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GENERAL INTRODUCTION 

The Co0-Moo3-Al 2o 3 catalyst, cobalt oxide-molybde

num oxide on alumina, is used as a means for the remov

al of sulphur from oil.Sulphur compounds, even in Small 

amounts,have undesirable effects on the quality of oil, 

such as poor colour stability, objectionable odour and 

corrosiveness (1). As for gasoline, they have undesir

able effects on the octane number, lead susceptibility 

and gum stability(I).Other important reasons for remov

ing the sulphur from oil are the need to prevent poi

soning of expensive catalysts,used in the catalytic re

forming process,and legislation governing smoke control 

and air pollution (2). 

The oil industry has shown a continuously growing 

interest in desulphurisation from 1945 on, especially 

since more and more Middle East crudes, all containing 

appreciable amounts of sulphur, had to be refined.These 

crudes could not be processed unless their sulphur 

could be removed in a suitable manner. The availability 

of cheap hydrogen as a by-product of the catalytic re

forming process gave the impulse to the development of 

catalytic processes in which the hydrogen is used for 

hydrodesulphurising purposes by converting the sulphur 

containing compounds into the easily removable hydrogen 

sulphide and sulphur free hydrocarbons.These processes, 

often also called hydrotreating,accomplish, besides the 

removal of sulphur, the conversion of oxygen and nitro-

gen containing compounds into hydrocarbons plus water 

or ammonia, while arsenic is also removed (3). These 

contaminants are all poisons for the reforming catalyst, 9 



In addition, olefins are selectively hydrogenated,while 

the saturation of aromatics is slight. It is now almost 

standard practice to build catalytic reforming units in 

combination with a hydrotreating unit for pretreating 

the reformer feed. An impression of the present impor

tance of hydrotreating can be obtained from data given 

by Hoog in 1964 (4). He estimated the world's hydro-

treating/hydrodesulphurisation capacity - outside the 

east bloc countries- at 230x10 6 tons/year corresponding 

to an investment of S66x10 6 dollars. The hydrotreating 

catalyst consumption in the USA was 1900 tons/year cor

responding to 3.5x10 6 dollars/year. 

Practically all catalytic hydrotreating processes 

use cobalt oxide-molybdenum oxide on alumina catalysts, 

which generally are composed of 10% molybdenum oxide 

and 1-4% cobalt oxide (2).These catalysts are often de

scribed by different names, but their chemical composi

tion is basically the same in all cases.They are highly 

selective and have a long life, because pf their resis

tance to poisoning, physical ruggedness, and ease of 

regeneration. Their thermal stability is so good that 

repeated regeneration can be accomplished without seri

ous loss of activity. Most of the processes are vapour

phase systems with a fixed catalyst bed. In some cases 

a trickle-phase process is used (2). The temperatures 

range from 250-450°C. The higher the temperature the 

lower is the sulphur content in the p~oduct, but since 

cracking and coke deposition occur at higher tempera

tures, the lowest possible temperature is maintained at 

which the desired quality of the product is obtained. 

The pressures range from 10-100 atm. Generally, sulphur 

removal and olefin saturation increase with pressure, 

while there is also less cataly~t fouling. But the 

greater cost for equipment and hydrogen consumption 

does not usually warrant pressures above 75 atm. The 

10 space velocity varies with the nature of the feedstock. 



At lower space velocities the desired reactions ·are 

more complete, but if the space velocity is too low, 

cr-ack-ing and coke deposition result. The .. LHSV ranges 

from 2-5. The other process variables such as the hy

drogen recycle rate and the amount of hydrogen sulphide 

in the recycle gas are lAss critical. 

Hydrotreating is applied to stocks diverging from 

naphtas to crudes and residuals. The most important ap

plication is the pretreatment of the catalytic reformer 

feed. Also middle destillate treatment is very impor

tant. In the last few years there is a growing interest 

in hydrodesulphurisation of residuals, a process that 

is becoming more and more important. 

The above-mentioned fact that in literature refer

ence is made to the hydrodesulphurisation catalyst 

under several names, such as cobalt oxide-molybdenum 

oxide on alumina, cobalt molybdena, cobalt-moly, cobalt 

molybdate-alumina, etc., illustrates that only little 

is known about the structure of the catalyst,The deter

mination of the catalyst structure is, therefore, one 

of the aims of the present investigation.There are sev

eral possibilities of structure. The catalyst may be 

composed of independent cobalt and molybdenum oxides or 

these oxides may form compound-s, viz.cobalt molybdates. 

A third possibility is that one of the oxides or both 

react with the carrier aluminium oxide to form alumin

ium-containing compounds.Therefore, it had to be inves

tigated first of all what compounds can be formed by 

cobalt oxide and molybdenum-oxide.In lLterature, .gener

ally only the compound CoMoo4 is mentioned.Some authors 

mention the occurrence of this compound in several mod

ifications, but very little is known about the condi

tions under which these modifications can transform 

into each other .• The investigation comprising the system 

cobalt-molybdenum oxide,the modifications of the cobalt 11 



molybdates, and the phase transitions, is the scope of 

chapter I. 

After the identification of the cobalt molybdates 

it was possible to investigate if any of these or other 

compounds are found in the catalyst and to determine 

the structure of the catalyst.This is reported in chap

ter II.Special attention will be given to the possibil

ity that compound formation occurs between cobalt or 

molybdenum oxide with the carrier aluminium oxide. The 

distribution of the compounds over the carrier will al

so be discussed. 

In chapter III the catalytic properties will be 

considered. The first topic to be studied is on the ac

tivation of the catalyst. The oxidic catalyst, as sup

plied by the manufacturer, is inactive; it has to be 

activated. Sulphiding of the catalyst has been reported 

to play an important part in this respect, but little 

attention has been given to th~ reduction of the cata

lyst. The influence of the reduction will be described 

in detail.We shall then arrive at a model for the acti

vated catalyst which involves also proposals for the 

active sites. We shall not be able to do this without 

taking into account the reaction mechanism and we shall 

in particular be interested in the hydrodesulphurisa

tion of thiophene as a representative of the most abun

dant class of sulphur-containing compounds.An important 

question in this connection is whether desulphurisation 

and hydrogenation occur simultaneously or in separate 

steps: some authors interpret the hydrodesulphurisation 

and hydrogenation as taking place on different kinds of 

surface sites, while others consider it as occurring on 

the same kind of site. For thiophene, carbon-sulphur 

bond fission has been generaly taken as the first step 

in the reaction sequence rather than ring hydrogenation. 

Nevertheless, the adsorption of hydrogen seems to play 

~ an important part: some authors even consider it as 



rate determining. Both desulphurisation and hydrogena

tion reactions have been occasionally interpreted in 

terms of acid type reactions. We shall investigate 

the~e features with the help of poisoning experiments. 

Special attention will be given to .the adsorption of 

the reactants. 

In chapter IV we shall attempt to construct a 

reaction mechanism that explains the most important 

kinetic features of the reaction and that is based on 

the conclusions concerning the structure of the cata

lyst. 

13 



Chapter I 

COBALT MOLYBDATE AND THE SYSTEM COBALT OXIDE 
MOLYBDENUM OXIDE 

I,1 INTRODUCTION 

We shall begin by summarising the existing knowl

edge about the pure compound cobalt molybdate in parti

cular and the system cobalt oxide molybdenum oxide in 

general. Compound formation is only mentioned in the 

literature for the composition CoO.Moo
3 

(CoMoo4 ). 

Corbet and Eyraud (5) have given evidence of the exis

tence of other compounds, but all the compounds men

tioned contained water, such as Moo
3

, 1.00 CoO, 0.9 H2o 

-called by them type A- and Moo 3 , 1.20 CoO, 1.3 H2o

type B - obtained by precipitation from a solution of 

cobalt nitrate and a solution of molybdenum trioxide in 

varying quantities of ammonia. 

Many authors have done X-ray work on anhydrous co

balt molybdate. A survey of various X-ray patterns ob

tained is given in figure 1. Corbet and Eyraud (5) have 

given the X-ray diagrams of two forms of cobalt molyb

date, which they named type C and D.The pattern of type 

C is also published in the ASTM Powder Data File number 

14-587. Type C was obtained by heating A to a tempera

ture of about 800°C. If they heated A to a temperature 

of 300-550°C, D was obtained. Because of the fact that 

some X-ray lines of D coincide with lines of C, it was 

concluded that there remained a possibility for D to 

contain a small amount of C. If B was heated to a tem

perature between 325°C and 700°C, D was obtained, but 

if it was heated to a temperature of 1000°C, a mixture 

14 of C and D was obtained. They reached the conclusion 
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figure I Survey of X-ray patterns for cobalt molyb

date preparations (relative intensities, ex

cept for compound I). For literature refer

ences see text. 

that there were two 

namely hea~ing type 

700°C or heating type 

330°C. Furthermore, 

possibilities of getting type D, 

A to a temperature not above 600-

B to a temperature somewhat above 

the X-ray pattern of type C was 

found to coincide with that,which was earlier mentioned 

in literature by Colleuille (6). 

This author published the X-ray pattern of cobalt 

molybdate obtained by precipitation from solutions of 

ammonium paramolybdate and cobalt nitrate, followed by 

a heating of the precipitate to 950°C.His final product 

had a composition corresponding to CoMoo 4 • If the com

pound was removed from the furnace at 950°C, it was at 

first a compact violet mass, which upon cooling, under- 15 
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went a violent explosionwise transition to a black pow-

der. From this, Colleuille (6) concluded that there 

should exist two forms of cobalt molybdate. 

In a publication of the Climax Molybdenum Company 

(7) reference was made to an earlier publication of 

Gleiser, Larsen, Speiser and Spretnak (8), in which 

three forms of anhydrous cobalt molybdate were men-
-3 tioned, having densities of 3.6, 4.1 and 4.5 g.cm • We 

were not able to obtain the original publication.In (7) 

the violent transition, during cooling, from a compact 

violet mass at high temperature (900°C) to a black pow

der at room temperature was also mentinned. 

Ricol (9) prepared cobalt molybdate by exposing 

cleaned sheets of cobalt to a solution of molybdenum 

trioxide. His product had a composition corresponding 

to CoMoo
4

• He gave three X-ray patterns: 'A' for a non 

calcined powder, also published in the ASTM data file 

number 15-439, 'B' for a powder for 7 hours calcined at 

650°C and 'C' for a powder calcined for 7 hours at 

650°C, followed by a 3 hours calcination at 950°C. Pat

tern B was reported to correspond to a pattern obtained 

by Corbet, by calcining normal cobalt molybdate (Moo
3

. 

CoO) at a temperature above 350°C. This pattern B must 

therefore resemble Corbet and Eyraud's (5) type D. As 

one can see from figure this is indeed correct. More-

over, Ricol's pattern C is identical with that obtained 

by Colleuille (6), as may also be seen from figure I. 

Smith (10) obtained orthorombic and monoclinic 

crystals from a melt of normal sodium molybdate, anhy-

drous cobalt chloride and sodium chloride.He first pub

lished data on the orthorombic crystals and gave the 

following cell dimensions: 

a = 5.245 :!: 0.003 R 
b 10.778 + 0.005 R -
c = 18.0 I 7 + 0.006 R -



measured density: 

theoretical density: 

-3 3.79 g.cm 
-3 3.80 g.cm 

We calculated d-values from the cell dimensions and 

they are quoted in figure I. In a second publication 

Smith (II) gave data for the monoclinic crystals. He 

stated that this compound, having the formula CoMoo 4 , 

could also be obtained by heating a precipitate, formed 

by mixing solutions of a cobalt salt and normal sodium 

molybdate, to a temperature between 700°C and 1100°C 

and by roasting stoichiometric proportions of anhydrous 

cobalt chloride and normal sodium molybdate at 750-

8000C. The compound consisted of shiny black crystals, 

whic~ when ground in a mortar, turned olive green. The 

d-values in figure for the monocline compound have 

been calculated from sin 2e values, given by Smith (11). 

In a third publication Smith and Ibers (12) gave a com

plete determination of the crystal structure of this 

cobalt molybdate. Their data are reported here: 

a = 9.666 + 0.008 R 
b 8.854 ! 0.008 R 
c = 7.775 + 0.008 R -
B 113°~9' 

measured density: 4.69 -3 g.cm 

theoretical density: 4.79 -3 g,cm 

The structure consists of cobalt and molybdenum atoms 

surrounded octahedrally by oxygen atoms. The octahedra, 

which •re slightly distorted,share edges and form infi

nite chains parallel to the c-direction. Each chain is 

surrounded by four other chains and joined to them by 

corner sharing of oxygen atoms with a displacement,par

allel to c, of one octahedron of the central chain rel

ative to its four neigbours. Between the filled chains 

occur chains of "holes" formed by unfilled octahedra, 

and, when xiewed down the c-axis,the structure exhibits 

a pseudotetragonal symmetry. 17 



Summarising the X-ray data from the literature it 

is seen that three forms of cobalt molybdate can be 

distinguished, 

I Orthorombic cobalt molybdate: the pattern of Smith 

(10). This compound has a density of 3,8 g.cm-3 

It might be the same compound as quoted in the pu

blication of the Climax Molybdenum Company (7), 

having a density of 3.6 g.cm-3 From now on this 

cobalt molybdate will be called compound I. 

II Monoclinic cobalt molybdate: the diagrams of Smith 

(II), Colleuille (6), Corbet and Eyraud (5) type C 

and Ricol (9) c. It has characteristic d-values of 

2.09, 2.75, 3.13, 3.52, 4.7 and around 6.25 X. All 

these patterns were obtained from compounds,heated 

during their preparation at a temperature above 

700°C.According to Smith and Ibers (12), this com

pound has a density of 4.69 g.cm-3 • It might be 

the same as the compound mentioned in (7), having 

a density of 4.5 g.cm-3 • This compound will be 

called compound II from now on. 

III A third form of cobalt molybdate: the patterns of 

Corbet and Eyraud (5) type D, and of Ricol (9) A 

and B. It has characteristic d-values of 2.67, 

3.27, 3.37 and 3.83 X. The calcination temperature 

of all these compounds was below 700°C. This com

pound will be referred to as compound III. 

Colleuille (6), and Trambouze, Colleuille and The 

(13) found an endothermal peak at about 420°C,when they 

investigated cobalt molybdate by differential thermal 

analysis (DTA). Trambouze et al.(l3) made high tempera

ture X-ray measurements, but could not detect any 

changes in the crystalline state.Repeating the DTA mea

surements on the same sample, as used in the first run, 

they now failed to show the endothermal peak. However, 

after the sample was allowed to remain at room tempera-

18 ture for a few days, the peak reappeared again. The na-



ture of this transition at about 420°C will be discuss

ed later on. 

I.2 THE SYSTEM COBALT OXIDE MOLYBDENUM OXIDE 

This system was investigated to check if besides 

cobalt molybdate CoMoo 4 other cobalt molybdates with 

other compositions exist. Mixtures of cobalt and molyb

denum oxide were prepared by melting mixtures of cobalt 

nitrate Co(N0) 2 ,6H 2o and ammonium paramolybdate 

(NH
4

)
6

Mo
7
o24 ,4H 2o in the desired Co/Mo ratio. They were 

then dried and, after grinding in a mortar, heated in 

figure 2 

3.9'1• Co 

Co 

20'1• Co 

40't. Co 

Cot Mo• 111 so•t. co PA4 lii 

ss•t, co 

60'/, Co 

70'/,Co 

77't,Co 

90'/, Co 

Survey of X-ray patterns observed for the 

system cobalt oxide - molybdenum oxide(abso

lute intensities). 19 



the air at 600°C for about 16 hours.After this prepara

tion the samples were investigated by means of X-ray 

diffraction and differential thermal analysis. 

