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ABslRAcr 

Isothermal gravimetry and magnetic susceptibility of MOO,, Mo-Al,O,, 
Co-A1203 aud Co-Mo-Al,O, with/without Na+ ions have been studied in order to 
investigate the reducibility of the systems in H,, Hz-hydrocarbons and H,-hydro- 

carbon-thiophene. These studies have evidenced the formation of metallic cobalt 
during reduction of cobalt-moiy catalysts containing Nai ions in the Al,O, support_ 
This metalIic cobait accelerates the reduction of supported MOO,_ However, in the 
absence of sodium, cobalt exerts an inhibitory influence on the reduction of 
IMw_AI,O,. The inhibition is caused mainly due to retention of the water evolved 
during the process by well-dispersed Co’+ ions which are incapable of undergoing 
reduction_ The presence of suLfur also kelps in suppressing the reduction to cobalt 
metal, 

INXRODUCnON 

In recent years, extensive studies have been reported on the nature of the cobalt 
and molybdenum species in hydrodesulfurisation catalystsl-“. However, the in- 
fluence of the &uctural features of the support on the formation of such species has 
not been thoroughly studied_ In the present communication, isothermal thermo- 
gravimetric analysis of a number of cobalt-moly cataIysts (CWM*AI,O,) prepared 

by varying modes of impregnation of the Co and MO salts on y-alumina with or 
without Na’ ions, have been carried out in order to study the reducibility (in 
hydrogen) of the systems. 

Magnetic susceptibility measurements have aIso been used to study the presence 
of metal& wbalt in the c~Mc+Ai,o, catalysts under reduction conditions only 
in the presence of sodium. For this purpose, samples of Co-Mo-A&O, catalysts 
with and without sodium have been reduced at various temperatures in Hz, H-, 
hydrocarbon, H2-hydrocarbon-thiophene atmospheres. 

*P-t address Dr. L. D. Sharma, Inorganic chcminry Division, Regional Research Laboratory, 
Jorhat-6, Assam, India_ 
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It has aheady been reported6 that cobalt, present in the subsurface layers of 
y-alumina prevents the phase transformation and sintering of the support. This process 
wouId have othensise heen accelerated by hlo0,. especially during the cafcination 
of the oxide prior to sulfidation. Now, the influence of the sodium ions of the support 
on the nature of the active cobah species formed on the oxide precursor is established 
on the basis of reducibility of the system_ 

Sample A was prepared by calcinin, 0 Boehmite at 550°C for 24 h in air and 
was found to be pure y-alumina. Sample B was obtained from A and contained 
260 ppm of sodium ions by weight_ Samples C and D were prepared by impregnation 
of ammonium paramolybdate on samples A and B, respectively. These samples 
contained 12.5% of Moo, by weight. SampIes E and F were obtained by impregnating 
cobaIt nitrate on A and B, respectively and contained 2% COO, by weight. In the 
preparation of samples G and H both the ammonium paramolybdate and cobalt 
nitrate soIutions were impregnated simuItaneously on the supports A and B, 
respectively_ These samples consisted of 2.0% Co0 and 12.5% MOO, by weight. 
In the preparation of sampIe I, the support B was impregnated with the cobah 
nitrate solution. The ammonium paramolybdate solution was then impregnated on 
the resulting material. This mode of impregnation was reversed while preparing 
sample J_ SampIes I and J contained 12.5 and 2.0% by weight of MOOR and COO, 
respectively_ 

SampIes B-J were dried at 110°C (24 h) and calcined in air at 550°C for 6 h 
before use. SampIe I( (pure MOO,) was obtained by decomposition of ammonium 
paramo!ybdate at 5OO’C in air for 16 h. SampIe L was pure Co30, prepared by 
calcining cobaltous carbonate at 500°C in air for I2 h. 

