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It is shown that temperature-programmed reduction (TPR) gives new information on the reduc- 
ibility of COO-MoOJA1203 catalysts. The reduction of Mo6+ surface species (monolayer and bi- 
layer species) is not essentially affected by the presence of Co, whereas the reduction of Co*+ ions 
is strongly influenced by the presence of MO. There appears to be a strong CO-MO interaction at 
moderate Co contents: the reduction maximum for dispersed Co*+ ions decreases from around 1200 
K, found for CoO/A1203, to IWO-850 K for COO-MoOr/AlzOj. At high Co contents, CoX04 crystal- 
lites and Co3+ ions in surface positions or in a crystalline Co’+-Al)+-oxide of proposed stoichiome- 
try CorA106 have been found in addition to the CO-MO interaction phase. Solid-state diffusion of 
Coz+ ions starts already around 800 K, resulting in destruction of the CO-MO interaction phase and 
in formation of subsurface Co*+ ions of low reducibility. By calcination at 1125 K, a significant loss 
of MO takes place, while some CoMo04 microcrystallites are formed. Also some (Y-A1203 is formed, 
probably initiated by the presence of CoMo04. 

INTRODUCTION 

COO-MoOdA catalysts are commer- 
cially applied for hydrodesulfurization 
(HDS). They are an order of magnitude 
more active than both of the model systems 
CoO/A1203 and MoOJA1203 (1, 2). There- 
fore, close contact between Co and MO at- 
oms in the sulfided catalyst is generally sup- 
posed to be essential for obtaining high 
activity levels (2-6). One may wonder to 
what extent Co and MO atoms are already 
in close contact in the oxidic precursor. 
Some authors have described the oxidic 
catalyst without CO-MO interaction (7, 8). 
However, there is abundant evidence now 
that Co and MO atoms do interact in the 
oxidic catalyst (9-28). Especially the influ- 
ence of impregnation order of Co and MO 
salts is obvious: when MO is impregnated 
first, the Co dispersion is much higher 
(presence of less crystalline Co304), result- 
ing in higher HDS activity (11, 12, 19-21, 

23, 26, 27, 29). The origin and nature of 
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CO-MO interaction in the oxidic catalysts 
have not been elucidated in detail. 

Reducibility can be used for characteriz- 
ing oxidic structures. Literature data, how- 
ever, strongly disagree with respect to the 
reducibility of CoO-M003/A1203 catalysts, 
making more research on their reduction 
needed (30). Temperature-programmed re- 
duction (TPR) has been shown to be a sen- 
sitive technique for studying reducibility 
(31) and has been applied successfully for 
the characterization of CoO/A1203 (32, 33) 
and Mo03/A1203 (34, 35) catalysts. Espe- 
cially the structure of CoO/A1203 appears to 
be complex (32, 33). Four different reduc- 
tion regions can be present in TPR of COO/ 
A1203, which are assigned to four phases (I, 
II, III, and IV). Phase IV (reduction around 
1200 K) is the main phase at moderate Co 
contents and consists either of surface Co*+ 
ions (IVA, low calcination temperatures) or 
of subsurface Co2+ ions (IVB and IVC, high 
calcination temperatures). With increasing 
Co content and after calculation at low tem- 
peratures, the phases I, II, and III appear. 
Phase I (reduction around 600 K) consists 
of Co304 crystallites. Phase II (reduction 
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around 750 K) consists of Co3+ ions, in sur- 
face positions (IIA) or in a crystalline 
Co3+-AP+-oxide of proposed stoichiome- 
try Co3AlOe (IIB). Phase III (reduction 
around 900 K) consists of surface Co*+ ions 
with less AP+ ions in their surroundings 
than in the case of phase IVA. 

In the present study, TPR of Coo-Mood 
Al203 catalysts has been measured as a 
function of Co content and calcination tem- 
perature. These TPR results will be com- 
pared with those previously obtained for 
Coo/Al203 (32, 33). It will be shown that 
especially the reducibility of Co ions is 
strongly influenced by the presence of MO. 
The TPR results of the present study will be 
correlated with HDS activity measure- 
ments in a separate study (36). 

EXPERIMENTAL 

a. Materials 

C0304, COMOO~, Co(NO3)2 * 6H2O, and 
(NHdd’f07024 * 6H2O were pro analysi 
chemicals. The preparation of C0Al204 has 
been described elsewhere (32). These com- 
pounds were X-ray diffraction (XRD)-pure, 
except for CoMo04 which was a mixture of 
the low- and high-temperature modifica- 
tions a- and b-CoMo04 (ASTM 25-1434 and 
21-868, respectively) (37-39). The Al203 
support was a high-purity y-Al203 (Ketjen 
OOO-1.5E (CK 300); specific surface area 
195 m* g-l; pore volume 0.50 cm3 g-t; parti- 
cle size loo-150 pm). 

