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The partial substitution of Lain by either Sr” or Thr” in lanthanum cobaltate perovskite affects 
both the rate of hydrogenation of carbon dioxide and the distribution of products. The reaction of 
cyclopropane with hydrogen was used as a parallel test reaction in order to ascertain the nature of 
the active sites developed on these solids upon reduction. The active site density was calculated 
from the measured amount of chemisorbed hydrogen at 25°C on the oxides reduced at temperatures 
between 250 and 500°C. The catalytic activity was measured in a standard recirculation system 
using a Hz : CO1 = 4 : 1 ratio, total pressure of 160 Torr, and 280°C reaction temperature. The total 
conversion of COZ into products (activity) on LaCoO, is little affected by the extent of reduction of 
the sample. More sensitive to this parameter are both the rate of methanation and the production of 
C; compounds. Reduced L%.sTho.zCoO, is very stable giving a constant activity, the highest of all 
the solids assayed and almost exclusively producing methane. La&Z&,CoO, shows a sharp maxi- 
mum in activity and high selectivity to methane when prereduced at 300°C. However, when 
reduced at increasing temperatures the overall activity sharply drops while the selectivity to higher 
hydrocarbons increases very rapidly. In all cases the unreduced solids present induction periods, 
which indicate that the oxide is being reduced in situ by the reacting mixture. In runs designed to 
measure the extent of deactivation due to coke deposition it was found that the degree of activity 
decay was inversely correlated with the methanation selectivity. The test reaction was conducted 
in the same system at Hz : cyclopropane = 1 : 1 ratio, P = 170 Torr, and 250°C. The overall activity 
and the product distribution toward isomerization, hydrogenation, and hydrogenolysis is very 
sensitive to both the nature of the solid involved and the extent of reduction. The initial rate of 
formation of hydrogenation plus hydrogenolysis products when plotted vs extent of reduction 
produces curves which are similar to those observed in methanation activity. To gain further 
insight into both the matrix and promoter effect a series of catalysts were prepared containing 
different combinations of Co, Sr, La, and Th supported on either celite or LaZO,. The matrix effect 
is most important in the .%-substituted oxide, less so in LaCoO,, and unimportant in the Th- 
containing perovskite. The promoter effect for C; production follows the order Sr > La + Th. This 
and previous studies made on crystalline mixed oxides, together with data available in the litera- 
ture, allowed us to propose a model to interpret the effect of lanthanum replacement upon the 
catalytic activity, selectivity, and stability of these solids. 0 1987 Academic PBS, IX. 

INTRODUCTION formation is the important effect of the sup- 
port upon both the dispersion and the sta- 

Although the reaction between carbon di- bility of the Group VIII metals, which in 
oxide and hydrogen is a potential source of turn affect the activity and selectivity of the 
higher valued organic compounds this has catalyst (1-4). 
not been as extensively studied as should be Although the effect of different pro- 
expected. Among this relative paucity of in- moters on the product distribution obtained 

during CO + H2 reaction has been fre- 
t To whom all correspondence should be addressed. quently reported, no systematic study of 
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this kind exists for the hydrogenation of 
carbon dioxide. The crystalline structure of 
perovskite oxides with its capability to ac- 
commodate many different cations affords 
an interesting frame of reference to test the 
effect of several promoters upon the cata- 
lytic behavior of the active element. In pre- 
vious studies LaCo03 has been thoroughly 
characterized, the effect of hydrogen re- 
duction upon its catalytic activity explored 
(5, 6), and a correlation between its surface 
composition and catalytic properties devel- 
oped (7). Besides, in Part 1 of this study (8) 
the reduction process of lanthanum co- 
baltates partially substituted by either Th or 
Sr has been carefully characterized. Since, 
upon reduction, Coo appears on the surface 
of all these solids, “metal on oxide” cata- 
lysts can be produced either in situ or dur- 
ing the activation stage. 

The work reported here was set up with 
the goal of investigating the effect of partial 
replacement of La by either Sri1 or ThIV 
(Lal-,M,CoOJ, upon the catalytic activity 
for hydrogenation of carbon dioxide. Fur- 
thermore, the reaction of cyclopropane 
with hydrogen was used as a test which 
could provide additional clues about the na- 
ture of the active sites which develop on the 
surface of these oxides upon reduction. 

EXPERIMENTAL 

Catalyst preparation and pretreatment. 
The preparation of the crystalline mixed 
oxides used in this study has been de- 
scribed in Part 1 (8). Besides, a series of 
supported catalysts were prepared using 
the following two methods: (a) incipient 
wetness impregnation using aqueous solu- 
tion of the corresponding nitrates of Co, Sr, 
Th; (b) coprecipitation at a given pH from a 
solution containing the nitrates of pairs of 
elements, Co-Sr and Co-Th (9, 10). The 
support used in all cases but two was a ce- 
lite (Kieselguhr) having a surface area of 17 
m2/g. In the other two cases La203 (2 m2/g) 
was used as a support. Both supports were 
used as fine powders (60-80 mesh). After 
either impregnation or precipitation the 

solids obtained were dried overnight at 
80°C heated in air at 250°C to decompose 
the nitrates, and then calcined at 400°C dur- 
ing 4 hr. 

