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The reaction H, + CO, G CO + H?O has been studied at 500°C over bulk Eu203 
and supported europium. A regenerative kinetic sequence with CO, poisoning fits 
the rate maximum as a function of P,,,, for Euz03. A regenerative sequence for 
highly dispersed europium is supported by a strong correlation between the rate 
and the extent of EL?+ + Et?* reduction in & at 509°C shown by the Mossbauer 
effect. Comparison of data for Eu203 and supported Eu indicates that dispersion of 
europium on ALO, or SiOI alters both the nature of CO, chemisorption and the 
kinetic parameters. This is taken as the catalytic result of the strong Eu-support 
interactions shown in the Mossbauer spectra. 

INTRODUCTION 

Previous work (1) has established that, 
some oxidation reactions over oxide cata- 
lysts proceed via a regenerative sequence 
in which the substance to be oxidized re- 
acts with lattice oxygen of the catalyst 
surface and the surface oxygen content is 
restored by reaction of the catalyst with 
the oxidizing agent. Activation energies for 
such reactions have been correlated with 
the rate of heterogeneous oxygen exchange 
(160,,t + l/2 ls02 + 1G0180) (,2), which in 
turn has been found to be a direct measure 
of the surface cation-oxygen bond energy 
in transition metal oxides (3). Since the 
heterogeneous oxygen exchange rate over 
rare earth oxides is near that for transition 
metal oxides (4)) rare earth oxides may be 
expected to have significant activitv in 
oxidation reactions which proceed via a 
regenerative sequence. We have used 
europium catalysts to investigate this ex- 
pectation for the water-gas shift reaction 
because the convenient Miissbauer param- 
eters of 151Eu provide a means for detailed 
catalyst characterization. 

We reported earlier (5) that Eu3+ highly 
dispersed on v-i11,0, and SiO, is signifi- 
cantly reduced to Et?+ by H, and CO at 

temperatures from 400” to 500°C. The 
variation in extent of reduction of ELI/ 
Al,O, at 500°C in hydrogen was a non- 
linear function of Eu loading, as shown in 
Fig. 1. In addition, changes in the Mass- 
bauer parameters of various catalysts as 
a function of treatment indicated high Eu 
dispersion (except at 27% loading), strong 
interaction between Eu3+ and the support 
after initial dehydration, and reoxidation of 
supported Eu *+ by O2 or CO, at room 
temperature and H,O at 400”-500°C. 

It is to be expected that when a cation 
is bound to the surface of an oxide support, 
its chemistry will be different from that on 
the surface of the pure oxide (6). This 
chemical difference will be accentuated 
when the added cat’ion has different size 
or electronic structure compared to the 
support cations. To examine such slIpport 
effects wc hart compared the cataIvtic and 
chemisorption behavior of bulk E1l.ZO, to 
that for a series of supported catalvsts. 
This paper presents a self-consistent 
anaIysis of chcmisorpt,ion, kinetic, and 
Miissbauer data for all samples and shows 
that Eu-suf)port interact’ions affect both t,he 
kinetics of the reverse water-gas shift, re- 
action and the chemisorption of CO, over 
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FIG. 1. Reducibility, from MGssbauer spectral 
area ratios after 6-hr reduction in Hz at 5OO”C, for 
europium supported on alumina as a function of 
loading (Data from Ref. 5). 

Eu-containing oxides. Furthermore, rates 
of the reaction over highly dispersed 
europium catalysts are found to correlate 
with the reducibility of Eu defined by the 
MGssbauer data in Fig. 1. 

EXPERIMENTAL 

Catalyst Preparation 

Harshaw T,I-AI,O, (Al-0102 P), 325 mesh 
and having a measured BET area of 130 
m2/g, and Cab-0-Sil silica M-5, having a 
measured BET area of 170 m2/g, were used 
as supports. The supported europium was 
obtained by impregnation of supports at 
pH 7-7.5 with aqueous solution of the 
nitrate salt (Lindsay Rare Earths 99.9%) 
followed by air-drying for 12 hr at 140°C. 
The europium content was determined by 
X-ray fluorescence, and samples designated 
n Eu/support indicate n wt% europium. 

Adsorption and Mhsbauer Studies 

The apparatus for observing the MSss- 
bauer effect in europium was the same as 
that, used previously (5) and is described 
in detail in (7). The vacuum and gas 
handling system, used for both treatment 
of Miissbauer samples and for adsorption 
studies, is depicted in Fig. 2a. The pumping 
system consisted of a Granville Phillips 
Series 244 2” Cryosorb Cold Trap, an NRC 
HS2 oil diffusion pump with Dow 705 pump 
fluid, and a 5.6 CFM Welsh Duo-Seal 
roughing pump. The vacuum manifold was 
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FIG. 2. Schematic of vacuum and gas handling 
system (a) and flow reactor (b): IG, Ionization 
gauge; S, gas storage bulb; 8, st80pcock; TC, ther- 
mocouple leads; V, calibrated volume; W, H20 
storage flask; P, pressure gauge; N, needle valve; 
C, Carle g-way sampling valve. 

constructed entirely of Pyrex, using hollow 
bore vacuum stopcocks. Matheson Ultra 
High Purity grade hydrogen (99.999%, dew 
point - 85°F)) Matheson CP grade carbon 
monoxide (99.5%) and Matheson Research 
grade carbon dioxide (99.9999%) were 
stored in the gas storage bulbs and used 
without further purification. Water vapor 
could be introduced to the system by 
evaporat.ion at 25°C from a 50-ml vacuum 
flask. 