COO-Mo03/A1203 catalysts were pre- 
pared by pore volume impregnation of y- 
Al203 with solutions of, successively, 
(NH&M07024 * 6H2O and Co(NO& * 6H2O 
in demineralized H20. The impregnated 
solids were dried at atmospheric pressure 
in air, by gradually increasing the tempera- 
ture from 325 to 380 K over a period of 3 h, 
followed by an isothermal period of 18 h at 
380 K. After the first (MO) impregnation, 
the resulting 10.4% Mo03/A1203 catalyst 
was calcined in air at 795 K for 2 h (20-g 
samples; 700 prnol s-i; internal diameter of 
the calcination tube 30 mm). After this cal- 

cination and the second (Co) impregnation 
step, the resulting COO-Mo03/A1203 cata- 
lysts were calcined in air again, at 675-l 125 
K for 2 h (2-g samples; 70 pmol s-i; inter- 
nal diameter of the calcination tube 10 mm). 
The Mo03/A1203, without Co added, was 
also recalcined, in the same way as the 
COO-Mo03/A1203 catalysts. The Co addi- 
tions were approximately 2, 4, and 10 g 
Co0 per 100 g Al2O3. The catalysts will be 
designated by the number of metal atoms 
per nm* surface area, i.e., as Co(x)-MO(~)/ 
Al in which x is 0, 0.76, 1.61, or 4.07 Co 
atoms/nm2 and y is always 2.49 MO atoms/ 
nm*. These numbers refer to contents be- 
fore calcination and are not corrected for 
changes of the Al203 surface area as a func- 
tion of calcination temperature. It should 
be noted that after calcination at 1125 K the 
MO content is much smaller than the nomi- 
nal value of 2.49 at./nm* due to significant 
loss of MO. Some of these catalysts have 
also been subjected to temperature-pro- 
grammed sulfiding measurements, which 
have been published elsewhere (40). 

b. X-Ray Diffraction (XRD) 

XRD has been carried out in a Philips 
diffractometer PW 1050/25 using CoKcv ra- 
diation. A Fe filter was applied to remove 
CoK/3 radiation. 

c. Diffuse Reflectance Spectroscopy 
VW 

DRS measurements (230-800 nm) have 
been carried out in a Cary 14 spectrometer. 
Samples were ground and painted on 
MgC03 surfaces. All DRS spectra were ob- 
tained against a MgC03 reference. The 
experimental logi”(Zo/Z) data for catalysts 
were corrected for the small contribution 
of the unloaded Al203 support. 

d. Temperature-Programmed Reduction 
(TPR) 
The TPR equipment has been described 

in detail elsewhere (32). As reducing gas a 
67% H21Ar high-purity gas mixture was 
used (flow rate 13 pmol s-i; pressure 1.0 
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bar). The sample size was varied in the 
range 25-40 mg, in order to achieve a simi- 
lar total HZ consumption in each TPR ex- 
periment (ca. 85 pmol; calculated from re- 
duction of Co*+ and Mo6+ to Co and MO 
metal). The temperature was increased at a 
rate of 10 K min-’ up to the final tempera- 
ture of 1250 K, which was maintained until 
the reduction was finished. H20, CO*, and 
organics (except CH3, which evolved dur- 
ing reduction, were trapped in 3A and 5A 
molecular sieve columns. H2 consumption 
as well as CH4, CO, and 02 production was 
measured as a positive peak by means of a 
thermal conductivity detector (TCD). A 
flame ionization detector (FID) was used 

for CH4 detection only. CH4 and CO were 
retarded by the 5A molecular sieve (retar- 
dation times 2.4 and 3.7 min, respectively). 
Since the TPR patterns shown in Figs. 4-7 
have not been corrected for these retarda- 
tions, the CH4 production peak is observed 
at a slightly too high temperature. 

RESULTS 

a. X-Ray Diffraction 

The crystalline phases detected by XRD 
are summarized in Table 1. In no case 
have MO-containing phases (e.g., Mo03, 
CoMoO& been observed, whereas Co304 is 
found for the Co(4.07)-Mo(2.49)/Al cata- 

TABLE 1 

Characterization of Co0-Mo03/A120, Catalysts 

Catalyst notationa Calcination 
temperature 

WI 

Color Crystalline phases 
(XRD)b 

MO content after 
calcinationc 

(at./nmz) 

Mo(2.49)/Al 675 White n.m. 2.49 
785 White n.m. 2.49 
895 White n.m. 2.49 
995 White y-i&A120, 2.49 

1125 White 6-A1203 0.80 

Co(0.76)-Mo(2.49)/Al 675 Light green y-Ah03 2.49 
785 Light grey/blue n.m. 2.49 
895 Light blue y-A&O,, Co-Al-spine1 2.49 
995 Light blue y-/&Alz03, Co-Al-spine1 2.49 

1125 Light blue 6-A1203, a-AI203, Co-Al-spine1 0.92 

Co(1.61)-Mo(2.49)/Al 675 
785 
895 
995 

1125 

Green 
Green/blue 
Blue 
Blue 
Blue 

Y-AMA 
y-A1203 

y-A1203, Co-Al-spine1 
y-/i3-A1203, Co-Al-spine1 
&AlrO,, a-A1203, Co-Al-spine1 

2.49 
2.49 
2.49 
2.49 
1.12 

Co(4.07)-Mo(2.49)/Al 675 
785 
895 
995 

1125 

Dark green 
Dark green 
Dark green 
Deep blue 
Deep blue 

y-A1203, Co304 

y-Al203, co304 
y-A1203, Co3A106, Co-Al-spine1 
y-/&A1203, Co-Al-spine1 
a-AlrO,, Co-Al-spine1 

2.49 
2.49 
2.49 
2.49 
1.29 

Q Nominal Co and MO contents (at./nm2) are given in parentheses. The loss of MO at 1125 K is not taken into 
account. 

