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Lead promotes the activity of Cr-promoted magnetite CO shift catalysts. An 
analysis of the MGssbauer parameters of the Pb-promoted catalysts shows that lead 
enters the spine1 structure as Fb4+ on tetrahedral sites, giving rise to a partly normal 
spine1 structure. Attempts to synthesize the Pb4+-containing Fe-Cr spine1 by firing 
the oxides in vacuum at 1000°C failed, indicating Pb” is not stable in the spine1 
structure at high temperature. In fact it exsolves from the Pb-promoted catalyst 
upon heating to above 700°C. The data indicate that the octahedral Fe” ions exhibit 
an increased covalency as a result of promotion by lead. This together with the 
inherent defect structure of the spine1 phase may explain the enhanced activity 
toward t)he CO shift reaction at 4OO’C. 

Ferrites are widely used as catalysts and 
magnetic materials. This study deals with 
the structure of promoted magnetite cata- 
lysts for the conversion of CO with steam 
to H, and CO,, called the CO shift reaction. 
The conventional catalyst for the CO shift 
reaction is based on iron oxide-chromium 
oxide (1). The stable iron oxide under re- 
action conditions is Fe304, with a spine1 
structure which is probably the active part 
of the catalyst as chromium acts mainly as 
a textual promoter to prevent sintering. 

Recently Topspre (2) and Bohlbro (3) 
reported that PbO added to an iron oxide- 
chromium oxide catalyst increased the cata- 
lytic activity per unit surface area for the 
CO shift reaction. In the present paper we 
examine how lead could affect the structure 
of the catalyst. Magnetite has a spine1 
structure with the oxygen ions forming a 
face-centered cubic close-packed lattice. 
In this lattice, the cations are placed 
in tetrahedral A sites and octahedral 
B sites, with a unit cell written as 
(Fes3+) A [ Feg3+Feg2+] B032. If the trivalent 

* To whom correspondence should be addressed. 

ions are distributed equally between the A 
and B sites, the spine1 is said to be inverse. 
When all the trivalent ions are located on 
the B sites, the spine1 is designated as nor- 
mal. Intermediate struct,ures between the 
normal and inverse spine1 are also found. 
Magnetite is a ferrimagnet with spins of 
the cations ordered parallel within each A 
and B sublattice. 

Gorter has determined that only metallic 
ions with Goldschmidt radii r between 0.44 
and 1.0 J! can form cubic spinels (4). Re- 
cently Ca2* (r = 1.06 A) has been reported 
to enter the magnetite lattice, but solid so- 
lutions exist only with small concentrations 
of Ca, and at higher concentrations of Ca, 
a separate orthorhombic phase appears 
(4-7). It would thus appear very unlikely 
that Pb2+ with an ionic radius of 1.32A 
could dissolve in magnetite. By contrast, 
chromium which is added to the catalyst as 
a textural promoter enters the magnetite 
lattice as Cr3+ on the B sites (8). 

The Miissbauer spectrum of Fe,O, shows 
two magnetically split 6-line patterns above 
119 K, where the spectrum with the larger 
hyperfine field is due to Fe3+ in the A sites. 
The spectrum with t,he smaller hyperfine 
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field arises from the Fez+ and Fe3* ions in 
the B site. Above 119 K there is a fast elec- 
tronic exchange (hopping) between the B 
site ions so that only one magnetically split 
B pattern arises. The ratio S of the B spec- 
tral area to the A spectral area is close to 2 
above 119K, since the number of atoms 
responsible for the B spectrum is twice the 
number of atoms responsible for t’he A 
spectrum. The B ions are ordered mag- 
netically below 119 K resulting in a complex 
Mijssbauer pattern. The ratio Fe3+/FeZ+ is 
denoted by R and is equal to 2 in stoichio- 
metric magnetite. Robbins et nl. (9) have 
extensively studied the Mijssbauer charac- 
teristics of magnetite-chromite systems. 
Several hexogonal structures (also called 
hexagonal ferrites) of the general formula 
PbO *zFe& have been reported, with the 
Pb2+ ions replacing oxygen ions (T = 1.32 A) 
(8). The Miissbauer spectrum of these types 
of compounds shows significant differences 
from that of magnetite (10). 

Sample Preparation 

Magnetite catalysts contained 570 Cr, 
7% Cr, and 5% Cr + 5% Pb (all per- 
centages as atomic based on cations). The 
first and last samples will be designated as 
Cr-Fe::04 and CrPb-Fe304. Samples were 
prepared as follows (2). A solution of ferro- 
sulfate was first converted into a precipitate 
of ferrooxalat’e consisting of coarse crystals 
from which impurities were easily removed, 
resulting in a low sulfur content in the final 
catalyst. An equivalent amount of NaOH 
was added to the pure ferrous oxalate sus- 
pension, and after the mixture had been 
kept at 368K for 1 hr the ultrapure Fe- 
(OH), was filtered and washed. Chromic 
acid was then added, and t,he mixture was 
heated to 373 K for I$$ hr. In the case of 
the lead-containing catalysts, this step was 
followed by an addition of lead nitrate, and 
finally the precipitat,e was filtered and 
dried. Unless otherwise specified, the ca- 
talysts studied were used for 1 yr at 673 K, 
1 atm, with a gas composition of 50% H,O, 
30% H,, 10% N,, 5% CO, and 5% CO,. 
Some catalysts were sintered in a CO-CO, 

mixture containing 6.1% CO at 1040 K for 
16 hr. 