The adsorption cell was a small quartz 
bulb, attached to a graded Vycor to Kovar 
connector, sealed into a l/4 inch Swagelok 
Tee. A shielded chromel-alumel thermo- 
couple was connected through the tee so 
that the tip of the thermocouple touched 
the powdered sample in the bulb. The 
standard pretreatment of the sample was 
to outgas at 550°C for 12 hr at 1 X lo-8 
torr then cool in vacuum to the temperature 
of adsorption. To determine whether the 
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adsorption was reversible, the sample was 
outgassed 6 hr at the temperature of the 
adsorption and the adsor,ption repeated. 
Adsorption isotherms were calculated in 
the usual way from the pressure of known 
aliquots of gas exposed to the sample in a 
known volume. 

Reaction Kinetics 
A steady-state packed-bed flow reactor 

(Fig. 2b) was used to measure the initial 
rate of the reverse water-gas shift reaction 
(H? -t CO, + CO + H,O) as a function 
of H, and CO, partial pressures. The gas 
delivery manifold provided accurate meter- 
ing of HZ/CO, mixtures from 25: 1 to 2: 1 
with a total flow generally less than 50 cc/ 
min. The flow of H,, CO, and He was 
metered directly from the cylinders by lfi0 
mm Rlathcson rotometers with NRS high 
accuracy needle valves, and the CO, flow 
metered by a 1latheson low flow flowmetcr, 
a Whitey 22 RS4 micro-metering valve, and 
a Matheson 401, line regulator. H,. CO, and 
CO, were the same grades used for ad- 
sorption. He was fiIatheson ultra high 
purity (99.999ojo). All gases were used 
without additional purification. The total 
flow rate through the catalyst hed was 
measured from the rate of rise of a soap- 
film in a burette. Chromrl-alumel oprn 
junction thermocouples at rach end of the 
catalyst hcd indicated a temperature rise 
of less than Ti”C. A Beckman GC-5 gas 
chromatograph provided analvsis of hoth 
the feed and product streams. The sampling 
was hv means of an WC purged Carle 
sampling valve. Gas separation was ac- 
complished with a 6-ft Poropak 0 column 
operated isothermally at 30°C. Since H, 
peak areas could not be accurately rvalu- 
atcd because of the complicated nature of 
the thermal conductivity of H,/He mix- 
tures (8) and the H,O peak suffered from 
extreme tailing, conversions were calculated 
from the CO/CO, area ratios. 

The sunported europium catalvsts stlldied 
had all been previollslv reduced in HZ at 
500°C and the extent of reduction measured 
in MGssbauer flow cell. The samnle wafers 
were then ground, sieved to 40/100 mesh, 
diluted with a 3: 1 weight ratio of similarly 

sized glass beads, and pretreated with H, 
at 500°C for 12 hr. Reactor tubes of pure 
oxide catalysts were prepared similarly 
from pressed wafers and were also pre- 
treated in H, at 500°C for 12 hr. All reactor 
tubes had a gas preheating section of 40/50 
mesh glass beads. Kinetic experiments were 
begun by metering CO, into the H, stream 
so that the catalyst, was always in a re- 
ducing environment. 

RESLYLTS 

Miissbauer Studies 

Rlijssbauer results obtained previously 
(5) for supported europium have been sum- 
marized in the introduction. New results 
are summarized here. To further investigate 
irreversible changes in the bonding of Eu3+ 
to the support after initial dehydration at 
high temperatures, effective Debye temper- 
atures, tin, of various catalysts were ob- 
tained for fresh and heated samples. Ratios 
of spectral areas at 25°C and -196”C, 
obtained using a metal liquid nitrogen 
Dewar with the sample in vacua. provided 
the data for iterntirr calculations (9) of 
the 8,) values presented in Table 1. These 
values indicate strong Eli”+-support inter- 
actions after drving samples at 420°C. The 
low 0!, for 27 Fn/Al.O, agrees with X-ray 
ohscrvntion (5) of Eu,O,, part,irles in this 
l>artirlllnr material. While the Dehve 
t,hcorv is not cxpcrtcd to be accurate for 
these composite solids, it is interesting that 
the high values of 0, are contrarv t,o PX- 
pectations for a hcnrp, Eu3+ impurity in an 

TABLE 1 

APPARENT T)I~YF. TIDIPICR.\TURI~:S, 9” 
FROM hfiiSSRAUF:R DATA 

Sample 

Treatment Bn 

P-3 (“K) Ref. 

10.5 Ru/Si02 Evac 25 208 This work 
10.5 IZu/SiO* Evac 420 373 This work 

5.5 Eu/A1t05 Evac 25 223 This work 
5.5 Eu/A1203 Rvac 420 515 This work 

27 Eu/A1203 Evac 420 272 This work 
Eug03 - 189 (10) 
SiO? - 470 (121 
Al*03 495 (12) 
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TABLE 2 TABLE 3 
EFFECT OF ADSORPTION AT 25°C ON iVI6ssnaus~ 

P..RAMET~RS OF 5.5oj, Eu/Al& 
APPARENT UPTAKE OF HYDI~OGIGN UY Eu& 

AT 500°C AND PH2 = 290 TORW 

Sequential 
treatment 

___- 

Fresh 
NH,, 340 torr 
EVAC at 420°C 
NH,, 340 torr 

Fresh 
C02, 340 torr 
EVAC at420”C 
CO?, 340 torr 

Line 
Isomer width Itela- 
shift (mm/ tive 

(mm/set) set) area 

-0.55 3.0 1.0 
-0.40 3.2 1.25 
-0.32 4.5 3.0 
-0.27 3.9 2.75 

-0.55 3 0 1.0 
-0.65 3.0 1.4 
-0.33 5.2 3.x 
-0.38 4.2 3 1 

Doses of H2 1 2 3 4 

Apparent 2.60 1.15 0.75 0.36 
uptake 
(~moles/m*) 

a Sample evacuated for 2 hr at 500°C between 
doses. 

Al,O, or SiO, lattice (13) and to the de- 
crease in &, expected for surface atoms (14). 
Thus these results indicate increased Eu-0 
force constants and a strong Eu-support 
interaction. 