A Fisher TG apparatus (I mg per mV fuiI scale deff ection) was used to study 
the isothermal reduction. The procedure used was as follows: Approximately 30 mg 
of the sampIe was Ioaded in the TG bucket. Then dry He-N2 mixture (150 ml 
(STP)/min) was passed into the apparatus and the sample was subjected to heating 
and maintained at 110°C tiII no further lveight loss was marked. The sample was 
again heated within the temperature range 49&55O”C and maintained constant at 
this temperature for about 2 h. The He-N, mixture was then disconnected and H, 
passed in (150 ml~STP;‘min). The weight-changes of the sampIe were noted after the 
5th min of Hz entry. 

Magnetic susceptibilities of powdered samples were determined at 305 K on a 
Andhra Scientific, India, EIectro magnet with Gouy Balance System calibrated with 
nickel chloride solutions’ 

The reduction studies could not be carried out below 490°C beczJse water 
formed in the reduction was readsorbed on the surface of the sample resuhing in 
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lack of the reproducibility of the da-a_ Therefore, the range 490-550°C was selected 
for the reduction experiments. The equation used for determining the reducibility 
was as foliows: 

IV* - w, 
z (reducibility) = ~~ 

where W, is the initial weight 

W, is the weight at time t 

and AJY is the calculated weight-loss for a particular reduction course 
AW was the calculated weight-loss for the following processes of reduction: 

(1) 

(2) 

(3) 

For Mo-Al,O, and MOO, -I- H2 --, MoOz f Hz0 (II) 

Mo-&O,-Na: 

For Co-AI,O, Co,O,+4H, + 3Co+4Hz0 (~2) 

and Co-Al,O,-Na: 

For Co-Mo-A120, Co,O,-MOO, -i 5H2 -+ 3Co;MoO,i5H,O(r,) 
and Co-Mo-Al,O,-Na: 

Where q , zIz and z3 are the corresponding rcducibilities. 

Reduction of &io-AI, O3 and MO-AI, 03-hTa 
The results of isothermal gravimetry of the Mo-Al,O, with/without Na’ ions 

are shown in the Fig. 2A. At the reduction temperature, blank experiments were first 
carried out to see whether A1203 or Al,O,-Na undergoes any weight Ioss when the 
carrier gas was changed for He-N, to Ht. However, the weight loss observed was 
very small and was used as a ‘correction factor’ in all the cases. 

MOO, was reduced at 490, 510, 530, 55O”C, respectively and r, values were 
calculated. The plot of al vs. t is shown in Fig. 1. It was observed that the reduction 

of MOO, continued even after 4 h. 
Mo-Al,O, and Mo-Al,O,-Na samples were reduced at the abo\Te temperatures 

and are shown in Fig. 2. The following observations were noted: 
(1) Period of complete reduction of these two samples is more than that of 

MOO,. 
(2) Initial rate of reduction of Mo-Al,O, and Mo-Al,O,-Na is more than 

that of MOO, whereas the final level of reduction is much higher for MOO,_ 
(3) The final level of reduction of Mo-Al,O, is inhibited by A1203 in agreement 

with the observations of Sondag et al.*. 

Reducrion of Co-AI, O3 and Co-AI,O,-Na 
These results are shown in Fig. 2B. The Co present in these sampIes are in the 

form of Co,Oj and it was seen that Co,Oj underwent complete reduction to the 
metallic state in about 12 min. The reducibility of Co-A120s-Na was found to be 
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a2 

Fig_ 1. Lsahermal reduction of MoO3 at 490, 510,530 and 550°C (1,2, 3 and 4, rcspativcIy). 

a 

A 

t, minutes 

I%& 2, (A) kothennal reduction of Mo-Al203 at 490.5IO.530 and 550°C (A, B, C and D, rcspcaivciy) 
and Mc+Al~O~-Na at 490°C (JE) (B). Isotherxnai reduction of sintered Co-Altos, co_AltO~ and 
Gt-ALOAI2 at 490°C (A, B and C, rspcctinIy). 
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higher than that of Co-AI,O,. The following may be the reasons for such type of 
behgviourz 

