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It is shown that temperature-programmed reduction (TPR) is a sensitive technique for the char- 
acterization of Co- and Co-Al-oxidic phases in CoO/A1203 catalysts. Four different reduction 
regions can be present for CoO/A120, catalysts, which are assigned to four Co phases (I, II, III, and 
IV). Phase I (reduction at ca. 600 K in TPR at 10 K/min) consists of Co,04 crystallites. Phase II 
(reduction at ca. 750 K) consists of Co3+ ions, in crystallites of proposed stoichiometry CosA106 or 
in well-dispersed surface species. Phase III (reduction at ca. 900 K) consists of surface Co*+ ions. 
Phase IV (reduction at ca. 1150 K) consists either of surface Co2+ ions (with more Al’+ ions in their 
surrounding than in phase III) or of subsurface Co *+ ions, occurring in diluted Co2+-Al3+ spine1 
structures or in CoA1204. Al)+ ions influence the reducibility of Co ions strongly. This is explained 
by polarization of Co-O bonds by Al’+ ions. Preparation conditions (calcination flow rate and 
calcination temperature) influence the structure of CoO/A1203, namely the Co valency, the extent 
of solid-state diffusion, and the dispersion. Solid-state diffusion of Co*+ and A13+ ions occurs above 
ca. 800 K. The implications of this study for COO-MoOJAlr03 hydrodesulfurization catalysts are 
discussed. - 0 1985 Academic Press, Inc. 

INTRODUCTION 

The role of Co in HDS catalysis. Co at- 
oms supported on A1203 play an important 
role in catalysis. Very common is the appli- 
cation of Co in COO-Mo03/A1203 hydrode- 
sulfurization (HDS) catalysts. This bimetal- 
lic catalyst is an order of magnitude more 
active in HDS than Mo03/A1203 or COO/ 
A1203 (I, 2). Many articles have been pub- 
lished on these catalysts and have treated 
the question of the relation between HDS 
activity and structural features (3-6). The 
MO part of the system is understood rea- 
sonably well, but the precise role of Co and 
the interaction of Co and MO in HDS catal- 
ysis are still uncertain. 

Co might have a promoter function by 
increasing the activity of the MO compo- 
nent, as assumed in the synergism model 
(7), the pseudointercalation model (8, 9), 
and several other models (3). Co might also 
be equivalent to MO in the generation of 
HDS activity, as proposed in the CO-MO-S 
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phase model (2, IO). But Co itself can also 
have high HDS activity, as has been shown 
for Co on carbon supports (II, 12). For 
Alz03-supported Co also HDS activity has 
been reported, which, in some cases, is 
comparable with the HDS activity of A1203- 
supported MO, if the activity is calculated 
per mole of metal atoms (1). In contradis- 
tinction with most literature, we suggest 
that the high activity of COO-Mo03/A1203 
might be attributed to Co atoms. In this 
case MO might be the “promoter,” e.g., by 
dispersing the active Co phase on the sur- 
face (13). 

The structure of supported Co oxides. In 
fact it is not possible to draw definite conclu- 
sions from the literature on the structure of 
COO-MoOdA1~0~. It is remarkable that so 
many results have been reported on MoOj/ 
A1203 and COO-Mo03/A1203, whereas re- 
ports on the structure of CoO/A1203 are rel- 
atively scarce (3). 

In most studies it is concluded that in 
CoO/A1203 two phases can be present, viz. 
a crystalline “P-phase” and a dispersed “a- 
phase” (3, 23-23). The &phase predomi- 
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nates at low Co loadings (below ca. 2% 
COO), while the P-phase occurs only at 
higher loadings (up from ca. 2% COO). The 
&phase consists of Co2+ ions dispersed in 
surface layers of the A1203 support. This 
phase shows many spectroscopic and 
chemical features which are characteristic 
for bulk CoA1204. It is concluded that these 
Co ions are “nonreducible” (27, 28, 20, 24, 
25) and “nonsulfidable” (17, 20, 26). The 
distribution of Co*+ ions of the &phase over 
tetrahedral and octahedral positions ap- 
pears to be a matter of controversy (3, 13- 
27, 21, 23, 27). It is concluded that the /3- 
phase consists of Co304 crystallites, which 
can be reduced and sulfided easily. In all 
cases where Co3+ ions were observed their 
presence was associated with Co304 forma- 
tion. 

Recently it has been suggested that a 
third oxidic Co phase is present in COO/ 
A1203, on the basis of sulfidability studies 
(26). It is concluded to be nonreducible like 
the &phase, but discernible from the 6- 
phase by being sulfidable. Also in the pres- 
ence of MO, in COO-Mo03/A1203, three Co 
phases have been detected in the sulfided 
state (IO, 21, 26,28). Besides Co&, result- 
ing from Co304 crystallites, and nonsulfida- 
ble Co2+ ions in the oxidic A1203 lattice (S- 
phase), a third, sulfided, Co species has 
been found, referred to as CO-MO-S (10) 
or “CoS,” signifying “cobalt as surface 
COO” (26). This Co phase appears to be 
responsible for a large part of the HDS ac- 
tivity (2, 28). Also in the pseudointercala- 
tion model the presence of such a sulfided 
Co species is presumed (8, 9). 

Spectroscopic means, on the one hand, 
have not been able to discern the third ox- 
idic phase from the p- or a-phases. As 
shown above, measurement of chemical re- 
activity, on the other hand, appears to be 
promising in order to discriminate between 
the three Co phases (26). Therefore it is 
interesting to measure in detail the chemi- 
cal reactivity of oxidic Co phases, e.g., the 
reducibility by means of Temperature-Pro- 
grammed Reduction (TPR) (29-31). 

It is the aim of the present study to eluci- 
date the structure of C0O/Al203, prepared 
in various ways, and to illustrate the sensi- 
tivity of TPR applied to C0O/Al203. This 
system shows a large complexity, in con- 
trast to the simplicity suggested by a two- 
phase model. In particular, the existence of 
at least four different Co phases will be 
shown. 