We shall first consider the X-ray diffraction pat

terns. They were obtained on a Philips diffractometer 

using Fe Ka 1 radiation, with wavelength 1.93597 X, and 

Mn filter. A survey of the patterns is given in figure 

2.The cobalt oxide, obtained by heating cobalt nitrate, 

has an X-ray diagram, which is in good agreement with 

that of Co 3o 4 published in the ASTM file number 9-418 

(see figure 3).This is in accordance with the fact that 

I I 

I I 

..... ., ...... lh 

2.0 

figure 3 

I I 
I I 

Mo03· ASTM 5-0508 

•I· I ,I, 

lQ 4.0 5.0 6.8 7.0· 
0 

d (A) 

Comparison of molybdenum oxide and of cobalt 

oxide X-ray patterns with the ASTM patterns. 

co 3o 4 is the stable modification of cobalt oxide below 

990°C, as mentioned by, for instance, De Bie and Doyen 

(14). From this figure one can also see that ammonium 

molybdate, after heating, produces an X-ray pattern in 

fairly good agreement with the Moo
3 

pattern ASTM 5-0508. 

The differences in intensities might be explained by an 

orientation in the sample. From the survey in figure 2 

20 one can see that besides cobalt oxide and molybdenum 



oxide compound formation occurs only at a Co/Mo ratio 

of 1/1. From a chemical analysis it followed that the 

composition of this sample - called PA4 - corresponded 

with the formula CoMo0 4 (see table l).It was a dark vi

olet sample,the colour of which changed to olive green, 

table 1 Composition of PA4 

weight percentage 

calculated for measured for 
CoMo04 PA4 

cobalt 26.9 26.5 

molybdenum 43.8 44.1 

when ground in a mortar, just like compound II, which 

changes from black to olive green. The X-ray pattern of 

PA4 is also depicted in figure 1. It is seen that this 

pattern agrees with those of compound III, as was ex

pected, because of the fact that 
0 perature of PA4 was below 700 c. 

the calcination tern-

Its density was found 
-3 to be 4.5 g.cm and it is therefore not the same com

-3 pound as mentioned in (7), with density 4.1 g.cm 

Since there are no X-ray data available for the latter 

compound, it remains unidentified both by a comparison 

with other literature data and our own results. 

A DTA investigation was carried out to deter

mine the phase diagram. As the Linseis apparatus at 

our disposal did not allow measurements above 1250°C, 

the complete diagram could not be obtained. The in

formation is only complete in the range with Co/Mo ra

tios smaller than t.The phase diagram is represented in 

figure 4. There are eutectic lines at 1240°C and 790°C. 21 
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figure 4 Phase diagram of the cobalt oxide - molyb"de

num oxide system. 

The line at 990°C corresponds to the transition 

2Co 3o4 ~ 6Co0 + o2 • This transition is also mentioned 

in the literature by, for instance, De Bie et al,(14). 

The phase diagram supports the conclusion drawn from 

the X-ray measurements, that compound formation occurs 

only at the Co/Mo ratio 1/1. 

It is, however, somewhat peculiar that these DTA 

measurements do not give any indication for the pres

ence of several different compounds with the same com

position, such as reveale~ in the introduction of this 

chapter. Therefore, a more extensive search was made to 

clear up this problem, as will be discussed next. 

I.3 THE PHASE TRANSITIONS OF COBALT MOLYBDATE CoMo04 

The DTA measurements discussed above were made by 

simply heating the samples until their melting point 

22 was reached.If however thermograms were taken of a sam-



ple that had already undergone a run in the apparatus, 

the following transitions were found: 

(a) An exothermal transition at 35°C, only found when 

cooling a sample after it was heated to a tempera

ture of at least 710~712°C. The form of the exo

thermal peak was rather strange; it is represented 

in figure S,The only explanation for this form can 

EXOTHERMAL 

i 

'-----~T 

40 -oc 30 

figure 5 Exothermal DTA peaks around 35°C for CoMoo 4 . 

be that the peak corresponds to the violent explo

sionwise transformation mentioned by Colleuille(6) 

and in the publication of the Climax Molybdenum 

Company (7). 

(b) An endothermal transition at 420°C, always found 

when heating up a sample that had undergone the 

exothermal transition at 35°C. This endothermal 

transition is the same as mentioned by Colleuille 

(6) and Trambouze et al.(13). 

No other transitions were found, in particular not at 
0 710-712 C.No peaks occurred when compound III (i.e.PA4) 

was heated to 1000°C. After the sample was cooled to 

300°C and again heated to 500°C, no peaks occurred ei

ther. During subsequent cooling to room temperature the 

exothermal transition at 35°C was found.When the sample 

was then heated,the endothermal transition was revealed 

at 420°C. 23 
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From this it follows that it should be possible to 

obtain different forms of cobalt molybdate: 

(a) By melting cobalt nitrate and ammonium paramolyb

date and heating at 275°C during some time to 

eliminate the ammonium nitrate. 

(b) By heating this compound to a temperature above 

710-712°C and cooling it. 

(c) By heating the latter product to a temperature 

above 420°C but below 710°C and subsequent cooling. 

The possibility remains that this form is identi

cal with the first form, but it cannot be the sec

ond type. 

The following samples were now prepared: 

PBI Ammonium molybdate and cobalt nitrate were melted 

together until all the nitrous gases were elimina-

ted. The sample was then heated for 

275°C. Its colour was black. 

16 hours at 

PB2 A portion of the sample PBI was heated for 16 

hours at 1000°C and then cooled. When the sample 

was removed from the furnace it was a compact vio

let mass. When it reached room temperature it un

derwent the violent explosionwise transformation 

to shiny black crystals, mentioned in (6) and (7). 

When the crystals were ground, their colour turned 

to olive green. 
PB3 A portion of the sample PB2 was heated for 16 

hours at 500°C and then cooled. The colour was 

violet. By shaking the sample its colour changed 

to dark grey violet and by grounding to olive 

green. 

PB4 As a comparison with our former cobalt molybdate 

preparation PA4, another portion of PB1 was heated 

during 16 hours at 500°C.The colour was violet and 

by rubbing also changed to olive green.PB4 had the 

ssme X-ray pattern as compound III, as represented 

in figure 1 as PA4 and in figure 2 as Co/Mo = 1/1. 



A survey of the X-ray patterns of these compounds 

is given in figure 6 together with the pattern publish

ed by Smith (11) of the monoclinic cobalt molybdate 

PB t JD: 

PB 2 H 

PB 3 

PB 4 :m 

ilht! 1..IJ I 

SMITH, MONOCLINIC li. 

PB 3A 

2.0 3.0 4.0 5.0 7.0 . 
----+ d(Al 

figure 6 X-ray patterns of PB samples and of compound 

II. 

(i.e.II). The X-ray patterns of PB2 and II are closely 

similar, as can be seen from the lines at d-values 

of 2.09, 2.75, 3.13, 3.52, 4.7 and 

conclude that by heating a .sample 

above 712°C - for instance I000°C -

6.25 ~. So we can 

to a temperature 

and cooling it to 

room temperature compound II is obtained. This was to 

be expected, for Smith heated his sample, during its 

preparation, to a temperature of JJ00°C. However, only 

poor agreement exists between the densities of the two 
-3 preparations.For the density of PB2 we found 4.9 g,cm , 

whereas Smith and Ibers (12) gave a measured density of 

4.69 g.cm-3 , and a calculated one of 4.79 g.cm-3 • From 

the coincidence of the d-values 1.43, 2.44, 2.~7. 3.25, 

3.37, 3.81 and 6.75 R we can conclude for the samples 

PBI and PB4 that they have the same form,viz. form III. 

The crystalline state of PB4 is obviously better de-

fined than that of PBI. Therefore, its X-ray pattern is 25 



more pronounced.There exists also perfect agreement be

tween the densities of these compounds; we found for 

both 4.5 g.cm-3 .That PBl and PB4 have the same form was 

to be expected, for PB4 was made from PB1 by heating it 

to 500°C, during which heating and subsequent cooling 

no peaks on the thermogram were observed. 

We shall now discuss the X-ray pattern of PB3. It 

resembles very much that of compound II. This becomes 

clear from the coincidence of the d-values 2.09, 2.75, 

3.13, 3.52 and 6.25 i. This was not expected because of 

the fact that PB3 was made from PB2 (i.e.II) by heating 

it to 500°C, during which heating it underwent the en

dothermal transition at 420°C, whereas upon cooling it 

did not undergo the exothermal transition at 35°C. From 

figure 6 it can also be seen that a small amount of 

compound III is present in PB3 (see the line at d 

3.27 i). Furthermore, the density of PB3- 4.7 g.cm-3 -
-3 is between the densities of 4.5 g.cm for PB4 and 4.9 

-3 g.cm for PB2.So we may conclude that PB3 is a mixture 

of the compounds II and III. This conclusion is sup

ported by the fact that when we heated a sample of PB2 

to 500°C, cooled it quickly and took an X-ray pattern 

(PB3A in figure 6) as quickly as possible, the pattern 

had more and stronger lines, all belonging to compound 

III, viz. the lines at 2.44, 2.67, 3.29, 3.37, 3.82 and 

6.75 i. 
From all these facts we can conclude that the en

dothermal peak at 420°C corresponds to a transition of 

compound II (monoclinic) to III. 

to the result of Trambouze et al. 

they could find no differences in 

at room temperature and at 600°C. 

This is contradictory 

(13), who said that 

X-ray diagrams taken 

The exothermal peak 

at 35°C corresponds to the transition of compound III 

to II. This transition takes place in a sudden and vi

olent way,during coo~ing from a temperature above712°C, 

26 whereas during cooling from a temperature between 420°C 



and 710°C it is so slow that it cannot be recorded on 

the thermogram. This may also be the explanation for 

the fact mentioned in (6) and (13) that no peaks were 

found by DTA, if a sample was cooled, subsequent to 

heating it to about 600°C, and that directly hereafter 

no peak at 420°C was observed either, but that this 

peak reappeared again after a few days. 

The form III can be obtained in a relatively sta

ble state by avoiding any heating above 7l0°C during 

preparation. From this it becomes clear why the X-ray 

patterns of PBI and PB4 in figure 6 and the patterns A 

and B of Ricol (9) and PA4 in figure I have a very 

close resemblance. But even in the PB4 sample probably 

a small amount of II is present; see the line at d = 
3.13 R. For PA4, which was calcined at the higher tem

perature of 600°C, this is clearly somewhat more pro

nounced- see the lines at 3.13 and 3.52 R in figure l. 

Also in compound B prepared by Ricol (9) by a calcina

tion at 650°C can some monoclinic cobalt molybdate be 

observed- see the line at 3.52 R in figure I. In some 

preparations a calcination at 600°C even led to a com

pound which had the violet colour of III but an X-ray 

diagram with many and strong lines of II. Furthermore, 

the colour of sample PB4 changed from violet to black 

violet in a few months. It appears, therefore, possible 

for compound III to change very slowly to the monoclin

ic compound II. 

To summarise the foregoing we depict the ways in 

which the several compounds can transform into each 

other in figure 7. When cobal.t nitrate and ammonium 

paramolybdate are melted together, a stable compound 

with the crystalline form III is obtained. Its crystal

line state becomes better formed by calcination at a 

higher temperature, as long as the temperature remains 

below 710°C. Calcination abov~ 712°C, followed by cool-

ing to room temperature, yields the monoclinic form II. 27 
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figure 7 Phase transitions of cobalt molybdate. 

This transforms again at 420°C to III, but now the com

pound is not stable and changes at lower temperatures 

again to II. 

I.4 INFRARED SPECTRA 

To get some insight in the structure of cobalt mo

lybdate, especially the form III, infrared spectra were 

made. With the help of infrared spectroscopy one can 

get information about the surroundings of molybdenum, 

but not of cobalt,at least not in the wavenumber range, 

in which we were able to measure. A theoretical exposi

tion of infrared spectra is given by Nakamoto (15). The 

spectra of PBI, PB2, PB3 ana PB4 are shown in figure 8. 

They were taken with a Perkin Elmer 137 Infracord Spec

trophotometer, a Perkin Elmer 237 Grating Spectrophoto

meter and a Hitachi EPI-G2 Spectrophotometer, using the 

potassium bromide wafer technique. The spectra of PB2 

and PB3 are similar - as was expected from the X-ray 

data 

945 

420 

- with an absorption maximum with two shoulders at 

cm-l a maximum at 625 cm-l and a double maximum at 
-I em • The spectra of PBI and PB4 are also very sim-

28 ilar,as was expected, but next to the peaks of compound 
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II other peaks are observed, namely two very sharp 
-1 

peaks at 995 and 820 em • two somewhat broader peaks 

at 875 and 775 cm-l and a very broad peak, which brings 
-1 -1 about a shoulder in the 625 em peak at about 580 em , 

The extra peaks are, with the exception of the 775 cm-l 

peak, identical to those found in the molybdenum triox

ide spectrum, which is also shown in figure 8. Clark 

and Doyle (16) also reported on the infrared spectrum 

of a cobalt molybdate: in addition to the lines report-

ed above for compound II, they find resonances at 850 29 



-1 
em (medium shoulder) and at 775 -1 

em (medium). A com-

parison with our data for compound III, reveals that 

their lines are identical with the lines in this spec

trum. This suggests that their sample, although mainly 

consisting of compound II, also contained compound III. 

According to Smith and Ibers (12) molybdenum in 

compound II occurs in an octahedral pxygen surrounding. 

Two of the oxygens are corner shared, while the other 

four are edge shared. The site symmetry therefore is 

low; never~eless the number of infrared lines is small. 

The s~ctrum of compound III is richer in lines than 

~at of II, which either points to a different co-ordi-

nation of the molybdenum, or to a more strongly dis-

torted octahedron. In view of the fact that these extra 

lines closely resemble those of molybdenum trioxide, 

where molybdenum also occurs in an octahedral environ

ment (see figure 9), we tend to the belief that the 

figure 9 
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latter is the case. Barraclough, Lewis and Nyholm (17) 

propose for 

band at 985 

Mo-O 
-1 

em 

bonds in an octahedron that a strong 

corresponds to an "independent" Mo-O 
-1 bond, while bands at 870 and 813 em correspond to two 

30 different types of continuous Mo-O bonds. This does not 



fit very well with the Smith and Ibers (12) structure, 

where all Mo-O bonds are continuous. The proposal, how

ever, is in agreement with the molybdenum trioxide 

structure and spectrum. 

A tentative hypothesis for the indentification of 

our infrared spectra is that the Moo 6 octahedron in 

compound II differs not so much from the Oh symmetry, 

that the infrared allowed transitions of threefold de

generacy are already split, so that the 945 cm-l line 

corresponds to one of these transitions. The lowering 

of symmetry connected with the conversion of compound 

II to compound III is then reflected in the splitting 

of this line into three resonances, viz., 

875 cm- 1 and 820 cm- 1 • Following Barraclough 

-1 
995 em , 

eta1.(17} 

h 995 Cm-l 1' h . h t e ~ne t en appears to po~nt to t e presence 

of independent Mo-O bonds. This agrees with the fact 
-I 

that the disappearance of the 945 em line corresponds 

with the growth in intensity of the 995, 875 and 820 

cm-l lines. 