The standard pretreatment before each 
catalytic experiment or hydrogen adsorp- 
tion measurement was as follows: oxidation 
in air for 2 h followed by evacuation for 1 h 
at 400°C reduction at the desired level, and 
final evacuation at 400°C. A lower evacua- 
tion temperature, 3OO”C, was adopted for 
Sr-containing oxides to avoid the produc- 
tion of additional oxygen vacancies. This 
was done in a standard recirculation system 
in which the extent of reduction could be 
followed volumetrically; more details have 
been given elsewhere (II). 

Hydrogen chemisorption measurements. 
Hydrogen chemisorption was performed in 
a standard volumetric adsorption system 
which was modified to include a gas recir- 
culation loop containing a liquid nitrogen 
trap. In this way the solid could be reduced 
in situ before the adsorption measure- 
ments. The samples were pretreated as de- 
scribed above. The extent of reduction was 
calculated from the measured hydrogen up- 
take. 

The hydrogen adsorption isotherms were 
obtained at 25°C. The amount of chemi- 
sorbed hydrogen on a given sample was cal- 
culated by difference between two succes- 
sive isotherms. Between them the solid was 
evacuated at 25°C until a vacuum better 
than low5 Torr was reached. 

Reaction procedure. The catalytic exper- 
iments were done in the same recirculation 
system used for reduction into which a 
bulb, containing most of the reaction vol- 
ume (430 cm3), was incorporated through a 
bypass. The gas chromatographic (GC) an- 
alytical system was modified according to 
the reaction studied. When the reactants 
were CO2 + H2, two parallel columns of 
porapack R were used. One of them was 
held at 0°C using a TCD detector to analyze 
CO, CO;!, and CH4. The other column was 
temperature programmed, from 54 to 140°C 
at 8”C/min, and connected to an FID detec- 
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FIG. 1. The variation of surface Coo with reduction 
temperature, calculated from the amount of H2 chemi- 
sorbed at 25”C, assuming Co: H = 1: 1. q = 1.7924 
lOI Au [cm3 STP HJ/S [m*/gl. (II) LaCoO,; (0) Laoa 
Tho.Ko03; (0) La, 8ro.GQ. 

tor in order to analyze the hydrocarbons 
obtained. A simpler chromatographic setup 
was used when cyclopropane was reacted 
with hydrogen. In such a case a single pora- 
cil C column thermostated at 0°C connected 
to a TCD detector was used. 

The reactant mixtures were prepared vol- 
umetrically by introducing first a measured 
amount of either CO2 or cyclopropane into 
the recirculation system where it was fro- 
zen and outgassed before hydrogen was ad- 
mitted. The reactants were thoroughly 
mixed before contacting the catalyst. 

To evaluate the extent of deactivation of 
the catalyst due to coke deposition after 
COZ + HZ reactions, a standard procedure 
was followed: after a 2-h-long kinetic ex- 
periment the reaction system was evacu- 
ated at room temperature for 15 min and 
then a new load of reactants was admitted 
into the system to repeat the catalytic mea- 
surement. 

RESULTS 

Adsorption Measurements 

Figure 1 shows the variation in site den- 
sity (r)) with reduction temperatures be- 
tween 250 and 500°C on three different 

mixed oxides. Both the LaCo03 and the 
La&SrO,&oO~ show sharp maxima in the 
concentration of exposed Coo. In fact, at 
reduction temperatures not far from the 
maxima the amounts of chemisorbed hy- 
drogen were close to the experimental er- 
ror. On the other hand, L%,8Th0.2C003 
shows a steady increase of the site density 
with reduction temperature. 

The site density was calculated from the 
measured amount of chemisorbed hydro- 
gen assuming a one to one stoichiometry 
(12). In a previous study CO was used with 
the same purpose on LaCoO, (5). The 
shape of the curve obtained was very much 
the same as the one shown in Fig. 1. The 
maximum site density calculated at 350°C 
was, however, only one-half of that ob- 
tained with hydrogen. Due to the uncer- 
tainty of the CO stoichiometry, 0.4 to 2.3 
(12), it is not a surprise to find such a differ- 
ence between the values obtained with ei- 
ther CO or Hz. 

CO2 + H2 Reactions 

Under the operating conditions used in 
this study the following equations may rep- 
resent the set of reactions occurring in this 
system: 

nCOz + (3n + l)Hz + 
CnH2n+2 + 2nH20 n 2 1 (1) 

mC02 + 3mH2 ti 
C,H2, + mH20 m > 1 (2) 

CO2 + H2 e CO + H20. (3) 

The experiments were conducted at 
280°C total pressure 160 Torr, and P&l 
P&j, = 4. 