EXPERIMENTAL 

(a) Materials. C0304, Co(NO3)2 . 6H2O, 
and Al(N03)3 . 9H20 of pro analysi quality 
were used. The Al203 support was a high- 
purity y-Alz03 (Ketjen OOO-1,5E (CK 300); 
specific surface area 195 m*/g; pore volume 
0.50 cm3/g; particle size 100-150 pm). Co0 
was prepared from Co304, by heating at 
1280 K in air for 22 h, followed by cooling 
to room temperature in N2. CoA1204 was 
prepared from a coprecipitate of Co(NO3)2 
. 6H2O and Al(N03)3 * 9H20 (atomic ratio 
Co/Al: 0.5). This coprecipitate was calcined 
at 1220 K for 8 h, subsequently ground and 
calcined again at 1220 K for 20 h. A second 
Co-Al oxide was prepared from another 
coprecipitate of Co(NO3)2 * 6H20 and 
Al(N03)3 * 9H20 (atomic ratio Co/Al: 2.0). 
Calcination at 925 K in an air flow for 2 h 
resulted in a mixed oxide, referred to as 
Co2Al-oxide. 

The 9.1 wt% Coo/Al203 catalysts were 
prepared by pore volume impregnation of 
r-Al203 with a solution of CO(NO& * 6H2O 
in demineralized H20, followed by drying 
and calcining. Drying was performed at at- 
mospheric pressure in air, by gradually in- 
creasing the temperature from 325 to 380 K 
over a period of 3 h, followed by an isother- 
mal period of 16 h at 380 K. Dried samples 
of 0.5-1.0 g were calcined in a quartz tube 
(internal diameter 10 mm); they were 
heated to the final calcination temperature 
(575-1290 K) in a flow of purified N2, at a 
heating rate of ca. 20 K/min, and were 
calcined at this temperature for 2 h in a flow 
of purified air. Purification of N2 and air 
was necessary in order to prevent carbon 
deposition on the catalysts. Two series of 
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FIG. 1. Scheme of the TPR apparatus. (1) Reactor; 

(2) molecular sieves; (3) thermal conductivity detec- 
tor; (4) flame ionization detector; (5) eight-way injec- 
tion valve. 

catalysts have been prepared. In Series 1 
the calcination temperature was varied 
(575-1290 K), while the calcination flow 
rate was 70 pmolls. In Series 2 the catalysts 
were calcined at 825 K, while the flow rate 
during calcining was varied (10-1000 pmol/ 
4. 

The materials used have been analyzed 
over a period of 1; years. Therefore these 
samples contain large amounts of Hz0 and 
can contain some organics. 

(b) X-Ray diffraction (XRD). XRD has 
been carried out in a Philips diffractometer 
PW 1050/25 using CoKar radiation (wave- 
length 179.02 pm). A Fe filter was applied 
to remove Co&3 radiation. Crystallite sizes 
have been calculated using the Scherrer 
equation with correction for natural line 
broadening and assuming that the crystal- 
lite-shape factor K equals 1 (32). 

(c) Diffuse reflectance spectroscopy 
(DRS). DRS measurements have been car- 
ried out in a Cary 14 spectrophotometer. 
Samples were ground and painted on 
MgC03 surfaces. DRS was measured 
against a MgC03 reference from 1800 to 300 
nm. 

(d) Temperature-programmed reduction 
(TPR). A schematic picture of the TPR ap- 
paratus is shown in Fig. 1. A high-purity 
mixture of 67% H*/Ar (flow rate 12 pmol/s; 
pressure 1.0 bar) was passed, without fur- 
ther purification, over the oxidic samples in 
a quartz reactor tube (internal diameter 4-5 
mm). The sample was held between two 

quartz wool plugs. The temperature of the 
sample was increased from room tempera- 
ture up to 1240 K in a linear temperature 
program (10 K/min, if not stated other- 
wise). Subsequently the sample was kept at 
1240 K for ca. 30 min. The amount of sam- 
ple used in TPR analysis was varied in or- 
der to fix the amount of HZ consumed on ca. 
50-100 pmol (at 10 Wmin). At other heat- 
ing rates the amount of sample was changed 
in order to keep the H2 conversion in the 
same range. H20, formed by reduction or 
dehydration, was trapped in 3A and 5A mo- 
lecular sieve columns. Several other de- 
sorbing species, such as CO* and organics, 
were also trapped in these columns. After 
the gas mixture had passed through the mo- 
lecular sieves, its composition was moni- 
tored continuously with a thermal conduc- 
tivity detector (TCD) and a flame ionization 
detector (FID). The TCD detects all 
changes in the gas phase (caused by HZ, 
NO, NOz, 02, and CH4 pressure changes). 
The FID is selective for CH4, but also NO 
and NOz are detected (ca. 30 times less sen- 
sitive than CHJ. Relative sensitivities of 
TCD (for HZ and CHJ and FID (for CH4) 
have been determined by means of reduc- 
tion of CO2 pulses in H2/Ar at ca. 750 K 
over reduced Co catalysts. The COZ pulses 
(3.0 pmol) were introduced via a Carle 
eight-way injection valve. The Co catalysts 
used had been reduced at 1240 K for 30 
min. Quantitative analysis showed com- 
plete conversion of CO:! to CH4 ; no CO was 
detected. Figure 2 shows the response of 
the TCD and FID to such a CO2 pulse. Both 
Hz consumption (4 H2/C02) and CH4 pro- 
duction (1 CH4/CO$ were detected by the 
TCD as a decrease of the thermal conduc- 
tivity of the HdAr mixture. It can be seen 
that CH4 is retarded in the molecular sieves 
by 2.5 min. The absolute sensitivity of the 
TCD has been determined by TPR of high- 
purity V20s, in which V205 is reduced to 
V203 (see Fig. 5f). The HZ consumed in re- 
duction of Co oxidic phases was calculated 
from the TCD signal after correction for 
CH4 formed by reduction of organics, 
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FIG. 2. Response of the thermal conductivity detec- 
tor (TCD) and the flame ionization detector (FID) on 
injection of a pulse of COz in H2/Ar over a reduced 
9.1% CoO/A120, catalyst at 750 K. The catalyst was 
calcined at 625 K and reduced at 1240 K during 30 min 
in a normal TPR experiment. 

which were adsorbed on quartz wool and 
on catalyst samples during storage. It is as- 
sumed that these organics consist of (po- 
lymerized) acetone (33). Acetone, used in 
large amounts in our laboratory, is ex- 
tremely volatile, adsorbs strongly on COO/ 
A1203 samples, and can be reduced com- 
pletely to CH4 at 675 K over reduced 
CoOIAl203. Reduction of acetone requires 
consumption of 4 Hz and results in produc- 
tion of 3 CH4, so $ Hz is consumed per CH4 
produced. The TPR peak area, calculated 
from the TCD signal, is corrected assuming 
that all CH4 is generated by acetone reduc- 
tion. The overall error in the corrected H2 
consumption values was ca. 10%. 

