

With respect to thiophene desulfurization activity the 

&est results were obtained with Co containing samples 

prepared according to methad A [described earlier {14), with 

the precursor Moo3-sio2 being calcined at 4S0°c], and 

methad A' deduced from A. [Method A': impregnation of a 

calcined {S00°C) and sulfided CoO-Si02 with ammonium 

paramolybdate solution, drying and additional sulfidation 

at 400°c]. 

The conversion levels measured after 1.5 hr runtime were 

35 and 43% respectively. As can be seen already in figure 

3 these catalysts were however less stable than the pre

sulfided Ketjen Co0-Moo3-y-Al2o 3 • This phenomenon was 

observed even more pronounced during long run experiments 

where the activity decrease in the period between 1.5 and 

4 hr runtime was found to be respectively 1.5 and 8 con

version % for Ketjen CoO-Moo3-Y-Al2o 3 and CoO-Moo3-sio2 • A. 

Activity tests of this type A, Si02 supported catalysts 

with different CaO contents viz., 1, 2, 3 and 4 wt% showed 

that 1 wt % CaO is enough to accomplish the same promotor 

effect as demonstrated in figure 3 for the CoO-Mb03-Si02 A 

sample containing 4 wt % CaO. As demonstrated befare {12) 

for Moo3-y-Al2o 3 catalysts with 12 wt % Moo3 the optimum 

HDS activity was reached at a CaO content of 4 wt %. 

When compared with the alumina supported catalysts 

the silica supported ones were found to have pao~ hydragen

ation properties. For instanee samples with about the same 
steady state thiophene conversion showed the following 
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Fig. 3 Thiophene desulfurization as a function of run time 

ÇQB9!!!9Bê= see fig. 1, only the initia! oxidic 
catalysts (except CoMo04) were prereduced in H2. 
PresulfidingJ 50 cm3min-l NTP H2S/H2 volume ratio 

1/6, 400°C or 450°c during 2 hr.,., 

80 

A preparatien methad A described earlier (14). 

A' same as A but wi th reversed impregnation· sequence. 

B calcination s.tep omitted after Co introduction. 

c standard preparatien methad (12) however with 

reversed impregnation sequence. 



differences at 1.5 hr runtime. Initia! oxidic Moo 3-sio2 and 

Moo 3-y-Al2o 3 (12 wt % Mo0 3) produced respectively 9 and 

14% butane in the total amount of c 4-products. For the 

presulfided CoO-Moo3-sio2 A, Moo3-coo-sio2 A' and 

Ketjen Co0-Moo3-y-Al 2o 3 5, 8 and 19% butane was analysed 

respectively. 

Sulfur contents were analysed for the silica supported 

catalysts after sulfiding in situ with H2S/H2 • As can be 

seen in table I (numbers22-29) an average S/Mo atomie ratio 

of 1.90 is found for Moo3-Si02 samples with a Moo3 concen

tratien up to 12 wt %. For increasing Mo03 content a 

decrease of the S/Mo ratio to 1.42 was measured. 

For the CoO-Mo03-Si02 catalysts (30-31, t~ble I) prepared 

according to the standard impregnation methad S/Mo ratios 

hiqher than 2 were analysed. Assuming that 1.92 sulfur ions 

are bonded to a molybdenum ion (s~e catalyst 27 table I) 

S/Co ratiosof o.50, 0.75 and 0.72 can be calculated for 

the samples containing 2, 4 and 6 wt % CoO respectively. 

This indicates that, under the sulfidation conditions 

applied, Co present in the Si02 supported samples can be 

sulfided more completely than for the alumina supported 

ones. 

Optica! reflecàance spectra recorded for Moo3-Si02 
catalysts showed a significant broadening of the 38,500 cm-1 

band towards lower wave numbers, when compared with the 

alumina supported samples. In addition to this at Mo03 
concentrations higher than 10 wt % a weak shoulder around 
33,000 cm-l could be observed, indicating the presence of 

octahedrally coordinated Mo viz., free Mo0 3 (15). 

Some spectra in the visible region recorded for cabalt 

containing silica supported samples are given in figure 4. 

The spectrum obtained for the Co0-Moo3-sio2 sample, 

containing 4 and 12 wt % CoO and Moo 3 respectively, prepared 

according to the standard preparatien methad showed bands 
-1 . 1 

at 17,500 anQ 19,500 cm , a shoulder around 13,500 cm-
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and a broad charge transfer band (16) starting at about 

21,000 cm-1 • This spectrum was very similar to the one 

recorded for a mechanical mixture of $-CoMoo4 (16 wt %) and 

Si02 (6-CoMo0 4+Si02) whereas it was significantly different 

from the spectrum obtained for a mixture of a-CoMo04 
(16 wt %) and Sio2 (a-CoMo04+Si02), as shown in figure 4, 

t 
ïii 
c: 
"' -o 

ïii 
u 

ä. 
0 

----
Fig. 4 Reflectance spectra for oxidic silica supported 

catalysts. 

c. see fig. 3, 
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This led to the conclusion that a-coMoo4 is the main 

cobalt containing compound formed during the preparatien 

of Co0-Moo3-sio2 [see also its colour (31, table IÜ. 