The following parameters were defined to 
characterize the catalytic behavior of the 
system: 

u”, initial reaction rate (mm01 of CO1 con- 
verted * m-* . min-‘) 

t&, initial methanation rate (mmol of 
CH4 * mm2 . mini) 

Nj, turnover number (TON) (molecules 
of j converted or produced * set-i + site-i). 
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FIG. 2. COZ + HZ reaction on LaCoOj, oxidized (e = 0) and reduced at various temperatures: e = 1.2 
(3WC), e = 1.3 (350°C), e = 2.4 (UOOC), e = 3.0 (500°C). Recirculation system: HZ: CO2 = 4: 1; 
temperature; 280°C; total pressure: 160 Torr; 300 mg of catalyst. e, extent of reduction. 

SM, selectivity to methane formation 
[QHJ(WH~ + Wo)l. 

Sx, selectivity to methane, SM, at con- 
stant conversion of COZ. 

&::, molar fraction of i = CH4, CO*, CO, 
not taking into account the amount of HzO, 
HZ, and hydrocarbons other than CH4. 

C,‘, mass percentage of hydrocarbons 
containing two, three, or four carbon atoms 
(100 X rnc;l(mc; --I- mcH4)), at constant co2 
conversion. No higher molecular weight 

hydrocarbons were detected through the 
FID. 

Figures 2-4 show the results obtained 
with three different perovskites. In Table I 
the main features of the catalytic experi- 
ments are summarized to facilitate the com- 
parison among the various oxides. 

LaCo03. The initial reaction rate (u”) of 
the reduced oxide fluctuates with extent of 
reduction (Table l), but it does not show a 
maximum as was the case for hydrogenation 

E’O c=29 . 

SO 50 50 

TIMEfminutesl 

FIG. 3. CO* + Hz reaction on Lao.sTh&oOT, oxidized (e = 0) and reduced at various temperatures: 
e = 1.1 (3OO”C), e = 1.4 (35O”C), e = 1.6 (4OO”C), e = 2.9 (500°C). For reaction conditions see Fig. 2. 
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FIG. 4. CO2 + Hz reaction on L~.Sr,,.,CoO,, oxidized (e = 0) and reduced at various temperatures: 
e = 1.3 (3OO”C), e = 2.2 (35O”C), e = 2.4 (4WC), e = 3.3 (SOOOC). For reaction conditions see Fig. 2. 

TABLE 1 

COZ + H2 Reaction over La,-,M,CoO, (M = Sr, Th): Catalytic Activity 
Selectivity and Cl Production at Different Extents of Reduction” 

Perovskite Reduction Extent of 
temperature reductionb 

(“0 (e-/molec) 

uo x 103 Sx’ c;” 

LaCoO? - 0.0 

300 1.2 
350 1.3 
400 1.4 
450 2.4 
500 3.0 

Lao.~TbzCoO3 - 0.0 
300 1.1 
350 1.4 
400 1.6 
500 2.9 

- 
300 
350 
400 
500 

0.0 
1.3 
2.2 
2.4 
3.3 

P 

10.4 
20.2 
20.7 
13.7 
18 

130 
123 
130 
120 

40 
14.7 
14.4 
4.2 

0.65 0 
0.52 13 
0.54 II 
0.57 6 
0.58 4 
0.67 2 

0.70 0 
0.89 2 
0.92 2 
0.87 2 
0.82 2 

0.80 0 
0.91 3 
0.67 18 
0.55 14 
0.32 30 

Q Batch gas recirculating system, Hz : CO, = 4.1; reaction temperature 
28O”C, total pressure 160 Torr; 300 mg of catalyst. 

b Reduction of Co”+ to Coo corresponds to n electrons per formula weight of 
mixed oxide. 

e Selectivity to methane at constant CO, conversion Xc,, = 0.20. 
d The C: fraction included hydrocarbons containing two, three and four 

carbon atoms; at constant CO2 conversion Xco2 = 0.20. 
e The reaction showed an induction period. 
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of either ethylene (5) or cyclopropane (Fig. . La,Th,,CoO, 

5). The production of C: products de- 
creases at higher reduction levels, while the 

3 - A LaCoOo 

selectivity toward methane production, (Y . Lap6 Sro4 COO, 

measured at the same COZ conversion, fol- 
lows the opposite trend (Table 1). It is also 
noted that SM increases as the reaction pro- 
ceeds, an effect which is even more pro- 
nounced at the highest extent of reduction 
(Fig. 2). The concentration of carbon mon- 
oxide shows a similar behavior for all the 
reduced samples, reaching a plateau value 
between 0.08 and 0.1 (Fig. 2). The oxidized 
sample shows a long induction period and 
then the reaction proceeds slowly. 