Spinels were made in our laboratory by 
firing stoichiometric amounts of powdered 
Fe, FeeOR, and promoter oxide(s), mixed 
in an agate mortar, in a Pt boat inside an 
evacuated (2 X lo-” Torr), and sealed 
quartz tube. The samples were heated to 
1270K for 12 hr and cooled t,o room tem- 
perature at a rate of 0.1 K s-l. The reagents 
were Fc,O, (99.999%, A. D. Mackay), 
Fe (99.999c/o, Johnson Mathey), PbO 
(99.999%, Johnson Mathey), PbO, (95%, 
Baker and Adamson), CaO (Mallinkrodt 
Analytical Reagent), and CrZOa (Baker and 
Adamson). The CrgOs was first heated to 
670 K in air, and t#he FezO, used for pre- 
paring Fe,O, by reaction with a CO-CO2 
mixture at 703 K was a Baker and Adam- 
son analytical reagent containing less than 
0.2 wt$% foreign cations. The preparation of 
the Fe-MgO catalysts has been described 
elsewhere (11). 

For chemical analysis of samples, Fe3+ 
was determined by dissolving the catalyst 
in HCl under an atmosphere of CO, and 
N, and then titrating under N, with EDTA 
using salicyclic acid as an indicator at pH 
4. Total iron was determined by the same 
method aft’er dissolving the sample in hot 
HCl -I- HNO,, and lead was determined by 
solution in HNO, to determine the sulfate 
gravimctrically. Chromium was assayed 
photometrically with EDTA and Si was de- 
termined by atomic absorption. 

Samples of the catalysts which had first 
been evacuated at 440 K were heated to 
700-750 K in the presence of a known 
amount, of O2 until no further uptake was 
noticed in a gas volumetric system. 

Miissbauer Spectroscopy 

The spectrometer is described elsewhere 
(16, 13). A typical spectrum of a 1 mil Fe 
foil at 297 -I 2 K showed parameters (13) 
in excellent agreement with the NBS values 
at 297 ? 0.5 K (14). The hyperfine param- 
eters for magnetite type MSssbauer spectra 
were obtained from a constrained computer 
fit which took into account the relaxation 
broadening of the B spectra (13). 

The absorber was prepared from a mix- 
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ture of the catalyst and inert diluent Linde 
13 X molecular sieve. The diluent produced 
stable wafers with small density of 57Fe 
atoms (less than 5 X 10ls 5TFe atoms cm-2). 
The absorber was mounted in transmission 
geometry in variable temperature cells, 
spanning the temperature region 10-1000 K 
while maintaining a vacuum or a controlled 
atmosphere (13, 16). 

X Ray Diffraction 

A Picker biplanar diffractometer was 
used to obtain the X ray diffraction pat- 
terns. The samples were mounted in powder 
form on Plexiglass sample holders which 
eliminated interfering peaks but showed a 
somewhat large background at low diffrac- 
tion angles. The radiation was MO K,, and 
a solid state detector was employed. The 
digital output was computer fitted. In the 
cases where accurate d values were required, 
powder from a Si single crystal was mixed 
with the sample as an internal standard. A 
polycrystalline quartz sample was used to 
correct for instrumental broadening in par- 
ticle size determinations. The particle size 
was calculated from the Scherrer equation 
correcting for both instrumental broadening, 
and K,, and K,, doublet (IS, 16). 

RESULTS 

X Ray Di#~action and Particte 
Size Results 

The X ray diffraction patterns of the 
Cr-Fe304 (Fig. la) and the CrPb-Fe,O, 
(Fig. lb) catalysts both showed the pres- 
ence of the magnetic diffraction pattern. 
The relative intensities of the diffraction 
lines were, within experimental error, equal 
to those observed for a pure Fe,O, sample. 
Repeated experiments with a Si internal 
standard present showed that the lattice 
constant for catalysts containing lead was 
about 0.015.K larger than for samples con- 
taining only Cr, the latter being around 
8.392 A, in quite good agreement with the 
expected value for Cr-Fe304 (9). The 
X ray diffraction pattern (Fig. lb) of the 
lead-containing catalyst showed some faint 
peaks (d values in K = 1.865, ~3.50, 
h3.60, 2.83), not belonging to the mag- 
netite diffraction pattern, which could be 
attributed to a small amount of free lead 
oxide or lead chromate. From X ray line 
broadening, the characteristic dimension of 
the CrPb-Fe,O, particles was found to be 
370 A. 