The 5.5 Eu/A1,03 material was also used 
in further adsorption studies. Table 2 shows 
significant changes in MGssbauer param- 
eters as a result of adsorption. The decrease 
in IS caused by CO, adsorption suggests 
increased ionic character of the Eu3+ bond- 
ing and a trend toward the value of IX = 
-0.8 mm/set for Eu~(CO~)~ (15). The in- 
crease in IX on NH, adsorption reflects a 
strong interaction between NH, and Eu3+ 
(or possibly Eu3+-OH) and suggests an in- 
crease in covalency or a decrease in Eu-0 
bond distance on adsorption (16). 

It is important to point out that these 
new results corroborate the conclusion that 
on all the catalysts prepared but 27 Eu/ 
Al,O,, the europium is highly dispersed. 

Volumetric Chemisorption 

Since it is not possible to study adsorp- 
tion of gases on bulk, crystalline Eu,O, by 
Miissbauer spectroscopy, the more conven- 
tional technique of volumetric chemisorp- 
tion was used to determine how H,, CO?, 
and H,O interact with Eu,O, at reaction 
conditions. Studies of chemisorption of CO, 
on supported europium were also included 
to facilitate further comparison of the sur- 
face chemistry of supported and unsup- 
ported oxides. 

While bulk reduction of Eu,O, + EuO by 
hydrogen is negligible at temperatures be- 
low 12OO”C, the chemical behavior of the 
surface is not governed by the same ther- 
modynamic limits. Fresh Eu,03 which had 
been heated to 550°C in vacuum for 12 
hours did not adsorb a measurable ( <1O-8 
moles/m?) quantity of 0, at 500°C and a 
pressure of 300 torr, indicating that the 
stoichiometry of the oxide surface was not 
altered by heating to high temperature in 
vacuum. At 25”C, there was no measurable 
uptake of H, following the standard out- 
gassing pretreatment. At 5OO”C, however, 
a considerable uptake of H, was observed. 
Table 3 shows a decrease in the “apparent” 
uptake of H, at a constant pressure of 290 
torr at 500°C as a function of the number 
of sequential doses of H, with intervening 
sample evacuation for 2 hr at ,500”C. The 
association of this behavior with surface 
reduction was reinforced when it was found 
that 1.59 pmoles/m? of 0, were taken up at 
25°C and 300 torr pressure after evacuation 
for 2 hr at 500°C following four doses of a 
fresh Eu,Oj surface with H, at 290 torr 
and 500°C. The extent of reduction is 
equivalent to 3.84 x 1Ol8 atoms Eu3+ re- 
duced/m2 of Eu,O:, surface. This corre- 
sponds to approximately 40% of a europ- 
ium monolayer reduced (assuming 1 X 1019 
surface Eu/m2) or to 0.012 g of europium 
ions reduced per gram of Eu,O, and is in 
line with the value of 0.0154 g of europium 
ions reduced per gram of Eu,O, reported 
for reduction in H, at 650°C (27). 

Of course, surface reduction can be ob- 
served by Hz uptake only if the product 
H,O is chemisorbed. Water adsorption 
isotherms for Eu,O,, pretreated by heating 
in vacuum at 55O”C, showed a saturation 
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uptake at 25°C of about 9 pmoles/m’ in- 
cluding about 1.5 pmoles/m2 adsorbed irre- 
versibly. At 5OO”C, adsorption of H,O was 
reversible and the saturation coverage, 2 
PmolesJm”, was nearly equal to that irrc- 
versibly adsorbed at 25°C. Thus, H,O ad- 
sorption capacity was sufficient to accom- 
modate product water and decreasing H, 
uptake on repeated dosing is taken to indi- 
cate surface reduction. Irreversible adsorp- 
tion of water at room temperature may 
indicate rehydroxylation of a freshly out- 
gassed surface. 

Adsorption of CO, was studied on both 
Eu,O, and v-Al,&. In t.he temperature re- 
gion 25”-lOO”C, alumina adsorbed CO, 
reversibly with a heat of adsorption which 
varied with coverage from 13-20 kcal/ 
gmole and a saturat,ion coverage of 4 
~molcs/m2. At 25°C saWration coverage of 
Eu,O, was 6 Fmolc/m’ but in this case the 
adsorption was strongly irreversible. Scv- 
cnty percent of the adsorbed CO, was not 
desorbcd after outgassing for 6 hr at 25°C. 
CO, was still strongly adsorbed on Eu,O,, 
at 450~iiOO"C, as shown in Fig. 3 and had 
a complex isotherm. The total amount of 
irreversible adsorption at 500°C remained 
high, about 50% of the total uptake, and it 
was found that outgassing at 600-650°C 
was necessary to remove the last traces of 
adsorbed C&. For each isotherm shown in 

Fig. 3, the Eu& had been preheated in 
vacuum at 650°C for 12 hr. In contrast, 
adsorption of CO, on y-Al,O, at 500°C was 
reversible with a heat of adsorption which 
varied with coverage from 17 to 25 kcal/ 
gmole (calculated from data at T = 455"- 
;ilO’C). The isotherm is also shown in 
Fig. 3. 