SF--.-J 
25 loo 200 300 400 500 

Temperature K) 

Lu0.sTh~.~Co03. This solid is much more 
active and selective to methane than La 
Co03. The extent of reduction does not af- 
fect the initial rate and Cl is very low (Ta- 
ble 1). The selectivity increases up to 99% 
along the reaction time for all the reduced 
samples, while the Yco curve shows a flat 
maximum and then decreases to zero (Fig. 
3). The oxidized solid shows a shorter in- 
duction period, and then becomes more ac- 
tive than LaCoOs (compare Figs. 2 and 3). 

L~Jr&o0~. This oxide has two com- 
pletely different behaviors as can be ob- 
served in Fig. 4. When the solid has not 
been reduced or treated with hydrogen at 
300°C the product distribution obtained 
was very close to that shown by the Th- 
substituted specimen. When reduced at 
higher temperatures it shows a behavior 
which is completely different from those of 
the other oxides; e.g., the selectivity to 
methane decreases and the Cl product in- 
creases with extent of reduction. Particu- 
larly, the most reduced sample gave the 
highest selectivity to C: products of all the 
formulations assayed (Table 1). 

Deactivation by Coke Formation 

In Table 2 the results are shown of a pair 
of experiments designed to evaluate the ex- 

FIG. 5. Hydrogenation and hydrogenolysis of cyclo- 
propane (A) over Lal-,MYCoOS. Recirculation sys- 
tem; Hz : A = 1: 1, temperature: 250°C; total pressure: 
170 Torr, 300 mg of catalyst. r\, initial rate of A hydro- 
genation and hydrogenolysis. 

recirculation system after the reaction and 
the gas phase was analyzed with the on-line 
gas chromatograph. The oxides containing 
Th were the less affected by coke forma- 
tion. Both LaCo03 and the oxide contain- 
ing Sr suffered strong deactivation, show- 
ing at the same time an increased activity to 
produce C: hydrocarbons. The Sr oxide 
was also assayed at maximum reduction 
due to its high sensitivity to this parameter 
(Table 2). 

A general trend emerges from these ob- 
servations: the higher the production of C,’ 
the more sensitive to deactivation becomes 
the catalyst. This holds true in all cases. 

Supported Cobalt 

In order to ascertain the role of the 
perovskite matrix on the promoting effect 
of La, Th, and Sr, a series of cobalt-sup- 
ported catalysts was tried (Table 3). The 
parameters chosen from this purpose were 
Sx and C:. The Co/celite system was con- 
sidered to represent the behavior of unpro- 
moted metallic cobalt. 

tent of deactivation under standard condi- 
tions of four different oxides. To detect the Cyclopropane (A) + H2 Reactions 

presence or coke (residues) on the catalyst, At 250°C the following reactions can be 
this was heated in oxygen at 400°C in the catalyzed by reduced mixed oxides: 
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TABLE 2 

Deactivation by Coke Formation4 

Perovskite Reduction Extent of u& 10Sb sxc c;” 
temperature reduction 

(“Cl (e-imolec) 

LaCoOs 350 1.3 4.5’ 0.54 13 
1.R 0.32 30 

La, RTho 2CoO3 300 1.1 110.5? 0.88 2 
80.1 f. 0.86 2 

La, 9Tho ICOOS 350 0.7 28.6’ 0.75 4 
7.11 0.46 7 

L%.6% 4coo3 350 2.1 10’ 0.65 18 
f.n 0.32 45 

La, 6Sr0.4Co03 500 3.3 2.5’ 0.32 30 
f.h 0.15 50 

u Recirculation system, Hz: CO2 = 4: 1; reaction temperature 28O”C, total 
pressure: 160 Tot-r; 300 mg. catalyst. 

b mmol . CH4 prod/m2 . min-‘. 
c Selectivity at conversion of C02, Xc,, = 0.12. 
d Cl at 30 min reaction time. 
e The catalyst was given the standard pretreatment. 
f These experiments were done after evacuation of the catalyst at room 

temperature for 15 min, following the previous run. 
g The reaction showed an induction period. 
h The first product to appear was CO. 

A = C3H6 

A + Hz G$ C3Hs 

isomerization (4) 

hydrogenation (5) 

A + 2H2 z CH4 + C2H6 hydrogenolysis 
A + 3Hz = 3CH4. 

(6) 

The experiments were run at a total pres- 
sure of 170 Torr and P&/P”, = 1. 

The following parameters were defined to 
characterize the reacting system: 

YO, initial rate of A consumption (mmol of 
cyclopropane converted . mm2 * mini). 

ri, initial rate of A hyrogenation and hy- 
drogenolysis, same units as r”. 