As a conclusion we can say that the difference in 

structure between the compounds II and III lies in the 
6-manner in which the (Mo0

6
) octahedra are connected. 

I.5 REFLECTION SPECTRA 

One of the aims of our investigation was the de-

termination of the actual catalyst structure, i.e. co-

balt and molybdenum oxide on alumina. As X-ray work 

fails to give any information here and infrared spectra 

are also very difficult to interpret, we had to resort 

to other methods like reflection spectroscopy and mag

netic measurements to obtain the necessary information. 

This will be reported in detail in chapter II, but for 

sake of convenience the information on pure cobalt mo

lybdate - without alumina - is reported here. 31 



A review of the theory, instrumentation and appli

cations of reflectance spectroscopy is given by Wend

landt and Hecht (18). We used the diffuse reflectance 

method and our apparatus consisted of a Zeiss PMQII 

Spectrophotometer with an RA2 reflectance attachment 
-1 for the 11000-50000 em wavenumber range and an RA3 

attachment for the 4000-12000 cm- 1 range. With the RA2 

attachment the light is reflected from a plane mirror 

on to the sample or reference surface at a 45° angle of 

incidence, while the reflected light at a 0° angle with 

the normal to the surface is focussed on to the cathode 

of a photomultiplier. The RA3 attachment is of the in

tegrating sphere type. The sphere is coated with magne

sium oxide, which serves also as standard. Therefore, 

if other references than magnesium oxide are used, the 

extinction of the reference has to be measured also and 

has to be substracted from the extinction of the sample 

to fit the data obtained with the RA3 attachment to 

those obtained with the RA2 attachment. 

For the determination of the spectra of the cobalt 

molybdate, magnesium oxide and gamma alumina - the same 

as the catalyst carrier - were used as references. The 

samples were always diluted with magnesium oxide and 

gamma alumina respectively. Samples and references were 

the~ ground during 20 minutes in a ball mill. As the 

actual catalyst contained f6% CoO + Moo 3 , we prepared 

our samples in such a way that they contained 16% co

balt molybdate. Furthermore, the specification of the 

catalyst is 4% CoO and 12% Moo 3 , corresponding to a 

Go/Mo ratio of 1/1.56. Therefore, spectra were also 

made for samples with a 1/1.56 composition. 

In figure 10 the reflection spectra of PB2 (II) 

and PB4 (III) are shown. The spectra with alumina as 

reference are more sharply defined and show higher ex-

32 tinctions than those with magnesium oxide as reference. 
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figure 10 Reflection spectra of PB2 and PB4 samples. 

One can clearly distinguish between the spectra of the 

compounds II and III. Compound II has sharp maxima at 
-1 

6500, 7500, 16500 and 19000 em , a very broad band 

with a maximum at 24000 cm- 1 , and probably a shoulder 
-1 

at 13500 em • Compound III has sharp maxima at 6500, 
-1 7500, 13250 and 17000 em , a very broad band.with a 

-I 
maximum at 31000 em and probably a shoulder at 37000 

em-! The splitting of the band around 7000 cm-l for 

both compounds might be caused by a weak adsorption of 
-I aiumina at 7000 em (see figure II); the band may 

therefore correspond to a single transition. 

~ Al203·MgO 

1s 20 :'s 30 3'5 40 45 10 

figure It Reflection spectrum of aluminium oxide mea

sured with magnesium oxide as reference. 

To identify the various bands, spectra of cobalt 

in magnesium oxide, zinc oxide and aluminium oxide were 

made. The samples contained 9, 0.5 and 4% CoO respec-

tively. They were prepared by boiling to dryness solu

tions of the nitrates,followed by calcination for about 

2 hours at 600°C to expel the nitrous gases.The samples 33 



were then ground during 20 minutes in a ball mill and 

finally fired for 16 hours at II00°C in a dry and oxy

gen free nitrogen atmosphere. Magnesium oxide or zinc 

oxide or aluminium oxide, all prepared in the same man

ner as the samples, were used as references. According 

to, for instance, Cossee (19) cobalt is divalent and 

occurs in an octahedral oxygen surrounding in magnesium 

oxide, after the preparation mentioned above; in zinc 

oxide it is also divalent, but it occurs in a tetrahe

dral surrounding. Cobalt forms with aluminium oxide the 

blue compound cobalt aluminate CoA1 2o4 , in which it oc

curs also as Co 2+ in a tetrahedral interstice, accord

ing to Cossee (19) and Romeyn (20). The spectra are re

corded in figure 12. Cobalt in zinc oxide is dark green 

EXT. l,, • I 

figure 12 
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Reflection spectra of Co 2
+ in magnesium 

oxide, zinc oxide and aluminium oxide. 

and has a threefold split band with maxima at 15500 and 
-1 16500 and a shoulder at 17750 em , a twofold split 

band with maxima at 6000 and 7000 cm-l and a strong 

band with a maximum at 24500 cm- 1 • Most of these bands 

34 are also found for cobalt in aluminium oxide (cobalt 
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-I aluminate) with a shift of about 500 em to higher 

wavenumbers. However, there is no band at 24500 em -I 
-I and a new maximum appears at 39000 em Another dif-

ference is that, although the contration of cobalt in 

aluminium oxide is much higher than in zinc oxide, the 

observed extinction values are lower. Cobalt in magne

sium oxide has a pink colour; its spectrum is very weak 

with maxima at 8000, 20000, 36000 and 47000 cm- 1 • 

If the spectra shown in the figures 10 and 12 are 

compared, the spectrum of compound II seems only inter

pretable in terms of a tetrahedral surrounding of Co 2+. 

This is in contradiction with the X-ray work of Smith 

(II) and Smith and Ibers {J2),who found that the cobalt 

ions are octahedrally surrounded. The spectrum of III 
corresponds reasonably well with octahedrally surround-

ed cobalt ions,but in view of the weakness of the bands 

the evidence is not conclusive. 

In dealing with reflection spectra, it should al-

ways be kept in mind that any information produced re

lates to surface layers, which might very well show a 

different orientation as encountered in the bulk sit

uation. Furthermore, if the cobalt ions are not wholly 

symmetrically surrounded, as mentioned in (12), forbid

den transitions become less forbidden, which confuses 

the interpretation of the spectra very much. To make a 

definite decision whether the cobalt ions in the bulk 

cobalt molybdate are tetrahedrally or octahedral sur-

rounded, we looked for another method, and chose the 

measurement of the magnetic susceptibility. The results 

of these measurements will be discussed in I.6. 

To terminate the discussion on the reflection 

spectra, the spectra of two compounds with a Co/Mo ra-

tio 1/1.56 are shown in figure 13.Two samples were made, 

viz. PC2 (calcined during 16 hours at 750°C) and PC4 

(calcined during 16 hours at 500°C). The spectra resem- 35 
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Reflection spectra of cobalt oxide - molyb

denum oxide samples with a Co/Mo ratio of 

1/1.56. 

ble very much those of compound II (PB2) and compound 

III (PB4) respectively.This was to be expected, because 

from our X-ray and phase diagram information follows 

that PC2 and PC4 can only be mixtures of CoMo0 4 (II or 

III) and Moo 3 . The slight differences in the spectra of 

PC2 and PC4 from those of compounds II and III might 

very well be caused by the excess of molybdenum tri

oxide present in PC2 and PC4. 

1.6 MAGNETIC MEASUREMENTS 

Magnetic measurements were carried out, as already 

mentioned in the previous paragraph,in order to come to 

a decision whether the cobalt ions in cobalt molybdate 

are octahedrally or tetrahedrally surrounded by oxygen. 

The magnetic moment of an ion is dependent on its sur

rounding. Cossee (19) gives values of 4.0 to 4.1 Bohr 

magnetons for the magnetic moment of Co 2+ in a tetrahe

dral oxygen interstice, whereas he gives values of 4.7 

36 to 5.1 Bohr magnetons for the octahedral interstice. A 



theoretical treatment is given by Griffith (21), who 

calculates for Co 2 + a magnetic moment of 4.68 Bohr mag

netons in an octahedral surrounding and of 3.87 Bohr 

magnetons in a tetrahedral surrounding. The magnetic 

moment in its turn can be determined from the depen

dence of the paramagnetic susceptibility on the temper

ature as expressed in the Curie-Weisz law: 

I-1 

in which 

Xp the paramagnetic susce~tibility, related to 

kilogram atom of the magnetic ion, expressed in 
3 -1 m .kgat after corrections for the diamagnetic 

susceptibility and for the possible presence of 

permanent ferromagnetic impurities. 

T the temperature (°K) 

6 the Curie temperature (°K) 

C = the Curie constant 

The following expression is valid for the Curie con-

stant: 

c 

in which 

N 

llO 

k 

p 

26 _, 
Avoaadro's number 6.0248xl0 kgat 

permeability in vacuum 4wx10-? V.sec. .m-l 

Boltzmann's constant 1.38046xlO-z3 V.A.sec.°K-I 

=magnetic moment of I ion (V.sec.m) 

To express P in Bohr magnetons it is divided by: 
-29 

8 Bohr magneton 1.17xl0 V.sec.m 

I-2 

The correction for diamagnetism can be calculated, 

for instance, from a table given by Selwood (22). The 

presence of permanent ferromagnetic impurities causes a 

dependence of the measured susceptibility on the ap

plied magnetic field strength. If such dependence is 37 
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found, the influence of these impurities can be elimi

nated by plotting the measured susceptibility against 

the reciprocal field strength and extrapolating to 

1/H • 0. This can be made clear from the following: 

in which 

M 
X "' PIJOH 

x = total susceptibility related 

p • density (kg.m- 3 ) 
-I 

H field strength (A.m ) 
-2 M • magnetisation (V.sec.m ) 

We can put for M: 

M • Mp + Md + Mf 

I-3 

3 -1 to 1 kilogram(m .kg ) 

I-4 

The suffixes p, d and f relate to the para-, dia- and 

ferromagnetic contributions. Equation I-3 now becomes: 

Both Md 

strength: 

I-5 

and M are linearly proportional to the field 
p 

aH I-6 

Therefore, the susceptibility is independent of the 

field strength, if no permanent ferromagnetic material 

is present. However, this linear relation does not hold 

for ferromagnetic materials, causing a dependence of 

the susceptibility on the field strength. These ferro

magnetic materials become saturated below their Curie 

point at sufficiently high field strengths, which means 

that Mf no longer increases and Mf/H becomes small. So 

extrapolating to 1/H • 0 yields: 

I-7 



I-8 

The influence of the permanent ferromagnetic impuri

ties is eliminated in this way. 

We used Faraday's method to determine the magnetic 

susceptibility. A small sample is placed in an inho

mogeneous magnetic field and the force due to the field 

is measured. The following equation can be deduced for 

this force: 

in which 

F 
X 

dH 
cmxHdx 

F = the force on the sample in a certain direction 
X 

m = the mass of the sample (kg) 

I-9 

c a constant, depending upon the units in which the 

other factors are expressed 

The increase in weight in mg (6G), due to the presence 

of the field, is taken as a measure of Fx.This increase 

in weight has to be corrected for the decrease in 

weight of the sample holder, consisting of diamagnetic 

materials. 

6G I-10 

in which 

AG measured weight increase of sample plus holder 
u 

(mg) 

6Gh = decrease in weight of the holder (mg) 

It is convenient to express the mass of the sample not 

in kilograms but in milligrammes. Equation I-9 now be-

comes: 

G is the weight of the sample in mg. The factor 

I-I I 

cHdH 
dx 39 



can be determined by measuring &G of a sample of known 

susceptibility. We used CoHg(SCN)
4

, which has a suscep-
-8 3 -1 0 

tibility X = 20.66 x 10 m .kg at 20 C, according to 

Figgis and Nyholm (23). The value of will be call

ed q from now on, and the following equation is obtain

ed from equation I-ll: 

&G = qGx I-12 

After determination of q, samples with unknown suscep

tibilities can be measured, using again equation I-12. 

If the extrapolation to 1/H = 0 is necessary,the 

value of q-! can be taken as a measure of 1/H. 

dH c dH 2 
q = cHdx + q = 2 dX + H "" /q 

After correction of the measured susceptibility for 

permanent ferromagnetic impurities, the Xp for cobalt 

molybdate can be calculated as follows: 

I-13 

in which 

The 

the susceptibility corrected for permanent ferro-
. . . . (m3.kg-1) magnet~c ~mpur~t~es 

the molecular weight of CoMoo 4 , 218.87 kg.kgmole-t 

the diamagnetic contribution for I kgmole CoMo0
4

, 

equal to -84.20x10-8 ~3 .kgmole-l 

Curie factor and Curie temperature are then calcu-

lated with the help of the method of least squares from 

a plot of 1/xp against the absolute temperature. 

Xp 
T a c- c I-14 

The magnetic moment for one cobalt ion can now be cal-

40 culated with the help of equation I-2. 



Our experimental setup consisted of the following 

items: 

A Newport type A electromagnet, with conical pole tips 

type ASS, having a: diameter of 58 mm and a pole gap of 

6 em. The field strength is of the order of ~500 gauss 

at a current intensity of 10 amps. 

A Newport Variable Temperature System. Temperatures 

down ~o -l70°C could be easily reached, using liquid 

nitrogen as coolant. The chamber, in which the sample 

was suspended, was first evacuated, then flushed with 

dry nitrogen and a small supply of dry nitrogen was 

maintained during the measurements to avoid adsorption 

of substances from the air by the sample. 

A Mettler Balance type B6. 

A perspex sample holder with screw cap. Its diameter 

was about 5 mm and its total length about 20 mm.The 

holder had two compartments; one, having a length of 

5 mm, for the sample, and the other, having a length of 

IS mm, filled with electrolytic copper powder to add 

some weight, so as to avoid horizontal displacements of 

the sample at higher field strengths. The sample com

partment was mostly filled only for 2 .mm. 

This setup ~as originally designed £or measure

ments with the Gouy method. However, we wanted to use 

the Faraday method, because then much smaller sample 

qtiantities are needed and the complete saturation of 

ferromagnetic impurities is impossible ~hen using the 

Gouy method, owing to the fact that a great portion of 

the sample is placed there where the field strength is 

small. We, therefore, had to examine whether the ver

tical displacement of the sample caused by the Mettler 

balance, which is a non-compensating balance, did not 

give rise to too great an error. Therefore, the field 

strength was measured with the help of a Sieme.ns Hall 

plate FC32, which was gauged with an AEG field strength 

measurement apparatus that uses the principle of proton 41 
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magnetic resonance. The AEG apparatus itself could not 

be used for measuring the field, because it is not ca

pable of measuring inhomogeneous fields. We found that 

a Hall voltage of I mV at a current of 100 mA corres

ponded to a field strength of 3729 A.m- 1 .From the field 

strength as function oE the distance from the centre of 

the pole tips, ~ and HdH are calculated. This. is shown 
dx dx 

in figure 14. in this figure the place of the sample, 

figure 14 
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which has a maximum length of 5 mm - mostly only 2 mm-, 

and the displacement of the Mettler balance, which has 

been measured to be at most 1.1 mm, are also indicated. 

One can see that the difference between the highest and 

the lowest value of H~: during the measurements is at 

most 60xl09 A2 .m- 3 , which is 2.5% of the lowest value 
dH . 9 2 -3 of Hdx' be1ng 2400x10 A .m • This error is so small 

that it is negligible and that the Faraday method can 

indeed be used. 