RESULTS 

(a) X-Ray Diffraction 

Co304 and CoA1204 are XRD-pure and 
show the expected spine1 patterns with a 
calculated cell constant of 806.9 and 809.0 
pm, respectively. These values agree well 
with the literature values of 808.5 pm 
(ASTM 9-418) and 810.5 pm (ASTM lo- 
458), respectively. The XRD pattern of 

Co0 shows the presence of traces of 
Co304, indicating some reoxidation of Co0 
at room temperature after the preparation 
from Co304 at high temperature. CozAl-ox- 
ide shows only spine1 lines with a cell con- 
stant of 807.9 pm. 

Figure 3 shows the XRD patterns of 9.1% 
CoO/A1203 catalysts, calcined at various 
temperatures (Series 1). The dried catalyst 
shows only the broad lines of the y-Al203 
support. The catalysts calcined at 575-l 175 
K show also spine1 lines of low intensity. 
For calcination temperatures between 575 
and 900 K the intensity of these lines does 
not change and a cell constant of 807 pm is 
calculated, using the (311) reflection. For 
calcination temperatures above 900 K the 
intensity of the lines increases and simulta- 
neously the lines shift until for the 1175 K 
calcined sample a cell constant of 796.5 pm 
(calculated on the basis of the five strongest 

8’0 i0 60 50 40 3’0 
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FIG. 3. XRD patterns of 9.1% CoO/A120, catalysts 
calcined at various temperatures (Series 1). Calcina- 
tion temperature (K): 380 (a), 575 (b), 625 (c), 675 (d), 
725 (e), 775 (f), 825 (g), 875 (h), 900 (i), 925 (i), 975 (k), 
1025 (I), 1075 (m), 1175 (n), 1290 (0). The asterisks give 
the XRD line positions of CoAIZ04 (ASTM 10-458). 
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FIG. 4. The 2&value of the (440) reflection as a func- 
tion of calcination temperature of 9.1% CoO/A1203 cat- 
alysts (Series 1). 

reflections) is reached. The crystallite size 
is 11 + 2 nm, independent of calcination 
temperature in the range 575-1175 K. The 
sample calcined at 1290 K shows very 
sharp lines, which originate from a-Al203 
and CoA1204. 

Figure 4 shows the 20-value of the (440) 
reflection as a function of calcination tem- 
perature. The 28-value of catalysts calcined 
below 800 K is almost identical to the value 
of the pure support (79.7”). Calcination 
temperatures above 800 K result in a de- 
crease of the 2&value, until at 1175 K a 
value of 79.0” is reached. This decrease of 
28 corresponds with an increase of the cell 
constant from 791 to 796 pm. In fact, dif- 
fraction lines of Al203 and Co oxides of 
spine1 type blend together into one spine1 
pattern with a cell constant of 796 pm. No 
6-A&03 (2Walue of (440) reflection at 
79.9”) is detected on the catalysts, indepen- 
dent of calcination temperature, whereas in 
separate experiments it was shown that 6- 
A1203 is formed from unloaded A1203 by 
calcination at ca. 1175 K. 

Variation of the calcination flow rate (Se- 
ries 2) shows a marked influence on the 
XRD pattern. A drastic increase of flow 
rate (from 70 to 1000 pmol/s) results in dis- 
appearance of the catalyst spine1 lines. 

(b) Colors 

For the catalysts some color changes can 
be easily observed with the eye. Dried cata- 

lysts are pink. Catalysts calcined between 
575 and 975 K are colored dark green to 
black. Calcination between 1025 and 1290 
K results in blue samples. However, also 
some more subtle color changes have been 
observed, which have been checked with 
DRS. The catalysts calcined at 1025-l 175 
K are deep blue (strong triplet around 600 
nm), whereas CoA1204 and the catalyst 
calcined at 1290 K are more brightly blue- 
colored (absorption around 350 nm, besides 
the strong triplet around 600 nm). The in- 
crease of the calcination flow rate leads to a 
color change from dark green to lighter 
green, which correlates with the disappear- 
ance of absorption around 800 nm in DRS. 

(c) Temperature-Programmed Reduction 

The Figs. 5-9 show the TPR results. 
Each TPR pattern consists of a TCD pat- 
tern (upper line) and a FID pattern (lower 
line), as a function of reduction tempera- 
ture. CH4 production takes place at some- 
what lower temperatures than is shown in 
the figures, because of CH4 retardation in 
the molecular sieves (e.g., a 25 K shift at a 
heating rate of 10 K/min). Table 1 gives the 
quantitative TPR results. 

Figure 5 shows the TPR patterns of bulk 
compounds. Some CH4 formation occurs 
for all Co compounds. A prerequisite for 
CH4 formation appears to be the formation 
of metallic Co. Co0 and Co304 give one 
relatively sharp reduction peak at 610 and 
590 K, respectively. The Co304 peak is 
broader than the Co0 peak, indicating that 
in fact two reduction steps (Co3+ += Co2+ + 
Co”) take place. CoA1204 reduces at a quite 
high temperature (1160 K), except for a 
small peak at 770 K due to reduction of an 
impurity. In the case of COO, Co304, and 
CoA1204 the amount of Hz consumed in 
TPR agrees with complete reduction to me- 
tallic Co. Co2ALoxide shows three reduc- 
tion peaks at 610, 725, and 1050 K (35, 60, 
and 5% of the HZ consumption, respec- 
tively). The support material -y-A1203 has a 
peak at 1120 K, which is probably due to 
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Materials 

Bulk compounds 
coo 
co304 
Co,Al-oxide 
CoAl~04 
y-AM& 
vzos 

Heating rate H2 consumption” 
(Kimin) (mol Hr/mol M) 

- 

10 
10 
10 
10 
10 
10 

1.16 
1.39 
1.39 
1.06 
0.0035 
1.00 

Series 1: calcination 
temperature (K) 
380 
575 
625 
675 
725 
775 
825 
875 
900 
925 
975 

1025 
1075 
1175 
1290 

Series 2: calcination flow 
rate (pmol/s) 

10 
70 
70 
70 

1000 

10 l.Olb 0.11 
10 1.226 0.06 
10 1.156 0.09 
10 1.17 0.11 
10 0.99 0.13 
10 I.11 0.07 
IO 1.18 0.07 
10 1.10 0.11 
10 1.05 0.09 
10 1.34 0.08 
10 1.02 0.07 
10 1.11 co.01 
10 0.97 co.01 
10 0.88 co.01 
10 0.98 co.01 

10 1.45 0.14 
2 1.27 0.08 

10 1.21 0.09 
35 1.16 0.17 
10 1.07 0.07 

9.1% CoO/AIzO, catalysts 

CH4 production” NO, production” 
(mol CHJmol M) (mol NOJmol M) 

0.04 - 

0.05 - 
0.07 - 

co.01 - 
<O.Ol - 
<O.Ol - 

2.0’ 
0.29 
0.05 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

a M is Co, except for the samples y-AIZO1 and V205 ; Hz consumption is corrected for CH., formation and, in the 
case of CoO/A1203 catalysts, for Hz consumption of the support. 

b Hz consumption is only calculated for the temperature region above the nitrate decomposition peak. 
c NO, production is calibrated assuming that the dried catalyst has not lost any N as NO, or HNOj. 

reduction of traces of impurities, such as 
iron, sulfite, and sulfate. 