This is not the case for the black Mo03-coO-Si02 c catalyst 

(reversed impregnation sequence) which showed like its 

precursor, CoO-Si02 (4 wt %) , a ligand field band at 14,000 

cm-l and a broad charge transfer band starting around 
-1 16,500 cm (4,18). The main cobalt compound formed here 

is very probably co3o 4 . 

Preliminary experiments with H2S/H2 sulfided Moo3-

Si02 and Co0-Moo3-sio2 samples yielded similar spectra as 

described already for the corre~ponding alumina supported 

catalyst, indicating again the formation of Mos 2 as result 

of sulfidation. 

X-ray analysis of oxidic Moo 3-sio2 samples (22 - 29, 

table I) produced evidence for the existence of Moo3 

(ASTM 5-0508) in samples with a Moo 3 content of 12 wt % or 

higher, The diffraction patterns contained lines at the 

following d-values {in order of decreasing intensity): 

3.26, 3.45, 3,81, 2.30, 2.65 and 1.85 g, 
For all oxidic CoO-Moo3-sio2 catalysts prepared 

according to the standard double impregnation metbod 

{30-32, Table I) diffraction patterns ascribable to 

a-coMoo4 {ASTM 2~-868) were obtained. For the sample 

containing 6 wt %Co0 the d-values of the complete set of 

diffraction lines observed were; (in sequence of decreasing 

intensity) 3.36, 3.80, 3.29, 2.44, 2.66-4.66 and 1.57-1.65-

2.02-2.32-2.80-2.84-3.13 R. This indicates that co 3o 4 
~STM 9-418) was also present. 

Both CoO-Si02 and Moo3-coo-sio2 contained co 3o 4,{lines at 

d-values of 2.43, 1.56-1,43 and 2.02-2.88 R>, while in the 

latter catalyst some a-coMoo4 and Moo3 might have been 

present {very weak lines at d-values of 3.36 and 3.26-3.81 

R respectively). 

From the series of H2s;H2 sulfided Moo3-sio2 catalyst 
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only the sample with the highest Mo content showed a very 

weak line at d = 6.14 corresponding with the strengest line 

of MoS 2 (ASTM 6-97). 

The H2s;H2 sulfided Co0-Moo3-sio2 (32, table I) as well 

as coo~Moo3-sio2 A and Moo3-coO-Si02 A' (see figure 3) 

might contain some co9s 8 (ASTM 19-364) while for the two 
last mentioned catalysts also the presence of Mos 2 may be 

deduced from the X-ray diffractograms. The lines observed 
were attributable to the strengest lines of co9s 8 and Mos 2 
at d = 1.76 and 2.99 and d = 6.15 respectively. 

Thiophene HDS activity of 180 mg violet CoMoo 4 2 -1 ( surface area .6, 2 m g ) was also measured (see figure 3). 

The prereduced initia! oxidic sample showed an extremely 

high starting activity which decreased within a period of 

·40 min'lll.tes to' a steady state conversie~ level of ,17%. H
2
s;H

2 
presulfiding followed by reduction in H2 led to a considerable 
activity decrease. 
The steady state conversion level reached within 30 minutes 

was 5%. 
The diffractogram of H2s;H2 sulfided (standard condi-

' tions) S-CoMo04 showed lines at d-values given irl figure 5. 

A good fit for this line pattern can be made by a composition 

of the patterns obtained from co9s 8 (ASTM 19-364) or co4s 3 
(ASTM 2-1338) or y-Co6s 5 (ASTM 2-1459), MoS 2 (ASTM 6-97), 

CoMo2s 4 (ASTM 23-192) and molybdite• (ASTM 21-869). 

After sulfiding which appeared to be incomplete under the 

standard conditions applied bere, an average 5/Mo ratio of 

2.10 was analysed • 

• Mentioned as CoMo03 in the ASTM file. However this should 

be very probably co2Mo3o8 • 
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2- 133 8 
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X-ray diagram of sulfided S-CoMo04 . 

ÇQn9!!!QEê= H2S/H2 , volume ratio 1/6, 50 

NTP, 4oooc, 2 hr~ 

3 . -1 cm m~n 

•coMoo3 mentioned in the ASTM file should be very 

probably co2Mo3o 8 . 

Discussion. 
We will start the discussion 'fllith the Si02 supported 

catalyst. For relativelv low Mo03 contents a lineár 

relation of Mo-concentration versus HDS activity was found, 

in contrast with the alumina supported catalysts. 
The maximum at about 12 wt % Mo03 is very probably caused 

by pore blocking. Since crystalline Moo3 was observable by 

X-ray, the appropriate model for the Moo 3-sio2 catalyst 

is that of small Moo 3 crystals embedded in the pores of the 

Si02 support. These Moo 3 crystals are converted to MoS 2 
crystals during presulfidation or in actual operation. 