* n.m. = not measured. Co-Al-spine1 = crystalline Co2+-Al)+-oxide with a Co2+ concentration much lower 
than that in CoA1204. Co3A106 = crystalline Co3+-A13+-oxide of proposed stoichiometry Co3A106, with XRD 
lines coinciding with those of Co304 and distinguishable from Co304 by means of TPR. 

c The MO content after calcination at 1125 K, lowered by MO loss, is calculated from quantitative TPR 
analysis, assuming that all Co is present as Co2+. 
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lyst calcined at 675-785 K. For this high- 
loaded catalyst calcined at 895 K, XRD 
lines are still found at the same d-values as 
those related to Co304; here, however, 
these lines originate from crystallites of a 
Co3+-A13+-oxide of proposed stoichiome- 
try Co3A106, formed from Co304 by ex- 
change of Co*+ and A13+ ions between 
co304 and r-Al,@ (32). a-Al203 is found in 
XRD after calcination at 1125 K, only for 
catalysts which contain both Co and MO 
and in increasing amounts with increasing 
Co content. 

Figure 1 shows the 28-value of the (440) 
reflection maximum as a function of calci- 
nation temperature. At elevated calcination 
temperatures, y-A&O3 (28-value of 79.6”) is 
transformed into either &Al203 (28~value of 
79.9”) or a “Co-Al-spinel” (2&values be- 
low 79.6”). The latter is a Co*+-AP+-oxide 
in which Co*+ ions occur in a much lower 
concentration than in CoA1204 (32). The 
tendency to form &Al203 is clearly sup- 
pressed by the presence of Co, to an in- 
creasing extent with increasing Co content, 
due to the alternative formation of stable 
Co-Al-spine1 structures. &A&O3 forma- 
tion is observed after calcination above ca. 

80.0 - 

79.8 - 

79.8 - 

79.4 - 

79.2 - 

79.0 - 

1 78.84 

; Co-Al-spine1 

- calcination temperature (K ) -t 

FIG. 1. The 28-value of the (440) reflection maxi- 
mum as a function of calcination temperature of 
Co(x)-Mo(2.49)/Al catalysts. x = 0 at./nm2 (triangles); 
x = 0.76 at./nm* (diamonds); x = 1.61 at./nm* (circles); 
x = 4.07 at./nm* (squares). Line a is identical with the 
one reported for Co(4.12)/Al in Ref. (32). 

1000 K of Co(O-1.61)-Mo(2.49)/Al cata- 
lysts (line c). Co-Al-spine1 structures are 
formed above ca. 800 K in the case of 
Co(0.76-1.61)-Mo(2.49)/Al and Co(4.07)- 
Mo(2.49)/Al catalysts (lines b and a, respec- 
tively). Line a is identical to the one previ- 
ously obtained for Co(4.12)/Al catalysts 
(32). The smaller shift of the 28-value in 
line b with respect to line a is associated 
with the formation of more diluted Co-Al- 
spine1 structures for catalysts with lower 
Co contents. 

b. Diffuse Reflectance Spectroscopy 

Colors are given in Table 1. The deep 
blue color of the Co(4.07)-Mo(2.49)/Al cat- 
alyst calcined at 995-1125 K is identical to 
the color observed for Co(4.12)/Al samples 
calcined in the same temperature range 
(32). Analysis of the DRS data gives more 
information than observation of the colors 
alone. 

Figure 2 gives typical DRS spectra of 
COO-Mo03/A1203 catalysts. The Mo6+ ab- 
sorption is only observed below 350 nm 
(charge transfer). In this range also a, much 
smaller, contribution due to charge transfer 
for Co ions is present. For dried catalysts 
(Figs. 2a and d), octahedrally surrounded 
Co*+ ions predominate (absorption around 
530 nm). The triplet around 600 nm, due to 
the presence of tetrahedrally surrounded 
Co*+ ions, becomes more intense with in- 
creasing calcination temperature. Further- 
more, absorption of Co*+ ions is present 
around 400 and 700-800 nm. The latter is 
only observed after calcination at 1125 K 
and is assigned to CoMo04 (see Discus- 
sion). Only for Co(4.07)-Mo(2.49)/Al sam- 
ples calcined at low temperatures (Fig. 2e), 
the absorption due to the presence of Co3+ 
ions dominates the DRS spectrum between 
350 and 800 nm. Quantitative analysis of 
the DRS spectra indicates that the Co3+ 
concentration on Co(0.76-1.61)-Mo(2.49)/ 
Al catalysts is at least 100 times smaller 
than found for Co(4.07)-Mo(2.49)/Al in 
Fig. 2e. 
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FIG. 2. Typical DRS spectra of Co(x)-Mo(2.49)lAl catalysts. These spectra have been corrected for 
the DRS spectrum of the unloaded y-Alz03. For all six spectra the axes are identical, viz. as shown in 
(a). (a, b, and c) x = 0.76 at./nm2; (d, e, and f) x = 4.07 at./nm2. The catalysts were not calcined (a and 
d), calcined at 785 K (b and e), or calcined at 1125 K (c and f). 

c. Temperature-Programmed Reduction FID patterns are shown in Fig. 3, since the 
CH4 production is negligible. 

Figure 3 shows TPR patterns of Co- Figures 4-7 show TPR patterns of CoO- 
containing crystalline compounds. The Mo03/A1203 catalysts with various Co con- 
reducibility decreases in the order tents, as a function of calcination tempera- 
Co304-CoMo04-CoA1204. Especially the ture. In Fig. 8 a survey is given of the 
reduction of CoMo04 appears to occur in position of the main TPR maxima (TCD de- 
more than one step. In all cases, quantita- tection) assigned to Co and MO reduction, 
tive TPR analysis indicates that total reduc- as a function of calcination temperature. 
tion to Co and MO metal takes place. No Some TCD maxima are not shown, viz. 
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FIG. 3. TPR patterns at heating rate of 10 K mint of 
Co-containing crystalline compounds. (a) Coj04; (b) 
CoAlr04; (c) COMOO~. Only the TCD signals are 
given. 