Figure 6 shows the TPR patterns of a cat- 
alyst (Series 2), measured at different heat- 
ing rates. The TPR peaks shift to higher 
temperatures with increasing heating rate, 
as expected (34,35). More CH4 is produced 
at the highest heating rate. But, corrected 
for CH4 production, the TPR pattern is es- 
sentially independent of the heating rate. 

In Fig. 7 the calcination temperature is 
varied (Series 1). Several overlapping 
peaks can be discerned in the range 500- 
1240 K. Figure 8 summarizes the position 
of the main TPR peak maxima as a function 
of calcination temperature. For very low 
calcination temperatures (380-625 K) a 
peak occurs at ca. 500 K for both TCD and 
FID. This can be attributed to HZ-assisted 
decomposition of Co nitrate species (evolu- 
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FIG. 5. TPR patterns of reference materials. (a) 
COO; (b) Coj04; (c) Co*Al-oxide; (d) CoA1204; (e) y- 
A1209; (f,l V205. The upper and lower part of each 
pattern represent the TCD and FID signal, respec- 
tively. 

tion of NO and NOz). Apparently nitrate 
can only be removed completely by calcina- 
tion at ca. 650 K. Furthermore, large 
amounts of CH4 (ca. 0.1 C&/Co) are found 
around 720 K for calcination temperatures 
between 380 and 975 K. Moreover, five 
peaks are assigned to reduction of Co ions: 

-At 515 K, for calcination temperatures 
between 675 and 875 K. 

-At 560-630 K. This peak is relatively 

sharp and shifts 70 K to higher temperature 
when the calcination temperature is in- 
creased from 575 to 875 K. For calcination 
temperatures above 900 K this peak is ab- 
sent. 

-At 740 K, for calcination temperatures 
up to 975 K. Note that this peak has to be 
attributed mainly to CH4 formation for cal- 
cination temperatures up to 775 K. 

-At 875 K, for calcination temperatures 
up to 900 K. 

-At 11 lo-1230 K. The peak maximum 
occurs around 1110 K for samples cal- 
cined below 900 K and shifts to ca. 1230 K 
for the sample calcined at 1175 K. Calcina- 
tion at 1290 K, however, leads to a decrease 
of the reduction temperature to 1150 K. 
The intensity is constant for calcination 
temperatures below 775 K, but increases 
continuously for calcination temperatures 
above 775 K, until all reduction takes place 
in this region, for samples calcined at 1025 
K or higher. 

400 800 1200 
-temperature (K)- 

FIG. 6. TPR patterns of a 9.1% CoO/A120j catalyst 
(Series 2) at various heating rates. (a) 2 Kknin; (b) 10 
Wmin; (c) 35 IUmin. The catalyst was calcined at 825 
K in a flow of 70 pmol/s. The upper and lower part of 
each pattern represent the TCD and FID signal, re- 
spectively. 
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FIG. 7. TPR patterns of 9.1% CoO/A1203 catalysts calcined at various temperatures (Series I). 
Calcination temperature (K): 380 (a), 575 (b), 625 (c), 675 (d), 725 (e), 775 (f), 825 (g), 875 (h), 900 (i), 

The upper and lower part of each pattern represent 925 (i), 975 (k), 1025 (l), 1075 (m), 1175 (n), 1290 (0) 
the TCD and FID signal, respectively. 

From the H2 consumption values (see Table 
1) it is clear that for calcination tempera- 
tures below 1025 K, besides Co*+ ions, also 
Co3+ ions are present, whereas above 1025 
K only Co*+ ions exist. 

Figure 9 shows the TPR patterns of cata- 
lysts for which the calcination flow rate was 
varied (Series 2). The reduction peaks are 
found at the same temperatures as in Fig. 7. 
With increasing flow rate, the contribution 
of peaks at low temperature declines. The 
overall HZ consumption decreases sharply 
as a function of flow rate, approximately 
from 1.5 to 1.0 Hz/Co. In separate experi- 
ments it was shown that an increase of cata- 

lyst weight during calcination has the same 
influence on the TPR pattern as a decrease 
of flow rate. 

DISCUSSION 

(a) Interpretation of the TPR Patterns 

The results show the complexity of COO/ 
Al2O3. Therefore it is not surprising that 
previous studies, which contain only a lim- 
ited number of TPR measurements (22,36), 
have not led to new insight in the structure 
of C0O/Al203. In this discussion a detailed 
interpretation will be presented, which is 
tentative in part, but which is consistent 
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FIG. 8. The position of the main TPR peak maxima 
(TCD detection) as a function of calcination tempera- 
ture of 9.1% CoO/A1203 catalysts (Series 1). 

with the literature (see the Introduction). 
There are parallels between this work and 
recently published work on coprecipitated 
NiO/A1203 catalysts (37), which contains 
also XRD and TPR results. Especially con- 
clusions on the presence of spinel-type 
mixed Ni/Co-Al-oxides of various compo- 
sition and on the role of solid-state diffusion 
in their interconversions are common fea- 
tures. 

It is surprising that the reduction of Co 
ions takes place over such a large range of 
temperatures. CoA1203 reduces at much 
higher temperatures than Co0 and Co304, 
obviously due to the presence of A13+ ions. 
Therefore, it is suggested here that, for 
crystalline as well as for surface species, 
the number of AP+ ions in the surrounding 
of the Co ion determines the TPR reduction 
temperature mainly, while Co valency, co- 
ordination, and nucleation are less impor- 
tant. This can be supported by consider- 

ation of the partly covalent character of 
transition metal ions in spinels (38). Proba- 
bly A13+ ions polarize the more or less cova- 
lent Co-O bonds. This will increase the ef- 
fective charge of the Co ions (39) and, as a 
consequence, the lattice energy, resulting 
in an increase of reduction temperature. 
This so-called polarization concept has 
been used successfully to explain tempera- 
ture-programmed reduction and sulfiding 
patterns of Mo03/A1203 catalysts (40). 