At first sight the action of Co seems rather complicated. 

As far as could be ascertained by sulfur analysis, activity 

measurements, x-ray diffraction, and reflectance spectros

copy there was no interaction between Co and the support. 

Catalysts with excellent properties were prepared by 

sequential impregnation~, drying, and sulfidation of a 

sulfided Moo3-sio2 or Co0-Sio2 sample (method A or A') while 

inferior catalysts were obtained by double impregnation·with 

Mo being the first element added. Some·.1hat better catalysts 
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although still rather inferior were obtained by changing 

the sequence of impregnation or avoiding the calcination 

step after Co introduction. 

It is not entirely clear why the method of preparation, 

has such a large influence, but it is almost certain that 

the differences are related to the formation of CoMoo4 in 

the oxidic precursor stages of the catalyst. Experiments 

with pure cobalt molybdate showed an initially very high 

"catalytic" activity that however rapidly collapsed and 

ended up in a very low level. Actually presulfided CoMoo4 
showed an even lower activity. 

An explanation of this inactivity might be found in 

the nature of the reaction products of CoMoo4 sulfidation. 

The approximate composition after sulfiding was Mos 2 (15%), 

CoMo2s 4 (25%), Consn_ 1 (45%) and Co2Mo 3o8 (15%). In the 
literature CoMo2s 4 (19) is mentioned as an inactive compound. 

Nothing is known of the HDS properties of co2Mo 3o8 • However 
Mos 2 which is the main actual active component is only 

present in minor quantities. 

Any preparation method<that avoids the possibility of 

CoMoo4 formation, and this is especially valid for methods 

A and A', leads to CoO-Moo3-sio2 catalysts with similar 

activity as the Al 2o 3 supported ones. There can be hardly 

any doubt that precisely those catalysts are of the Co 

promoted Mos 2 type. 

It is noteworthy however that Sio2 supported catalysts in
variably had considerably lower hydrogenation activity 

when compared with the Al2o 3 supported ones. Perhaps 

connected herewith is the lower stability [see activity 

decrease as a function of run time (figure 3)]. We shall 

return to this problem later on. 

With respect to the effectivity for thiophene HDS 
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measured after 1.5 hr, for both the Moo3-y-Al2o 3 and 

Moo 3-n-Al2o3 catalyst series, three Moo3 concentratien 

rangescan be distinguished viz.,wt% Moo3 1 4 

4 < wt% Moo3 < 10 and wt % Moo3 > 10 (see figure 1) . 

In the low com;:entration range Mo was found to be entirely 

(y-Al2o 3) or mainly (n;Al2o 3) ineffective. A relatively 

high effectivene5s was observed in the secend range while 

Mo added in excess of 10 wt % Moo3 was found to be moderat

ely effective (Y-Al20 3) or even harmful (n-Al2o 3) for 

HDS of thiophene. 

These phenomena may be rationalized on the basis of a 

variatien in strengths of interaction between Mo and Al 

surface species. It is reasonable to assume that the 

surfaces of high area aluminas are largely heterogeneous. 

When added in small amounts Mo will react preferentially, 

during catalyst preparation, with the more active surface 

or possibly sub-surface alumina sites, resulting in the 

formation of a stable compound which contains very probably 

Moo 4 tetrahedra. This compound cannot be easily reduced 

(8b) nor sulfided (13) and will be therefore inactive. 

These Mo species might be barely removable on washing in 

ammonia (7, 20). Less active alumina sites will form weaker 
compounds with increasing Mo level. These compounds may 

contain both Mo0 4 tetrahedra and Moo6 octahedra in registry 

with the alumina surface (3, 4), resulting in the formation 

of a monolayer on top of the carrier surface. Based on the 

great similarity of 0 - 0 distances in a y- and n-Al2o 3 
spinel structure (2.8 R> and in a molybdate ion (2.8-2.9 R>, 
both tetrahedral and octahedral site accupation by Mo6+ ions 

are in principle eligible. However data taken from reflec

tance spectroscopy showed that the formation of Moo4 tetra

hedra preponderates very strongly. This is in agreement with 

the findingsof other investigators (15, 21, 22), The 

readily reducible Mo species in the monolayer are the main 

preeursors~, of the actual acti ve hydrodesulfurization sites. 
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3+ viz., Ma surrounded by sulfur (14). 

Further increase of the Ma concentratien leads gradually to 

the formation of separate crystalline phases. 