The decrease in weight AGh of the sample holder, 

with the copper powder, is given in table 2. AGh is in-

table 2 Correction for Sample Holder 

teap. (olt) 103 113 133 153 183 223 293 I 
icu.rrent deere••• in averaaa decreas~ 
'(a•pe) weight <•s> io wdsht (ms) 

AGh AGh 

5 0.75 0.84 0,89 0.92 0.88 0.80 0.95 '0.86 
7 1.75 1.69 1.74 1.83 1.77 1.69 1,81 1.75 
8 2.09 2.08 2. II 2.10 2.14 2.06 2.20 2.11 
9 2.48 2.46 2.53 2.56 2.53 2.40 2.56 2.50 

table 3 Determination of q (see formula I-12) 

sample 

weight 

CoHg(SCN) 4 
270.1 mg 

temperature 293°K 

x ~ 20.66x10-S m3 .kg-l 

AGh AG current 
u 

(amps) (mg) (mg) 

5 0.86 4.95 

7 1.75 9.41 

8 2. 11 II . 45 

9 2.50 13.31 

I 

AG q. I 0 -8 q-!.to 3 

(mg) 

5.81 0.00104 3. I 0 

11. 1 6 0.00200 2.24 

13.56 0.00243 2.03 

I 5. 81 0.00283 I • 88 

I 43 
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dependent of the temperature, because the holder con-

sists of dtamagnetic materials.For every current inten-

sity a number of determinations were made at various 

temperatures. From these data an average value of 

at each current 

for q and q-1 

was 

are 

current intensities. 

calculated. The values det•rmined 

given in table 3 for the various 

The measurements of the suscepti-

table 4 Magnetic Measurements on Compound II (PB
2

) 

sample weight 459.5 mg 

tem'"~ ("It 103 IU L. I 53 183 223 293 

current •Gu x.toa •a. x~ JOS ••• x.1o8 •a . X• 10
8 •o • x.to8 •c . x.Jo8 •a. x.lO i 

(a111.pa) 

s 9l.IS 192.3 84.67 178.& 72.14 152.6 63.82 135.2 56.03 118.9 43.80 93.4 32,48 69.7 

1 115.07 192.4 163.06 J 79.3 1:):6, 79 150.8 121.71 134.3 106.37 1 J7. 7 .84.09 93.4 62.02 69.4 

8 213.67 193.3 193.85 175.$ J66./i4 151.1 144.09 ·130.9 129 • .77 118.1 101.24 92.6 75.52 69,S 

9 246.23 1910 t 232.27 180.3 190.38 148.2 172. 12 134.1 i48.07 115.7 116.01 "91.0 87.56 69,2 

x.to8 
(average) 192 178 151 134 118 93 69 

: 5 
'xp.10 42.2 39.2 33. l 29.3 25,8 20.4 15.3 

''•·· ,.-3 2.37 2.55 3.02 3.41 3.87 4.91 6.55 

c 0.0456 
p 5.4$ 

• -4°& 

table 5 Magnetic Measurements on Compound III (PB 4 ) 

sample weight 148.8 mg 

temp. (OK) 103 113 133 153 183 223 293 
! 

I current •a. x.108 •c . X• 10
8 •o. x.to8 •c u 

x.I0 8 •a. x.to8 •c. X .10
8 

AG . x.to 8 

' (amps) 

5 : 19,55 131.7 18.04 t2"l .0 15.74 107.1 !3.84 94.9 11.78 81.6 9.54 61-. I 7,18 51,9 

I 1 37,47 131.8 34.45 121 .6 30.04 106.8 26.40 94.6 22.:32 80.9 18.20 67.0 13.56 51.4 

8 45.98 133.0 42.27 122.7 36.59 107 .o 32. u 94.8 27.18 81 .. 0 22.12 67,0 16.49 51.4 

9 53.43 132.7 49.27 122.8 42.79 107.4 31,50 94.9 lt .62 80.9 25.15 61.0 19.18 51.4 

x.tos 
(average) 132 122 107 ~5 81 67 so 

Xp•10
5 29,0 26.8 23.5 20.8 17,8 14.8 I! ,4 

1/Xp•IO .. l 3.44 3. 73 4.25 4 .so 5.61 6. 7"8 8,8J 

c 0,0355 

t -18°K 
p 4.71! 



bilities of compound II (PB2) and compound III (PB4) 

are given in the tables 4 and 5. As one can see from 

these tables, the susceptibilities are practically in

dependent of the current, i.e. the field strength. The 

influence of ferromagnetic impurities is, therefore, 
-~ negligible and the extrapolation to q = 0 is super-

fluous, allowing the average susceptibility to be used. 

From these values Xp is calculated. The plots of 1/xp 

against the absolute temperature are given in figure 15. 

The Curie-Weisz law is well obeyed for both compounds. 

figure 15 
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Plots of the reciprocal paramagnetic sus

ceptibility versus temperature for cobalt 

molybdates (II and III). 

A magnetic moment of 5.4 Bohr magnetons and a 

Curie temperature of -4°K are found for compound II. 

For compound III a moment of 4.7 Bohr magnetons and a 45 
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Curie temperature of -18°K are found. We can conclude 
2+ • 11 . that the Co 1ons are octahedra y surrounded 1n both 

compounds. So there exists a discrepancy between the 

magnetic and spectroscopic measurements for compoundii; 

with the spectroscopic measurements a more tetrahedral 

character was found. The conclusion, however, is in. 

agreement with the Smith and Ibers '12) structure. The 

discrepancy with the spectroscopic measurements can be 

explained in two ways: first, the octahedra are slight

ly distorted, causing forbidden transitions to become 

less forbidden, and, secondly, some tetrahedrally sur

rounded cobalt ions may be present at the surface of 

compound II. 

I.7 CONCLUSION 

Three different forms of cobalt molybdate CoMoo4 
are mentioned in the literature.We proved that compound 

formation only occurs at a Co/Mo ratio 1/1 and we could 

obtain this compound in two forms, viz. compound II and 

compound III. DTA measurements showed the egistence of 

two transitions at 35°C and 420°C, caused by transfor

mations of II and III into each other.Infrared spectro

scopic measurements led to the conclusion that molyb

denum is surrounded octahedrally by oxygen in both com

pounds and that the difference in structure between II 

and III lies in the manner in which the (Mo0 6 ) 6 - octa

hedra are connected. Magnetic measurements showed that 

cobalt is surrounded also octahedrally in both com-

pounds. TetrahedrallY surrounded cobalt may be present 

at the surface of compound II. 



Chapt~r II 

COBALT OXIDE-MOLYBDENUM OXIDE ON ALUMINA 

II.I INTRODUCTION 

The pure compound cobalt molybdate and the system 

cobalt oxide - molybdenum oxide having been discussed 

in the previous chapter,we shall now discuss the struc

ture of the actual hydrodesulphurisation catalyst, co

balt oxide - molybdenum oxide on gamma alumina. The 

problem we shall try to solve, is whether this catalyst 

is made up from a form of cobalt molybdate or whether 

other compounds are present. 

We had at our disposal a commercially manufactured 

catalyst Ketjenfine 124-I.SE, kindly supplied by the 

Koninklijke Zwavelzuurfabrieken v/h Ketjen N.V. Thi$ 

catalyst contains 4% CoO and 12% Moo
3 

(wt% dry base), 

corresponding to a Co/Mo ratio of 1/1.56. Its colour is 

blue. The methods with the help of which the investiga

tion was carried out were infrared spectroscopy,reflec

tion spectroscopy and magnetic measurements.X-ray spec

troscopy failed, because the concentrations of cobalt 

and molybdenum are too low. 

II.2 INFRARED SPECTRA 

These spectra were made to obtain information 

about the surrounding of the molybdenum. The same appa

ratus and technique as described in I.4 were used. The 

spectra of compound II (PB2), compound III (PB4), PK, 

PKSOO, PSM and Ketjenfine are shown in figure 16. PK is 

a mixture of alumina the catalyst carrier - and mo- 47 
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Infrared spectra of cobalt molybdates (II 

and III),. of molybdenum oxide on alumina 

(PK, PK500 and PSM) and of Ketjenfine. 

lybdenum trioxide, containing 12% Moo3 • PK50·0 was ob

tained by calcination of PK for 16 hours at 500°C. PSM 

is a sample placed at our disposal by Ketjen and pre

pared in the same way as Ketjenfine, but now containing 

only 12% Moo3 and no CoO. 

Alumina has a strong and broad adsorption band in 

the wavenumber range which is of interest for our mea

surements, viz. 950-550 cm- 1 • When making the spectra 

48 of PK, PKSOO, PSM and Ketjenfine, a potassium bromide 



wafer was used as reference containing so much alumina 

that the adsocption was compepsated. The amounts used 

are given in table 6. A good conformity exists between 

the alumina quantities in sample and reference wafers 

table 6 

PK 

PK500 

Alumina Quantities in Sample and 

Reference for Infrared Spectra 

sample calculated 
weight alumina content 
(mg) irt sample (mg) 

0.52 0.45 

0.75 0.66 

Ketjenfine 0.52 0.44 

PSM 0.74 0.65 

PD 2-700 0.93 0.78 

PD 4 -700 0.93 0.78 

PD 2-800 0.76 0.64 

PD 4 -800 0.76 0.64 

necessary 
alumina 
content in 
reference (mg) 

0.39 

0.66 

0.24 

0.38 

0.54 

0.54 

0.47 

0.47 

for PK and PK500. However, in the case of PSM and Ket

jenfine the reference wafers needed only to contain 

slightly more that one half of the alumina quantities 

in the sample wafers. We can give no explanation for 

this phenomenon. Furthermore, the adsorption bands are 

rather weak owing to the small molybdenum contents of 

the samples. Hence, the transmission scale is expanded 

by a factor 5 for PK500, PSM and Ketjenfine, 

as T5x in figure 16. 

indicated 

The infrared spectra of the cobalt molybdates II 

and III were already discussed in I.4. The spectrum of 

PK is exactly the same as that of molybdenum trioxide 

(see figure 8), as can be seen from the bands at 995, 49 



875, 820 and around 600 
-I 

em This was to be expected, 

because PK is simply a mixture of alumina and molybde

num trioxide. All Moo
3 

bands are also found in the 

spectra of PKSOO and P?M. However, they are now weaker 

and broader, possibly as a consequence of a more amor

phous structure. The 600 cm-l band seems to be split 

into a number of separate bands, which might be due to 

the existence of Mo-0-Al continuous bonds and a conse

quent lowering of the symmetry. Two weak bands around 
-1 

1100 em are observed in the spectra of PK500 and PSM, 

which were also found by Clark and Doyle (16) for cal

cium, barium and lithium molybdate, in which the molyb

denum is tetrahedrally co-ordinated. The strong band at 
-1 

820-830 em , typical of tetrahedra, coincides with the 

820 cm-l band of molybdenum trioxide, which confuses 

the evidence, but the possibility remains that some mo

lybdenum ions are tetrahedrally surrounded. The conclu

sion can be made that molybdenum oxide maintains its 

structure in general on alumina; it is somewhat more 

amorphous and some ions might occur in a tetrahedral 

surrounding. 

If we now pass on to the spectrum of Ketjenfine, 

we do not find the resonances of compound II or com

pound III, but those of PK500 and PSM. The bands of 

Ketjenfine are even broader and weaker, it is true, and 
-1 

there is no 820 em band, 

those of PKSOO and PSM. The 

are also present and the 995 

but yet they are similar to 

two peaks around 1100 em 
1 

em-! band is still present 

as a small shoulder. So we may conclude that the molyb

denum is present as Moo
3 

in Ketjenfine in the same form 

as in PKSOO and PSM. The presence of cobalt has no sig-

nificant influence on the spectrum. The absence of the 

resonances of the compounds II and III means that no 

cobalt molybdate is present in what is frequently call

ed the "cobalt molybdate" catalyst, but that it is com-

50 posed of molybdenum trioxide and some other independent 



cobalt compound; the nature of the latter was investi-

gated by reflection spectroscopy and magnetic measure

ments. 

Some other 

spectra. PD2-700 

samples were prepared to study their 

was made from PC2 (described in I.S 

and having a Co/Mo ratio 1/1 .56) by diluting it with 

alumina, 

calcining 

so that the mixture 

this mixture during 

contained 16% PC2, and 

50 hours at 700°C. PD4-

700 was made from PC4 in the same manner, but it was 

calcined for only 32 hours.The samples PD2-800 and PD4-

800 were prepared by calcining at 800°C for 16 hours. 

The necessary alumina contents in the reference v1afers 

are reported in table 6. They are lower than the alu-

min a contents of the sample wafers. 

The spectra of these samples are shown in figure 

1 7. The bands of the 800 samples are sharper than the 

bands of the 700 samples,probably owing to a less amor-
-1 

phous structure. The band at 945 em , typical of both 

cobalt molybdates, is present in all the four spectra. 

The bands at 660 em-! may correspond with the 650 em-! 

band found for PKSOO. With some lenience- the spectra 

being very weak- the other bands can also be attributed 

to molybdenum trioxide as present in PKSOO and PSM. So 

the molybdenum in these samples is present partially as 

cobalt molybdate and partially as molybdenum trioxide, 

in contrast to Ketjenfine in which no cobalt molybdate 

is found. The spectra are too weak to decide which form 

of cobalt molybdate is present. 

II.3 REFLECTION SPECTRA 

The same apparatus and technique as described in 

I.S were used to obtain the spectra, while alumina -the 

catalyst carrier- was used as reference throughout. The 

reflection spectrum of Ketjenfine is shown in figure 
-I 

18. It has a double maximum around 7000 em , a three- 51 
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figure 18 Reflection spectrum of Ketjenfine. 

fold split band with maxima at 16000 and 17000 cm-I and 
-I 

a shoulder at 18500 em • and a broad and strong band 

beginning at 22000 cm- 1• Figure 19 shows the spectra of 

PK, PK500 and PL. The sample PL was prepared by impreg-

52 nating alumina with a solution of cobalt nitrate in 



water and then calcining it for 12 hours at 750°C. The 

sample PL contained 4% CoO and its colour was blue. PK 

has a weak band beginning at 22500 cm- 1 , whereas this 

band has much higher extinction values for PK500. We 

will later return to a discussion of this phenomenon. 

The double maximum at 7000 cm- 1 and the threefold split 
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EXT 
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10 

figure 19 

Pl 

45 

Reflection spectra of the preparations PL, 

PK and PKSOO. 

-1 
band around 17000 em ,found for Ketjenfine, are exact-

ly the same as those found for PL and the broad band 

begin·ning at 22500 cm- 1 of Ketjenfine is very similar 

to the band found for PKSOO.A comparison of the figures 

18 and 19 reveals clearly that the spectrum of Ketjen

fine is simply the superposition of the spectra of PL 

and PKSOO. Again it is found that cobalt oxide and mo

lybdenum oxide have no influence on each other in the 

spectrum of Ketjenfine. They are, therefore, present as 

two independent compounds, viz. molybdenum trioxide 
-1 causing the broad band beginning at 22500 em , and a 53 



54 

cobalt compound causing the bands around 7000 and 17000 
-I 

A comparison of these em last two bands, fo1,1nd for 

Ketjenfine and PL,with those of PC2 and PC4 (figure I 3) 

or with those of the compounds II and III (figure 1 0) 

and, on the other hand, with those found for cobalt in 

aluminium oxide (cobalt aluminate, figure 12), 

has exactly the same bands around 7000 and 17000 

which 
-1 

em 

leads to the conclusion that cobalt is not present as 

cobalt molybdate in Ketjenfine, but as cobalt aluminate 

(CoA1
2

o
4
). In the sample PL it is, of course, also pre-

sent as cobalt aluminate. Support for this conclusion 

will be found in the magnetic measurements. 