When the Na+ ions are absent in the support cobalt possibly sees into the AI3 i 
vacancies of the alumina in the position where it is not likely to be reduced to the 
metallic state during reduction. However, when Na’ ions are present, sodium enters 
these sites preferentially depriving the cobah species and thus most of the cobalt is 
converted into easily reducible oxides (more probabIy Co,O,) which, in turn, are 
converted into Co metal in Hz. Hence this might be the reason for the observed 
difference in reducibility of these two systems. 

Reduction of CO-MO-A I3 O3 and Co-Ah-AZ, O,-Na 
The reducibility curves of these systems are shown in Fig. 3_ The samples 

Co-_Mo-Al,O, and Co-M+Al,O,-Na prepared by simultaneous impregnation of the 
cobah nitrate and ammonium paramolybdate solution exhibit different reducibility 
at identical conditions. The higher reducibility of the second one compared to the 
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Fig. 3. Isothermal reduction of Co-MO-Ai20,(s), Mo-U20~, Mo-AflO~-?Ga, Ccs-Mc+,+&Or 
NdS), Co-M0-&0rNa and Ma-Co-A120S-Na at 49O’C (I, Ii, III, IV, V and VI respectively). 
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first substantiates the earlier prediction that Co,O, is formed in the presence of Nai 
ions and reduced to the metal in hydrogen. The reduction of MOO, phase seems to 
be au&era&xi by the presence of this metallic cobak However, comparison of the 
reduction characteristics of Mo-Al,O, with Co-Mc+A120, and Mo-AI,O,-Na 
with Co-M&AI,O,-Na at 490°C yields the following conclusion_ In the absence of 
Na* ions, the reduction of IMOO, is inhibited by cobalt whereas in the presence of 
Na’ ions, it is accelerated. 

Efiects of sample u-eight on the reducibility of MO 0, , MO-AZ2 0, and CLMc+AZ, 0, 

The resuk of the influence of sample-weight on the reducibility are shown in 
Fig_ 4. It is apparent that the rate of reduction is inversely dependent on the sampIe 
mass. It indicates that the reverse reaction, i.e., reaction of water with reduced MOO, 
controk the overaIl rate of reduction in all the cases. Vasilev et al.’ has also repxted 
that the water evoIved during the reaction inhibited further reduction of Mo03. 

=1 

o-2 

01 

0 10 20 30 40 50 60 60 50 100 

Fis. 4. Infh~cnce of SampIe weight (9, IS. 36 mg) on the reducibility of MoOa (I, II and III, respec- 
tively), ~Mo-Ai203 (A, B and C, respectively) and C0--hio-A!~0~(S) (I, 2 and 3, respectively). 

Sur$are acidity of Cu-J.fu-Alz03 catalysts 
The acid strength distribution of the surface sites in the various san~ples’~ is 

shown in Table 1. The notable features of this study are the following. In the absence 
of Na’, the Co-Mo-AI,O, cataIyst is more acidic than Mo-A120,. When Na* is 
present, however, they have simiIar acidic properties. In other words, the interaction 
between the cob& and molybdenum moieties to generate strong acid sites is inhibited 
by the Na+ concentration of the alumina support. Thus, it is reasonable that the 
stronger acid sites in the Co-Mo-Al,03 xn%ain the water evolved during reduction 
strongly with the consequent inhibition of the process. However, this inhibitory 
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influence of cobalt is removed when such types of acid sites are absent as in the case of 
COMO-Al,&--Na 

Magnetic SurceptibiZity of Ct.s_%f~AZ2 0, cataIpLs 

The magnetic moments pcff of CeMo-Al,O, and C+Mo-Al,03-Na under 
various conditions of pretreatment are shown in Table 2. Sampies Mo-Al& and 

TABLE 2 

MAGNETIC MOhiENTS OF Co-Mo-A1103 AND Co-Mo-AIzOs-Na 
UNDER V.4RIOUS CONDITIONS 

s x0. Prefreamenf pa. B. hf. 