Al2 (Mo04J 3 and possibly Mo 4o 11 , which contains Mo in bath 

distorted octahedra and tetrahedra (23) , were observable 

by XRD in two Moo3-n-Al2o 3 catalysts (14 and 16 wt % Mo0
3

) • 

The presence of Al
2

(Moo4)
3

, consisting of Mo6+ in tetra

hedraland Al 3+ in octahedral environment, is mentioned 

in several papers ( 7, 21 and 24) and also the occurrenee 

of free Moo3 [distorted Moo6 octahedra] (3, 4, Sb, 21). The 

presence of crystalline phases probably causes pare blocking 

and therefore lewers the effectivity of the Ma added 

(figure 1). It should be emphasized that several factors 

e.g. surface area of the alumina, calcination temperature 

and time as well as the way in which Ma is introduced (7) 

may influence the relative fractions of Ma present respec

tively in non reducible compounds, in the mono1ayer species 

and in separate crystalline phases. 

~hen compared after 1.5 hr~ runtime the Moo3-n-Al2o 3 
catalysts were found to be more active than the corresponding 

y-Al2o 3 supported ones. An explanation for this pQenomenon 

might be found in differences between y- and n-Al 2o 3 aä 

described by Lippens (25) and Krischner et al.(26). For 

~nstance, n-Alj03 is supposed to contain relatively more 

tetrahedral Al + ions and its (111) crystal plane might be the 

predominant surface plane while for y-Al2o 3 this is the 

(llO) plane. 

However lang run experiments ( 8 hr,<) showed that the 

influence of the support diminished during eperation 

(figure l) and this was found even more pronounced for 

H2S/H 2 presulfided samples. These observations combined 

with the results of sulfur analysis (table I) indicate 

strongly that Moo3-y-Al2o 3 and Moo3-n-Al2o 3 catalysts in 

actual eperation consist mainly of small Mos 2 crystals on 

top of the support. 
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We now return to the problem left above concerning the 

low olefin hydragenation activity of Si02 supported catalysts 

in comparison with those supported on alumina. For sake of 

convenience further discussion will be conducted wi.th the 

help of figure 6. The meaning is that monolayer catalyst 

systems contain HDS sites Ms(10, 12) as well as hydragena

tion sites MH(7, 10) and the presence of both HDS sites Is 

and hydragenation sites IH in pure sulfide systems follows 

from the workof Voorhoeve and Stuiver (27), Hagenbach 

et al. (2, 19), and Kolboe and Aroberg (28). The IH and IS 

sites are known to be susceptible to poisoning by H2s and 

cs 2 • 

It has been proven in the foregoing pages that the greater 

part of the monolayer is converted into Mos 2 crystal~. 

The remaining part of the Mo species, very strongly bonded 

to the support, is supposed to be still active for olefin 

hydrogenation. Proofs herefore are the low hydragenation 

activity of Si02 supported catalysts (no interaction of Mo 

with the support) and both oxidic and sulfided Co0-y-Al
2

0 3 
samples (10, 13[figure S]l as wellas the low butane/total 

c 4-product ratio (about 0.10) found for Co0-(MoS 2+yA1 2o 3 ) 

and Co0-(WS 2+Y-Al 2o 3 ) catalysts (14, [table II]l. 

However, when Mo is present in the alumina supported 

catalysts olefin hydragenation is appreciable (10). 

It is noteworthy to mention that addition of Co to a 

4 wt % Mo03-y-Al2o
3 

catalyst seems to reduce the number of 

stable Mo sites (figure 1). In spinel structures co2+ ions 

apparently have a stronger preferenee for tetrahedral 

site accupation than Mo6+ ions. 

Conclusions. 

1. Any support with a high specific surface area (e.g. 

y-and n-Al 2o 3 , Sio 2 or C) is acceptable for HDS catalyst 

systems. 
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2. Alumina is in some degree more "convenient" because it 

inhibits the formation of CoMoo4 , preventing in this 

way that the preparatien should go awry. 

3. Alumina may differ from other supports in preserving, 

at the surface, specific hydragenation sites which are 

less susceptible to sulfur poisoning. 

r-------------_,a. I Co0-Mo03-y-At2o3 ! 

MONOLAYER active 

SYSTEM sites Ms + MH 
/ 

/ 

!'"";,.,;,> 
/ 

/ M5 and Is: HDS sites 
/ 

/ 

/ lH andMH· hydrogenat ion /sulfidation 
/ sites; 

/ 

I 

/ 

INTERCALATED active 
SYSTEM sites Is + lH + MH 

Fig. 6 Scheme of active sites formed in oxidic and sulfided 

alumina supported catalysts. ' 

a. CoO = NiO, Mo03 = wo3 , y-A1 2o 3 = n-A12b3 ~ Si02 ~ C. 
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Introduction. 

Although industrial hydrodesulfurization is a typical 

medium pressure proces under continuous flow conditlens an 

appreciable amount of fundamental research was performed 

by means of both pulse and continuous flow experiments 

under "atmospheric" pressure. In addition hereto there is 

another notable contrast with respect to the feed,usually 

very complex in industrial processes while for fundamental 

research often ene single model compound is used,to 

characterise for instance, catalytic activities, the 

nature of active sites involved and the reaction mechanisms. 