when the peak intensity is low and/or the 
TCD signal originates mainly from CH4 
production and the H2 consumption belong- 
ing to this. Quantitative TPR analysis indi- 
cates that in most cases the TCD peak area, 
corrected for CH, production from ad- 
sorbed organics (32, 41), agrees with total 
reduction of Co2+ and Mo6+ to Co and MO 
metal. Only for Co(4.07)-Mo(2.49)/Al cata- 
lysts calcined at 675-895 K, a 10% higher 
HZ consumption was observed, which cor- 
responds with a H2 consumption of ca. 1.3 
mol Hz/m01 Co due to the presence of ca. 
50% of the Co as Co3+. For all samples 
calcined at 1125 K, the Hz consumption is 
much lower than expected, obviously be- 
cause of significant loss of MO. In these 
cases TPR was used to calculate the MO 
content after calcination at 1125 K (see Ta- 
ble 1). It appears that the MO loss decreases 
significantly with increasing Co content. 
Temperature-programmed microbalance 
experiments confirmed the occurrence of 
MO loss. It was found that sublimation of 
MO oxides starts abruptly at 1110 K (He 
flow; heating rate 1 K min-I) and continues 
after the temperature program for several 
hours at 1195 K. 

The FID patterns obtained during TPR of 
MoOJA1203 (see Fig. 4) show that some 
CH4 is formed over a broad temperature 
range, probably due to cracking of ad- 
sorbed organic impurities, whereas the FID 
patterns obtained during TPR of CoO- 
Mo03/A1203 (see Figs. 5-7) show much 
more CH, production, which is associated 

400 860 12h 
-temperature (K)-- 

FIG. 4. TPR patterns (10 K min-I) of Mo(2.49)/AI as 
a function of calcination temperature. (a) 675 K; (b) 
785 K; (c) 895 K; (d) 995 K; (e) 1125 K. The upper and 
lower part of each pattern represent the TCD and FID 
signals, respectively. 



TEMPERATURE-PROGRAMMED REDUCTION OF COO-MOO~/A~~O~ 387 

J---y. 

b 

J- e 

400 800 1200 
-temperature ( K) - 

FIG. 5. TPR patterns (10 K min-I) of Co(O.76- 
Mo(2.49)/Al as a function of calcination temperature. 
(a) 675 K; (b) 785 K; (c) 895 K; (d) 995 K: (e) 1125 K. 
The upper and lower part of each pattern represent the 
TCD and FID signals, respectively. 

with reduction of these organic impurities 
(32, 42). In support of this, it has been 
found in separate experiments that the 
hydrogenation function (CO reduction) is 
poor and well-developed for reduced 
MoOJA1203 and COO-Mo03/A1203 cata- 
lysts, respectively. The start of the CH4 
production peaks in TPR is well-correlated 

with the start of formation of dispersed Co 
metal, which apparently catalyzes the re- 
duction of organics (32). Therefore, the 
FID patterns can be used as an additional 
indication of the reduction temperature of 
Co species in CoO-M003/A1*03 catalysts. 

TPR of Mo03/A1203 (see Fig. 4) shows a 
two-peak pattern with maxima around 670 

A b 

400 BOO 1200 
-temperature (K)- 

FIG. 6. TPR patterns (10 K mm’), of Co(1.61)- 
Mo(2.49)/Al as a function of calcination temperature. 
(a) 675 K; (b) 785 K; (c) 895 K; (d) 995 K; (e) 1125 K. 
The upper and lower part of each pattern represent the 
TCD and FID signals, respectively. 
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400 800 1200 
-temperature (K)- 

FIG. 7. TPR patterns (10 K mini) of Co(4.07)- 
Mo(2.49)/Al as a function of calcination temperature. 
(a) 675 K; (b) 785 K; (c) 895 K; (d) 995 K; (e) 1125 K. 
The upper and lower part of each pattern represent the 
TCD and FID signals, respectively. 

K (Mot) and 1000 K (Motr). The kink in the 
TPR curve at the end of the temperature 
program shows that the reduction to MO 
metal is not completed at that point; it is 
therefore possible that a small part of the 
reduction is missed due to the chosen end 
temperature. The low-temperature peak 

shifts from 680 to 660 K and decreases in 
intensity with increasing calcination tem- 
perature. The high-temperature peak does 
not shift, but increases slightly in intensity 
in the calcination temperature range 675- 
995 K and is much smaller after calcination 
at 1125 K as a result of MO loss. 