The increase in intensity of the molybdenum oxide 

band mentioned above for PKSOO is, we believe a very 

significant detail, the more so since the infrared evi

dence suggests that there is no important change in the 

Mo-O configuration. Therefore, it appears as if we have 

to do with a form of Mo0
3 

possessing an abnormally high 

surface area, in view of the fact that reflection spec

troscopic measurements relate to the surface of a sam

ple.An obvious explanation for the increase in intensi

ty is that the molybdenum oxide is spread over the alu-

mina surface. This is then even more true for Ketjen-

fine,since the extinction values of the Moo
3 

band found 

for Ketjenfine are somewhat higher than those found 

for PKSOO.The question arises whether this is physical

ly possible. Assuming for molybdenum oxide a monomole-

cular layer with a thickness of 
-3 

5 ~ and a density of 

4.5 g.cm , the surface area of 0.12 g Moo
3 

would be 

54m
2

• According to the specification, the catalyst has 
2 -1 a specific surface area of 250 m .g From this we may 

conclude that it is indeed possible that the molybdenum 

oxide is present as a monomolecular layer: even then it 

would cover only about 20% of the alumina surface. 

In contrast to this, the extinction values of the 



CoA1 2o4 bands of Ketjenfine are certainly not higher 

than those found for cobalt in aluminium oxide (figure 

12), which means that the cobalt ions are not spread 

over the alumina surface, but that they are distributed 

throughout the bulk; otherwise we would have found much 

higher extinctions in analogy with the Mo0
3 

band. These 

features are, of course, very important with respect to 

the catalytic properties. 

Reflection spectra were also made of mixtures of 

PC2 and PC4 with alumina after calcination at 700 and 

800°C during various periods. The mixtures contained 

16% PC2 or PC4.The spectra are shown in the figures 20, 

21, 22 and 23. We shall first discuss the spectra made 

after calcination at 700°C. The high extinction values, 

15 20 
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figure 21 

Reflection spectra of a 

mixiure of PC2 and alu

mina after various cal

cination periods. 
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figure 23 Reflection spectra of a mixture of PC 4 and 

alumina after various calcination periods. 

observed already after a short calcination time,between 

27000 and 40000 cm-l prove that molybdenum trioxide 

spreads over the alumina surface. This means that PC2 

and PC4 dissociate at least partially. No cobalt alumi

nate formation is observed, so that the final product 

consists of molybdenum trioxide, cobalt molybdate and 

cobalt oxide, this last being Co 3 o 4 , because this is 

the stable modification below 900°C (14). The differ

ences between the reflection spectra starting from PC2 

and PC4 disappear gradually, which means that the co

balt molybdates in both preparations become similar, 

most probably form III,as can be seen from the spectra. 

The spreading of the molybdenum trioxide is also 

observed after the calcination at 800°C, but, moreover, 

it is seen now that the extinctions of the Moo 3 band 

become lower after longer calcination times owing to 57 
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sublimation of molybdenum oxide from the samples. A 

certain amount of cobalt aluminate is also observed, so 

that the final composition is: Moo 3 , CoA1 2o 4 , CoMo0 4 , 

and probably co 3o 4 • The form of the cobalt molybdate 

cannot be determined from the spectra, but 

the foregoing it will probably be form III. 

in view of 

II.4 MAGNETIC MEASUREMENTS 

To confirm the conclusion that the cobalt in Ket

jenfine is present as cobalt aluminate, where it is 

tetrahedrally surrounded by oxygen, the dependence of 

the magnetic susceptibility on the temperauure was mea

sured. The same apparatus and technique as described in 

1.6 were used, but instead of carrying out the measure

ments in dry nitrogen, which adsorbs at the large cata

lyst surface in substantial quantities at lower temper-

atures and confuses the measurements, dry helium was 

used. The measurements are given in table 7. No signif 

table 7 Magnetic Measurements on Ketjenfine 
(commercial catalyst) 

aaaple weight 
366.2 .. , 

tem.p. (olt) 103 113 133 153 183 

current AG., x.1o8 AG
11 

x.1o8 AG u Xoi0
8 AG 

u x.1o8 
AGu x.108 

(a•ps) 

5 2.61 18.17 2.25 16.29 1.66 13.20 1.13 10.42 0.83 8.85 
7 4,97 18.32 4.26 16.39 3,01 12.98 2.11 10,52 1,49 8.83 

8 6.12 18.47 5.16 16.31 3,67 12.97 2.57 10.50 I. 78 8,73 

9 7,08 18.44 5.98 16.32 4.20 12.89 2.95 10.49 2.00 8,66 

x.1o8 
(averaaa) 18.4 16.3 13.0 10.5 8.8 ., .... P.9 F··' 20.4 17.2 

-3 
1/Xp•IO 2.85 3,19 3.98 4.91 5.82 

c 0.0282 
& 22°1: 
p 4, 211 

223 

AG 
" 

x.108 

0.49 7.07 
0,92 7.28 

1.08 7.16 

1.22 7.16 

7.2 

14.2 



icant dependence on the current intensity is found; al

lowing the average susceptibility to be used.From these 

values Xp is calculated using the formula: 

II-I 

in which 

Xp susceptibility related to I kgatom of cobalt, cor

rected for the diamagnetic susceptibility 

(m3 .kgat- 1) 

measured susceptibility (m3 .kg- 1) 

d . • . ( 3 k -1) 1amagnet1c correct1on m • g 
-1 molecular weight of CoO, 74.93 kg.kgmole 

The factor 25 is used, because of the fact that Ketjen

fine contains 4% CoO. The diamagnetic correction is 

equal to: 

II-2 

xd(CoO) is calculated from the table given by Selwood 

(22), while x(Mo0
3

) and x(Al 2o3 ) are taken from the 

Handbook (24). 

Formula II-2 now yields: 

-8 3 -1 xd ~ -0.396xl0 m .kg 

The plot of 1/xp against the absolute temperature is 

given in figure 24. The Curie-Weisz law is well obeyed. 

A magnetic moment of 4.2 Bohr magnetons and a 

Curie temperature of +22°K are then calculated. The 

value of the magnetic moment agrees reasonably well 

with the value of 4.02 Bohr magnetons given by Cossee 

(19) for CoA1 2o
4

• For the Curie temperature, however, 

he gives -35°K. He finds a dependence of the magnetic 

moment and the Curie temperature on the concentration 

to 4% 

CoO, he finds a magnetic moment of 4.06 Bohr magnetons 

and a Curie temperature of +15°K, both of which are in 59 
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figure 24 Plot of the reciprocal paramagnetic suscep

tibility versus temperature for Ketjenfine. 

better agreement with our measurements. Another expla

nation for the differences between our results and 

·those of Cossee (19) may be found in the inaccuracy 

caused by the fact that only a small amount of paramag

netic material is present in the catalyst. An error in 

the diamagnetic correction now plays a more important 

part than in the measurements of I.6. The magnetic mea

surements remain a strong support for the conclusion 

that in Ketjenfine the cobalt is present as cobalt alu

minate. 

II. 5 CONCLUSION 

Infrared and reflection spectra show that no co

balt molybdate is present in the commercial hydrode

sulphurisation catalyst. The infrared spectra reveal 

60 that the molybdenum is mainly present as molybdenum 



trioxide. The reflection spectra prove that the cobalt 

is distributed throughout the bulk of the alumina as 

cobalt aluminate, whereas they showed that the molyb

denum trioxide is spread very probably as a monomolecu

lar layer covering about 20% of the alumina surface. 

The conclusion that cobalt occurs as cobalt aluminate 

is confirmed by the magnetic measurements. 

Infrared and reflection spectra illustrate that, 

if a mixture of cobalt molybdate (II or III) and alumi

na is calcined a small amount of compound III is pre

served. A greater part of the molybdenum, however, i~ 

spread as molybdenum trioxide over the alumina surface 

even after short calcination at 700°C. Only after cal

cination at 800°C, cobalt aluminate is found to form. 

The cobalt that is not preserved as cobalt molybdate 

and that does not take part in the aluminate formation, 

is supposed to be present as cobalt oxide co 3o4 • The 

conclusion is that cobalt molybdate, even if deposited 

on alumina as such, 

tures. 

is not stable at higher tempera-

61 



Chapter III 

CATALYTIC PROPERTIES 

III. I INTRODUCTION 

In the previous chapter the structure of a typ

ical commercial hydrodesulphurisation catalyst, Ketjen

fine, was determined. In this chapter the catalytic 

properties of this catalyst and those of pure cobalt 

molybdates, i.e. without alumina, will be described. 

For experimental convenience it was decided to carry 

out the desulphurisation experiments on a single model 

compound, viz. thiophene (C
4

H
4
S), first because this is 

one of the most difficult compounds to desulphurise, 

and, secondly, because many of the published investiga

tions on hydrodesulphurisation refer to this compound. 

Since, in practice, hydrodesulphurisation always in

volves hydrogenation of sulphur-free unsaturated com

pounds, the hydrogenation of butene will also be con-

sidered. Special attention will be given to the fol-

lowing catalytic aspects: activation of the catalyst, 

adsorption of reactants, poisoning by certain compounds 

and, in conclusion, the reaction mechanism. 

One of the first proposals for the reaction mecha

nism of the thiophene desulphurisation was given by 

Griffith, Marsh and Newling (25) for a molybdenum di

sulphide catalyst. This mechanism consisted of the fol

lowing steps: 

(a) Two-point adsorption of thiophene on a pair of ad

jacent molybdenum atoms in an exposed plane of the 
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(b) Conversion to the half-hydrogenated state by reac

tion with a hydrogen atom adsorbed on an adjacent 

molybdenum atom. 

(c) Rupture of the carbon-sulphur bond by reaction of 

more hydrogen atoms with the half hydrogenated 

molecule in which the sulphur atom has become 

linked to a molybdenum atom. 

(d) Conversion of the adsorbed molecule to butene and 

hydrogen sulphide by subsequent reactions with 

further hydrogen atoms. 

This reaction mechanism is, at least partially, contra

dictory to the work of Nicholson (26, 27), who conclud

ed from infrared spectroscopic measurements that thio

phene was adsorbed on the catalyst in a four-point or 

flat form, i.e. the molecule was lying flat on the sur

face with the four carbon atoms attached to it. We 

shall discuss Nicholson's spectra in the next chapter 

and we shall then arrive at a different conclusion. 

Hoog (28) found that the rate constant for de-

sulphurisation decreased with increasing oil pressure, 

which he explained by assuming that the reaction pro

ceeded on the surface of the catalyst by interaction of 

the sulphur bear molecule and the hydrogen atoms 

formed through activated adsorption of hydrogen mole

cules. The oil molecules were supposed to be more 

strongly adsorbed than the hydrogen molecules, and 

might, therefore, preferably cover the surface, leaving 

less surface available for the dissociative adsorption 

of the hydrogen molecules. 

Hammar (29) concluded from his experiments that 

the hydrodesulphurisation of thiophene and the hydroge

nation of olefins occur on different kinds of surface 

sites. Kirsch, Heinemann and Stevenson (30) mentioned, 

in contrast hereto, that olefins inhibited the desul

phuribation of thiophene, which might mean that the hy

drodesulphurisation of thiophene and the hydrogenation 63 



of olefins take place on the same surface sites,Kirsch, 

Shalit and Heinemann (31) considered the sulphided co

balt molybdena catalysts as exhibiting an acid type of 

hydrogenation activity.which was affected by pyridine, 

since its addition improved the thiophene-olefin con

version selectivity, The improvement seems, however, 

rather slight, In a third article Kirsch and Shull (32) 

stated that sulphided cobalt molybdena-alumina at 250-

3000C is a selective catalyst for the hydrogenation of 

butadiene and that in the presence of this compound bu

tene hydrogenation is almost suppressed. This was in

terpreted to be the result of an acid type hydrogena

tion. Addition of hydrogen sulphide to the reactor feed 

stream was shown to be essential for prolonged catalyst 

activity with the desired selectivity, while it was 

vastly superior to adding methyl mercaptan or carbon 

disulphide. 

Hendricks et al. (1) mentioned that the hydrode-

sulphurisation activity improved, when the catalyst 

took up sulphur. Also Blue et al. (3) mentioned that 

the catalyst was not fully active until the oxides were 

converted to sulphides. Mann (33), however, activated 

the catalyst in a hydrogen stream at 500°C. 

Kalechits and In'Yuan'-gen' (34) published data 

obtained at 250-475°C from which they concluded that 

for olefin hydrogenation chemisorption of hydrogen is 

the rate determining step. In a second article (35) 

these authors stated that in the presence of thiophene 

interaction of olefins with molecular hydrogen is more 

likely than with chemisorbed hydrogen. 

The last publications which will be mentioned are 

those of Amberg and co-workers. Owens and Amberg (36) 

described the hydrodesulphurisation of thiophene over a 

commercial cobalt molybdate catalyst. Girdler No. G35A, 

containing 1.3% Co+ 6.1% Mo on alumina, which was 
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before it was used.They used a microreactor pu}se tech

nique. As reaction products they found on·ly butene, bu

tane, and hydrogen sulphide. No tetrahydrothiophene, 

mercaptans or butadiene were found. Preadsorbing of hy

drogen sulphide on the catalyst lowered the thiophene 

conversion, with an even greater effect on butene hy

drogenation, although it did not prevent cis-trans iso

merisation and double bond shift reactions from going 

to completion. Thiophene was found to have no influence 

on the hydrogen adsorption, whereas thiophene and bu

tene adsorbed far less strongly in hydrogen carrier gas 

than in nitrogen. The authors concluded that the prima

ry products of the hydrodesulphurisation were butadiene 

- although it was not found in the reaction products -

and hydrogen sulphide, and that C-S bond cleavage was 

the first step in the reaction, rather than hydrogena

tion of the ring. 

Desikan and Amberg (37) found for the methylthio-

phenes the same reaction sequence, viz. c-s bond fis

sion followed by diene and mono-olefin formation and 

complete saturation. In a following publication (38) 

they published data on the desulphurisation of hydro

thiophenes. For the hydrogenolysis of tetrahydrothio

phene it was found that it could proceed in two ways. 

The main reaction was hydrodecyclisation to n-butene

thiol and conversion of the latter to butenes and bu

tane; the second and less prominent reaction involved 

dehydrogenation to thiophene, which was also desulphur

ised. By poisoning experiments with pyridine two types 

of surface sites were shown to exist. One type is very 

strongly acidic, and hydrogenates olefins and can also 

catalyse desulphurisation to a limited extent, if the 

compound that has to be desulphurised is sufficiently 

basic i.e., if it has a suffiently high electron den

sity at the surface directed portion of the molecule. 

The other weaker type of acid sites was proposed to be 65 



able to desulphurise in two ways, either by adding H2 
across a C-S or C=S bond or removing SH from C-SH,form

ing an adsorbed carbonium ion. Finally, by working at 

very low conversion levels, Kolboe and Amberg (39) es

tablished that 1,3-butadiene was indeed a reaction pro

duct over cobalt-moly. The reaction rate was found to 

decrease strongly with increasing conversions, probably 

owing to poisoning effects of the product hydrogen sul

phide. 

A very comprehensive survey of the literature up 

to 1955 is given by McKinley (40). 