In order to check some structural aspects of the 

Co0-Moo 3-y-Al2o 3 catalyst system for their relevanee in 

more industrial application three series of flow experiments 

were carried out at rrediun H2 pressure, with presulfided 
y-Al 2o 3 supported commercially and laboratory prepared 

"model catalysts" described earlier (1). 

In addition to thiophene also benzothiophene was used as 

sulfur containing agent and besides HDS actlvities also 

actlvities for benzene hydragenation were measured. 

It should be stressed that all measurements, in contrast 
to industrial practice, concern short run experiments. 
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Experimental. 

A conventional stainless steel apparatus was used. 

The fixed bed tube reactor, inner diameter ~ = 13 x 10-3m, 

was fitted with a sintered plate (pore diameter 50 x 10-6 m). 

A micro plunger pump was used for cocurrent dosage of the 

feed. Composition of both the gas- and liquid phase was 

analysed on a squalane -chromosorb column (thiophene and 

benzene experiments ) and on a polyphenyl-ether, 5-ring 
Diatoport S column (benzothiophene). 

The various feed compositions were: (a) 92.5 mol % 

thiophene (Merck, "for synthesis") with 7.5 mol % cyclo

hexane (Fluka "for analysis"), (b) 34.7 mol% benzothiophene 

(Fluka, "pure grade") with 65.3 mol % dodecane (Phillips, 

purity > 95 mol%), (c) 98.5 mol % benzenè (Merck, "for 

analysis") with 1.5 mol % cs2 (Merck, "for analysis"). 
Reaction conditions are given in table I. 

The main reaction products were: (a) thiophene, 

butane and H2s, hence no butenes, (b) benzothiop*ene, 
dihydrobenzothiophene, ethylbenzene and H2s (2), ~c) benzene, 
cyclohexane, methylcyclopentane, methane and H2s.: 

For all experiments the catalyst partiele size was 
-3 0.5 - 1.0 x 10 m. As standard catalysts Moo 3-y-Al 2o 3 , 

Ketjen 120- 1.5E (pore volume: 0.51 x 10- 3 m3kg-1 , reactor 

density: 0.74 kg 1-1) and CoO-Moo3-y-Al 2o 3 , Ketjen 124- 1.5E 
L.D. (pore volume: 0.70 x 10- 3 m3 kg- 1 , reactor density: 

p.67 kf 1-1 ) were used. Ketjen CK 300, pure grade y-Al~Ol 
(pore volume: 0.53 x 10-3 m3 kg- 1 , reactor density: 0.62 

kg 1-l) was used for preparatien of model catalysts 

according to methods described before (1). These methods 

are indicated in table I, together with catalyst compositions 

and surface areas. All samples were sulfided in H2S/H2 (1) 

prior to the activity test. 

Activities, measured after 4 hr run time, given in 

table I were calculated as follows: (a) [initial thiophene 

-remaining thiophene] I initial thiophene, (both with 
reference to the thiophene/cyclohexane ratio), · (b) [initial 
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Table I. List of catalysts tested and reaction conditions. 

catalyst composition: mol % surface preparatien activities at 4 hr run time: % conversion 
balanced by the support area metbod 

HDS benzene cyc lohexane 
(see lit. 
ref. l) benzo-

hydro- isomeri-

Notatien 
.. 

WS
2 

CoO NiO MoS
2 

Moo
3 

2 -1 
m g thiophene thiophene genation sation 

b. 
WS

2
+Al I 9.4 I 18 D 8 3 7 54 

Co-(WS
2

+Al) 18,0 7. I JIJ E 22 41 4 I 23 

Ni-(WS
2

+Al) 18,0 7. I 108 E 26 45 79 6 

MoS
2

+Al b. 19.4 I 29 D I 5 15 2 45 

Co-(MoS
2

+Al) 6.9 18.0 I 17 E 24 46 I 6 22 

Ni-(MoS
2

+Al) 6.9 18.0 I 23 E 27 47 20 18. 

Mo-Al 9.9 235 Ketjen 120 35 I 5 7 

Co-Mc-Al 6. 7 9.3 226 A 58 84 7 

Ni-Mo-Al 6. 7 9.3 223 A 55 90 4 . 
Co-Mo-Al 5.4 9.0 24 I Ketjen 124 57 100 76 JO 

total liquid feed ra te 10-31 hr -I 4, I 5.0 3,8 
~ 

-2 c 
H

2 
pressure 1 o5 N m 101 .3 101 ,3 101 .3 

~e 
"' R

2 
flow ra te 1 hr -I c. 7.2 7.2 3.6 c 

8 
c mole ratio H

2
/reactant 6.4 25.7 3,5 

·j reactor temperature °K 523 523 673 u 

~ -3 
reactor charge 10 1 I 5 JO 15 

a. y-Al2o3 is abbreviated by Al. Impregnation and 

mechanica! mixing are indicated by - and + respectively. 

b. Surface area of ws 2 and Mos 2 respectively 2.6 and 
2 -1 7.8 m g . 