For COO-MoOJA1203 catalysts (see 
Figs. 5-7), the fraction of the TPR pattern 
which is associated with reductiQn of Mo6+ 
ions is virtually the same as the TPR pat- 
tern found for MoOJ/A~ZOJ (see Fig. 4), i.e., 
the Mot and Mot* peaks are essentially 
present as in the MO-only catalyst. The Mot 
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FIG. 8. The position of the main TPR peak maxima 
(TCD signals) for Co(x)-Mo(2.49)/Al as a function of 
calcination temperature. x = 0 at./nm* (triangles); x = 
0.76 at.lnm2 (diamonds); x = 1.61 at./nm2 (circles); x = 
4.07 at.lnm* (squares). For comparison, dotted lines 
are given which represent the position of the main TPR 
peak maxima (TCD signals, heating rate 10 K mini) 
for Co(4.12)/Al as a function of calcination tempera- 
ture (copied from Ref. (32)). I, II, III, and IV represent 
different Co phases, which can be present on COO/ 
A&O3 (see Introduction). Coi, Con, Coin, MO,, and 
Man denote various reduction maxima present for Co 
and MO reduction in the case of Co(x)-Mo(2.49)/Al. 
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peak shifts slightly as in the absence of Co 
(see Fig. 8). The reduction of Co species is 
traced in three temperature regions referred 
to as Cot, Con, and Corn. The Corn and the 
Mot, reduction peaks are always found to- 
gether m the “Con, + Mar,” reduction peak 
(see Fig. 8). The shift of this peak is mainly 
caused by a sharp shift of the Cotir peak, 
independent of Co content, to higher tem- 
peratures for calcination temperatures 
above ca. 800 K. After calcination at 675- 
785 K, the ConI + Molt maximum is found 
at a 20 K lower temperature than the MO,, 
maximum in the absence of Co. In the light 
of the CH4 production peaks around 800- 
850 K and the broadening of the Coin + 
Morr peak to lower temperatures in Figs. 
Sa-b and 6a-b, it is concluded that this 20 
K shift is caused by Com reduction around 
800-850 K. Going to higher calcination 
temperatures, the Corn + Mot, peak shifts 
gradually from 980 to 1075 K. Especially 
after calcination at 1125 K (see Figs. 5e, 6e, 
and 7e), deconvolution into a (broad) MO,, 
and a (sharp) Corn reduction peak is possi- 
ble. As a consequence, the position of the 
peak maximum at 1075 K has to be ascribed 
completely to Co reduction, the more so as 
significant fractions of MO have been lost 
by calcination at 1125 K. 

Besides the ConI peak, some other Co 
reduction peaks can be distinguished: 

-For Co(4.07)-Mo(2.49)/Al (see Figs. 7 
and 8) peaks have been found around 600 
K (Cot; present after calcination at 675- 
785 K) and around 750 K (Con; present 
after calcination at 675-895 K). 

-It is surprising that, independent of Co 
content, the CH4 production, decreasing 
gradually in the calcination temperature 
range 675-995 K, clearly increases on go- 
ing to the highest calcination temperature 
(1125 K). As the maximum of this FID 
peak is observed around 830 K in this 
case, it is concluded that at this tempera- 
ture dispersed Co metal is present, prob- 
ably due to reduction of CoMo04 micro- 
crystallites (see Discussion, Section d). 

DISCUSSION 

a. Co-Containing Crystalline Compounds 

Figure 3 shows that the reducibility de- 
creases drastically in the order Co304- 
CoMo04-CoA120+ Clearly, the reduc- 
ibility of Co ions depends on their 
surroundings to a large extent. It has al- 
ready been reported that A13+ ions polarize 
the more or less covalent Co-O bonds, 
making them more ionic and, consequently, 
stronger and less reducible (32). A similar 
polarization of MO-O bonds by AP+ ions 
has been proposed for explaining reduction 
and sulfiding results (42). We propose now 
that Mo6+ ions polarize Co-O bonds in the 
same way as A13+ ions do, but to a much 
smaller extent. 

Whereas Co304 and CoA1204 reduce es- 
sentially in one step (in the case of Co304, 
prereduction of Co3+ to Co2+ might be hid- 
den on the low-temperature side of the TPR 
peak (32)), the reduction of CoMo04 ap- 
pears to be more complicated. The 
CoMo04 TPR pattern can be deconvoluted 
into (at least) two peaks, namely, a first 
sharp peak at 880 K and a second broader 
peak around 950 K. The reduction starts 
around 750 K, in correspondence with the 
observation of slow and/or incomplete re- 
duction at 675 K (9, 24, 43), at 775 K (21, 
37), and at 750-835 K (44). The first TPR 
peak at 880 K probably corresponds with 
the reduction of CoMo04 to an equimolar 
mixture of Co2M030s and Co2M004 (39, 
44), since deconvolution of the TPR pattern 
shows that the H2 consumption in the first 
peak is close to 1 mol Hz/m01 CoMo04, 
which is needed for this conversion. The 
sharpness of the first peak indicates the 
presence of nucleation or autocatalysis as 
rate-determining step in reduction (45), in 
agreement with the induction period (accel- 
eration) observed in isothermal reduction 
studies (24, 39, 44). Probably traces of Co 
metal are formed at the start of reduction 
(43), and these can act as catalytic centers 
for HZ dissociation. In support of this, it 
was shown that addition of the easily reduc- 
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ible Co0 to CoMo04 results in disappear- 
ance of the induction period (46). The sec- 
ond, broad peak corresponds with further 
reduction, from Co2M0308 and Co2Mo04 to 
Co and MO metal. The broadness of the 
second peak is associated with the effect of 
Hz0 on the reducibility of MO oxide spe- 
cies, such as MOO* (44, 47). The fact that a 
mixture of a- and b-CoMo04 was used in 
the present study probably does not affect 
the TPR pattern, since it was shown that a- 
and b-CoMo04 have a comparable reduc- 
ibility (44). 

b. Mo031A1203 

The reducibility of MoO~/A120~ appears 
to be essentially independent of the calcina- 
tion temperature (below 1110 K where MO 
loss starts), in agreement with the literature 
(21). This suggests high stability of the 
structures in which the Mo6+ ions are 
present. The two-peak TPR pattern has 
been reported previously (34, 35, 48-50). 
The high-temperature peak (Man) is as- 
signed to reduction of tetrahedrally and 
octahedrally surrounded Mo6+ monolayer 
species, whereas the low-temperature peak 
(Moi) is related to reduction of octahedrally 
surrounded bilayer species (34, 35). 