It is somewhat difficult to form a clear notion of 

the catalytic reaction from the literature, since many 

of the authors favour contradictory opinions. The only 

fact on which most of them agree is that it is an acid 

type reaction. As to the other features different views 

are held. Therefore, it is necessary to obtain more in

formation to get a better understanding of the perfor

mance of the catalyst. 

III.2 EXPERIMENTAL TECHNIQUE AND APPARATUS 

We used a microreactor pulse technique. The exper

iments were carried out at atmospheric pressure and 

from room temperature to 500°C. A diagrammatic repre

sentation of the apparatus in which the experiments 

were carried out is depicted in figure 25. Both hydro

gen and argon could be introduced into the reactor. The 

flow rates of these gases were adjusted wit·h the pres

sure regulators (a).The gases were then purified in (b) 

with successively BTS catalyst and molecular sieves. 

After passing the flow meters (c) and a manometer (d), 

they were led to the reference channel of the katharo

meter (Becker, type 1405SHM). Next they passed an in-

66 jection valve (e) (Becker), with the help of which gas-
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figure 25 Diagram of the apparatus. 

es could be introduced, and then a water cooled injec

tion port (f), through which fluid samples, e.g. thio

phene, could be introduced with the help of a hypoder-

mic syringe. The reactor consisted of a m long stain-

less steel tube with an inner diameter of 2 mm and an 

outer diameter of 3 mm, which was "spiralised" after 

being filled with catalyst.The dimensions of the spiral 

were finally a length of about 10 em and a diameter of 

about 3 em. The catalyst was crushed and a sieve frac-

tion of 0.20-0.25 mm was used. An electrically heated 

small oven, with which temperatures up to 800°C could 

be easily reached, was placed around the reactor. 

The reaction was thus carried out under chromato

graphic conditions, enabling adsorption phenomena to be 

measured from elution curves obtained after introduc

ing a pulse of a certain compound with (e) or through 

(f) • To this end, 0.5% of the stream leaving the reac-

tor was led via a copper nickel capillary tube with an 67 



inner diameter of 0.25 mm directly to a flame ionisa

tion detector (FID) (Becker) to measure the concentra-

tion profile of a pulse leaving the reactor. This cap-

illary tube was so short that the residence times in it 

were negligible with respect to those in the reactor. 

The rest of the reactor stream was led to a soap film 

flow meter (g), the flow rates being of the order of 

50 cm3 .min-l NTP. If the measurement of adsorption phe

nomena of compounds undetectable with the FID, e.g. hy

drogen, and oxygen, was wanted, the reactor stream was 

first led through the measuring channel of the katharo

meter. After the usual amplifications, the electrical 

signals obtained with the FID and the katharometer were 

registered with a Philips recorder. 

For the analysis of the reaction products from a 

pulse another 0.5% of the reactor stream was led via a 

second capillary tube to a sample loop of 5 cm3 • After 

the whole pulse had left the reactor, the contents of 

the sample loop were introduced with the help of a Mi

croTek seven-port valve (h) into a capillary column (m) 

to separate the reaction products. To reach sufficient

ly short injection times, a splitter (1) was used, so 

that only 0.25% of the carrier gas and sample entered 

the column. The capillary column consisted of a copper 

nickel tube, with an inner diameter of 0.25 mm and a 

length of 50 m, coated with 1-octadecene. Argon was 

used as carrier gas. It first passed a sampling valve 

(i) and an injection port (j) for introd~cing compounds 

for calibration. The pressure was 0.7 ato at (k) and 

the temperature of the column was maintained at 20°C, 

The column was discharged into the FID. All parts, af

ter the reactor, with the exception of the soap film 

meter, the chromatographic column and (i), (j) and (k), 

were placed in an air bath, held at 110°C, to prevent 
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The apparatus described above enabled us to mea

sure both reaction and adsorption phenomena. 

The following chemicals were used: 

thiophene 

pyridine 

hydrogen 

helium 

argon 

hydrogen sulphide 

c1-c 4 hydrocarbons 

BTS catalyst 

molecular sieves 

Merck "for synthesis" 

Merck "for chromatography" 

Loosco 99.9% pure 

Loosco 99.995% pure 

Loosco 99.997% pure 

Matheson "C.P." 

according 
to the ma
nufacturer 

Phillips "research grade" 

BASF activated at 150°C in hy

drogen 

Varian VacSorb activated at 200°C 

III,3 ACTIVATION AND REDUCTION OF THE CATALYST 

The catalyst is inactivate in the form as it is 

manufactured. It has to be activated. To get an insight 

into this activation the following experiment was car
ried out. The reactor was first filled with 0.1 g Ket-

jenfine. Argon was then passed over it at a flow rate 

of 50 cm3 .min-l NTP, while the temperature was gradual-

ly raised to 420°C and maintained at this value. The 

signal, which was first given by the katharometer, 

disappeared after 2 hours indicating that no more com

pounds, e.g. water, desorbed from the catalyst. The ar-

gon stream was thereupon replaced at a certain time t=O 

by a hydrogen stream of 50 cm3 .min-l NTP. Thiophene 

pulses of 1 microlitre were then given at various times 

and the reaction products were analysed.Only thiophene, 

butanes and butenes were found, hydrogen sulphide re

maining undetected, while the quantities of other com

pounds were negligibly small. About 5% of the first 

pulse was not recovered.The subsequent pulses, however, 

were completely recovered. A plot of the conversion of 69 



thiophene and the produced quantities of butanes and 

butenes is .given in figure 26, 
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One can see from this figure that the catalyst is 

indeed activated. This is either caused by sulphidation 

of the catalyst by the sulphur from the converted thio

phene or by reduction of the catalyst by hydrogen. To 

decide between the two, the experiment was repeated 

with a fresh portion of the catalyst, but the number of 

thiophene pulses was now diminished. Only the pulses 

indicated in figure 26 were given. However, the same 

conversions as in the first experiment were found. This 

clearly proves that not sulphidation but reduction ac

tivates the catalyst, because far less sulphur was 

available in the second experiment than in the first, 

whereas the same amount of hydrogen was available. 

70 No differences in activity were found when the 



catalyst was pretreated during 3 hours at 420°C with 

hydrogen sulphide or with hydrogen, indicating that it 

is not the sulphiding action of the hydrogen sulphide 

that activates the catalyst, but the reducing action. 

When carrying out preliminary flow experiments at atmo

spheric pressure and 380°C, Engelen (41) of our labora

tory found that the catalyst was immediately at its 

full activity, when thiophene was introduced to a cata

lyst that had been reduced by a hydrogen stream during 

3 hours. He observed no significant changes in activity 

from the very first moment of thiophene addition. This 

confirms that sulphidation of the catalyst is not nec

essary when working at atmospheric pressures. 

Experiments with the sample PL (11.3) and alumina 

showed that cobalt aluminate and alumina are both prac

tically inactive for desulphurisation and hydrogena

tion. 

The reduction of the catalyst was also investi

gated with the help of a Stanton thermogravimetric bal

ance. The experiments were carried out at 550°C, while 

a mixture of 20% hydrogen and 80% nitrogen at atmo

spheric pressure was passed over the samples. For a 

sample consisting of 20% CoO in alumina, prepared in 

the same way as PL, it was found that it was not re

du~ed either. The loss in weight of Ketjenfine must, 

therefore, be ascribed only to a reduction of the mo

lybdenum oxide. The weight change of Ketjenfine corre

sponded to the removal of 1.0-1.4 0 atoms perMo atom. 

This determination was rather inaccurate, owing to the 

relatively small weight changes and the water which de

sorbed also from the catalyst. The latter was also the 

reason that the experiments were carried out at 550°C. 

At 420°C the water which was formed by the reduction, 

was first adsorbed by the alumina and desorb•d so slow

ly that the measurements became too inaccurate. 71 



The obse'!,"vations mentioned above are in accordance 

with the experiments published by Mann ( 33) • who acti-

vated the catalyst with hydrogen. They are contradicto-

ry to the results of Hendricks et al. (l) and Blue et 

al. (3)' who stated that sulphidation of the ca-talys:t 

is necessary. Their experiments, however, relate to in

dustrial proces~es, which are done at much higher pres-

sures• It might be possible that at higher pressures 

sulphidation is indeed favourable to the catalytic ac

tivity. 

III.4 EXPERIMENTS WITH PURE COBALT MOLYBDATES 

The following samples with various Co/Mo ratios 

were prepared in the same wa~ as PB4 in 1.3 

PEO Mo0
3 

PE40 

PESO 

PE60 

PEJOO 

CoMo04 compound III 

The figur~s indicate the Co/Mo ratio in % Co. The same 

experiment as described in III.3 was carried out with 

1.0 g of each sample. The results of these experiments 

are given in tbe figures 27-31. For the samples PE0-40-

50-60 it is again found that they are actjvated bY re

duction. Another noteworthy phenomenon in this respect 

is that the percentages butenes,after a first increase, 

decrease again with increasing reduction time, while 

only traces of c2 and c3 hydrocarbons are formed. A 

third important feature is the methane formation. CH 4 
formation is the larger the higher the percentage co

balt in the samples. For the samples PES0-60 the methane 

formation becomes even so large that it increases at 

the cost of the butene formation, which after reaching 

a maximum value decreases again. It is obvious that the 

72 methane formation must be ascribed to reduced cobalt in 
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figure 29 

figure 30 
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Thiophene desulphurisation as a function 

of reduction time.Conditions: see figure 27. 

the samples. PElOO (Co 3 o4 ) even produces almost exclu

sively methane from the start of the reduction. The ac

tivity of this catalyst, however, falls rapidly, proba

bly as a consequence of a decrease of the catalytic 

surface by the sintering of the metallic cobalt formed 

by the reduction. The molybdenum oxide in the samples 

PE-40-50-60 prevents this decrease in surface and ac

tivity for these three samples. 

That practically no methane is formed over Ketjen

fine can be easily explained from the fact that in this 

catalyst the cobalt is present as cobalt aluminate, 

which is unreducible; no metallic cobalt can be formed. 

III.S THE CHROMATOGRAPHIC DETERMINATION OF ADSORPTION 

The chromatographic method for the determination 

of adsorption has great advantages. It needs only small 

samples and takes very little time. The determination 

of an adsorption isotherm, including calculation time, 

takes mostly less than one hour. Furthermore, the usual 

chromatographic equipment can be used, making special 

equipment for adsorption measurements superfluous. The 

experimental procedure is extremely simple. A small 

pulse of the compound of which the adsorption on the 75 



catalyst has to be. measured, is introduced into a flow 

of inert carrier gas, which is led through a column 

containing the catalyst or adsorbent. A detector is 

placed at the outlet of the column and the adsorption 

is determined from the signal given by this detector. A 

more detailed description of the apparatus is given in 

III,2. 

The adsorption, as measured by the chromatographic 

tec~nique can be divided into two kinds: 

(a) Irreversible adsorption.A certain part of the first 

pulse or pulses is not recovered; 

adsorbed by the adsorbent. When 

it is irreversibly 

the adsorbent has be-

come saturated, the following pulses are complete1y re

covered. The adsorbed amount can be easily calculated 

from the differences in peak areas between incompletely 

and completely recovered pulses. 

(b) Reversible adsorption. A dynamic equilibrium is es

tablished between the amount of adsorbate in the car

rier gas and at the adsorbent. The pulse is completely 

recovered, but its time of appearance at the outlet of 

the column is delayed. Now the adsorption isotherm can 

be calculated from the elution curve. 

In most cases one has to deal with a combination of the 

two kinds. A certain amount of the first pulse(s) is 

irreversibly adsorbed, while the following pulses are 

only retarded. 

We would remark here that the above-mentioned dis-

crimination is purely phenomenological; it has nothing 

to do with the difference between, for instance, physi

cal adsorption and chemisorption. 

Many publications have been issued on the determi

nation of adsorption isotherms from elution curves, but 

we will mention here only the following authors: Cremer 

(42), Huber and Keulemans (43), and Roginskii et al. 

76 (44). Huber and Keulemans gave a survey of the assump-



tions which have to be made for the calculation of ad

sorption isotherms: 

(a) A segment of the column containing a given amount 

of stationary phase contains also an amount of moving 

phase, which is invariant with time and with position 

of the segment. 

(b) The temperature of the column is constant and uni

form along its length. 

(c) The volume velocity of the carrier gas, averaged 

over any cross section of the column is constant. 

(d) The volume velocity of the moving phase is equal to 

the volume velocity of the carrier gas. 

(e) All axial transport is due to convection of the 

carrier gas. 

(f) Adsorption equilibrium is maintained at all times 

within any cross section. 

The conditions (a), (b) and (c) are fulfilled by using 

appropriate equipment, packing the column homogeneously 

with the adsorbent, and applying slight pressure drops 

across the column. In our case the pressure drop was 

mostly less that 0.1 atm. If necessary, corrections can 

be made for the compressibility of the carrier gas. As 

for condition (d), the deviations are negligible if the 

concentration of the adsorbate in the carrier gas is 

low. Condition (e) is never fulfilled; there is always 

some transport due to longitudinal (axial) diffusion. 

The error, however, can be made negligibly small by us

ing the optimal carrier gas velocity. Assumption (f) is 

practically always fulfilled, because the adsorption 

and desorption rates are high compared with the carrier 

gas velocity. 

From the material balance over an infinitesimal 

cross section of the column one can now obtain the fol

lowing equation: 
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in which 

A 

e: .. 
the atea of the cross section (cm2) 

fraction not filled by the adsorbent 

c = concentration of the adsorbate in the moving phase 

(mmole.cm- 3 ) 

a .. amount of adsorbed substance per cm3 adsorbent 

(mmole.cm-3 ) 

U = flow rate of the carrier gas (cm3 .sec- 1
) at the 

pressure and temperature of the column 

x = the distance (em), measured in the direction of the 

flow, from the inlet of the column 

t = time (sec) after the introduction of the pulse 

From formula III-I can be deduced: 

{Ae: + A(l-e:)da}~ 
de dt u 

da} {Ae: + A(l-e:)dC dx == Udt 

Integration of equation III-4 yields: 

{Ae: + A(l-e:)::}L 

in which 

L = length of the column (em) 

Ut 
c 

III-2 

III-3 

III-4 

III-5 

t = time (sec) of appearance of a certain concentration 
c 

in the gas phase at the outlet 

We can substitute: 

v c 
Ut 

c III-6 

In which V is the volume (cm3 ) carrier gas that has 
c 

left the column at the appearance of a certain concen-
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Furthermore we can say: 

A(I-c:)L v 
a 

III-7 

III-8 

In which v0 is the free volume of the column and Va is 

the total volume of the adsorbent, both in cm3 • 

Equation III-5 gives now: 

v da = v -v 
a de c 0 

From III-9 follows: 

in which 

cdf(c) = v -v 
de c 0 

v -v 
c 0 

--G-

G total weight of the adsorbent (g) 

III-9 

III-10 

III-II 

f(c)= the amount of adsorbed substance on I g of adsor

bent at a certain concentration in the gas phase, 

i.e. a point of the adsorption isotherm 
-I 

(mmole.g ) 

From equation III-II one can see that the derivative of 

the adsorption isotherm at a certain concentration is 

equal to what is called "specific retention volume" of 

that concentration. For catalysts the adsorption iso

therms are usually convex.The lower coricentrations are, 

therefore, retained longer than the higher ones, and 

this causes the asymmetric shape of the elution curves. 