For the interpretation of the TPR pat- 
terns it is assumed that reduction of Co3+ 
and Co2+ to Co metal during TPR generally 
takes place in one peak, leading to assign- 
ment of the various reduction peaks to dif- 
ferent Co phases. Some partial reduction of 
Co3+ to Co2+, however, might take place 
below 550 K in the case of bulk Co304 
(slightly broadened TPR peak) and some 
catalysts (small peak at 515 K). 

Figure 10 summarizes the position of the 
main TPR peaks schematically. Four main 
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FIG. 9. TPR patterns of 9.1% CoO/A1203 catalysts 
calcined at 825 K at various flow rates (Series 2). (a) 10 
PmoUs; (b) 70 pmol/s; (c) 1000 PmoYs. The upper and 
lower part of each pattern represent the TCD and FID 
signal, respectively. 
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FIG. 10. Scheme of the position of the main TPR 
peak maxima. 

reduction regions (I, II, III, and IV) are ob- 
served, which correspond to four different 
phases, referred to as phases I, II, III, and 
IV, respectively. 

It has to be stressed that TPR analysis is 
a destructive measurement. Especially 
solid-state diffusion of Co2+ ions might in- 
terfere with reduction. Since in the present 
study solid-state diffusion is observed in 
the case of calcination above 800 K for 2 h, 
the reduction of the phases I and II, of 
phase III, and of phase IV are expected to 
be disturbed not at all, slightly and strongly, 
respectively. In agreement with this, the in- 
variability of the TPR peak areas of regions 
III and IV as a function of heating rate, for 
a catalyst calcined at a temperature (825 K) 
where the influence of solid-state diffusion 
is marginal (see Fig. 6), suggests that reduc- 
tion in region III is not significantly affected 
by solid-state diffusion. Since, therefore, 
only phase IV will be affected, it is reason- 
able to assume that TPR gives an essen- 
tially correct distribution of Co ions over 
the phases. 

Figure 11 shows a scheme of the pres- 
ence of the various Co phases, as a function 
of calcination temperature. The various re- 
duction regions are assigned to Co phases 
as follows. 

Region I. Reduction of Co0 and Co304 
crystallites takes place in this region. Re- 
duction of catalysts in region I is attributed 
to reduction of Co304 crystallites, since the 
presence of Co0 crystallites is unlikely on 
the basis of XRD data. Moreover, Co0 is 
not a stable phase in the presence of O2 at 
temperatures between 600 and 1000 K (41). 

The sharpness of the region I peak points to 
the presence of well-defined, crystalline 
material. Generally Co304 is described in 
the literature as the main oxidic phase at 
high loadings. Assuming that Co304 exclu- 
sively reduces in region I, the present study 
shows that no 9.1% CoO/A1203 sample con- 
tains more than 25% of the Co as Co304. 

Region IV. Reduction in this region is ob- 
served for CoA1204 crystallites as well as 
for all catalyst samples. XRD data show 
that the catalyst calcined at 1290 K contains 
stoichiometric CoA1204 (phase ND), be- 
sides (~-AlzOj. The catalysts calcined at 
1025-1175 K also contain phase IV exclu- 
sively, but they differ from CoA1204 on the 
basis of XRD, color (DRS), and TPR data. 
It is concluded that these catalysts contain 

675 

IVD 

1 j-7y-j - 12’0 

FIG. 1 I. Scheme of the various Co phases present on 
9.1% CoO/A1203 catalysts as a function of calcination 
temperature (Series 1). Crystalline and surface species 
are presented on the left and right, respectively. The 
assignment of the phases is summarized under Conclu- 
sions. 
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a Co2+-AP+ spine1 structure (phase IVB) in 
which Co2+ is present in a diluted form in 
comparison with CoA1204. Especially cal- 
cination at 1175 K leads to small particles of 
a well-defined solid solution (phase IVC) of 
spine1 type with the formula CO,A~~~,~-~~~,O~ 
(0 < x < 1; x = 0.18 in this study), which 
has its own XRD, DRS, and TPR character- 
istics. The amount of phase IV increases 
with increasing calcination temperature in 
the range 825-1025 K, showing the diffu- 
sion of Co2+ ions into the Al203 lattice. But 
also for lower calcination temperatures 
phase IV is present, in a constant amount, 
which cannot be formed by solid-state dif- 
fusion. Therefore, in the latter case phase 
IV is assumed to consist of surface Co2+ ions 
(phase IVA) with a high number of O-Al 
ligands, which makes them behave chemi- 
cally like CoA1204. The increase of reduc- 
tion temperature of phase IV as a function 
of calcination temperature (see Fig. 8) 
probably indicates that the lattice stabiliza- 
tion of Co2+ ions increases with advancing 
solid-state diffusion. It cannot be excluded, 
however, that this reduction temperature 
increase is caused partly by a decrease of 
catalytic H2 dissociation over Co metal 
sites, due to a decrease of the Co metal 
concentration present at the beginning of 
the region IV TPR peak. 

Region ZZZ. Reduction in this region is 
only found for catalyst samples calcined be- 
low ca. 950 K. Variation of the calcination 
flow rate (see Fig. 9) showed that especially 
at high flow rate phase III dominates, be- 
sides phase IV, and that the H2 consump- 
tion approaches the value of 1 H2/Co, sug- 
gesting that phase III is a Co2+ phase. The 
fact that the catalyst sample calcined at 
high flow rate did not show any XRD spine1 
lines and the absence of phase III in bulk 
compounds indicate that phase III is a sur- 
face phase of Co2+ ions. 

Region ZZ, phase ZZB. Reduction in region 
II has been found for bulk Co2Al-oxide and 
for catalysts calcined below ca. 1000 K. 
There is evidence that reduction in this re- 
gion is due to reduction of Co3+ ions: 

-From the TPR peak area of bulk 
Co2Al-oxide a H2 consumption of phase II 
of 1.45 Hz/Co can be calculated, after cor- 
rection for the H2 consumption of the 
phases I and IV. 

-Variation of the calcination flow rate 
(see Fig. 9) showed that at low flow rate, 
where phase II is dominating besides phase 
I, and H2 consumption approaches the 
value of 1.5 H2/Co. 
Moreover, there is evidence that phase II 
can have a crystalline spine1 structure: 

-XRD of bulk Co2Al-oxide shows only 
spine1 lines. 

-XRD of catalysts calcined at 900-975 
K, which contain no phase I, show also this 
spine1 pattern. 