With increasing calcination temperature 
(675-995 K), some conversion of bilayer 
into monolayer species is observed. The 
same effect has been observed by recalcin- 
ing air-exposed MoOs/A1203 (35). Appar- 
ently, some additional MO-O-AI linkages 
can be made by calcining, in increasing 
amounts with increasing calcination tem- 
perature, whereas they can be decomposed 
again by reaction with Hz0 adsorbed from 
the atmosphere at room temperature (35). 
Also, the small shift of the Moi peak is asso- 
ciated with this bilayer-monolayer conver- 
sion, assuming that only those bilayer spe- 
cies are converted to monolayer species 
which reduce on the high-temperature side 
of the Moi peak (35). 

The MO loss at 1125 K, surprisingly, is 
related mainly to a decrease of the Moii 
peak, whereas the Moi peak is much less 

affected. The inverse was expected, con- 
sidering the stronger interaction with the 
support in the case of the monolayer spe- 
cies (Man). Two explanations arise. 

1. Thermostable A12(Mo0& microcrys- 
tallites might be formed by calcination at 
1125 K, which reduce in the Moi peak 
around 660 K. This explanation must be re- 
jected, since the TPR peak maximum of A12 
(MOO& has been observed only around 
800 K (5 K/min) (34) and, moreover, Ra- 
man spectroscopy does not indicate the 
presence of A12(MoO& after calcination at 
1125 K (51). 

2. More probably, at the high tempera- 
tures involved the sublimation of MO ox- 
ides goes hand in hand with a decrease of 
the surface area. Both monolayer and bi- 
layer species decompose, resulting in for- 
mation of volatile MO oxides, which partly 
readsorb and reform monolayer and bilayer 
species on other parts of the surface. When 
the surface area decreases more rapidly 
than the MO oxides are lost via the gas 
phase, the surface coverage, given in MO 
atoms/nm2, increases on the remaining sur- 
face. As a consequence of this increased 
surface coverage, an increased fraction of 
the MO will be present as bilayer species 
(35). 

c. CoO-Mo031Al~O~ 

TPR data on COO-Mo03/A1203, obtained 
by direct measurement of the HZ concentra- 
tion, have not been published before. In one 
case (24) TPR was measured by means of a 
microbalance, resulting in smooth curves of 
weight change as a function of reduction 
temperature. Apparently, the details ob- 
served by TPR in the present study were 
obscured by other phenomena, such as ad- 
sorption/desorption of Hz0 and desorption, 
cracking or reduction of organic impurities. 
Also isothermal reduction measurements 
were carried out (21, 24, 52-56), which, 
however, were limited in their scope, since 
always one reduction temperature was cho- 
sen and, consequently, no picture was ob- 
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tamed of the relative reducibility of all spe- 
cies present. 

The reduction of MO can be observed 
easily in TPR of COO-MoO3/Al20~, since 
even at the highest Co content studied (4.07 
at./nm2) 65% of the TPR peak area is re- 
lated to MO reduction, when the calcination 
temperature remains below 1125 K. It ap- 
pears that the position of the Moi and MoII 
peaks is essentially unaffected. Only after 
calcination at 1125 K, indications are 
present for some influence of Co on the MO 
reducibility, by formation of CoMo04 (see 
Discussion, Section d). Therefore, it is con- 
cluded that for normal COO-Mo03/A1203 
catalysts, with MO impregnated first, Co 
does not affect the MO reduction, in agree- 
ment with some reports in the literature 
(21, 56). The likewise reported inhibition of 
MO reduction by Co (21, 52, 55) is re- 
stricted to the case of coimpregnated CoO- 
Mo03/A1203 catalysts, probably due to the 
formation of CoMo04 at lower tempera- 
tures (21). 

Indications for reduction of Co are found 
directly, from the TCD patterns, and indi- 
rectly, from the FID patterns (CH4 produc- 
tion related to Co metal formation), as well 
as by comparison with TPR studies on the 
Coo/Al203 model catalysts (32, 33). Com- 
parison with the TPR reduction maxima 
for CoO/A1203 (see Fig. 8) shows, for 
Co(4.07)-Mo(2.49)/Al catalysts, the pres- 
ence of Co304 crystallites (Co1 = phase I; 
see Introduction) and of Co3+ ions, in sur- 
face positions or in a crystalline Co3+- 
A13+-oxide of proposed stoichiometry 
Co3AlOG (Con = phase HA or IIB, respec- 
tively; see Introduction). It has been shown 
that the phases I and II decompose on going 
to higher calcination temperatures, due to 
reduction of Co3+ to Co2+ around 950 K and 
Co2+ diffusion (32). Co304 crystallites have 
not been found for the Co(O.76-1.61)- 
Mo(2.49)/Al catalysts (on the basis of TPR 
and DRS data), in contrast to the find- 
ings for Coo/Al203 catalysts with similar 
Co content prepared batchwise (II, 21), 
pointing to the often-reported increase of 

Co dispersion by the presence of MO. 
For all Co contents, reduction is found in 

a ConI peak, which shifts from ca. 800-850 
to 1075 K when the calcination temperature 
increases from ca. 800 to 1125 K. This Corn 
reduction definitely does not correspond 
with the reduction of phase IV (see Fig. 8), 
whereas it was shown that phase IV pre- 
dominates for Coo/Al203 with normally en- 
countered moderate Co contents (ca. 1 at./ 
nm2) (33). Especially after calcination at 
low temperatures is the influence of MO 
clear: whereas Coni is observed around 
800-850 K, reduction of phase IV has been 
found around 1110 K for Co(4.12)/Al cata- 
lysts (see Fig. 8) or even around 1240 K for 
Co(O.20-1.24)/Al catalysts (33), i.e., a dif- 
ference of reduction temperature of ca. 
300-400 K. Therefore, it is concluded that, 
for normal COO-Mo03/A1203 catalysts, MO 
increases the Co reducibility drastically. 