The shape of the COz isotherm on Eu,O, 
at 485”-507°C indicates at least two dif- 
ferent kinds of adsorbed species, one corre- 
sponding to the sharp uptake at O-40 Torr, 
the other to the steady, nearly linear up- 
take of CO, at higher pressure. These two 
species are postulated to occupy different 
types of sites. At the maximum pressure 
measurable with the Texas Instruments 
pressure gauge, 800 Torr, the total uptake 
at 450”-500°C approached the total uptake 
at 25"C, 6 pmolcs,/m’, or 36 X 10” mole- 
cules/mz. Rare earth oxides are known to 
form very stable surface carbonates (18) 
and it seems likely that the irreversibly 
adsorbed CO, corresponds to such a species. 
Following CO, atlsorption at 507°C and 
outgassing in vacuum at the same tempera- 
ture, t,he rc-adsorption of CO,, shown in 
Fig. 3, produced an isotherm like that 
observed for v-A120R wit,h saturation 
of the surface at POoz > 80 Torr. Con- 
clusions based on readsorption are tcnta- 
tire since the surface may be more car- 

AFTER WAC. OF (W 
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FIG. 3. Adsorption of CO2 on Euz03 and Al203 at high temperature. 
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bonate than oxide, but if the re-adsorption 
is accepted as characteristic of reversible 
adsorption on the oxide surface, then the 
sharp rise in the adsorption at P,,, < 40 
Torr may represent the formation of a CO, 
adsorption complex while the nearly linear 
portion of the adsorption for Pco2 > 120 
Torr represents formation of the surface 
carbonate. 

From the Mijssbauer experiments, it is 
known that CO, adsorption on supported 
europium at 25°C produced a change in 
isomer shift indicative of a strong interac- 
tion between CO, and the europium ion. 
Since the direction of the isomer shift 
change indicated the possibility of car- 
bonate formation, it is of interest to com- 
pare CO, adsorption on supported europium 
to that on Eu,O,. Unfortunately, CO, up- 
take on alumina at 25°C was too extensive 
to allow differentiation of adsorption on 
the europium from that on alumina. At high 
temperature, however, the adsorption on 
alumina was greatly reduced and volu- 
metric measurement of CO, chemisorption 
on supported Eu was possible. With the 
assumption of 100% dispersion of the 
europium ions at a density of lO*O Eu3+/m2 
and an A&O, surface area of 130 m2/g, 
0.45 g of 5.5 Eu/A120, would have an avail- 
able alumina surface area of 45.5 m2 and 
an effective europium area of 10 m?. Figure 

DELGASS 

4 shows the adsorption of CO, on 0.45 g of 
5.5 Eu/A1,03 at 502°C together with the 
calculated amount of adsorption for 45.5 
m2 of v-ALO, and 10 rn” of Eu,O,. It is 
clear that the adsorption on supported Eu 
was similar to that on pure alumina and far 
from the isotherm for the equivalent area 
of Eu,Oa. In addition, the adsorption on 
supported europium was reversible with a 
heat of adsorption which varied with cover- 
age from 15 to 23 kcalJgmole (calculated 
from data at T = 455”-51O”C), about the 
same as that measured for q-A&O,. Even 
if the dispersion were as low as 20% and 
the effective Eu,O, area 2 m’, the sum of 
expected adsorption on Eu,Oa and q-Altos 
would lie considerably above the observed 
isotherm. Furthermore, the facts that the 
adsorption was entirely reversible and that 
saturation of the surface occurred at PC,, + 
150 torr both indicate that the nature of 
the adsorption of CO, on 5.5 Eu/Al,O, at 
high temperature was not like that observed 
on Eu,O,. To determine whether the euro- 
pium on the surface had any effect on the 
adsorption, the adsor,ption on 0.6 g of 12.5 
Eu/Al,O, was measured. Again assuming 
100% dispersion of europium ions, 0.6 g of 
12.5 Eu/A1,03 would have the same avail- 
able alumina area, three times the effective 
europium area, and 30% more total area 
than the 5.5 Eu/Al,O1 sample above. As the 

t 
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0.60 12.5 Eu/A1203 
: 5.5 z 15 0.459 Eu/AI&, 

3 

g IO 

2 
5 5 
N 

8 

0 40 120 200 260 
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FIG. 4. CO2 adsorption on supported europium at 50‘2°C. (0) and (0) as measured; (0) and (A) cal- 
rtllated from data in Fig. 3. 
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isotherm of Fig. 4 indicates, the uptake on 
0.6 g of 12.5 Eu/A1,03 was approximately 
30% greater than (rather than the same as 
or three times greater than) the uptake on 
0.45 g of 5.5 Eu/Al,O,. Thus, supported 
europium appears to adsorb CO, to the 
same extent at high temperature as the 
surface of the alumina support. 

Although the uptake/m2 of CO, on SiO, 
at 25°C was much less than that for alu- 
mina, the nature of the adsorption on SiO, 
at high temperature was found to be nearly 
identical to that on v-Al,O, in both amount 
and heat of adsorption. The adsorption of 
CO, at 505°C on 0.36 g of 10.5/Si02, which 
had the same total surface area as 0.45 g 
of 5.5 Eu/Al,O,, produced an isotherm 
nearly identical to the one observed for 
0.45 g of 5.5 Eu/A1,03 at 502°C. 

Kinetics of the Reverse of the Water- 
Gas Shift Reaction 

The standard experimental procedures 
indicated the absence of either bulk or 
intraparticle diffusion limitations for all 

1 I I I I 
0.16 

I 
(0) Eu,O, 

F 2 0.06 - 

0 0.04 0.06 0.12 0.16 0.2 0.24 

PC0 (atm) 
2 

FIG. 5. Initial rate of the reverse of the water-gas FIG. 6. Corrected reaction rate in Hz/CO2 binary 
shift reaction in Hz/CO2 binary mixtures at 505°C mixtures for europium supported on alumina at 
and 1.05 atm total pressure. Full line corresponds to 505°C and 1.05 atm total pressure. Curves corre- 
fitted parameters in Table 7. spond to fitt,ed parameters in Table 7. 

kinetic experiments (7). Within the experi- 
mental reproducibility of + lo%, rates of 
reaction were constant for a doubling of 
flow velocity at constant space velocity and 
for a threefold change in log mean particle 
size. Since, as shown below, specific rates 
were identical for silica and alumina sup- 
ported Eu and since cabosil has no micro- 
pore structure, intraparticle diffusion limi- 
tations were deemed unlikely. Inhibition of 
the reaction rate by products was found to 
be negligible for PC0 < 12 Torr and P,+ < 
23 Torr at the reactor inlet. Thus for the 
reaction conditions of this study, the re- 
actor was treated as differential for con- 
versions of 3-770. Two types of kinetic data 
were obtained. 