-The sharpness of the phase II reduc- 
tion peak for catalysts calcined at 900-975 
K suggests the presence of well-defined 
crystalline material. 
Two possibilities arise for the assignment of 
a crystalline phase IIB. It consists either of 
Co304 crystallites of a morphology different 
from phase I or of a novel mixed Co3+- 
AP+-oxide. In the former case the different 
reducibility of the phases I and II is sup- 
posed to be related to different reduction 
mechanisms due to differences in particle 
size or concentration of surface defects. Al- 
though changes in Co304 morphology might 
explain, e.g., the 70 K upward shift of the 
region I peak with increasing calcination 
temperature (see Discussion, part below), 
assignment of region II to Co304 crystallites 
is not likely for the following reasons: 

-Essentially, phase II reduction is al- 
ways found at the same temperature, inde- 
pendent of calcination temperature, parti- 
cle size, and concentration of Co metal 
sites, needed for catalytic H2 dissociation, 
present at the beginning of the region II 
TPR peak (35). 

-The difference in reducibility of phases 
I and II is quite large (1 IO- 180 K). 
On the other hand, the assignment of phase 
IIB to a mixed Co-Al-oxide can be sup- 
ported as follows: 

-Interaction compounds may be ex- 
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petted using the coprecipitation method 
(37). 

-The difference in reducibility of phases 
I and II can easily be explained by the pres- 
ence of AP+ ions in phase II, via the polar- 
ization concept. 

-The simultaneous disappearance of 
Co304 crystallites of phase I and the growth 
of the phase II TPR peak occurs in the cal- 
cination temperature range 875-925 K, i.e., 
at temperatures where solid-state diffusion 
of Co2+ ions takes place at a reasonable 
rate. This suggests that Co2+ ions from 
Co304 can be exchanged with A13+ ions of 
the support, resulting in formation of a 
mixed Co3+-A13+oxidic crystalline phase. 
The following considerations might specify 
the identity of this spinel-type mixed oxide: 

-Co2+, Co3+, and A13+ ions occur abun- 
dantly in spinel-type structures. Co304 and 
CoA1204 are normal spine1 structures, with 
Co2+ on tetrahedral and Co3+ and A13+ on 
octahedral positions. Also y-A&O3 is gener- 
ally considered to be an (imperfect) spine1 
(42) where the AP+ ions fill $ of the tetrahe- 
dral in addition to the octahedral spine1 cat- 
ion positions (43). 

-Calculations based on ligand field the- 
ory show a large relative octahedral site 
preference energy of Co3+ with respect to 
A13+ (43 kJ/mol; see the Appendix). There- 
fore, in the mixed oxide Co3+ is expected to 
win the competition for the octahedral 
spine1 positions and AP+ might be present 
only on tetrahedral sites. 

-The conversion of Co304 into the 
mixed oxide on catalysts at 875-925 K is 
suggested in the above to occur via solid- 
state diffusion. Co2+-A13+ exchange is most 
reasonable from a kinetic point of view 
when it is limited to tetrahedral sites, since 
in this way the position of the Co3+ ions is 
not affected. 
The above-mentioned arguments lead to a 
tentative overall formula of the mixed oxide 
of Al:h(Co:+)Oi- or Co3A106, where Co3+ 
ions occupy all the octahedral spine1 sites, 
as in Co304, and A13+ ions occupy the tetra- 
hedral sites, as they do partly in ~-Al2O3. 

Region II, phase IIA. It is obvious that in 
a catalyst system which is quite well-dis- 
persed and can contain such a large fraction 
of (sub)surface Co2+ ions, also Co3+ surface 
ions can occur. There is some evidence that 
in region II, being typical for Co3+ ions, 
also surface Co3+ ions (phase IIA) can re- 
duce: 

-Region II is present for catalysts 
calcined below 825 K. At these low temper- 
atures solid-state diffusion is slow or ab- 
sent, which excludes the formation of crys- 
talline Co3A106 and, therefore, points to the 
presence of a dispersed Co3+ phase. 

-The reduction peak in region II is 
broader after calcination at 875 K than after 
calcination at 925 K, suggesting more inter- 
action of Co ions with the heterogeneous 
support for the 875 K calcined sample. 

-An increase of calcination temperature 
from 775 to 925 K leads to conversion of 
phase III species into phase II and phase IV 
species. As phase III consists of surface 
ions, it is likely that from phase III surface 
phase II species are formed. 

Co coordination. In phases IVB, IVC, 
and IVD the Co2+ ions are forced to occupy 
bulk tetrahedral lattice sites, as a conse- 
quence of the unfavorable relative octahe- 
dral site preference energy of Co2+ ions 
with respect to A13+ ions (-54 kJ/mol; see 
Appendix). In the case of the phases III and 
IVA (surface Co2+ ions) no competition is 
present between Co2+ and AP+ ions, since 
excess tetrahedral and octahedral sites are 
available for the Co2+ ions. Therefore in the 
latter case the absolute octahedral site pref- 
erence energy of Co2+ ions has to be con- 
sidered (8 kJ/mol; see Appendix). This pref- 
erence for octahedral sites is in agreement 
with recent literature (27). The favored co- 
ordination of Co3+ ions (phase II) is un- 
doubtedly octahedral. 

In the above-mentioned polarization con- 
cept the reducibility of the various Co 
phases is related to the number of A13+ ions 
in the Co surroundings: 

-Phase I (Co304 or COO) containing no 
A13+ ions reduces at the lowest tempera- 
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ture, whereas phases IVB, IVC, and IVD 
containing 12 A13+ ions in the first shell re- 
duce at the highest temperature. 

-The difference in reducibility between 
the phases IVC and IVD (reduction temper- 
atures of 1230 and 1150 K, respectively) 
can be explained considering the number of 
A13+ ions beyond the first shell; in the more 
diluted spine1 of phase IVC, Co2+ is sur- 
rounded by many more AP+ ions in the long 
range, resulting in slightly more polariza- 
tion and, therefore, a decreased reducibil- 
ity. 

-The Co2+ surface ions of phase IVA, 
having a reducibility similar to that of the 
phases IVB, IVC, and IVD, are proposed 
to have also a similar number of A13+ neigh- 
bors allowing minimum surface properties, 
i.e., ca. 10 AP+ ions in the first shell. 

-The number of AP+ in the Co3+ sur- 
roundings in the proposed Co3A106 crystal- 
lites is low (4 AP+ ions in the first shell). 
Such a value is reasonable for surface Co3+ 
ions and explains the fact that the reducibil- 
ity of surface Co3+ ions is similar to that of 
Co3A106 crystallites. 