0 5 -2 c. Measured at 295 K and 1.013 x 10 Nm . 



Results and Discussion. 

All the results obtained are presented in Table I. 

For an appropriate evaluation of these results it should 

be kept in mind that a nUffiber of important parameters were 

varied in catalyst preparatien like for instance: purity 

as well as specific density and surface area of the 

y-A1 2o3 supports used, concentratien and degree of disper~ 

sion.s of main active Mo- and W-compounds. Moreover there 

were significant differences in the experimental conditions 

applied for the various reaction types. Therefore only the 

main effects will be discussed here. 

a. ~b!2Eb~B!-~~§9!~9!!~~!!2n· 

The preparatien and promotor effects were qualitatively 

in very good agreement with those observed for activity 
measurements at "atmospheric" hydragen pressure reported 
earlier (1). 

b. ~!B~2!b!2Eh!B~-~!~9!~Y!!~~!!2B· 

The results with respect to the effect of preparatien 

metbod were similar with those obtained for thiophene 

hydrogenolysis. Urimoto and Sakikawa (3), measuring the 

dibenzothiophene hydrodesulfurization activities for pure 

Mo=~ and ws 2, in batch experiments at 573°K and 50,65 x 105 

Nm , have found a specific (per m2) MoS 2/ris 2 desulfurization 

activity ratio of 1. 49. From the data given in table I 
(catalysts 1 and 4) a ratio of 2.66 can be calculated. 

For both ws 2 and Mos2 the promotion effects of Co and 

Ni on benzothiophene desulfurization seemed to be signifi

cantly higher than for thiophene desulfurization. In addi

tion hereto it was observed during all experiments that 

with decreasing HDS activity, as a function of run time, 

the concentratien of dihydrobenzothiophene,in the rea3tion 

products, increased much faster than the benzothiophene 
concentration. This indicates that in contrast to thiophene 

HDS (4, 5), benzothiophene is partly hydrogenated (dihydro-

98 



benzothiophene) prior to desulfurization (ethylbenzene). 

No aromatic ring.saturation was observed indicating that 

this 1~s no necessary !prelude for · scission of the bond 

between ~ulfur and aromatic carbon. The two phenomena last 

mentioned are in agreement with the findings of Givens and 

Venuto (2). 

c. ~êB~êBê-hY9~2SêB~!!2U· 

Again the same qualitative preparatien effects as for 

thiophene and benzothiophene hydrodesulfurization were 

found. The extent of Co and Ni promotion seems to be 

relatively high. 

Catalysts containing ws 2 showed far better benzene hydra

genation properties than those based on Mos 2 and for bath 

catalyst types Ni was found to be the most effective 

promotor. 

These findings are in fairly good agreement with those 

reported by Ahuja et al. (6). As far as the catalysts 

based on ws 2 are concerned there is a discrepancy with 

the data reported by Farragher and Cossee (7) who found 

Co to be a much more effective promotor for benzene 

hydragenation than Ni. 

From the results given in table I it is very likely 

that we are dealing here primarily with a carrier effect, 
although unsupported sulfide catalysts also have some 

isomerisation activity (8). Samples (1-6) "supported" 

on a pure grade y-Al2o 3 (Ketjen CK 300) showed a higher 

isomerisation activity than those supported on a HDS base 

y-Al2o3 . This phenomenon runs anti-parallel with the Na2o 
content of these supports being respectively 0.0004 and 

0.086 - 0.14 wt % according to the manufacturer. It is 

wel! known that Na effects viz., reduces the acid properties 

of y-Al2o3 • In addition to this the isomerisation activity 

was also decreased by the introduetion of Co and even more 
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effectively by Ni. Similar observations are reported by 

Ahuja et al.(6). An influence of Co and Ni on the isomerisa

tion of promoted catalysts can be explained by noting 

that after presulfiding some co2+ still remained in the 

support (9). Preliminary experiments with sulfided Ni0-

y-Al2o3 samples showed Ni to be less sulfidable than Co, 

suggesting a stronger interaction with the support. 

~ 
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Summary. 

The present investigation deals with some structural 

aspects of the CoO-Mo03-y-Al2o 3 hydrodesulfurlzation ·st 
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and related systems. Attention is paid to the structure of 

catalyst precursors (pure oxidic systems) as well as to 

that of actual operative catalysts. The transition from 

one stage to the other is also studied. The influence 

of catalyst preparatien methods on these structures is 

considered in detail. An attempt is made to describe 

catalytic properties in terms of structural characteristics, 

in particular as regards the activity for thiophene 

desulfurization. 

Techniques applied were: micro reactor continuous flow 
and pulse experiments at "atmospheric" hydrogen pressure, 

diffuse reflectance spectroscopy, x-ray diffraction, sulfur 

analysis and specific surface area determination. 