The X ray diffraction pattern of the 
sintered CrPb-Fe,O( catalyst showed be- 

30 20 IO 

Diffraction angle 2 8 IMoK,) 

FIG. 1. X ray diffraction patterns, taken with Si as an internal standard of samples exposed to air: (a) 
Cr/FerOr; (b) CrPb-FerO,. 
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sides a magnetite diffraction pattern also 
several strong new diffraction lines; the 
strongest ones were d = 2.859 (I/Isll = 
19, I,,, being the intensity of the (311) dif- 
fraction line of FeZOh), cl = 3.357 (1/1,,1 = 
8), d = 1.495 (I/I,,, = 5) and d = 2.479 
(I/I,,, = 4). All the new diffraction lines 
could be attribut.ed to separate Pb or PbmO 
phases. X ray line broadening on the two 
samples showed that the size of the sintered 
CrPb-Fe,O, sample was 2800 .A. 

X ray diffraction patterns of the Cr- 
Fe,O, catalyst (7% Cr) used for oxidation 
experiments showed t,hat after the last oxi- 
dation at 750 K for 7 hr, the catalyst con- 
sisted of y-Fe,O, of which about 30% was 
converted to cu-Fe,Os. The diffraction pat- 
tern of the oxidized CrPb-Fe,O, catalyst 
showed that even after oxidation at about 
750K for 32 hr, no trace of Q-Fe203 was 
present, and the phase showed only the y- 
FezO, diffract’ion pattern. 

The 36% Fe-MgO catalyst has been de- 
scribed elsewhere (11) . After reduction with 
II,, it contained Fez+ in solid solution with 
MgO as well as metallic iron particles 
with a size of 2OOA as determined by CO 
:hemisorption and X ray line broadening. 
Thus, when these iron particles of this 
:atalyst were converted into magnetite, 
their particle size was ca. 250 IL. 

Chemical Analysis and Oa’dation 

It is possible that the concentration of 
promoters in the catalyst changes after long 
exposure under reaction conditions and 
chemical analyses of the samples were 

therefore performed. Analyses of Fe3+ and 
total iron were also carried out to check 
for deviations in the stoichiometric ratio 
R = Fe3*/Fe2+, and results are listed in 
Table 1. Chemical analysis of samples 
sintered in quartz tubes showed no con- 
tamination of the catalysts by Si. Results 
from oxidation experiments are also listed 
in Table 1. The oxidation was done at two 
temperatures. Values for the Cr-Fe,Ol 
catalyst (7% Cr) were calculated on the 
assumption that the catalyst was a stoichio- 
metric spine1 in which a fraction of the 
Fe2+ ions was oxidized to Fe3+ according to 
the symbolic representation 

3Fe2+ --f 2Fe3+ + 0 (1) 

where q is a vacancy. We can thus write 
the structure of the catalyst after oxida- 
tion as: 

Fe2+1--3yFe3+z+zr-zCr,3+Or~4. (2) 

No assumption has been made about the 
detailed distribution of cat.ions and vacan- 
cies on the A and B sublattice. 

For the lead-containing catalyst R de- 
pends on the assumed valence for lead 
which is assumed to enter the structure 
given by formula (2). Table 1 shows R for 
three situations: Rz and R, corresponding 
to Pb2+ replacement of Fez+ with and with- 
out complete oxidation to Pb4+, respectively, 
and R3 corresponding to Pb4+ present in 
the structure according to the symbolic 
representation 

2Fe3+ --) Fez+ + Pb*+. (3) 

TABLE 1 
CHEMICAL ANALYSIS OF USED AND OXIDIZED CATALI~STS~ 

Used Oxidized 

Cr3+ Pb Conditions R 

7% Cr-FeaOa 6.94 - 16 hr at 430°C followed by 7 hr at 3.02 
480°C 

CrPb-FetO( 4.77 4.93 24 hr at 460°C followed by 32 hr at RI = 4.70 
480°C Rz = 16.3 

R, = 4.57 

0 Cation composition in atm %; R = Fe3+/Fe2+; RI, Rt, RI defined in text. 
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MGssbauer Spectroscopy 