S”, , initial selectivity toward hydrogenol- 
ysis: 

i(fkH~ - &Hs) + H&H, 

i&H4 - nC*H,) + nC*Hb + nCjH8 

Sy, initial isomerization selectivity: 
%H,, 

nC3H6 + i(nCH, - n&He) + %zHn’ 

TABLE 3 

Methanation Selectivity and Cg Production of 
Supported Co” 

Catalyst SXb 
+C 

C? SM” 

LaCoOj 0.56 11 0.50 
S%Co/Celite 0.78 6 0.93 
5%CO/Laz0,e 0.46 14 0.36 
Lao.sTho 2CoO3 0.91 2 0.95 
S%Co.S%Th/celite’ 0.76 2 0.90 
S%Co/S%Th/celite* 0.86 2 0.90 
Lao.6Sro &oOs 0.67 18 0.70 
S%Co.S%Srlcelite~ 0.51 6 0.30 
S%ColS%Sr/celitefi 0.63 6 0.83 
5%Co15%SriLa20,~ 0.46 11 0.50 

0 See reaction conditions in Table 1. All the solids 
were pretreated in H2 at 350°C. 

b Selectivity to methane at Xc,, = 0.20. 
c Measured at constant CO2 conversion, Xcuz 

= 0.20. 
d Selectivity to methane at 30 min reaction time. 
y Incipient wetness impregnation. 
f Coprecipitated at a controlled pH. 
8 Either the Th or Sr was impregnated first and then 

the Co on top. 
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TABLE 4 

Catalytic Activity and Selectivity of Reduced Mixed Oxides for 
Cyclopropane plus Hydrogen Reaction0 

Perovskite Reduction Extent of r” X 103b s”, oc 
SI 

temperature reduction 
(“Cl (e-/molec) 

LaCo03 300 0.9 9.2 0.90 0 
350 1.1 9.8 0.80 0 
400 1.2 5.6 0.85 0 
450 2.5 3.9 0.60 0 

h.8Tho2CoO’ 350 1.2 23.1 0.90 0 
400 1.7 22.9 0.90 0 
450 2.9 23.1 0.90 0 
500 2.9 16.7 0.90 0 

Lao&0.4Co02 280 1.3 15.3 0.81 0 
350 2.0 8.8 0.0 1 
500 3.2 0.2 0.3 0 

La3.4Sr0.6CoO3 350 2.8 d 0.0 1 
500 3.3 0.01 0.01 0 

a Recirculation system, H2 : C3H6 = 1 : 1; temperature: 20°C; total pressure: 
170 Ton-; 300 mg of catalyst. 

b Initial reaction rate of A consumption (mmole of A converted . rnd2 min-I). 
c Initial selectivity toward hydrogenolysis (Sk) and isomerization (SF). 
d The reaction showed an induction period. 

Figure 5 shows the effect of reduction 
upon both the hydrogenation and hydro- 
genolysis activity of three mixed oxide for- 
mulations. Note that the initial reaction 
rates (ri) plotted in Fig. 5 take into account 
the hydrogenation and hydrogenolysis 
products, but do not include the rate of 
isomerization. 

The Sr-substituted solid shows a sharp 
drop in activity at reduction temperatures 
higher than 300°C. Besides, it should be 
noted the singular behavior of this oxide 
when reduced at 35072, where the hydro- 
genolysis activity falls to zero, the hydroge- 
nation rate is extremely low, while the 
isomerization product is predominant (Ta- 
ble 4). This behavior was further checked in 
the case of another sample containing a 
higher proportion of Sr, La,&Sr0.6Co03 (Ta- 
ble 4). 

The LaCo03 also shows a maximum in 
activity although much less pronounced 
(Fig. 5). At the same time the selectivity is 

less affected and no propylene was con- 
cerned in the gas phase at any reduction 
temperature (Table 4). 

The most stable oxide is again the one 
partially substituted by Th. The selectivity 
to hydrogenolysis is not affected by high 
reduction temperatures (Table 4), while the 
initial rate (r”) somewhat decreases after re- 
duction at 500°C. 

Specific Activities of Reduced Mixed 
Oxides 

Table 5 shows that Ncol, Ncu4 and NA 
decrease at higher extents of reduction of 
L~.8Tho,2CoOJ, despite the fact that the site 
density (7) increases in this direction (Fig. 
1). On the other hand, the TON variation 
seems to correlate with the Co/Th surface 
atomic ratio measured by XPS (Fig. 11, 
Part 1). This may indicate that a good con- 
tact between neighboring Co-Th atoms is a 
key factor to obtain high-specific hydroge- 
nation activity. 
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TABLE 5 

Effect of the Reduction Temperature upon the Specific Activity and Selectivity of L%.sTho.zCoOr” 

Reduction 
temperature 

(“Cl 

Extent of 
reduction 
(e-/molec) 

Nd x 10’b 
(s-9 

Ncoz x 10” 
(s-9 

NcHl x lo3 
(s-9 

S$’ ColTh’ 

300 1.1 - 971 855 0.89 3.2 
350 1.4 115 618 556 0.92 6.5 
400 1.6 90 502 427 0.82 7.7 
500 2.9 41 287 194 0.80 10.0 

0 Reaction conditions see Tables 1 and 4. 
b Nb, molecules of cyclopropane converted per second and per active site. 
c ho, and NCH~ are given for comparison because CO> may be converted to CO in nonmetallic sites. 
* Measured at Xc,, = 0.20. 
p Values of atomic ratio from Fig. 11, Part 1. 