Activity measurements of oxidic Moo3-y-Al2o 3 catalysts 

promoted with various amounts of co, Ni, zn and Mn showed 

that at this stage (monolayer situation) cations with a 

strong preferenee for tetrahedral site occupation are the 
better promoters. However for H2S/H2 presulfided Mo03-y-Al2o3 
catalysts and those prepared with crystalline Mo(W)S2 
octahedrally coordinated cations are found to be more 

effective promoters. 

Sulfur content analysis of H2S/H2 and thiophene/H2 
sulfided CoO-Moo3-Y-Al2o3 , Moo3-Y-Al2o 3 and coo-y-Al2o 3 
catalystsproduced evidence for the formation of MoS 2 and 

co9s 8 phases. The latter is very probably formed via 
diffusion of co2+ ions from the interior of the carrier 

back to its surface. This diffusion process, which depends 

strongly on calcination and sulfidation temperature can be 
followed by means of activity measurements. 

Experiments with Co and Mo containing catalysts supported 

on different materials (y- and n-Al2o3 and Sio2) showed 

that all supports having a high specific surface area are 

suitable in HDS catalyst preparation. Alumina is in some 
degree more "convenient" because it inhibits the formation 

of CoMoo4 preventing in this way that the preparatien 

should go awry. The main function of the support is to 
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stabilize a high degree of dispersion of the actually 

active component Mo(W)s 2 • In addition hereto the carrier 

rnay facilitate hydragenation and isornerization reactions. 

The results obtained frorn (benzo) thiophene HDS and 

benzene hydragenation activity rneasurernents at medium 

hydragen pressure are qualitatively in agreement with the 

findings concerning catalyst preparatien (structure) frorn 

rneasurernents at "atrnospheric" pressure. 

In conclusion it can be stated that in the thesis 

under consideration experirnental evidence is presented 

for the relevanee of bath the rnonolayer and intercalation 

and/or Delrnan's synergetic catalyst model to the preparatien 

and operatien of active catalysts. In actual operatien the 

best description of the catalyst is giveh by the intercala

tien (synergetic) model. 

Samenvatting. 

In dit proefschrift worden een aantal struktuuras

pekten van de ontzwavelingskatalysator CoO-Mo0 3-r-Al 2o 3 I 

en daarvan afgeleide systemen beschreven. Zowel ~e struk-

tuur van de zuiver oxydische katalysator als die van de 

ingezwaveldeis-bestudeerd, alsmede de overgang van de ene 

toestand in de andere. Hierbij is veel aandacht besteed 

aan de invloed van bereidingsrnethoden. Getracht is de 

katalytische eigenschappen, in het bijzonder de aktiviteit 

voor de ontzwaveling van thio~een, te beschrijven op basis 

van struktuureigenschappen. 

De volgende technieken zijn toegepast: aktiviteits

rnetingen in een rnik~oreaktor, onder kontinue stromings-

en pulskondities bij atmosferische druk, röntgendiffraktie, 

reflektie-spektroskopie, zwavelanalyse en bepaling van 

specifieke oppervlakken. 

Vergelijking van aktiviteiten van oxydische Moo 3-y-Al 2o 3 
katalysatoren, geprornoteerd met verschillende hoeveelheden 

van respectievelijk Co, Ni, Zn en Mn toonden aan dat in 

deze toestand (rnonolaagsysteern) kationen met een sterke 
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voorkeur voor tetraëdrische koördinatie de beste promotoren 

zijn. voor Mo0 3-r-Al2o 3 katalysatoren welke ingezwaveld 

zijn met H2S/H2 en voor die welke bereid zijn met behulp 

van kristallijn Mo(W)s2 zijn echter de sterkste promotor-~
effekten gevonden voor oktaëdtisch gekoördineerde kationen. 

Op grond van zwavelanalyses van met H2S/H2 en thiofeen/ 

H2 ingazwavelde Co0-Moo3-y-Al2o3 , Moo 3-y-Al2o3 en Co0-y-Al2o 3 
katalysatoren zijn sterke aanwijzingen verkregen voor de 

vorming van Mos2 en co9s 8 fasen. Laatstgenoemde fase wordt 
zeer waarschijnlijk gevormd volgend op diffusie van co2+

ionen vanuit het binnenste van de drager naar het oppervlak 
ervan. Dit diffusieproces, dat in sterke mate afhangt van 

de stook- en inzwavelingstemperatuur, kan gevolgd worden 
door middel van aktiviteitsmetingen. 

Experimenten met Co- en Me-houdende katalysatoren, 
aangebracht op verschillende dragermaterialen (y-en n-Al 2o 3 
en Si02), hebben aangetoond dat elke drager met een groot 
specifiek oppervlak geschikt is voor de bereiding van ont

zwavelingskatalysatoren. Al 2o 3 heeft echter als voordeel 
dat het de vorming van CoMo04 sterk remt, waardoor er tij

dens de inzwaveling minder gemakkelijk produkten met een 

geringe specifieke aktiviteit gevormd worden. De voornaam

ste funktie van de drager is het stabiliseren van een 

hoge dispersiegraad van de aktieve komponent (Mo(W)S 2 • 
Daarnaast speelt de drager mogelijk een rol bij~et verge

makkelijken van hydrogenerings- en isomerisatiereakties. 