Integration of equation III-II yields: 

I c 
f(c) "G J<v -v0 )dc III-12 

0 c 
79 



The values of Vc' v
0 

and c can be expressed in terms of 

the signals of the detector and recorder, 

1 
v .. .-£u III-13 

c u 

vo 
10 

III-14 .. -u 
u 

c "' Kh III-15 

in which 

1 distance (em) on the recorder chart for a certain 
c 

concentration from the beginning of the experiment 

1
0 

.. distance (em) obtained for a nonadsorbing com-

pound 

speed 
-1 

u recorder chart (cm.sec ) 

h deviation (em) of the recorder pen from the base 

line 

K constant of the detector (mmole.cm -3 -1 
.em ) 

Substitution of the equations III-13-14-15 in 111-12 

yields: 

f(c) 
UK h 
uG OJ (lc-lO)dh III-16 

f(c) = UK S 
uG c III-17 

A typical elution curve is depicted in figure 32 to il

lustrate how the adsorption isotherm is obtained. 

The constant K can be calculated from the peak area P 

on the chromatogram. 

in which 

m = f cdV 
0 

m the introduced quantity (mmole) 

III-18 

V volume (at the column temperature and pressure) of 

80 the carrier gas that has left the column 



We now arrive at: 

figure 32 
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-t 

Illustration of the calculation of an ad

sorption isotherm from an elution curve. 

III.6 ADSORPTION AND ITS INHIBITION BY WATER AND PYRIDINE 

In the above chromatographic method we have a sim

ple means for the determination of adsorption under 

various circumstances. Care has to be taken, however, 

that the adsorbing substartce does not take part in any 

reaction. The adsorption isotherm can then no more be 

determined. We found no reactions of thiophene or hy

drogenation of butenes up to 400°C, when using the in

ert carrier gas argon. Only a small amount of the first 

two pulses on a fresh catalyst was irreversibly adsorb-

ed. Therefore, unless otherwise stated, argon was al- 81 



ways used as carrier gas when carrying out adsorption 

measurements. Two typical adsorption isotherms of thio

phene on Ketjenfine are depicted in figure 33. A plot 
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figure 33 
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Adsorption isotherms of thiophene on Ket

jenfine. 

Conditions: 2.79 g catalyst,4 hours reduced 

in H2 at 500°C; carrier gas: 
3 -1 argon 20 em ,min NTP. 

of 1/f(c) against 1/c in figure 34 shows that both iso

therms approximately obey the equation of the Langmuir 

adsorption isotherm. Extrapolating to 1/c = 0 gives for 

395°C a number of thiophene sites equal to 10 19 sites. 
-1 0 19 -1 

g and for 140 C a number of 3x10 sites.g • 

As mentioned in III.! Owens et al. (36) stated 

that thiophene should adsorb less strongly in hydrogen 

than in nitrogen carrier gas. To check this, we deter

mined the adsorption isotherm in hydrogen and in argon 

as carrier gas. We could, however, not do this at high-

82 er temperatures, because of the reactions then occur-
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ring, but we determined the isotherms at 140°C where 

the conversion of thiophene in a hydrogen stream was 

negligibly small. The catalyst was first reduced during 

4 hours in a hydrogen stream at 500°C. For the determi

nation of the isotherm in hydrogen the catalyst was 

then allowed to cool in the hydrogen stream and the 

thiophene pulse was given at 140°C. For the determina

tion of the isotherm in argon, the catalyst was flushed 

in an argon stream during 3 hours at 500°C after the 

reduction. It was then allowed to cool in argon down to 

140°C. The adsorption isotherms are given in figure 35. 

One can see that, in contradiction to the results of 

o•ens et al., hydrogen has no influence on the thio-

phene adsorption, indicating that both substances ad-

sorb on different kinds of surface sites. 

Water was found to have a considerable effect on 

the thiophene adsorption. This is shown in figure 36. 

Two thiophene adsorption isotherms at 395°C are given 

obtained before and after a pulse of 20 microlitres 

water. Water was retained by the catalyst much longer 

than thiophene, enabling a thiophene elution curve to 

be determined before any water had left the column. A 

plot of 1/f(c) against 1/c (figure 37) reveals that 

thiophene and water adsorb competitively on Ketjenfine, 

indicating that the same surface sites are involved. 

The influence of hydrogen sulphide was found to be of 

the same character as the influence of water.The butene 

adsorption was measured to be reduced by hydrogen sul

phide and water in an even greater degree than the 

thiophene adsorption. 

The influence of the organic base pyridine on the 

adsorption was also studied from room temperature up to 

500°C. The adsorption of pyridine on the catalyst was 

for a considerable part of the irreversible type up to 

temperatures of about 400°C. As for the reversible part 

84 of the adsorption, the retention volumes of pyridine 
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were so large with respect to those of butene and thio

phene that many elution curves of the latter two com

pounds could be obtained before pyridine broke through. 

The first pulses of pyridine were found to have no in

fluence on the thiophene and butene adsorption. Only 

when the catalyst became saturated with pyridine was 

there a decrease in butene and thiophene adsorption. 

This indicates that at first pyridine adsorbs on other 

sites than thiophene and butene, while upon saturation 

of these sites pyridine is adsorbed on the same sites. 

The fact that the above-mentioned poisons had in 

principle the same effects on both thiophene and butene 

adsorption was already an indication that butene and 

thiophene adsorb on the same kind of surface site. An

other indication was that the retention time of a bu

tene pulse was observed to decrease strongly if it was 

introduced in the carrier gas after the introduction of 

a thiophene pulse. 

The determination of the adsorption of hydrogen 

was unfortunately too inaccurate to give much informa-

tion. This is caused by the high diffusion of hydrogen 

giving rise to a large longitudinal diffusion, espe

cially at higher temperatures. A few important phenom

ena were, however, observed when giving hydrogen pulses 

to an argon stream flowing over a catalyst that was 

first reduced in a hydrogen stream and then flushed in 

an argon stream at 500°C. No hydrogen adsorption was 

found from room temperature up to about 220°C. A hy

drogen pulse had in this temperature range exactly the 

same retention time as a helium pulse. Only from 220°C 

on, hydrogen adsorption was found to exist.It increased 

steadily with increasing temperature and reached a max

imum value at 500-550°C. At higher temperatures it was 

observed to decrease again. We may conclude that the 

86 hydrogen adsorption is of the activated type indicating 



that the H-H bond must be broken before the adsorption 

is possible. 

III.7 THE INFLUENCE OF THE TEMPERATURE AND OF THE ADDITION 

OF WATER AND PYRIDINE ON THE REACTION 

The dependence of the thiophene desulphurisation 

and of the butene hydrogenation over Ketjenfine on the 

temperature is given in figure 38. No thiophene conver-
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Butene hydrogenation and thiophene desul

phurisation as a function of temperature. 

Conditions: 2.35 g Ketjenfine,4 hours re-

duced in hydrogen at 500°C; 
3 . -1 3 

50 em .m~n NTP H2 ; 2 em 

2-butene(trans) and 10 ~1 

c4 H4 s pulses. 

500 

sian was found below 210-230°C, while from this temper

ature on the conversion of a thiophene pulse increased. 

Above 450°C about 5% of the pulse was cracked. For the 

butene hydrogenation a somewhat surprising temperature 87 
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dependence was found. Especially the increase of the 

hydrogenation below 280°C with decreasing temperature 

is striking, the more so since no hydrogen adsorption 

is found below 220°C (III.6). 

As was expected from the adsorption measurements, 

water had a poisoning effect on the reactions. In a 

typical experiment, the conversion of a 2 ~1 thiophene 

pulse at 400°C was lowered from 91 to 88% after the in

troduction of 3 ~1 water,while the ratio butane/butenes 

in the product changed from 24/67 to 17/71. Water was 

also found to lower the hydrogenation of a butene pulse 

in both the high temperature range (above 220-280°C) 

and the low temperature range (below 220-280°C). The 

lowering of the butene hydrogenation in the high tem

perature range was greater than the lowering of the 

thiophene conversion. 
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The temperature was found to have an important ef

fect on the poisoning of the butene hydrogenation by 

pyridin~, as can be seen from figure 39. At 400°C a de

crease of the butene conversion was observed after ev

ery pulse until the catalyst became saturated with pyr

idine (the point were pyridine was found in the efflu

ent gas is indicated in figure 39 by an arrow), About 
1 9 6x!O molecules per gram catalyst were then irrevers-

ibly taken up. The subsequent pulses had a much smaller 

effect. In contrast to this, pyridine had no effect on 

the butene hydrogenation at 140°C.Only when the satura

tion point was approached, did the conversion drop.From 
19 figure 39 one can see that about 13x!O molecules pyr-

idine per gram catalyst are taken up before the conver

sion drops and that the following 3xto 19 molecules.g-l 

poison the reaction completely. 

For the thiophene desulphurisation, the influence 

of pyridine in the high temperature range was the same 

as found for the butene hydrogenation. 

We recall here that pyridine has no influence on 

the butene and thiophene adsorption in ~oth the high 

and low temperature ranges, as long as the saturation 

point is not approached, 

III. 8 CONCLUSION 

In III.3 we proved that the catalyst is activated 

for hydrodesulphurisation by reduction. About I .0 - I .4 

oxygen atoms per molybdenum atom are removed. After re

duction, pure cobalt molybdates (without alumina) are 

also able to desulphurise, but the metallic cobalt 

causes a large amount of cracking. 

The observations reported in III.6 - III.7 are 

summarised in table 8. 89 



table 8 Catalytic Properties 

c4a4s C4H8 Hz c4H4 S C4H8 
adaorptioa. adeorption adaorptioa reaetioa react i n 

H T .,. .. yoo yea yeo yeo 

L T y .. yeo no no yeo 

B T yeo yeo yea yes 
vater 

L T inbibi- yeo YOI --- yeo 

tion by 
H T no no .,. .. yea 

pyridine 
L T no no --- no 

BT high temp-erature 1:ance (above 220-28G0 c> 
LT tow temperature ranae (l>olow 220-280°C) 

90 



Chapter IV 

DISCUSSION 

IV .I DISCUSSION 

We shall begin with the discussion of Nicholson's 

(26, 27) infrared spectra of adsorbed thiophene. He 

mentions three infrared bands: 

(1) A band around 3086 em-! that is observed on Mos
2 

preheated at various temperatures, and on the cata

lyst also after heating. Jt is not observed, how

ever, on the hydrogen saturated catalyst after 

heating. Al
2
o

3 
itself shows a band at 3060 em-!. 

-I 
(2) A sharp band at 3005 em only observed on Mos

2 
at 

various temperatures. 

(3) A band at 2960 em-! observed on MoS 2 at various 

temperatures, also present on the catalyst, but on

ly after heating, and, finally, on the hydrogen 

saturated catalyst after heat 

Nicholson assignes the various C-H stretching 

bands as follows: 
-I 

3086 em either "one-point" adsorption with S as the 

physically bonded or gas-

3005 

2960 

-I 
em 

-I 
em 

bonding atom or 

eous thiophene. 

"two-point" adsorption, i.e. a bonding of 

two carbon atoms on one side of the thio

phene ring with the surface, 

"four-point" adsorption, i.e. all carbon 

atoms bonded to the surface. 

(It might be remarked that two-point adsorption should 

give rise to two bands,viz. "paraffinic" and "olefinic" 

C-H) ~ 



His conclusion is that the situation that causes 

the 2960 cm-l band is the active species and that, 

therefore, four-point adsorption is identical with the 

active intermediate. In our opinion one might just as 

well defend the view 

the 3086 cm-l band is 

that the situation connected with 

the active intermediate.It is the 

3086 cm-l band 

sorbed hydrogen, 

that disappears on reaction with ad

while the 2960 cm-l band is far less 

subject to change. 

The assignment of a "one-point'' adsorption to the 

3086 Cm-l band bl ' h' b d · appears reasona e Slnce t 1s an 1s 

also found for gaseous thiophene and the sulphur atom 

is not involved in this vibration mode. This means that 

we believe the active intermediate to have the sulphur 

atom and only this atom bonded to the surface. 

We can now give an explanation of the fact that 

reduction is necessary for the activation of the cata-

lyst. In chapter II the catalyst was found to consist 

of cobalt aluminate, alumina and molybdenum trioxide. 

Cobalt aluminate and alumina were found to be practi

cally inactive for hydrodesulphurisation and hydrogena

tion (III.3). This means that molybdenum oxide is re

sponsible for the main part of the catalytic activity. 

The catalytically active intermediates must, therefore, 

be thiophene molecules adsorbed in the one-point form 

on the molybdenum oxide. These complexes can only be 

formed when anion vacancies are available, i.e. when 

oxygen atoms are removed by reduction, leaving Lewis 

acid sites that strongly attract the lone electron 

pairs of the thiophene sulphur atom. This may also be 

the explanation of the observation (III.3) that conver

sion of the molybdenum oxide to sulphide is unimportant 

to the catalytic activity, as long as anion vacancies 

are available. With the help of thermogravimetric mea-

92 surements at 550°C we found that about I oxygen atom 



per molybdenum atom is removed by reduction. We may ex

pect that the "independently" bonded oxygen atoms (see 

figure 9a) are the ones that are removed, Of course, at 

lower temperatures only a part of these "independently" 

bonded oxygen atoms will be r~moved. 

Hydrogen adsorption was found to be of the acti

vated type, The H-H bond is broken and the two H atoms 

are independently adsorbed, most probably on oxygen at

oms in the surface, so forming OH groups. Since it is 

unlikely that the hydrogen atoms are bonded to oxygen 

atoms that are linked to more than one molybdenum atom, 

the "independently" bonded oxygen atoms will be the 

agents to form bonds with the hydrogen atoms. 

In view of all this we can represent the formation 

of a catalytically active site as depicted in figure 

40.An oxygen atom is removed, leaving an anion vacancy, 

figure 40 
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Formation of the active site. 

and a hydrogen molecule is adsorbed as two H atoms on 

adjacent 0 atoms, so forming two OR groups. So two con

ditions must be fulfilled for the catalyst to be ac

tive. Anion vacancies must be present as well as "in-

dependently" bonded oxygen atoms. The reduction of the 

catalyst must not, therefore, be too extensive, because 

many anion vacancies are then formed indeed, but too 

few oxygen atoms are left for the hydrogen adsorption. 

It remains possible that in industrial processes, 

which are carried out under other circumstances than 93 



our experiments, sulphidation of the catalyst is fa

vourable to the catalytic activity. However, the reason 

that in these processes, carried out at rather high 

pressures, the activation is not performed with hy

drogen but with milder reducing agents such as hydrogen 

sulphide or a mixture of hydrogen and hydrogen sul

phide, may be that hydrogen alone leads to "overreduc

tion". 

The same anion vacancies 

thiophene desulphurisation are 

that are active for the 

supposed to chemisorb 

butene also. So we can conclude from this that hydrode

sulphurisation and hydrogenation of olefins take place 

on the same kind of surface sites, a conclusion con

sistent with the fact that in the high temperature 

range all observations concerning adsorption and poi

soning run parallel for butene hydrogenation and thio

phene desulphurisation. 

The observed inhibition of the butene and thio

phene adsorptions and reactions by water and hydrogen 

sulphide can now be explained. The latter two compounds 

are expected to adsorb on the same anion vacancies as 

thiophene and butene, diminishing both the butene and 

thiophene adsorption and reaction. However, in view of 

the presumed stronger adsorptive capacity of thiophene, 

the influence of water and hydrogen sulphide on the 

thiophene adsorption and reaction is smaller than the 

influence on the butene adsorption and hydrogenation. 