Miissbauer spectra were recorded at sev- 
eral temperatures in a controlled atmos- 
phere following reduction of the samples in 
a 4: 1 CO,-CO mixture at 703 K. To check 
the reduction and to obtain a Fe,O., stand- 
ard, a sample of pure (u-Fez03 was first 
reduced, and spectra were recorded at dif- 
ferent temperatures (Fig. 2). The com- 
puter-fitted values for the spectral param- 
eters are listed in Table 2. Although some 
of the values for the individual parameters 
may be questionable, erroneous conclusions 
drawn from bad values are less likely to be 
reached when the whole temperature range 
behavior is considered. The Mossbauer 
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FIG 2. Mossbauer spectra of Fe304 (Miissbauer 
spectra have been plotted without background 
correction). (a) Fez03 reduced in a COJCO = 4 
mixture at 703 K for 13 hr. Spectrum obtained in 
reaction mixture at 296 K. (b) After further reduc- 
tion of (a) for 6 hr at similar condition. Spectrum 
obtained in reaction mixture at 703 K. (c) After 
cooling (b) to 483 K. (d) After cooling (c) to 296 K. 
(e) After heating (f) to 20X K. (f) Cooling (d) to 
111 K in He (2 Torr). (g) After heating (e) to 296 K. 

parameters at room temperature agree with 
those reported in the literature (9, I?‘-,%)) 
thus, the reduction gives stoichiometriq 
magnetite. The temperature dependence o 

! the magnetic fields agrees well with those 
obtained by Van der Woude et al. (21). 

‘: small quadrupole splitting seems to be pres 
ent in both spectral components, in agreed 
ment with the recent data of Dobson 
et al. (20). 

The experiments at temperatures below 
room temperature were carried out under 
He atmosphere in a liquid nitrogen MGss- 
bauer cell. A room temperature Miissbauer 
spectrum (Fig. 2g) was produced after the 
low temperature measurements and showed 
that no oxidation had occurred during the 
transfer to the liquid nitrogen dewar. The 
spectrum at 111 K shows that the ordering 
of the octahedral ions has started, but the 
typical spectrum of magnetite below 
TVerwey ($2) has not yet been obtained. 

The Mossbauer spectra of the Cr-Fe,O, 
catalyst are shown in Fig. 3, and the hyperi 
fine parameters are given in Table 2. The 
spectrum before (Fig. 3a) and after (Fig. 
3d) the reduction shows significant differ- 
ences, and, furthermore, the spectrum 
changed during exposure to air at room 
temperature (see Fig. 4 and (IS) ) 

The Miissbauer spectra of the CrPb- 
Fe:,O, catalyst before and after treatment 
with a CO,-CO = 4 mixture at 703 K are 
shown in Fig. 4. The computer-fitted spec- 
tral parameters are given in Table 2. The 
Mossbacer spectrum at room temperature 
after the reduction (Fig. 4d) was identical 
to the Miissbauer spectrum after long expo- 
sure to air (Fig. 4a). An additional reduc- 
tion (Fig. 4e) did not result in further 
changes. The spectral parameters did not 
change after exposure to air at room tem- 
perature (Fig. 5). 

The spectra of the catalyst containing 
lead show many obvious features which are 
very different from the spectra of pure 
Fe,O, and the catalyst containing only 
chromium. The most striking difference is 
the very large value of the area ratio 
X (S = A&A,,). At increasing tempera- 
tures, we observed an increased fraction of 
a paramagnetic doublet (at 297 K: QS = 
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TABLE 2 
PARAMETERS OF MiiSSBaUER SPECTRA OBTAINED BETWEEN 111 AND 703 K UNDER 

CONTROLLED ATMOSPHERE& 

(& Ii:,” 
HA HB L4,Fe b.FC 4EA 4W r1‘4 rlB 

Sample (kOe) (kOe) (mm s-l) (mm s-l) (mm s-l) (mm s-l) (mm s-l) (mm s-l) 

Fe304 703 1.81 368.4 322.9 0.050 0.422 0.028 0.010 0.376 0.371 
483 1.44 459.9 419.1 0.181 0.551 0.057 0.102 0.337 0.305 
296 1.87 490.8 460.9 0.258 0.670 -0.111 0.186 0.349 0.392 
111 1.25 504.9 483.8 0.341 0.770 -0.036 0.124 0.383 0.516 

CrPb-Fe104 703 5.0 327 291 0.12 0.40 0.17 -0.22 0.40 1.77 
483 4.2 448.7 404.6 0.161 0.550 0.183 0.031 0.301 0.916 
296 4.0 487.3 449.2 0.285 0.639 -0.010 0.006 0.309 0.848 
119 4.1 503.1 478.8 0.358 0.688 -0.013 0.104 0.349 1.338 

G-Fe304 703 2.26 356.9 308.1 0.064 0.420 0.014 0.062 0.524 0.588 
483 1.54 458.6 419.8 0.192 0.541 0.080 0.097 0.428 0.425 
296 1.63 489.2 456.9 0.274 0.644 -0.054 0.197 0.386 0.461 

36% FeJ04- 703 2.79 351.6 312.4 0.052 0.400 0.126 0.040 0.786 0.849 
MgO 483 2.60 452.0 416.5 0.195 0.534 0.138 0.108 0.370 0.676 

296 2.02 485.7 455.4 0.270 0.629 -0.033 0.069 0.428 0.776 

a Subscripts A and B denote A and B spectrum, respectively; subscripts IA and 1B denote line 1A and 1B 
of the FetOa-like spect,rum; 6~~ is the isomer shift with respect to Fe; e is the splitting of each of the excited 
levels due to quadrupole interactlion; e = (V, - V,y- V, + V1)/4; r is the line width (full-width of half- 
maximum). 
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0.403 mm sl, SFe = 0.330 mm s-l). From 
computer fit of the inner region we can esti- 
mate that’, at, about 720 K, 50% of the total 
spectral area results from the paramagnetic 
component. At 703 K, the magnetically 
hyperfine split component of the spectrum 
is not well defined, and the usefulness of 
many of the computer-fitted parameters is 
limited. 