It is interesting to now compare the TON 
values for the three mixed oxides when re- 
duced at the same extent (1.3 e/molecule). 
The specific activity is strongly affected by 
the cation accompanying the Co in the 
mixed oxide (Table 6). On the selectivity 
side, the Sr- and Th-containing oxides be- 
have very much the same, but the LaCo03 
shows a different product distribution. 

DISCUSSION 

In Part 1 of this series the reduction pro- 
cess of these oxides was modeled (8). A 
common feature observed after the hydro- 
gen treatment followed by evacuation of 
both LaCo03 and La&Sr0.4CoO~ is the ap- 
pearance of a maximum in the Coo surface 
concentration when plotted as a function of 
the reduction temperature. On the other 
hand, the La0.sTh0.2C003 does not show 

this behavior; the Coo surface concentra- 
tion steadily increases with higher reduc- 
tion temperatures. The hydrogen chemi- 
sorption data shown in Fig. 1 further 
confirm this behavior. 

Before discussing the catalytic properties 
of each oxide it is useful to point out a few 
well-established characteristics of the hy- 
drogenation of CO2 and cyclopropane. 

It is widely accepted that CO2 is disso- 
ciatively adsorbed in the presence of hydro- 
gen over most Group VIII metals (1, 3, 4, 
13, 14). 

CO2(a) 2 co* + 0,. 

Alternatively, a formate group has been 
detected by IR on the oxide support (15- 
17). This group could in turn be another 
sort of intermediate for CO production. 

TABLE 6 

Turnover Numbers and Selectivities of Several Perovskites at a Constant Extent of Reduction” 

Perovskite Reduction Extent of Np x lo3 Nco? x IO3 NcH4 X 10’ S, C; 
temperature reduction (s-‘1 (s-9 (s-‘1 

(“0 (e-/molec) 

LaCo03 350 1.3 25 50 15 0.54 11 
h3.z3Tho.zCoO3 350 1.4 115 618 556 0.92 2 
LGh.4CoO3 300 1.3 67 182 164 0.91 3 

u Reaction conditions see Tables I and 4. Symbols see Table 5. 



116 ULLA ET AL. 

C02cgj + 2H, = COOH, 
+H .+ s CO, + H20,. (8) 

It is also well known (1-4, 13, 18-26) 
that an essential step leading to hydrocar- 
bon synthesis is the dissociation of the CO, 
to produce an active surface carbon C, 
which would be the key to achieve a high 
catalytic activity: 

CO, + 2H, e C, + H20,. (9) 

Cyclopropane, in the presence of hydro- 
gen, may react to give C3Hh (isomeriza- 
tion), C3Hs (hydrogenation), and C2H6 + 
CH4 (hydrogenolysis). The predominance 
of each of these reactions is a function of 
the surface properties of the catalyst. Over 
basic oxides (e.g., SrO) the main product is 
the olefin accompanied by small amounts of 
propane, over transition metal oxides the 
hydrogenation product is almost exclu- 
sively produced, while transition metals 
catalyze both the hydrogenation and hydro- 
genolysis reactions. This is why this reac- 
tion system was chosen as a probe to ascer- 
tain the nature of the active sites operating 
on these oxides. 

LaCoO3 

Both the rate of methanation and the C$ 
production were affected by the extent of 
reduction (Table 1). Sx and C: show a di- 
rect correlation with the Co/La ratio which 
rapidly increases at reduction temperatures 
above 350°C see Fig. 11 in (8); e.g., at 
500°C this ratio is increased to about 9 and 
consequently the promoting effect of La be- 
comes negligible. 

Both the hydrogenation and hydrogenoly- 
sis of cyclopropane were more affected by 
the reduction level (Fig. 5). This behavior is 
similar to that reported for the hydrogena- 
tion of ethylene at -20°C (5). The LaCo03 
chemisorption curve shows a maximum in 
the concentration of exposed Coo (Fig. 1) 
coincident with the highest activity in Fig. 
5. To the right of the maximum, however, 
the activity curve shows a less pronounced 
decrease than the chemisorption capacity. 

This may be due to the removal of the co- 
balt oxide formed on top of the Coo cluster 
(Fig. 13, Part 1 (8)) by a reducing reacting 
mixture at temperatures above 250°C. 