So far, the influence of pyridine is not complete

ly clear. The high temperature reactions are partially 

poisoned but there is no evidence for an inhibition of 

thiophene and butene adsorption, as long as there is no 

saturation by pyridine. The low temperature hydrogena

tion of butene is only poisoned after a considerable 

amount of pyridine has been taken up by the catalyst. 

94 It is well known that pyridine adsorbs on the alumina 



surface, and a or part of the adsorption of this 

compound may, therefore, occur on that part of the sur

face that plays no direct part in the catalytic reac

tions. However, this also applies, to a lesser extent, 

to thiophene and butene. The explanation of the inhibi

tional effects of pyridine demands a more quantitative 

appraisal of the strengths of the adsorption bonds of 

the various compounds, which is beyond our present pos

sibilities. 

For the high temperature range we can now propose 

the following reaction mechanism (figure 41): 

figure 41 
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Reaction mechanism for the hydrodesul 

phurisation of thiophene. 

(1) Thiophene is adsorbed on an anion vacancy formed by 

reduction of the molybdenum oxide, The sulphur atom 

becomes bonded to the molybdenum atom. 95 



(2) One hydrogen atom is transferred from an adjacent 

OH group to the adsorbed molecule. One C-S bond is 

broken, This is in accordance with the literature, 

in which c-s bond fission is generally taken as the 

first step, rather than ring hydrogenation. 

(3) A second hydrogen atom is transferred breaking the 

other c-s bond. 

(4) 1,3-butadiene desorbs, in accordance with the ob

servations of Kolboe and Amberg (39).This butadiene 

molecule is of course hydrogenated further on other 

sites or maybe even on the same site. 

(5) The original catalytic site is restored by a reac

tion with two hydrogen molecules and desorption of 

an H2S molecule. 

For the hydrogenation of butene in the high temperature 

range there are two alternatives; either ~-adsorption 

of butene on the anion vacancy followed by a transfer 

of two hydrogen atoms to the adsorbad molecule, or a 

direct reaction of the olefin with a hydrogen atom from 

the surface and the formation of an intermediate a

bonded surface alkyl group. No decision between the two 

seems possible at this moment. 

When the molybdenum oxide is converted to molybde

num sulphide by sulphidation, the hydrogen atoms are 

not transferred from OH but from SH groups,and it might 

be that under certain circumstances this is favourable 

to the catalytic activity. However, as mentioned in 

chapter III, we did not observe such an increase of the 

catalytic activity by sulphidation during our experi

ments. 

The next phenomenon which has to be discussed is 

the low temperature hydrogenation of butene. In the low 

temperature range no hydrogen adsorption was found be

low 210°C. However, it is certain that butene is ad-

96 sorbed. Any reaction between hydrogen and butene is, 



therefore, a reaction between an adsorbed butene mole

cule and a gaseous hydrogen molecule. If it is accepted 

~hat the butene is adsorbed on the anion vacancies, 

this adsorption should then be of the ~-type. The in

crease of the conversion with decreasing temperature 

can be explained from the increase of butene adsorption 

with decreasing temperature. 

From our structure determination in chapter II and 

from our observations in chapter III we might conclude 

that the cobalt in the catalyst plays no important part 

in the catalytic reaction. Its presence is not neces

sary either for the reaction mechanism proposed above. 

The only function we might ascribe to the cobalt is a 

lowering of the acidity of the catalyst, the more so 

since it occupies the tetrahedral holes of the alumina 

lattice.A lowering of the acidity of the catalyst might 

perhaps introduce a favourable effect on cracking and 

cuke formation. 

IV.2 CONCLUSION 

We can summarise the reaction mechanism in the 

high temperature range as follows: 

(1) Thiophene adsorbs in the ''one-point" form on the 

anion vacancy formed by reduction. The sulphur atom 

becomes linked to the molybdenum atom, 

(2) The C-S bonds are broken by hydrogen transfer from 

adjacent OH or SH groups. 

(3) Butadiene desorbs and the original catalytic site 

is restored by a reaction with hydrogen and desorp

tion of H2s. 
For the butene hydrogenation in the high temperature 

range either a similar reaction scheme occurs or there 

is a formation of a-bonded alkyl groups by direct in- 97 
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teraction of the gaseous butene with surface hydroxyl 

groups, I~ the low temperature range the chemisorbed 

butene is supposed to react directly with a hydrogen 

molecule from the gas phase. 

The role of the cobalt in the catalyst could not 

be determined; further research will be necessary. 



CONCLUSIONS 

The information obtained from our experiments to

gether with that published in the literature leads to 

the following conclusions. 

In the cobalt oxide molybdenum oxide system, com

pound formation occurs only at a Co/Mo ratio equal to 

1, the composition corresponding to the formula CoMoo
4

• 

This compound occurs in various modifications two of 

which, called II and III, were also identified in our 

work. Compound II is the stable modification at room 

temperature. It is transformed at 420°C into compound 

III. Compound III, after being heated above 710°C, 

changes at 35°C into compound II in a sudden and vio

lent way. If compound II is heated between 420°C and 

710°C, the subsequent transformation from III into II 

is rather slow. Compound III can be obtained in a rela

tively stable state by avoiding any heating above 710-

7120C during preparation. 

Both cobalt and molybdenum are octahedrally sur

rounded by oxygen in the two modifications. 

None of these modifications, however, is present 

in the commercial catalyst "cobalt molybdate" on alumi

na; this consists of cobalt aluminate, molybdenum tri

oxide and alumina. The cobalt aluminate is distributed 

throughout the bulk of the alumina, but the molybdenum 

oxide is spread over the alumina surface probably as a 

monomolecular layer. The fractional coverage of the alu

mina surface is estimated at about 20%. 

The catalyst becomes ·fully activated by reduction 99 
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with hydrogen. In our experiments sulphidation of the 

catalyst did not increase its activity. 

It is postulated that the reduction leads to the 

formation of anion vacancies at the Moo
3 

surface. Thio

phene is attached with its sulphur atom to the Mo atom 

next to such an anion vacancy. The C-S bonds are rup

tured by a transfer of two hydrogen atoms from hydroxyl 

(or SH) groups in the surface. For the butene hydroge

nation in the high temperature range (above 220-280°C) 

either a similar scheme occurs or there is a formation 

of a-bonded alkyl groups by direct interaction of the 

gaseous butene with surface hydroxyl groups. However, 

in the low temperature range (below 220-280°C) the n

adsorbed butene molecule reacts directly with a hydro

gen molecule from the gas phase. 

No information could be deduced from the experi

ments performed as to the function of the cobalt compo

nent in the commercial catalyst. 



SUMMARY 

The present investigation deals with the structure 

and the catalytic properties of the hydrodesulphurisa

tion catalyst "cobalt molybdate on alumina". The in

vestigation concerning cobalt molybdate (without alumi

na) and the cobalt oxide molybdenum oxide system is re

ported in chapter I. Differential thermal analysis and 

X-ray spectroscopy show that compound formation only 

occurs at a Co/Mo ratio equal to I. The compound has 

then the composition CoMoo
4

• The phase diagram is given 

for the region with a Co/Mo ratio equal to and smaller 

than I. Two modifications of CoMo0
4 

were prepared. DTA 

shows the existence of two transition temperatures of 

the modifications into each other.Infrared spectra show 

that the molybdenum is octahedrally surrounded by oxy

gen in the two modifications. The surrounding of the 

cobalt remains undetermined from reflection spectra, 

but from measurements of the magnetic susceptibility it 

follows that the cobalt is octahedrally surrounded in 

both modifications. 

The determination of the structure of the "cgbalt 

molybdate on alumina" catalyst is given in chapter II. 

Infrared spectra show that the molybdenum is present as 

molybdenum trioxide. Reflection spectra lead to the 

conclusion that the cobalt is distributed throughout 

the carrier alumina as cobalt aluminate, whereas the 

molybdenum oxide is spread over the alumina surface, 

probably even as a monomolecular layer. Ma.netic mea

surements confirm the conclusion that the cobalt is 

present as cobalt aluminate. 101 



The catalytic properties were investigated with 

the help of a microreactor pulse technique under chro

matographic conditions, enabling both adsorption and 

reaction phenomena to be measured. Attention has been 

given to the effect of poisoning substances, The re

sults of the measurements are given in chapter III and 

they are discussed in chapter IV. The catalyst is acti

vated by reduction, which causes the formation of anion 

vacancies in the molybdenum oxide surface. Sulphidation 

of the catalyst does not increase the catalytic activi

ty. Thiophene is adsorbed on such an anion vacancy and 

becomes attached with its sulphur atom to a molybdenum 

atom. The C-S bonds are broken by a transfer of hydro

gen atoms from adjacent hydroxyl (or SH) groups. Above 

220-280°C butene is hydrogenated by hydrogen from OH 

groups, but below 220-280°C it reacts directly with a 

hydrogen molecule from the gas phase. 

The role of the cobalt in the catalyst remains ob-

scure. 



SAMENVATTING 

Dit proefscbrift bevat een onderzoek naar de 

structuur en de eigenscbappen van de ontzwavelingska

talysator "cobaltmolybdaat op aluminiumoxyde". Het on

derzoek met betrekking tot cobaltmolybdaat (zonder alu

miniumoxyde) en het systeem cobaltoxyde-molybdeenoxyde 

wordt bescbreven in hoofdstuk I. Met behulp van DTA en 

rontgendiffractometrie werd aangetoond dat er alleen 

een verbinding gevormd wordt bij een Co/Mo verbouding 

gelijk aan 1. De verbinding heeft dan de samenstelling 

CoMoo 4 . Het fasediagram wordt gegeven in bet gebied met 

een Co/Mo verbouding gelijk aan en kleiner dan I. Van 

de verbinding CoMo0 4 werden twee modificaties ver

kregen, die, zoals uit DTA metingen bleek, bij ver

schillende temperaturen in elkaar overgaan. Uit infra

roodspectra werd besloten dat bet molybdeen octaedrisch 

omringd is door zuurstof in beide modificaties. De be

paling van de omringing van het cobalt uit reflectie

spectra stuitte op moeilijkheden, maar met bebulp van 

magnetische susceptibiliteitsmetingen kon aangetoond 

worden dat bet cobalt octaedriscb omringd is in beide 

modificaties. 

De bepaling van de structuur van de eigenlijke ka

talysator wordt besproken in boofdstuk II. Uit infra

roodspectra bleek dat het molybdeen aanwezig is in de 

vorm van molybdeentrioxyde. Uit reflectiespectra kon 

geconcludeerd worden dat het cobalt in de vorm van co

baltaluminaat verspreid is in de drager aluminiumoxyde, 

maar dat het molybdeenoxyde uitgespreid is over bet 

aluminiumoxyde-oppervlak, misschien zelfs als een mono- 103 
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moleculaire laag. Magnetische metingen hebben de con

clusie bevestigd dat het cobalt aanwezig is in de vorm 

van cobaltaluminaat, 

De katalytische eigenschappen werden onderzocht 

met behulp van een microreactor-pulstechniek onder 

chromatografische condities. Op deze manier konden zo

wel adsorptie- als reactieverschijnselen gemetenworde~ 

Aandacht werd geschonken aan vergiftigingsverschijn

selen. De metingen worden beschreven in hoofdstuk III 

en de resultaten besproken in hoofdstuk IV. De kataly

sator wordt geactiveerd door reductie. Hierdoor worden 

namelijk anionvacatures in het molybdeenoxydeoppervlak 

gevormd. Inzwaveling van de katalysator heeft geen ver

hoging van de activiteit ten gevolge. Thiofeen wordt nu 

op zulk een anionvacature geadsorbeerd, doordat zijn 

zwavelatoom een binding met het molybdeenatoom aangaat. 

De C-S-bindingen worden dan verbroken door waterstof

atomen afkomstig van naburige hydroxylgroepen (of SH

groepen). Bij een temperatuur boven 220-280°C wordt het 

buteen gehydrogeneerd door waterstofatomen afkomstig 

van hydroxylgroepen, maar bij temperaturen beneden 220-

2800C reageert het direct met een waterstofmolecuul uit 

de gasfase. 

De functie van het cobalt in de katalysator is on

opgehelderd gebleven. 
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STELLING EN 

De aanname van Bicek en Kelly dat bij het bepalen 

van de reductiesnelheid van nikkeloxyde op alumi

niumoxyde, siliciumoxyde en silicium-aluminiumoxyde 

als dragers, geen rekening met veranderingen in het 

watergehalte van de dragers hoeft gehouden te wor

den, is onjuist, 

E.J. Bicek en C.J. Kelly, Am. Chem. Soc. Chicago 

Meeting, Div. Petr. Chem., September 11-15 (1967) 

57. 

2 Bij kinetische beschouwingen over heterogene kata

lytische reacties wordt te weinig rekening gehouden 

met het feit dat de contacttijd van een reactant 

niet alleen afhangt van de doorvoersnelheid, maar 

ook van de adsorptie-isotherm van de reactant, 

3 Voor een goede interpretatie va~ uit DTA-metingen 

verkregen gegevens is een vergaande standaardisatie 

van apparatuur en werkwijze noodzakelijk. Een meet

methode waarbij de temperatuurverschillen tussen 

het monster en de referentie gecompenseerd worden 

door extra warmte toe- of afvoer aan het monster, 

kan in dit opzicht voordelen bieden. 

The First International Conference on Thermal 

Analysis, Aberdeen, September 6-9 (1965). 



4 De door Sweeley c.s. bepaalde gaschromatografische 

retentietijden van trimethylsilyl derivaten van 

suikers en verwante stoffen zijn in de praktijk on

bruikbaar. 

5 

c.c. Sweeley, R. Bentley, M. Makita, w.w. Wells, 

J. Am. Chem. Soc., 85 (1963) 2497. 

De door 

spectra 

houdt 

Richardson gegeven interpretatie van ESR-
2+ . . . • • van Cu -~onen ~n synthet~sch fauJas~et 

ten onrechte geen rekening met de aanwezig-

heid van tenminste twee verschillende "sites" en 

gaat overigens ook veel verder dan de kennis van de 

geometrie van de "sites" toelaat. 

J.T. Richardson, J. Catalysis, 9 (1967) 178. 

6 De bewering dat bet reactiemechanisme van de kata

lytische destructieve hydrogenering zou bestaan uit 

kraking gevolgd door hydrogenering van de kraakpro

ducten, is onvoldoende gefundeerd, 

R.A. Flinn, O.A. Larson, H. Beuther, Ind. Eng. 

Chem., 52 (1960) 153. 

7 Het mechanisme van de hydratatie van tricalcium-

silicaat, 

onjuist. 

zoals dit opgesteld is door Malinin, is 

Yu.S. Malinin, Tr. Vses. Soveshch. Seminara 

Rab. Lab. Tsem. Zavodov, 9th (1965) 50; Chem. 

Abstr., 66 (1967) 13816h. 



8 De verklaring die Raviv c.s. geven voor de door hen 

waargenomen zuurstofontwikkeling in de kathoderuim

te bij de. kathodische vorming van lachgas uit sal

peterzuur, is erg onwaarschijnlijk. 

S. Raviv, S. Malkiely, A. Seroussi, Chim. et 

Ind.- Gen. Chim., 98 (1967) 1429. 

9 Bij het huidige niveau van de H.T.S.-opleiding is 

de baccalaureaatsopleiding in de technische weten

schappen overbodig. 

Eindhoven, 4 juni 1968 J.M.J,G. Lipsch 