The influence of MO on the Co reducibil- 
ity after calcination below ca. 800 K can be 
explained as follows. Probably the Co2+ 
ions are bonded directly to the MO struc- 
tures via CO-O-MO bridges. The presence 
of Mo6+ ions in the Co surroundings results 
in a decreased number of A13+ neighbors. 
Because AP+ ions polarize Co-O bonds 
much more than Mo6+ ions (see Discussion, 
Section a), the presence of MO results in 
decreased polarization of the Co-O bonds 
and, consequently, in a much higher reduc- 
ibility. In fact, the ConI reduction maxi- 
mum, after calcination below ca. 800 K, lies 
close to the one of the phases II and III 
found for Coo/Al203 (with ca. 4 and 7 A13+ 
neighbors instead of ca. 10 in the case of 
phase IV (32)). Therefore, it is suggested 
that the Corn reduction around 800-850 K 
corresponds to Co2+ ions which are coordi- 
nated to ca. 3 O-Al2 ligands besides ca. 2 
O-MO ligands. These Co2+ ions might well 
be surrounded octahedrally, since this Co2+ 
coordination has been reported to occur in 
significant amounts (ca. 50% of the Co 
present), on the basis of magnetic suscepti- 
bility (9-11, 29, 57) and NO adsorption 
measurements (27, 29). The presence of 
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these octahedrally surrounded Co2+ ions 
appears to be related to the HDS activity of 
COO-Mo03/Al203 catalysts (29, 57). Quan- 
titative analysis of the DRS spectra of the 
catalysts studied (see, e.g., Fig. 2) has con- 
firmed that large fractions of the Co are 
present in octahedral coordination after cal- 
cination at 675-895 K, whereas the occur- 
rence of this coordination declines with in- 
creasing calcination temperature within this 
temperature range. Also comparison of 
Figs. 2b and c shows qualitatively that the 
formation of tetrahedrally surrounded Co2+ 
ions is far from complete after calcination 
at 785 K. 

The close proximity of Co and MO ions 
explains the neutralizing effect of Co on the 
MO Bronsted acidity (13). The coordination 
of this Co is affected by the gas-phase com- 
position (19, 57), which emphasizes the ex- 
posure to the surface and suggests that the 
octahedral coordination is completed by 
some weakly adsorbed H20. EXAFS 
results show that this type of structure is 
completely disordered (58-60), in agree- 
ment with the present of such a less-well- 
defined, surface phase. 

By calcination above ca. 800 K, solid- 
state diffusion of Co2+ ions occurs, as is 
evidenced by the shift of the Coup reduction 
maximum from 800-850 to 1075 K and by 
XRD data showing the expansion of the 
A120s lattice (see Fig. 1). The start of Co2+ 
diffusion around 800 K is in accordance 
with the literature (13, 29) and has been ob- 
served in a similar way for Coo/Al203 (32). 
Co2+ diffusion results in the formation of 
subsurface, tetrahedrally surrounded Co2+ 
ions (see Fig. 2). On the basis of DRS and 
XRD data, there is no reason to assume 
that these subsurface Co2+ ions differ from 
those present in CoO/A1203 catalysts 
calcined above ca. 800 K, to which is re- 
ferred to as phase IVB and IVC (32). The 
difference in the position of the TPR max- 
ima found for Coul and phase IVB/IVC (see 
Fig. 8: 1075 and 1230 K, respectively) can 
be explained as follows. Subsurface Co2+ 
ions would reduce better in COO-MoOx/ 

Al203 catalysts due to autocatalysis of the 
reduction by Co or MO metal centers, 
formed at lower temperatures by reduction 
of MO surface species (see Discussion, Sec- 
tion b) and CoMo04 microcrystallites (see 
Discussion, Section d). These metal centers 
would catalyze H2 dissociation and, conse- 
quently, Co2+ ions, once diffused back to 
the surface, can be reduced directly with- 
out induction period. A similar acceleration 
of the attack of Co2+ ions reappearing at the 
surface has been observed in sulfiding of 
Coo/Al203 catalysts calcined at high tem- 
peratures (33). 

d. The Influence of High Calcination 
Temperatures (2125 K) 

Several specific results have been ob- 
tained for catalysts calcined at 1125 K, viz. 
formation of CoMo04 and a-Al203 and loss 
of Mo. 

The CH, formation in TPR around 830 K 
after calcination at 1125 K, for all Co con- 
tents, points to the formation of a Co com- 
pound reducing at about 830,,K. It is obvi- 
ous that CoMo04 might be present, since it 
starts reducing around 850 K (see Fig. 3), is 
thermostable up to very high temperatures 
(38, 39) and is easily formed from separate 
Co and MO phases (9, 37, 39, 52). The de- 
creased loss of MO in the presence of Co 
(see Table 1) might be associated with fixa- 
tion of some gas-phase MO oxides by Co2+ 
thus forming CoMo04 (51). If that is true, 
the decrease of the loss of MO corresponds 
with 12-20% of the Co present as CoMo04 
after calcination at 1125 K. XRD gives no 
evidence at all for CoMo04, which points to 
the presence of CoMo04 as clusters or mi- 
crocrystallites (<3 nm). The presence of 
DRS absorption around 700-800 nm after 
calcination at 1125 K (see Fig. 2) also sup- 
ports the CoMoO, formation. It should be 
noted that CoMo04 does not occur on nor- 
mal COO-Mo03/A1203 catalysts (MO im- 
pregnation first and calcination at low tem- 
peratures) (7, II, 18, 21, 43, 51, 59, 60), 
whereas it is easily formed at high Co and 
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MO contents or after coimpregnation (9, 
18, 21, 28, 53). In one case (53), XRD lines 
due to CoMo04 (ASTM 21-868) were as- 
signed incorrectly to Moo3 (ASTM 5-508). 

a-Al203 is only formed at 1125 K in the 
combined presence of Co and MO on the 
A120j surface; it has not been detected in 
the case of CoO/A1203 (32) or Mo03/A1203 
(the present study). a-A&O3 formation be- 
tween 1075 and 1175 K has been reported 
once previously (62), whereas some au- 
thors have not noticed it (51, 62). 