-Because of its intermediate reducibil- 
ity, the number of A13+ ions around phase III 
Co2+ ions is expected to lie between those 
of the phases II and IV (ca. 4 and IO-12 
AP+ ions, respectively) and therefore is es- 
timated to be 6-8. 

(b) Dynamics of the Preparation of Oxidic 
Co Catalysts 

Influence of the calcination J~OW rate. 
The calcination flow rate influences the cat- 
alyst structure strongly (see Fig. 9). This is 
explained tentatively by the interference of 
N02, a much stronger oxidant than 02 and 
found in the present study as a primary 
product of nitrate decomposition during 
calcination. The NO2 concentration will de- 
pend on the calcination flow rate, on calci- 
nation sample weight, on reactor geometry, 
and on heating rate. So, keeping all other 
parameters constant, the flow rate during 
calcination determines the NO2 concentra- 
tion in the catalyst particle. Apparently 

NO2 is able to oxidize Co2+ to Co3+ easily 
below 825 K. In this perspective it is under- 
stood why the Co2+ phases III and IV are 
formed at high flow rates, whereas, at low 
flow rates, the Co3+ containing phases I and 
II are formed. 

Even the dispersion is affected by the 
calcination flow rate. From XRD data it is 
concluded that Co nitrate species on the 
dried catalyst are well dispersed, while at 
least part of the Co is assumed to be present 
as poorly crystalline, very small droplets of 
Co nitrate. By calcination at 575 K or 
higher these droplets decompose, resulting 
in the production of mobile Co2+ ions. In 
the absence of N02, these ions will distrib- 
ute themselves over the surface and will 
constitute the well-dispersed phases III and 
IVA. Oxidation of Co2+ to Co3+ by N02, on 
the other hand, prevents this dispersion; 
Co304 crystallites are formed. XRD data 
show that these crystallites are larger than 
the original Co nitrate droplets, illustrating 
again the mobility of Co2+ ions. 

Influence of the calcination temperature. 
The drastic influence of calcination temper- 
ature (see Fig. 11) can be explained by a 
combination of oxidation and reduction 
phenomena and solid-state diffusion of 
Co2+ ions. Crystallite morphology plays a 
minor role. 

(i) Oxidation and reduction phenomena. 
Oxidation of Co2+ to Co3+ has been shown 
to be an easy reaction with NO2 as oxidant. 
However, also oxidation of Co2+ by 02 is 
observed in the calcination temperature 
range 775-925 K (conversion of phase III to 
phase II). Above a calcination temperature 
of ca. 950 K reduction of Co3+ to Co2+ takes 
place, which is observed as the conversion 
of phase II (main phase at 925 K) to phase 
IV (only phase at 1025 K). This reduction is 
also found for the bulk-phase Co304 ; even 
in air it reduces to Co0 around 1000 K (41). 

(ii) Solid-state diffusion of Cd+ ions. 
Solid-state diffusion of Co2+ ions takes 
place at temperatures of ca. 800 K and 
higher. This follows from both XRD and 
TPR measurements. XRD shows the ex- 
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pansion of the oxidic A1203 lattice caused 
by the entrance of Co2+ ions into the bulk. 
TPR shows that the amount of phase IV 
increases in the same temperature range. 
Solid-state diffusion of Co2+ ions (above ca. 
800 K) and reduction of Co3+ to Co2+ 
(above ca. 950 K) lead to complete conver- 
sion of the phases I, II, and III into phase 
IV around 1000 K. However, this conver- 
sion is not always a one-step reaction. 
Co304 crystallites (phase I) are supposed to 
be transformed first, around 875 K, into 
phase IIB plus phase IVB. Phase III is con- 
verted to phase IV by diffusion, but can 
also be oxidized to phase IIA. 

(iii) Crystallite morphology’. The region I 
peak of Co304 crystallites shifts to higher 
temperatures when the calcination temper- 
ature is increased (see Fig. 8). This shift 
cannot be explained by a crystallite size ef- 
fect, because XRD calculations have 
shown that the crystallite size is constant. 
Probably higher temperatures lead to a loss 
of imperfections in the Co304 surface; in 
that case fewer reduction nuclei will be 
formed, shown as a slight upward shift of 
the reduction temperature. 

(c) Implications for CoO-MoO~lA1203 
HDS Catalysts 

In the following will be discussed the way 
in which the structural information on COO/ 
Al203 obtained in this study might be re- 
lated to HDS activity of COO-Mo03/A1203 
catalysts. 

Loss of Co for HDS activity. Solid-state 
diffusion of Co2+ ions takes place already at 
ca. 800 K. This process is supposed to lead 
to loss of Co for the HDS reactions. There- 
fore a calcination temperature below 800 K 
is expected to give the highest HDS activ- 
ity. 

Stabilization of HDS-active CO-MO 
phases. AP+ ions might influence the struc- 
ture of HDS-active sites. The main function 
of AP+ ions in the surroundings of HDS- 
active sulfided CO-MO phases is assumed 
to be the stabilization of these phases. AP+ 
ions can polarize covalent Co-S and MO-S 

bonds, as has already been described for 
MO-S (40) and for Co-O bonds (in this ar- 
ticle). This polarization will lead to stronger 
bonds and therefore will decrease disper- 
sion loss of the sulfide phase under the cor- 
rosive HDS conditions. Because Co2+ dif- 
fusion into Al203 always goes together with 
AP+ diffusion to the surface (above ca. 800 
K), it is suggested that for COO-Mo03/ 
A&O3 catalysts calcined above 800 K some 
AP+ ions can be present within the CO-MO 
phases. In fact some active species might 
be described most accurately as mixed Co- 
Mo-Al-oxysulfides. 

Suljiding of oxidic Co phases. The oxidic 
Co phase which is the precursor of the 
HDS-active sulfided Co phase, is supposed 
to be “nonreducible” but sulfidable (see the 
Introduction). Only the Co phases III and 
IV can be considered to be nonreducible in 
normal isothermal reduction studies at typi- 
cal temperatures of 675-775 K (17, 18, 20, 
24, 25). As bulk CoA1204 (phase IVD) is 
reported to be “nonsulfidable” (26), it is 
concluded that also the bulk phases resem- 
bling CoA1204 (phases IVB and IVC) will be 
nonsulfidable. Only nonreducible surface 
Co2+ ions (phases III and IVA) might be 
sulfidable and therefore be the precursor of 
the HDS-active sulfide phase. It appears 
contradictory that phases which reduce 
with difficulty can be sulfided at normal 
temperatures. However, for surface Mo6+ 
ions on Mo03/A1203 catalysts it has also 
been found that sulfiding is a much easier 
reaction than reduction (40). This differ- 
ence is explained by the completely differ- 
ent mechanism of sulfiding, in which O-S 
exchange predominates and reduction with 
H2 is only a secondary reaction. 