Another symptom of surface rearrange- 
ment during reaction may be the shape of 
the Yco vs time curves (Fig. 2) which ap- 
proach the same plateau value (0.08-O.l), 
independently of the extent of reduction. 
Bartholomew et al. (2, 19) have reported a 
similar behavior on supported Group VIII 
metals, which was interpreted as the result 
of reaching the equilibrium between gas 
phase and adsorbed carbon monoxide. This 
in turn could also be related with a steady- 
state distribution of C, and H, on the cata- 
lyst surface which governs the selectivity to 
methane and higher hydrocarbons. 

This oxide, upon reduction, shows the 
highest catalytic activity (Tables 1 and 4). 
This correlates with the ability of Th to sup- 
press the formation of hydroxyl groups on 
the surface of the reduced oxide (Table 4 of 
Part l), thus preventing the reoxidation of 
Coo as shown by the chemisorption mea- 
surement (Fig. 1). 

The results obtained with cyclopropane 
point in the same direction, i.e., the con- 
stant high selectivity to hydrogenolysis 
products (Table 4) and the less pronounced 
effect of high reduction temperatures upon 
the activity than those observed with the 
other oxides (Fig. 5). 

Both the methanation and cyclopropane 
TONS decrease and the Co/Th ratio in- 
creases as the reduction temperature goes 
up (Table 5). This seems to indicate that a 
close interaction between Th and Co en- 
hances the specific activity. The cause of 
this behavior is not known at this time. 

Figure 3 shows that CO behaves as an 
intermediate, its concentration in the gas 
phase being very low due to the high hydro- 
genation activity of this catalyst. This in 
turn reduces the competing chain-growing 
process; i.e., both the C2+ concentration and 



CO2 + Hz REACTIONS OVER La,-,M,Co03 117 

the coke deactivation are much lower than 
in the other oxides. This is also reflected in 
more stable initial reaction rates (Tables 1 
and 4). 

This solid shows a sharp maximum in ac- 
tivity for both cyclopropane hydrogenation 
and CO2 methanation upon reduction at 
300°C (Table 1, Figs. 4 and 5). These results 
are consistent with both the reduction be- 
havior (Part 1) and the hydrogen chemi- 
sorption results (Fig. 1). This more easily 
reduced solid shows the highest concentra- 
tion of terminal hydroxyls after reduction 
(see Table 5 in Part 1). Another important 
feature of this oxide is the migration of Sr 
toward the surface which begins between 
250 and 300°C (Fig. 5 in Part 1). This segre- 
gation produces a drastic change in the 
product distribution of the cyclopropane re- 
action upon reduction of the solid at 350°C. 
At this temperature the almost exclusive 
product is propylene (Table 4), meaning 
that the surface behaves as a basic oxide 
due to the presence of SrO while little if any 
metal is visible to the reactants (Fig. 1). 

At higher reduction temperatures, 
~400”C, the solid becomes almost inactive 
for all cyclopropane reactions, in agree- 
ment with the low hydrogen chemisorption 
values seen in Fig. 1. To explain these 
results it is useful to recall again the XPS 
data. The 01s spectra at temperatures 
~-400°C only show the presence of hydrox- 
yls; i.e., the 02- signal from the lattice is 
completely blocked by the OH groups (Ta- 
ble 5 in Part 1). This overwhelming pres- 
ence of basic hydroxyls on the surface ex- 
plains the inability of the highly reduced 
solid to even isomerize cyclopropane. 

A large change in both selectivity and ac- 
tivity was also observed when CO2 was hy- 
drogenated. Up to 28o”C, perhaps 3OO”C, 
methane is the main product but at higher 
reduction levels, both the production of CT 
(Table 1) and the coke deactivation effect 
(Table 2) sharply increase. 

This effect is clearly understood in terms 

of the cyclopropane test reaction which to- 
gether with the XPS data (8) shows the im- 
portance of the Sr segregation in the behav- 
ior of this system. Besides, the ability of 
basic cations to increase the selectivity to- 
ward higher hydrocarbons is a well-known 
feature in Fischer-Tropsch chemistry (27). 

Unreduced Mixed Oxides 

When LaCo03 was not pretreated with 
H2 a long induction period was observed 
during which the solid was reduced (Fig. 2). 
As expected, the first reaction product was 
CO which was probably formed on the Co2+ 
sites by the inverse water gas shift reaction 
(4, 17, 28, 29). Later, CH4 is formed and 
this could be related to the appearance of 
Coo on the surface. It should be remem- 
bered that at this low-temperature reduc- 
tion is likely to proceed stepwise according 
to the data shown by Sis er al. (JO), Crespin 
and Hall (JZ), and in Part 1. 

From Figs. 2-4 it is concluded that both 
the Th- and Sr-containing oxides are acti- 
vated much more rapidly in situ than La 
Co03. To explain these results one looks 
first at Fig. 1 of this work and Fig. 6 in Part 
1. It is seen in both figures that the Coo 
concentration on the surface at 280-300°C 
decreases in the order Sr > Th > LaCoO3. 
Now turning to Tables 5 and 6, they show 
that ltCua decreases in the direction Th > Sr 
% LaCo03. Combining these two observa- 
tions it is understandable that the induction 
periods will be of about the same length for 
both the Th- and Sr-containing oxides and 
much longer for the lanthanum cobaltate. 
Also note that the presence of water vapor 
does not affect the in situ reduction at 
280°C as expected from the XPS measure- 
ments made under similar conditions (8). 