The Miissbauer spectra of the 250B 
Fe,O, particles in the 36% Fe,O,-MgO 
catalyst are shown in Fig. 6. The results 
from the computer fit are listed in Table 2. 
Around 82OK, the area of a paramagnetic 
component equals that of the magnetically 
hyperfine split component. 

The MGssbauer spectra obtained at and 
above room temperature and given in Table 
2 were all obt’ained under identical experi- 

-10 0 +I0 
Velocity (mm s-l) 

FIG. 3. Mijssbauer spectra of Cr-Fe304 catalyst 
and a 0.001 in. Fe NBS standard foil. (a) Spectrum 
in air at 296 K after sample has been stored in air. 
(b) Sample from (a) reduced in a COJCO = 4 mix- 

ture at 703 K for 10 hr. Spectrum obtained in 
reaction mixture at 703 K. (c) After cooling (b) to 
483 K. (d) After cooling (c) to 296 K. (e) Spectrum 
of a 0.001 in. Fe NBS standard foil at 296 K. 
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FIG. 4. Mijssbauer spectra of CrPb-Fe804 cata- 
lyst. (a) Spectrum in air at 296 K after sample has 
been stored in air. (b) Sample from (a) exposed to 
a CO&O = 4 mixture at 703 K for 12 hr. Spectrum 
obtained in reaction mixture at 703 K. (c) After 
cooling (b) to 483 K. (d) After cooling (c) to 296 K. 
(e) After exposing (d) to a COJCO = 4 mixture 
for 14 hr. Spectrum obtained in reaction mixture 
at 296 K. (f) After heating (g) to 208 K. (g) Cooling 
(e) to 119 K in He (1 Torr). 

mental conditions (Mossbauer cell, 57Fe 
density, source-detector distance, etc.) for 
a meaningful comparison of the data. 

Figure 7 shows Mijssbauer spectra of the 
catalysts before and after oxidation. An 
a-Fe203 standard (Fig. 7g) is also included. 
After the first oxidation of the 7% Cr- 
Fe,O, catalyst (Fig. 7b), the B spectrum 
disappeared completely, and the spectrum 
corresponded to that of 
transformation Y-Fe 0 + ~-~?~” with a 23 - 23, 10% to 
completion. The appearance of cr-FezOz is 
most easily seen from the shoulder on peak 
5. After continued oxidation (Fig. 7c), this 
shoulder became even more pronounced 
(~30% a-Fe203), and the field reached ca. 
515 kOe as for a-Fe203 or a-FeZ03- 
Cr,O, (%Z?) . 

I I I I I 
100 200 300 400 500 

Time (days) 

FIG. 5. The dependence of the area ratio S upon 
time exposed to air at room temperature. (0 ) 
Cr-FetOl. (0) 7% Cr-Fe304. (m) CrPb-FeaO+ 

After oxidation of the CrPb/Fe,O, cata- 
lyst for 24 hr at 730 K, the B spectrum (Fig. 
7e) was still present. Correspondingly, 
about 10% of the total 0, uptake was taken 

n I I I 

. . 
0 

Velocity (mm s-9 

FIG. 6. MBssbauer spectra of 36% FesOrMgO 
(a) 36% a-FezOa-MgO reduced in a COJCO = 4 
mixture at 703 K for 12 hr. Spectrum obtained in 
reaction mixture at 703 K. (b) After cooling (a) to 
483 K. (c) After cooling (b) to 296 K. 
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FIG. 7. Miissbauer spectra at 296 K of catalysts 
used for oxidation experiments. (a) 7% Cr-Fe804 
after storage in air. (b) After oxidizing (a) in 02 at 
700 K for 16 hr. (c) After oxidizing (b) at 750 K for 
7 hr. (d) CrPb-FesOc catalyst after storage in air. 
(e) After oxidizing (d) in 02 at 730 K for 24 hr. (f) 
After oxidizing (e) at 750 K for 32 hr. (g) Pure 
ol-FezOa. 

up at that stage of oxidation. By contrast, 
for the sample without lead, oxidation was 
about 95% complete after the treatment of 
16 hr at 700 K. 