The first type was the initial rate of re- 
action in binary mixtures of H, and CO,, 
no diluent added. Data for the bulk oxides 
Eu&, y-Al,O,, and LazO, are illustrated 
in Fig. 5 while results for some supported 
oxides (corrected for the contribution of the 
support) are shown in Figs. 6 and 7. The 
rate over SiO, was observed to be at least 
an order of magnitude smaller than any 
reported above. Its activity can, therefore, 
be considered negligible. As seen in Fig. 5, 
the alumina support must have contributed 
to the observed rate for the Eu/A1,03 cat- 
alysts. Corrections for the support contri- 
bution to the rate were calculated assum- 

g=: 

1.2 

a 5 1.0 

p 
0 0.6 

10) 

i .k 

12.5 Eu/AIL03 

(0) S.5 Eu/AI,OS 

Ire 06 
PO . 

(a) 2.6 Eu/AI,OS 

WU 
r-z 
s 5 0.4 

g‘; 
s 2 0.2 

0 0.04 0.06 0.12 0.16 0.2 0.24 

Pco2 (atm) 
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(A) 10.5 Eu/SiO, 

(01 27 Eu/A1203 

(0) 3 Eu/S!02 _ 

2’ _ 

.e 
/PR 

0 ” 0 

I I I 

0 0.04 0.06 0.1 0.16 0.2 0.24 

Pco, Mm) 

FIG. 7. Reaction rate in Hz/CO2 binary mixtures 
for supported europium at 505°C and 1.05 atm total 
pressure. Full lines correspond to fitted parameters 
in Table 7. 

ing 100% dispersion of the europium on the 
alumina surface and using the rate/m2 ob- 
tained for pure v-Al,O, at identical con- 
ditions. Although the assumption of 100% 
dispersion is extreme, the Mijssbauer results 
have shown the dispersion to be high, and 
the corrected rates have a CO, partial pres- 
sure dependence qualitatively similar to 
that observed for europium on silica (Fig. 
7) as expected from the similarity of the 
chemical characterization of Eu/Si02 and 
Eu/Al,Os. 

The second type of kinetic data was the 
order of the reaction in CO, and H, ob- 
tained in the usual way by varying one 

partial pressure while holding the other 
constant and introducing a diluent, in this 
case He. The orders of reaction at 505°C 
and the pressures for which they apply are 
given in Table 4. 

It is obvious from Fig. 5 that the kinetics 
of the reaction over Eu,O, are clearly dif- 
ferent from those observed for supported 
europium and the other oxides studied. To 
compare the relative activities of the pure 
oxides, Table 5 presents reaction rates at 
a single set of conditions corresponding to 
values of PHz and Pco2 on the nearly linear 
region of the Eu,O, curve, well away from 
the maximum rate. At these conditions, 
Eu,O, was 40 times as active as q-Al,O, 
and nearly 4 times as active as Laz03. The 
apparent activation energy, calculated from 
the temperature dependence of the reaction 
rate at the specified partial pressures, was 
significantly lower for Eu,O, than La203 
or q-A&O,. 

The apparent activation energy of the 
reaction over Eu,O, increased significantly 
(and reversibly) as the CO, level in the 
feed increased to the other side of the max- 
imum in the rate. Table 6 compares the 
activation energies (calculated from data 
corresponding t,o T = 495"-530°C) for the 
reaction over Eu,O, and over the supported 
oxides at PH2, P,, values on each side of 
the maximum in the rate for Eu,O,. The 
activation energies for the supported oxides 
showed almost no change with Pm, and 
were uniformly lower than for Eu,03: The 
higher activation energy at higher Pco, for 
Eu,On implies that as the temperature is 
raised the maximum in the rate would be- 
come less sharp and would eventually dis- 

TABLE 4 
ORDERS OF REACTION IN H, AND CO2 AT 505°C 

Catalyst Order Conditions (atm) 

EuKh 

3 Eu/SiOt 

5.5 Eu/AltOa 

T = kPH:.6PC,,".S 

T = kPHIPco,-'* 

T = kPa?Pc,,;.2 

r = kPH,Pco:= 

0.05 < Pco, < 0.125 
0.55 < P"* < 0.97 
0.15 < PcOn < 0.32 
0.75 < PEG < 0.96 
0.06 <Pm, < 0.32 
0.60 < Par < 0.96 
0.05 < Pco, < 0.32 
0.60 <Pa, < 0.96 



TABLE 5 TABLE 6 
ACTIVATION ENERGY AND INITIAL R.\TK OF APPARENT ACTIVATION ENERGIKS 

REACTION FOR BULK OXIDIW 

E,,, for &,t for 
BET Reaction rate E,,, Pco, = 0.08, PC@ = 0.20, 
area [cc(NTP)CO/ (kcal/ PHz = 0.97 PHz = 0.85 

Catalyst (m2) min-m*] gmole) Catalyst (kcal/gmole) (kcal/gmole) 

wUz03 130 3.29 x 10-a 40 Euz03 27 36 
SiOz 170 <<10-z - 2.8 Eu/AlnOa 20 20 
Euz03 12 1.22 x 10-l 27 5.5 Eu/A1203 19 20 
La203 6 3.87 x 10-z 32 12.5 Eu/Alz03 20 22 

27 Eu/.41203 26 28 
n T = 505°C; Pcop = 0.08 atm; PH* = 0.97 atm. 3 Eu/Si02 22 22 

appear. The highest temperature used in 
this work was 526”C, for which the maxi- reduction sequence of kinetic steps. It will 
mum was only slightly broadened from that be shown that this approach produces a 
at 500°C. straightforward model of the kinetics which 