Loss of MO has been observed previously 
at 1125 K and even, in moist air, at 1025 K 
(51). The loss of Mo and the formation of a- 
A&O3 and CoMo04 might be intercon- 
nected to some extent. The formation of 
CoMo04 is probably assisted by the volatil- 
ity of the MO oxides (see above). The for- 
mation and crystallization of a-A120j, only 
in the presence of both Co and MO, is 
thought to be initiated by the CoMo04 mi- 
crocrystallites formed. Probably those 
parts of the y-/&A1203 surface which are 
depleted of MO surface species due to MO 
loss and contain only CoMo04 crystallites 
desintegrate, whereas the remaining parts 
are strongly stabilized by the presence of 
abundant amounts of MO surface species. 

e. Implications for HDS activity 

TPR shows that the position of Co ions 
on the surface is strongly affected by the 
presence of MO. This proves that there is 
intimate contact between Co and MO in the 
COO-MoOJA120~ catalysts. Therefore, es- 
sentially no rearrangements are necessary 
to establish good CO-MO interaction in the 
sulfided catalyst. As has been concluded 
previously (27), a CO-MO-O species is 
present which might well be the precursor 
for the HDS-active CO-MO-S species. 

The large difference in reducibility of 
Co*+ ions in CoO/A120~ and COO-MoO3/ 
A1203 correlates well with the equally large 
difference in HDS activity found (1, 2). 
Moreover, it has been shown that NO ad- 
sorption on Co ions correlates well with 
HDS activity (27). Therefore, it is proposed 

that high HDS activity is associated mainly 
with Co sites. This is supported by the 
higher HDS activity for Co with respect to 
MO in the case of carbon-supported cata- 
lysts (63). Consequently, the role of MO is 
thought to be secondary, although still very 
important; MO might be, in the oxidic as 
well as in the sulfided state, a promoter for 
HDS activity of Co sites, since MO modifies 
the A1203 support to such an extent that 
the Co-support interaction is diminished 
strongly, resulting in less-polarized, more 
HDS-active Co in Co-MO-S-type species. 

The solid-state diffusion of Co2+ ions 
above 800 K is supposed to influence the 
HDS activity, since the latter is related to 
the presence of surface Co species. Indeed, 
it has been found that the calcination tem- 
perature affects the HDS activity of CoO- 
Mo03/A1203 in the temperature range 775- 
975 K (13, 29), although the negative 
influence of calcination temperature is 
smaller than expected. In a separate study 
(36) HDS activity measurements for the 
catalysts studied will be correlated with the 
present TPR results. 

CONCLUSIONS 

1. The present TPR results give new in- 
formation on the reduction of Co and MO 
ions in COO-Mo03/A1203 catalysts. Be- 
sides the TCD pattern (HZ consumption 
mainly) also the FID pattern (CH., produc- 
tion due to reduction of organic impurities) 
gives information on the reduction temper- 
atures for Co species. 

2. The reduction of MO surface species 
(monolayer and bilayer Mo6+ species) is not 
essentially affected by the presence of Co, 
independent of Co content and calcination 
temperature. Only at very high calcination 
temperatures (1125 K) is evidence found for 
formation of microcrystalline CoMo04. 

3. For COO-MOOJ/A~ZO~ catalysts with 
moderate Co content, calcined below 800 
K, the reduction of Co2+ ions is drastically 
influenced by the presence of MO; the re- 
duction maximum due to Co reduction 
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shifts from ca. 1200 K for CoO/A1203 to 
NO-850 K for CoO-M003/A120~, showing 
intimate CO-MO contact. A CO-MO-O pre- 
cursor phase for the HDS-active CO-MO-S 
species is suggested. It is proposed that Co, 
in fact, is the most HDS-active metal, 
whereas the major role of MO is the promot- 
ing of Co HDS activity by decreasing the 
interaction between Co ions and the A&O3 
support. 

4. For CoO-M003/Al203 catalysts with 
high Co content, calcined below 800 K, also 
other Co phases are present besides the 
CO-MO-O phase, viz. crystalline Co304 
and Co3+ ions, in surface positions or in a 
crystalline Co3+-AP+-oxide of proposed 
stoichiometry Co3A106. 

5. For COO-Mo03/A1203 catalysts, inde- 
pendent of Co content, subsurface Co2+ 
ions are formed by calcining at tempera- 
tures above 800 K. This leads to gradual 
destruction of the CO-MO interaction. 

6. Calcination at 1125 K leads to a signifi- 
cant MO loss, which is suppressed slightly 
by the presence of Co, because of some for- 
mation of CoMo04 microcrystallites. CX- 
A1203 is formed at 1125 K, but only when 
both Co and MO are present; the CoMoO, 
crystallites might initiate the a-Alz03 for- 
mation. 
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