The spectrum of the completely oxidized 
CrPb-FejO, catalyst (Fig. 7f) showed, in 
contrast to the completely or partially oxi- 
dized 7% Cr-Fe304 catalyst, no traces of 
a-Fe203, and the spectrum resembled 
closely that of a broadened y-FeZ03 spec- 
trum. The Mijssbauer spectrum of the 
CrPb-Fe304 catalyst after sintering in air 
at temperatures above 1670 K resembled 
closely that of magnetite, i.e., S z 2. 

Several experiments were performed to 
examine any possibility of synthesizing by 
firing techniques a lead-containing spine1 
with t,he observed Mijssbauer spectrum of 
the CrPb-Fe,O, catalyst. The Miissbauer 
spectra of these fired samples showed values 
of S around 2, and the hyperfine parameters 
resembled closely those of Fe,O, (IS). 

DISCUSSION 

Stoichiometry of Catalysts 

The X ray diffraction patterns of both 
the Cr-Fe,O, (Fig. la) and CrPb-Fe,O, 
(Fig. lb) catalysts previously exposed to 
air were those of single-phase stoichiometric 
magnetite. Addition of lead to a chromium 
containing catalyst does not seem to change 
the structure as revealed by X rays. By 
contrast’, the MGssbauer spectra of the same 
catalysts without (Fig. 3a) and with (Fig. 
4a) lead showed great differences, and none 
of them corresponded to stoichiometric 
magnetite (Fig. 2a). That the catalysts are 
not stoichiometric magnetites, as indicated 
by their Miissbauer spectra, was confirmed 
by chemical analysis since R values (R = 
Fe3+/Fe2+) much larger than 2 were ob- 
served. Thus, it appears that X ray diffrac- 
tion is not very sensitive for detecting 
changes in stoichiometry or structure of 
substituted magnetites. 

For the Cr-Fe,O, catalyst exposed to air, 
the value of S (X = A&A,,) much lower 
than 2, and the decrease of S with increas- 
ing exposure to air at room temperature 
(Fig. 5)) can be explained (13) by partial 
oxidation to y-Fe203, which also has the 
spine1 structure and can be written as 
(F@+) A [Fe5,3 3+n,,R]04. Both the A and B 
site Fe3+ ions in y-Fe,Oa give rise to spec- 
tral components which are quite similar to 
the A site spectrum of Fe304. With part,ial 
oxidation, a value of R can be calculated 
from the observed value of S, which is in 
good agreement with the observed R value. 
As expected for an oxidized catalyst, the 
value of X increased after treating the Cr- 
Fe,,Ol catalyst previously exposed to air 
with a CO-CO, mixture at 703 K. 

The CrPb-Fe,O, catalyst showed be- 
havior quite different to that of the Cr- 
Fe,O, catalyst. The value of S was much 
larger than 2 and did not change with time 
upon exposure to air at room temperature. 
The first result rules out partial oxidation 
to y-Fe203, and the second finding shows 
that the catalyst structure is stable at room 
temperature, which is consistent with the 
fact that the CrPb-Fe,O, catalyst was not, 
oxidized as easily at high temperature as 
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was the Cr-Fe,O, catalyst. That the Miiss- 
bauer spectrum of the CrPb-Fe304 catalyst 
did not change after the treatment with the 
CO-CO2 mixture at 703 K shows that all 
the experimental results obtained on the 
sample exposed to air are valid for the 
catalyst under reaction conditions. 

Structure of the Cr-Fe,O, Catalyst 

Robbins et al. (9) have studied the 
Fe3Xro04 system extensively. For 2: be- 
tween 0 and 0.6, they found that S was 
independent of x and within experimental 
error equal to 2. They explained this finding 
by assuming that the Cr3+ replaced an equal 
amount of Fe3+ and Fez+ on the B sites and 
the structure could be written as: 

(Fe3C1-2,2Fe2+)[Fe3+1-z/zFe2+1-2,2Cr,3f]04. (4) 

The discussion of distribution of cations in 
spinels is facilitated by employing the 
parameter 6, often called the degree of in- 
version. The general cation distribution of 
the spine1 M2+N,3+04 can be written as: 

(M~2+N3+~-a)[M2+~-aN3+~+~]O~. (5) 

For a normal spine1 6 = 1, and for an in- 
verse spine1 6 = 0. Thus, another way of 
expressing the distribution given by (4) is 
to say that 6 = x/2, i.e., the spine1 does not 
remain completely inverted. In order to ex- 
plain the value of 2 for S, Robbins et al. 
(9) assumed that the A site Fez+ did not 
give rise to an observable hyperfine split 
spectrum due to broadening by inhomo- 
geneous quadrupole interactions. In con- 
trast to the findings by Robbins et al. we 
find a value of S = 1.63 for the Cr-Fe304 
(z = 0.15) catalyst. This suggests that the 
spine1 remains inverse, since the ratio S will 
be smaller for such a structure 

(Fe3+)[Fe3+1-,Fe2+Cr,3f101. 0% 

However, after the Cr-Fe,Oa catalyst is 
sintered at 1040 K in a CO-CO, mixture 
the value of S becomes equal to 2 as ob- 
served by Robbins et al. (9). In this sys- 
tem, equilibrium site distribution should be 
independent of prior heat treatment, since 
only electron transfer is required to change 
from structure (5) to structure (6). This 
suggests that the equilibrium cation dis- 

tribution may depend on particle size. Thus 
the Cr-Fe,O, catalyst may have a structure 
quite different from the corresponding bulk 
structure. 