CO-MC-AI, O3 Co-iU+AI, OS-Na 

I_ 
2, 
3. 
4. 

5. 

6. 
7- 

Fresh 
Reduction in HZ at 3SO”C for 3 h 
Reduction in Hz at 500°C for 3 h 
Reduction in Hz+hydrocarbon flow (IO:l) 

@o-ockme) at atm_ press; LHSV = 3) at 
380°C for 3 h 

I% S as :Aiophene wz added to the feed 
of (4)_ 

As in (4) zbove; but carried at 500°C 
1% S as tiiopheue was added to the feed 

of@) 

4.9 5.6 
5.0 6.3 
5.1 7.1 

4.9 5.9 

5.6 
6.9 

5.0 

Mo-AIzO,-Na both in the fresh state and after the pretreatment show negligible 
-gram susceptibility (xJ and hence are not discussed further- Plots of ir, against 
reciprocal field (l/H) are shown in Fi g. 5. Dependence of xz on H was found only in 
the case of the Co-Mc+Al,O,-Na system indicating thereby ferromagnetism in the 
sampIe_ 

For the fresh catalysts, pcff for Co-Mo-Al,O,-Na (5.6B.M.) was found to be 
higher than that for Co-Mc+Al,O, (4.9 B-M.). On reduction in Hz or in Hz- 
hydrocarbon at 380°C the vaIue of JIM for Co-Mo-Al,O, remains almost the same. 
However, for the sample with Na+, cc,, value increases from 5.6 for the fresh catalyst 
to 7.1 B.M. on reduction in Hz at 500°C followed by ferromagnetic contribution. At 
a reduction temperature of 380°C the catalyst does not exhibit ferromagnetic be- 
haviour indicating thereby incomplete reduction whereas at 5OO”C, the presence of 
metailic cobalt is revealed. The increase in cc,, values for Co-Mo-AI,O,-Na reduced 
at 380°C is due to l &e reduction of Co’+ ions but the absence of ferromagnetic 
contribution indicates that the reduction is not complete and the reduced species, e.g., 
Co is sufficiently well dispersed in the diamagnetic Mo03-AJ203, thereby not 
developing a condensed ferromagnetic phase. 

Reduction of these samples in the Hz-hydrocarbon mixture yields interesting 
results At 3SO”C, the pea value (5.9 B-M.) is intermediate between those of fresh 
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Fig. 5. Variation of apparent magnetic susceptibility (X-J with the reciprocal of the magnetic field 
(I/H) for various samples- 0 C~Mo-AItO~-Na (fresh catalyst); (IIr) Co-Mo-Al,O1-Na reduced in 
a flow of Ht at 380X for 3 h; (‘III) Co-Mo-A1203-Na reduced in a flow of H2 at 5OO’C for 3 h; 
(IV) Co-Mo-AI-OS-Na reduced in a flow of Hz+ iso-octene at 380°C for 3 h; (v) Co-MGAl,O,-ETa 
reduced in a flow of Hz-?-iso-octenefthiophene at 380X for 3 h; (Vi) Co-Mo-A!,O,Na reduced 
in a flow of Hz+iso-octene at 5OO’C for 3 h; (VII) Co-Mo-A120S-Na reduced in a flow of Hz-i- 
iso-octene+thiophenc at SOO’C for 3 h; (VIII) Co-Mo-A120,. fresh catalyst; (Ix) Co-MO-A1203 
reduced in a fiow of Hz at 5OO’C for 3 h. 