The kinetics of the reverse water-gas is consistent with all the data available. 
shift reaction catalyzed by Co,O, were also Although it appears that surface oxidation- 
measured. Co,O, is known to catalyze most reduction can occur on all the catalysts, it 
oxidation-reduction reactions at relatively should be emphasized that the kinetic anal- 
high temperature by a regenerative se- ysis does not prove that the oxidation-re- 
quence (19), but also forms a relatively duction sites are the active sites or that the 
stable surface carbonate in the presence of kinetic sequence presented is the only valid 
CO, (20). Thus, it provides a convenient one. The self-consistent picture of the cat- 
experimental comparison with the kinetic alytic activity rendered by this model does, 
results for Eu,O,. On Cos04, decomposition however, provide a useful basis for com- 
of the surface carbonate occurs at much parison of the catalytic behavior of Eu,O, 
lower temperature (375”-400°C) (20) than to that of supported europium. 
for the rare earth oxides. Thus, to include The Eu,Oa data is considered first be- 
the complication of carbonate formation, cause the sharp maximum in the rate as a 
initial rates were measured at 250”-35O”C, function of CO, partial pressure (see Fig. 
the temperature region in which Co,O, is 5) is more difficult to fit than the smooth 
used commercially as the active component rate functions associated with supported Eu 
of a “low temperature” shift catalyst. The (Figs. 6 and 7) and thus requires the 
kinetics for Co,O, showed many of the highest complexity of the model. In the fol- 
features observed for Eu,Os. The initial lowing sequence of steps for CO, + H, -+ 
rate passed through a broad maximum at CO + H,O over Eu,O, two different types 
P = 110 Torr (0.14 atm) and the activa- 
tiz energy was found to increase with in- 

of CO, chemisorption sites were found 
necessary for a good fit t,o the maximum 

creasing CO, partial pressure, from 6 and are also consistent with the chemisorp- 
kcal/gmole at Pco, = 0.08 atm, PH., = 0.97 tion data: 
atm, to 12 kcal/gmole at PCo2 = 0.24 atm, h 
PH., = 0.80 atm. CO? + (8) E (CO2 - S) (1) 

DISCUSSION 
Hz $ (n)A Hz0 + Cl) 

k, 

(2) 

Kinetics of the Reverse of the Water-Gas co2 + ( q ) z (C03f) (3) 

Shift Reaction over Eu,O, 

In order to discuss the kinetics we have 
(CO2 - S) + (0) L co + (El) + 69 (4) 

analyzed the data in terms of an oxidation- where ( 8) is a lattice oxide ion site, (0) 
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is a lattice oxide ion vacancy, and (S) is a assuming K,Pco, < 1. Using this equation, 
general surface site for CO, adsorption in 27 data points taken at 505”, 515”, and 
the weakly bound, reversible state. In step 526°C were fit simultaneously to produce 
(3) it is assumed, following Artamov and the parameters in Table 7 and the solid 
Sazonov (IS), that strongly adsorbed CO* line through the data in Fig. 5. The entropy 
yields a carbonate-like species formed by of adsorption, -22 e.u., for K, is in accord 
adsorption of CO, on an active lattice oxide with the limits outlined by Boudart, Mears, 
ion, which is then poisoned. Assuming and Vannice (22). This procedure produced 
further that (CO,*) and (CO, - S) do not poor fits (maxima too broad) when K, was 
compete for the same sites, that step [l] is constrained to be equal to zero or when the 
in quasiequilibrium (i&O/k-, < l), that S classical Langmuir-Hinshelwood rate ex- 
is the total number of general CO, adsorp- pression for surface reaction between ad- 
tion sites and L is the total number of sorbed H, and adsorbed CO, was used. 
oxidation-reduction sites, then, at steady- As required, Eq. (6) yields the correct 
state, this sequence yields Eq. (5) for the limiting behavior. At very low COZ 
rate : pressure 

-dPco,/dt -dPco,ldt = Ppco,, (7) 

while at high CO, pressure the limiting form 
is 

dPHzpC01 
= C&,(1 + KlPCOz) + flpCo,(l + K3P001) 

(5) 

where K, = k,/k-,, K, = k&c-,, .GJ = Lk,, 
and p = K,S k, L. 

When the full eight-parameter represen- 
tation of Eq. (5) was used to fit kinetic 
data for Eu,Oa at three different tempera- 
tures, a convergent fit could not be found 
by the SHARE program GAUSHAUS, de- 
scribed by Weiner (al). Since the program 
indicated that K, (of order 1) was not a 
correlating parameter, Eq. (5) was rewrit- 
ten as 

-dPco,/dt = &pH,pCOz 

ffPH, + ,8Pcn, + PK2’co? 
03 

-dPc&dt = ff(K&‘P~,Pco,‘. (8) 

Since one may expect the activation energy 
for reduction to be higher than that for 
oxidation (19) and ~~~~~~~ for K, to be 
greater than or equal to that for K,, the 
apparent activation energy of the term p 
should be lower than that of aK,-I. In this 
way the qualitative trend of the data 
toward increasing apparent activation 
energy as the COz partial pressure is in- 
creased is also explained by Eq. (6). 