Structure of the CrPb-Fe30, Catalyst 

For the CrPb-Fe,Ol catalyst, we ob- 
served S = 4. The high value does not indi- 
cate a priori in which site the lead is pres- 
ent. Since only 5% lead is present, it follows 
that a %imple” substitution of lead on 
either the A or the B site would not result 
in such a drastic change on S. Further, S 
stays practically constant over the tem- 
perature range studied. Thus, the large 
value of S cannot be explained by a large 
change in the recoil free fractions. 

An analysis of S is difficult because we do 
not know whether all the cations contribute 
to the resolved spectra, since some of the 
cations may have large distributions in the 
magnetic and quadrupole interaction and 
will give rise to a broad spectrum contribut- 
ing to the background count rate. Thus, the 
total background-corrected spectral areas 
per 57Fe atom were measured for samples 
with and without lead and were found to be 
between 0 and 20% lower for the lead-con- 
taining catalysts. Therefore, the spectral 
contribution of a major fraction of the iron 
atoms does not appear to be lost in the 
background. 

The Mossbauer spectrum of the CrPb- 
Fe,O, catalyst showed the presence of a 
paramagnetic doublet. From the spectra 
taken at different temperatures, it is clear 
that this doublet is not indicative of a 
separate phase but rather of superparamag- 
netic behavior (IS). A comparison of the 
superparamagnetic behavior of the CrPb- 
Fe304 catalyst with that of the smaller 
Fe304 particles in the 36% Fe,OrMgO 
catalyst indicates that the CrPb-Fe,O, ex- 
hibits superparamagnetic clusters, the size 
of which is much smaller than the particle 
size. This behavior is similar to that de- 
scribed by Raj and Kulshreshtha for the 
Li-Al (24) and Ni-Zn (25) ferrite systems. 

In the next sections the MGssbauer 
parameters will be analyzed in detail in 
order to obtain structural information about 
the CrPb-Fe,O, catalyst. It will be as- 
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sumed t’hat the spine1 structure is main- 
tained, and, indeed, no nonspinel MGssbauer 
or X ray phases were detected. The analysis 
of the MGssbauer parameters led to the 
proposal of a model for the structure of 
the catalyst. For the sake of clarity the 
model will be presented before the results 
upon which it is based. The model has the 
following characteristics: 

Ml. Lead is present as Pb”+. 
M2. Pb’+ enters the tct’rahedral A site. 
113. The A sites expand and the B sites 

contract. 
M4. The spine1 structure becomes partly 

normal. 
M5. Some Fez+ is oxidized according to 

Eq. (1). 

The above characteristics will be denoted 
as (Ml), (M2), etc., which will be used 
subsequently when information supporting 
the corresponding characteristic of the 
model is given. 

Linewidth. An analysis of the linewidth 
is helpful, since information about electron 
hopping times and homogeneity of the 
cation surroundings can be obtained. For 
Fc,O, a temperature indepcndcnt linewidth 
of the IA line, I’,~~, is observed. As the tem- 
perature is lowered, rle increases according 
to the decreased rate of electron hopping; 
the electron hopping time at room tempera- 
ture is found to be around 1 ns, in agree- 
ment with literature values (26, 27). 

For the catalyst containing lead, we ob- 
serve, as we did for Fe304, a narrow and 
temperature-independent linewidth for the 
1A line. This indicates that the A site of 
iron does not seem to have any nonmag- 
netic B site neighbors, indicating that lead 
does not, enter the B site (M2). 

The linewidth of the B site is very large 
at all temperatures as compared to the cor- 
responding value for the Fe,Ol sample. The 
low temperature behavior shows that the 
electron hopping has slowed down in the 
CrPb-Fe,O, catalyst as compared to pure 
Fe,O,. The large linewidths at higher tem- 
peratures indicate that the B site iron atoms 
have a distribution in magnetic interactions 
caused by the presence of lead in the A site. 
The broadening of the 1B line at higher 

temperatures could be due to a distribution 
in exchange interactions and also to a dis- 
tribut,ion in superparamagnetic transition 
temperatures. From a comparison of the 
CrPb-Fe:,Or and 36% Fe,O,-MgO results, 
we see that the broadening cannot be ex- 
plained only by the particle size effect. 
Thus, the situation where lead is present in 
the A site seems to account for the broadcn- 
ing observed (M2). 