(5.6 B-M.) and Hz-reduced (6.3) samples. A similar bchaviour is also marked at 500°C. 
However, when 1% sulphur is present in the feed the reducibility of cobalt is markedly 
affected. At 38O”C, pea (5.6 B.M.) is simiiar to that of the fresh catalyst. At 5OO”C, 
p,= decreases to 5.0 B-M_ which is attributed to the formation of the sulphides of 
cobah in the presence of H2S at 500°C. These sulphides are reported to hzve a low 
magnetic susceptibility. For example, the molar magnetic susceptibility of CoS at 
20°C is only 2.25 x lo- 6 cgs units whereas those of COG, Co,O, and Co,O, are 
4900, 4560 and 7380x 10e6 cgs units, respectivelyll. 

DISCUSSIOS 

The reduction of Moos in H2 might be due to the formation of oxygen 
vacancies (created by the removal of oxygen atoms by hydrogen) which correspond 
to the nuclei-formation stage and their further growth by diffusion and agglomeration 
constitutes the nuclei-growth stage. 

When MOO~ is deposited on Alz03 support, the forces of interaction between 
the Moo6 octahedra are reduced due to the greater dispersion and interaction with 
the support. Hence, the rate of reduction (i.e., rates of nuclei formation) are 
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acceIerated. But due to the strong retention of the evolved water molecules by the 
adjoining Al,O, surface positions, reduction is arrested earlier and the maximum 
Jevel of reduction attained is lower than in pure MOO,. 

CobaIt, when supported on Aiz03 may be present in at least two different 
structural positions’3. (1) as Co” in A13’ vacancies on the Ai,O, surface, the 6 
phase; or (2) as Co,O,, j? phase. In the former position, it is not reduced by Hz13, 
whereas in the latter form, it is easily reducibIe to Co”. All the C+Al,O, and Co-Mo- 
Al,O, samples consist of both forms and the relative proportions are highly in- 
fluenced by the Na’ content of A!,O, as well as other preparative variabks. The 
proportion of the fi phase increases when Na* ions are present on the support 

h&U,0* >cz-~~,)_ These Na+ ions capture the A13’ vacancies, thus de- 
priving the Co’+ ions of adsorption sites. The effect of cobalt on the reducibility of 
Mo-Al,O, is influenced by the relative proportions of 6 and j3 phase cobalt on the 
-A1203 surface_ When sodium ions are absent, the former, due to structural interaction 
with AI,O, and MOO, phases, remains unreduced under the reduction conditions 
and attenuates the reduction of MOO, (dispersed) by accelerating the retention of the 
water formed during reduction. When Na+ ions are present, cobalt, mostly present as 
Co,O, is reduced to the metallic cobah and enhances the reduction of the MOO, 
phase- This is a_& substantiated by the fact that the reducibility of MO-Co-Ai203- 
Na is higher than that of Co-Mo-AI,O,-Na The formation of Co304 is more 
probable when cobah is impregnated ‘on top’ of MOO, than directiy on the Al,03 
surface. In the latter case, more cobalt ions are expected to interact directly with the 
ahunina surface and hence arrest reduction in Ht. 

The rehttively high jfcE vaiue for the Co-Mo-A1303-Na indicates that in the 
presence of pre-impregnated Na’ ions on the alumina surface, more cobalt ions 
occupy positions in which they are octahedrahy surrounded by oxide ions. Such 
positions are: (I) Co” ions in the octahedral A13+ vacancies in the AIzOs support; 
(2) co*+ ions in Co and C&O,; and (3) Co2* ions in CoMoO,. 

An interesting observation is the identical vaIue of pl,E for the fresh Co-Mo- 
A1203-Na and for the sample reduced at 380°C in a fiow of H2-hydrocarbon- 
thiophene. This identity may be accounted for two reasons: (1) the Co** ions in the 
fresh catalysts are neither reduced to lower valent state nor sulphided to CoS; or (2) 
The increase in perr caused by reduction of part of the Co*+ ions to Co0 is exactly 
compensated by the decrease due to the formation of the sulphide. 
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