Matrix and Promoter Effect 

Most evidences indicate that the main 
component of the active sites is the metallic 
cobalt which appears on the surface of 
these oxides upon reduction. The question 
is how the specific activity of these sites is 
affected by the surrounding matrix. Table 6 
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FIG. 6. Relationship between initial rates of metha- 
nation of CO2 (u&J and hydrogenation of cyclopro- 
pane (r”,) over reduced La,-,M,Co03. 

gives an answer to this matter. Both NcHl 
and N* are affected by the matrix, but this 
effect is more pronounced in the methana- 
tion reaction. At the same bulk reduction 
level the Th-containing oxide is more active 
than the St--containing oxide but their selec- 
tivities are the same. However, at higher 
reduction temperatures the catalytic behav- 
ior of these oxides are completely different. 
Table 6 also shows that LaCoO, is the less 
active of the three solids, while at increas- 
ing reduction temperatures both Sx and C: 
approach the values obtained with the Th- 
substituted oxide (Table 1). 

Weatherbee and Bartholomew (18) have 
reported NcnI values for silica-supported 
cobalt catalysts. They obtained the data us- 
ing a flow reactor and a 4 : 1 = H2 : CO* re- 
actant ratio. At 550 K and 53 Torr total reac- 
tant pressure they reported NcHl = 10.2 for 
a Co(3%)/Si02. From their data we have 
also calculated a value of NcHI = 232 at 550 
K and 760 Tot-r for a Co(15%)/Si02 cata- 
lyst. Comparing these results with those of 
Table 6, it is concluded that the metallic 
cobalt present on both the Sr- and Th-con- 
taining oxides has a higher specific metha- 
nation activity than Co on silica. 

Figure 6 further confirms the matrix ef- 
fect. The experimental points fall, with one 
exception, in three straight lines, each one 
corresponding to a different oxide. The 
slopes of these lines decrease in the same 
direction as NcnI in Table 6. 

One last question remains to be an- 
swered. Up to what extent is the effect of 
the promoters, La-Sr-Th, associated with 
the perovskite structure. Table 3 throws 
some light onto this problem. 

Comparing the data reported in the first 
three rows, it seems that the effect of La on 
both SM and C: is independent of the way 
this element is incorporated into the cata- 
lyst. In fact, if additional data are taken into 
account it is concluded that the factor con- 
trolling the selectivity is the Co/La ratio. 
Combining the results of Fig. 11 in Part 1 
with Table 1 here it is seen that Sx goes up 
and C,’ goes down when the Co/La ratio 
increases from 1 to 10. The Co(5%)/La203 
sample shows by XPS a Co/La ratio of 0.5 
(32) and fits into this series. Thus, the 
perovskite structure affords a possible 
route to control the selectivity of the cata- 
lyst through an appropriate hydrogen pre- 
treatment. 

Lines 4 to 6 in Tables 3 and 5 make clear 
that the Co/Th ratio only affects the spe- 
cific activity of the system but not the selec- 
tivity of the Th-Co system. The effect of 
lanthanum is completely blocked by the 
presence of thorium. 

Table 3 finally shows that in the case of 
Sr there is a marked difference in catalytic 
behavior according to the way this element 
is added. It seems that a matrix such as the 
perovskite which permits a high dispersion 
of the elements in the starting material is 
essential to obtain a high selectivity toward 
the production of C:, which can even be 
enhanced by a suitable hydrogen pretreat- 
ment (Table 1). 

CONCLUSIONS 

The effect of hydrogen treatment on the 
surface structure of these solids has been 
sketched in Fig. 13 in Part 1, based upon 
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the XPS measurements. The hydrogen che- 
misorption and catalytic data reported here 
lend further support to the model. 

Coo is a necessary component of the ac- 
tive site but its specific activity and selec- 
tivity is strongly influenced by the accom- 
panying cations i.e., 

The drastic changes in turnover numbers 
effected by the different cations. 

The role played by the high dispersion of 
the components in the crystalline catalyst 
precursor in determining the catalytic prop- 
erties of the reduced solids (matrix effect). 

The cobalt/cation surface ratios which 
are modified by the hydrogen treatment 
produce sharp changes in both TON and 
selectivity. 

The selectivity toward C: production 
when COz is hydrogenated is affected by 
the promoters in the same way as in the 
case of carbon monoxide, i.e., Sr > La % 
Th. This seems to indicate that both reac- 
tions start from the same point, CO, in 
agreement with other authors (I, 3, 4, 20, 
24, 26). 
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