Comparison to Co,O, can be made 
qualitatively. The maximum in the rate 
over Co,O, was observed at about the same 

TABLE 7 
KINETIC PARAMETERS FOR SUPPORTED EU AND EQO~ .4T 505”C, 

TEMPERATURE COEFFICIENTS IN kcal/gmole 

Catalyst 

EutOa 

3 Eu/SiOl 
10.5 Eu/SiOz 

2.8 Eu/AhOs 
5.5 Eu/AlrOa 

12.5 Eu/AbOa 

cc (GTP) 

min-gcat-atm 

16.6 
(E, = 15) 

0.520 
1.91 
0.471 
1.79 
1.88 

P 
cc (NTP) 

min-gcat-atm 

20.6 
(Ea = 8) 

10.1 
37.0 

6.13 
23.3 
24.5 

K, 
atm-’ 

(AH !‘-22) 
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CO, partial pressure as that for Eu,O,. At 
low &x3,, the rate approached first-order 
dependence on CO, and the activation 
energy at P,, = 0.06 atm was 6 kcal/ 
gmole. On the high P,,, side of the maxi- 
mum the decrease in rate was not as sharp 
for Co,Oa as for Euz03, but at P,, = 0.24 
atm the activation energy had doubled to 
12 kcal/gmole, following the trend ob- 
served for Eu,Os and by Mamedov et al. 
(19) for oxidation of H, over CoaO,. They 
report the activation energy for oxidation 
of the reduced surface as 5 kcal/gmole and 
that for the reduction of the oxidized sur- 
face at 16 kcal/gmole. It appears from the 
breadth of the rate maximum, however, 
that Co,O, is less strongly affected by CO, 
poisoning than is Eu,Oa. 

Poisoning by CO, appears to be weaker 
still over La203, as shown by the lack of 
a maximum in the LazOa data in Fig. 5. 
It is also interesting to note that the rate 
of the reverse of the water-gas shift re- 
action is significantly lower over La,O, 
than Eu203, in accord with the more ready 
reducibility of the latter oxide. 

Kinetics of the Reverse of the Water-Gas 
Shift Reaction over Supported Europium 

It is apparent from the chemisorption 
data on supported europium and from the 
lack of inverse dependence of the rate on 
CO, pressure that the strong CO, chemi- 
sorption step [Eq. (3)] need not be in- 
cluded in this sequence of steps. While the 
kinetics over all supported Eu catalysts 
(except 27 Eu/Al,O,) appear to be similar, 
the near zero-order dependence of the rates 
on POO, makes differentiation of various 
kinetic sequences impossible. In the follow- 
ing discussion, steps (l), (2), and (4) are 
adopted to describe the kinetics of CO, + 
H, + CO + H,O over supported europium. 
Justification for this approach is developed 
by drawing on surface chemical properties 
elucidated by the Mijssbauer effect to cor- 
relate the rate data. Use of this model 
also permits an interesting comparison of 
the catalytic behavior of bulk and SUP- 
ported em-opium oxides. 

The general rate expression (5) yields 
expression (9) for the rate over supported 

europium when K, = 0 and K,cy/p Q 1. 

- (jpco,/(Q = (yflp&pco, 
&h + PPCO, (9) 

A zero value of K, is just a statement of 
the lack of strong chemisorption on these 
materials. That K, CY < p is strongly sup- 
ported by the Miissbauer results that pre- 
reduced 5.5 Eu/A1,03 is rapidly reoxidized 
by CO, at room temperature while Eu3+/ 
Al,O, is reduced by hydrogen only at 
temperatures above 420°C. Table 7 shows 
the result of fitting Eq. (9) to the corrected 
supported Eu kinetic data taken at 505°C. 
Good fits and consistent parameters were 
also obtained by similar fits to data on 
5.5 Eu/A1,03 at 475°C and 530°C. The 
values of N in Table 7 provide a good basis 
for discussion because in the region of low 
CO, order of reaction which applies the 
apparent rate constant is nearly equal to CY. 

Correlation of Rate with Reducibility 
Shown by the Miissbauer Effect 

Although, as shown in Table 6, the acti- 
vation energies for supported catalysts with 
Eu loadings < 12.5% are nearly constant, 
the corresponding .N values in Table 7 show 
wide variation. This spread in (Y is not 
surprising because values are reported per 
gram of catalyst and no attempt has been 
made to account for changes in the value 
of L, the number of oxidation-reduction 
sites. A narrowing of the a spread should 
be expected if values are calculated per 
gram of europium in the catalyst. It is clear 
that this normalization is not sufficient, 
however, since 5.5 Eu/A1,03 and 12.5 Eu/ 
Al,O, have nearly the same .cy per gram 
of catalyst but more than a factor of two 
difference in europium content. If, on the 
other hand, .(Y’ values are calculated per 
gram of reducible europium, as observed 
in Mijssbauer spectra of catalysts reduced 
for 6 hr in H, at 56O”C, a nearly constant 
set of cy’ values is produced (see Table 8). 
The correlation of the rate data by the 
reducibility of Eu is given in Fig. 8, which 
shows reaction rate per gram of reducible 
Eu at Pw,, = 0.08 atm and P,,. = 0.97 atm 
as a function of Eu loading. The constancy 
of this normalized rate for several catalysts 
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TABLE 8 
NORMALIZATION OF KINETIC PARAMETERS BY REDUCIBILITY 

L’ 
g reducible Eu 

g catalyst > 
catalyst 

3 Eu/SiOz 0.013 40 775 
10.5 Eu/SiOp 0.044 43 835 
2.8 Eu/AlzOz 0.0076 62 807 
5.5 Eu/AlzOa 0.030 59 768 

12.5 Eu/AlzOa 0.038 50 653 

EuzOa 0.012 1383 1717 

suggests that the number of active sites 
is indeed related to the reducibility of the 
europium. It, should be pointed out that 
since the greatest reducibility was not ob- 
served at the lowest Eu loading, where dis- 
persion should be highest, it is unlikely 
that reducibility is simply a measure of 
surface area. While it is equally unlikely 
that, the number of Eu3+ ions reduced to 
Eu*+ after 6 hr gives an accurate count of 
the number of oxidation-reduction sites, 
L, Fig. 8 does give strong support for the 
use of the regenerative sequence to describe 
the kinetics over supported europium. 