CONCLUSIONS 

1. In TPR measurements (10 K/min) of 
the Coo/Al203 system four different reduc- 
tion regions have been observed, around 
600,750,900, and 1150 K. These reduction 
regions have been assigned to four different 
Co phases (I, II, III, and IV, respectively), 
subdivided into eight subphases, as follows: 
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I, Co304 crystallites; IIA, surface Co3+ 
ions; IIB, mixed Co3+-AP+-oxidic crystal- 
lites, probably of Co3AlOe stoichiometry; 
III, surface Co2+ ions; IVA, surface Co2+ 
ions as in III, but with more A13+ neighbors; 
IVB, subsurface Co2+ ions in a diluted, 
not well-defined Co2+-AP+ spinel; IVC, 
subsurface Co2+ ions as in IVB, but in 
a well-defined spine1 of composition Co, 
A1~8,3-Z3xj04 (0 < x < 1); IVD, CoA1204 
crystallites. 

2. Besides reduction of Co ions also HZ- 
assisted decomposition of nitrate species 
(NO, production) and Co-metal-catalyzed 
reduction of organic impurities such as (po- 
lymerized) acetone (CH4 production) take 
place. 

3. A novel compound of stoichiometry 
Co3A106 is proposed, having a spine1 struc- 
ture in which Co3+ and AP+ ions fill the 
octahedral and tetrahedral sites, respec- 
tively. It is supposedly formed from Co304 
crystallites by diffusion of Co2+ ions into 
and A13+ ions out of the Al203 support, 

above ca. 800 K. It decomposes in air with 
reduction of Co3+ to Co2+ above ca. 950 K. 

4. The valency of Co (2+ or 3+) depends 
on the concentration of NO2 formed during 
calcination from the starting nitrates (oxi- 
dation) and on the calcination temperature 
(oxidation at 775-925 K; reduction above 
950 K). The Co valency affects the disper- 
sion; Co2+ ions distribute themselves, 
whereas in the presence of Co3+ ions sinter- 
ing to Co304 crystallites takes place. 

5. The rate of solid-state diffusion de- 
pends strongly on the calcination tempera- 
ture and on the Co valency. Co2+ ions dif- 
fuse into the Al203 support both from 
well-dispersed Co2+ surface species and 
from Co304 crystallites (above ca. 800 K). 
Simultaneously A13+ ions are forced to dif- 
fuse to the surface. These processes proba- 
bly lead to loss of Co for HDS activity and 
to the potential presence of AP+ ions within 
the HDS-active phases. 

6. The concept of polarization of Co-O 
bonds by AP+ ions can explain the TPR 
results on CoO/A1203. The same concept 

predicts increased stability of HDS-active 
sulfided CO-MO phases by AP+ ions, lead- 
ing to a decrease of dispersion loss of these 
phases under the corrosive HDS reaction 
conditions. 

APPENDIX 

Calculation of Octahedral Site Preference 
Energies 

(a) The octahedral site preference energy 
ofA13+. In the literature the preference of 
transition metal cations for octahedral with 
respect to tetrahedral positions is presented 
in the form of octahedral site preference en- 
ergies (38, 44, 4.5). For high-spin configura- 
tions the number of paired spins is the same 
for octahedral and tetrahedral surround- 
ings. Therefore, ignoring the exchange en- 
ergy, the octahedral site preference energy 
can be calculated from the value of the field 
splitting parameter Dq only (38, 44). In this 
way for Co2+ ions a preference energy of 8 
kJ/mol is calculated (38, 44). For AP+ ions 
no value can be obtained spectroscopically, 
since Al is not a transition metal. However, 
a relative octahedral site preference energy 
has been found for AP+ with respect to 
Co2+ of 54 kJ/mol (45). From the two 
above-mentioned values an octahedral site 
preference energy value for A13+ is calcu- 
lated to be 62 kJ/mol. 

(b) The Octahedral Site Preference 
Energy of Cd+ 

Co3+ has special features within the range 
of transition metal ions, since it occurs in 
octahedral sites of spinels in the low-spin 
configuration (38). The Dq value of Co3+ is 
high enough to overcome the loss of stabili- 
zation caused by spin pairing. From a com- 
bination of literature values the octahedral 
site preference energy of Co3+ can be calcu- 
lated by means of ligand field theory, as 
follows. 

From Dq and the exchange energy pa- 
rameter K (46) the following energies can 
be derived for different Co3+ configura- 
tions: 
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Free Co3+ E, = -1OK 
Octahedrally surrounded high-spin Co)+ Ez = -4Dq - IOK 
Octahedrally surrounded low-spin Cc? E1 = -24Dq - 6K 
Tetrahedrally surrounded high-spin Co’+ Ed = -!Dq - IOK 

A “critical” Dq value for spin pairing in 
Co3+ is reported to be 2350 cm-’ (38). 
Therefore E3 - E2 = -20Dq + 4K = 0, if 
Dq equals 2350 cm-l. From this equation a 
K value of 11750 cm-i or 141 kUmo1 can be 
derived. From the heat of hydration of Co3+ 
(47) an octahedral stabilization energy of 
Co3+, with respect to the free ion, as 188 kJ/ 
mol is estimated (44), so E3 - El = -2409 
+ 4K = - 188 kJ/mol. Using the K value of 
141 kJ/mol the Dq value of Co3+ can be cal- 
culated to be 31.3 kJ/mol. The octahedral 
site preference energy of Co3+ can be ex- 
pressed as E4 - E3, which is equal to 9 Dq - 
4K. In the above it is shown that E3 - El = 
-24Dq + 4K = - 188 kJ/mol. Therefore E4 
- E3 = -fDq + 188 = 105 kJ/mol, using the 
Dq value of 31.3 kJ/mol. This result is not 
very sensitive to the calculated value of K. 

(c) The Relative Octahedral Site 
Preference Energy of Cd+ versus A13+ 

In the above the absolute octahedral site 
preference energies of Co3+ and AP+ have 
been calculated to be 105 and 62 kJ/mol, 
respectively. Therefore the relative octahe- 
dral site preference energy of Co3+ with re- 
spect to AP+ is 43 kJ/mol. 
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