De resultaten van ontzwavelings- ~benzo-)thiofeen] 

en hydrogenerings-(benzeen) experimenten bij middel- en 
hoge waterstofdruk zijn kwalitatief in overeenstemming met 

die bij atmosferische druk. 
Konkluderend kan worden gesteld dat er tijdens dit 

onderzoek sterke aanwijzingen zijn verkregen voor de rele
vantie van het monolaagmodel (in de oxidische toestand) 

het interkalatie- en/of Delmon•s synergistisch katalysator
model (na inzwaveling). Onder industrieële proceskondities 
geeft het interkalatie-(synergistisch) model de beste 

beschrijving van de katalysator. 103 
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STELLINGEN 

1. Givens en Venuto hebben 2ich onvoldoende rekenschap 

qeqeven van het .feit dat de afweziqheid van een pre

sulfiderinqseffekt op de ontzwavelinqseigenschappen 

van Co0-Moo3-Y-Al2o 3 katalysatoren zoals vermeld door 

Lipsch en Schuit, voornamelijk het qevolq is van de 

door laatstqenoemden voor aktiviteitsmetinqen toeqe

paste pulstechniek. 

E.N. Givens en P.B. Venuto, A.C.S. Div. Petrol. Chem. 

Preprints, .!.1 (4), A-183 (1970). 

J.M.J.G. Lipsch en G.C.A. Schuit, J. Catal..!.1, 179 (1969). 

2. Het verdient aanbevelinq om de oxidische vorm van kobalt

en molybdeenhoudende ontzwavelingskatalysatoren niet 

meer aan te duiden als kobaltmolybdaat-katalysatoren, 
omdat de aanwe2iqheid van deze verbindinq juist verme

den dient te worden. 

Dit proefschrift. 

3. Het is zeer twijfelachtig of Vol'pin en medewerkers er 

inderdaad in qeslaaqd zijn een N2-ligande aan een over-. 

gangsmetaalkompleks van kobalt te reduceren tot ammoniak. 

M.E. Vol'pin, v.s. Lenenko en V.B. Shur, 

Bull. Acad. Sci. USSR~~ 407 (1971). 

4. De theorie van Hall Taylor ter voorspellinq van de per

meabiliteit van komprimeerbare poreuze media leidt 

slechts schijnbaar tot akseptabele resultaten. 

N.S. Hall Taylor, U.K. At. Energy Auth., Res. Group, 

Rep. (1971), AERE-R 6260. 

5. Ook bij publikaties betreffende mechanismen van qekata

lyseerde reakties is een qoede aanduiding van de qe

bruikte katalysatoren qewenst. 

G.v. Smith, e.c. Binckley en F. Behbahany 

J. Catal. 1-Q_, 218 (1973). 

6. Het verdient aanbevelinq om bij de beschrijving van me

chanismen van qekatalyseerde reakties meer aandacht te 
besteden aan de moqelijkheid van paarsgewijze over

dracht van ladinqsdraqers. 



7-. Het funktioneren van ons demokratisch bestel zou aan

zienlijk verbeterd kunnen worden door het geven van 

meer, betrouwbare en eenvoudige voorlichting over 

rechten en plichten van alle betrokkenen en uitbreiding 

van rechtskundige hulp aan de sociaal zwakkeren. 

8. De rijke landen kunnen tevreden terugzien op ?e Wereld

voedselkonferentie, Rome 1974, waar tegen een minimum 

aan kosten en zonder enige verplichting hunnerzijds een 

grote hoeveelheid voer voor diplomaten, politici en 

journalisten is geproduceerd en de oplossing van de 

problemen aan de natuur is overgelaten. 

9. Het is onrechtvaardig dat in onze samenleving een gouden 
handdruk vrijwel uitsluitend gegeven wordt aan hen 

die reeds gouden handen hebben. 

10. Het gebruik van het woord kalamiteiten bij proefnemingen 

met een alarm-omroepinstallatie is gezien het doel van 

een dergelijke installatie een misplaatst gebruik van 
een moeilijk woord. 

Technische Hogeschool Eindhoven, hoogbouw van de 

afdeling Scheikundige Technologie. 

11. De beëdiging van makelaars in onroerend goed dient af

geschaft te worden om het deze beroepsbeoefenaren onmo

gelijk te maken bij hun kliënten vertrouwen te wekken 

op grond van deze beëdiging. 

12. Aan vele argumenten die gebruikt worden om de verkoop 
van deodoranten en anti-transpiranten te bevorderen 
zit een kwalijk luchtje. 

Eindhoven, 31 januari 1975 V.H.J. de Beer 