Figure 8 also shows that the correlation 
holds only for europium in high dispersion. 
The 27 Eu/A1,03 sample represents ap- 
proximately monolayer coverage of ALO 
by Eu. At this high loading, X-ray diffrac- 
tion showed the presence of 400 L% particles 
of europium oxide. The high activation 

I I I I I 
40 (01 Eu/A120s 

32 

24 

16 

6 

0 5 IO 15 20 25 

% EUROPIUM 

Fra. 8. Reaction rate at &I~ = 0.97 atm and 
Poe, = 0.08 atm over supported europium normal- 
ized by the reducibility. 

energies in Table 6 and lower effective 
Debye temperature in Table 1 support the 
assumption that, the dispersion of this 
sample was low. Thus, the low value of 
the data point for the 27% sample in Fig. 
8 suggests that all the reducible europium 
was not accessible to the reactants. This 
is consistent with the properties of the 
sample discussed above if one assumes a 
range of europium oxide particle sizes, with 
some particles small enough to be reduced 
but large enough to have a dispersion 
significantly less than one. 

Comparison of Eu,O, and Supported Eu 

The success of the correlation in Fig. 8 
suggests that, the kinetic data for EuzOs 
should also be scaled to surface reducibility. 
This was done using the value of 0.012 g 
reducible Eu per gram of Eu,Os from the 
oxygen back-titration measurement of sur- 
face reduction in H, at 500°C. The result 
is included in Table 8. If LY’ is taken as an 
effective rate constant for surface reduction 
and ,13’ as an effective rate constant for 
surface oxidation, Table 8 shows that oxi- 
dation overpowers reduction on the sup- 
ported Eu catalysts but that oxidation and 
reduction are nearly balanced on Eu,O,. 
Furthermore, comparison of Eu,O, and sup- 
ported Eu indicates that the rate constant 
for reduction is significantly lower on sup- 

ported Eu. While p’ is somewhat higher 
on Eu,08 than supported Eu, chemisorption 
data showed that S is approximately five 
times higher for Eu,O,. Thus if the K, 
values are assumed to be similar, the in- 
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trinsic rate constant for surface reoxida- 
tion, Ic,, would be higher for supported 
europium than for Eu,Os. 

This analysis suggests an interesting 
contrast between the two types of catalysts. 
The apparent rate constants indicate a 
favorable balance between surface oxida- 
tion and reduction on Euz03, but as a 
stoichiometric mixture of H, and CO, is 
approached, strong CO, chemisorption 
poisons the surface and lowers the rate. 
When europium is highly dispersed on 
Al,O, or SiO, it loses its ability to adsorb 
CO, strongly and is no longer poisoned 
by CO,. Unfortunately dispersion also 
alters the oxidation-reduction balance by 
lowering the rate constant for reduction 
with respect to that for reoxidation. 

A check on the consistency of this 
analysis can be provided by in situ Miiss- 
bauer examination of the supported cata- 
lysts during reaction. Values for the state 
of reduction of the surface in situ as a 
function of the ratio P,,/Pco, can then be 
compared to values predicted for n/L by 
the observed kinetic parameters. Prelimin- 
ary experiments of this kind by L. Y. Chen 
in this laboratory have shown that the 
state of reduction of the surface of 5.5 
EuJA1,03 at 500°C in a flowing mixture 
of CO, and H, is indeed a function of the 
cr,/Pc!o, ratio. They also suggest, however, 
that after exposure of this catalyst to CO, 
at a partial pressure of 400 torr at 5OO”C, 
some of the Eu3+ ions lose their reducibility. 
This complication of the Eu surface chem- 
istry and the question of whether the num- 
ber of kinetically important sites, L, is a 
measurable fraction of the number of re- 
ducible sites seen in the MGssbauer spec- 
trum will be investigated further with im- 
proved in situ experiments. 

CONCLUSIONS 

Comparison of the chemisorption and 
catalysis of H, + CO, -+ CO + H,O over 
Eu,O, versus europium highly dispersed on 
A1,03 and SiO, has revealed some interest- 
ing differences. While both irreversible 
and reversible chemisorption of CO, was 
observed on Eu,Oa at 5OO”C, only reversible 
CO, chemisorption was seen on highly dis- 

persed Eu under the same conditions. In 
kinetic measurements at CO2 partial pres- 
sures 0.054.30 atm, the rate of the reverse 
of the water-gas shift reaction over Eu,Oa 
showed a sharp maximum as a function of 
P co2 while the rate was nearly zero order 
in CO, over supported europium. The 
kinetic data for Eu,Oj are well described 
by a regenerative oxidation-reduction se- 
quence including poisoning by strong CO, 
chemisorption. Over supported Eu, the 
rates were also consistent with the regenera- 
tive kinetic sequence but with no CO, 
poisoning. Furthermore, these rates showed 
a good correlation with the amount of Eu’+ 
observed in a room temperature Mijssbauer 
spectrum after reduction for 6 hr in H, 
at 500°C. 

From the kinetic analysis, the ratio of 
the effective surface reduction rate constant 
to the effective surface oxidation rate 
constant was close to one for Eu,O, but 
less than one-tenth for supported Eu. This 
result leads to the conclusion that when 
Eu3+ is dispersed on Al,O, or SiO, its rate 
of surface reduction is lower, with respect 
to oxidation, than that for Eu,O,. In addi- 
tion, dispersed Eu chemisorbs CO, in a 
manner more similar to that of the support 
than to that of bulk Eu,O,. These changes 
in surface chemistry are taken as a result of 
the strong support interactions indicated 
by the effective Debye temperatures ob- 
tained from MSssbauer spectra. This type 
of interaction may be discussed in terms of 
a surface compound or the local environ- 
ment of the cation of interest. It suggests, 
as has already been confirmed in a number 
of other systems (e.g., 6, 23) that signifi- 
cant support influence on catalyst chemistry 
should be expected when cations are highly 
dispersed on oxides. 
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