Hyperfine fields. A meaningful analysis 
of the hyperfine fields is somewhat compli- 
cated by the fact that there exists a parti- 
cle size distribution. Such a distribution will 
lower the observed fields and give rise to 
an apparent, lowering in the Nile1 tempcra- 
ture. In order to eliminate changes in the 
hyperfine fields caused by changes in Nkel 
temperature, Babeshkin et al. (28) used 
the behavior of H VH T/T,, where 7’“: is 
the Keel temperature, to determine in which 
site SC:‘+ cntcrs i\InFc,O,. The magnetic 
field depends en the number of magnetic 
neighbors, and since the H,* vs T/T,v data 
for the Sc”+-substituted MnFe,O, super- 
imposed on the II, vs T/T, data for pure 
MnFe,O,, it was concluded that SC”+ enters 
the B site. By using the MGssbauer results 
for the .Zn,.Fe:,-,.O, obtained by Dobson 
et al. (SO), we are able to show that the 
above type of arguments are also valid for 
substitutions of nonmagnetic ions into the 
A sites (13). In order to analyze the hyper- 
fine fields for the CrPb-Fe,,O, catalyst, a 
value of T,- must be chosen. The choice of 
T,y is not easy, since the catalyst consists 
of small particles. In order to take care of 
particle size complication, it was decided 
to compare the hyperfine fields for the 
CrPb-Fe,,04 catalyst with those of the 36% 
Fe,,O,-MgO catalyst, since these two cata- 
lysts exhibit quite similar superparamag- 
netic behavior. The hyperfinc field data for 
the two catalysts are shown in Fig. 8. JVe 
observe a close agreement between the A 
site magnetic fields for the two catalysts, 
whereas the B site magnetic fields for the 
lead-containing catalyst is somewhat lower. 
This shows that the exchange interactions 
of the B site cations have been lowered, in- 
dicating that the lead must be located at 
the tetrahedral sites (M2). 
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FIG. 8. Temperature dependence of hyperfine 
fields. (0) HA for CrPb-Fe30c (0) HA for 36% 
Fe.@-MgO. (m) Hg for 36% FeaOd-MgO. (0) He 
for CrPb-FeZOr. 

Isomer shift. An analysis of the isomer 
shift gives information about the electron 
density at the nucleus. The isomer shifts 
at temperatures equal to or below room 
temperature of the A site, 8A,Fe, is larger for 
the CrPb-Fe304 catalyst than for the 
Fe304 sample. The decrease in the electron 
density at the nucleus of the A sites for the 
lead-containing catalyst is indicative of a 
decrease in covalency caused by an expan- 
sion of the A site (1112 and M3). The tem- 
perature derivative of the isomer shift As/ 
AT increases when the mean square dis- 
placement of the resonating atom increases. 
We would expect an increase in Ass/AT if 
the A site expands, and this is indeed ob- 
served (M3) _ The radii rA and rB of spheres 
inscribed in the A and B sites, respectively, 
can be given by [see (8) ] : 

rA = (u - 1/4)~3~‘” - Ro (7) 
?"B = (5/8 - U)U - Ro (8) 

where a is the lattice parameter, R, is the 
radius of the oxygen ion, and u is the oxy- 
gen parameter. For the ideal fee oxygen 
lattice u is 3/8. For u > 3/8, Verwey et al. 
(29) showed that the normal configuration 
has the larger Madelung constant and is 
more stable than the inverse configuration. 

The above results showed an increase in 
rA. If this increase is due to a lattice expan- 
sion and not to an increase in u, we would 
expect that the B site has also expanded. 
The X ray diffraction studies showed slight 
increase in the latt,ice constant for lead- 
containing catalysts. However, this ob- 
served lattice expansion can only explain 
a negligible increase in ra, and, thus, an 
increase in u must account for the increase 
in rA. Hence, it follows that the radius of 
the B site must decrease, and this is clearly 
indicated by the decrease in A&/AT (M3). 
From Mijssbauer spectroscopy only infor- 
mation concerning the iron cations is ob- 
tained. From the above results, it appears 
that, when lead is present, a structure with 
a larger value of u is formed (M3). In this 
structure the sizes of all the tetrahedra’l and 
octahedral sites have expanded and con- 
tracted, respectively, in relation to the sites 
in magnetite (M3). The decrease in the 
mean-square displacement of the B cations 
should also show up as an increase in the 
recoil-free fraction, fs, of the B site cations. 
When the Mossbauer spectral areas are 
plotted versus the temperature, we observe 
a smaller decrease in the areas, as the tem- 
perature increases for the spectra of the 
lead-containing catalyst than for those of 
the lead-free catalyst. Thus, fa of the lead- 
containing catalyst is larger than that of 
the lead-free catalyst (M3). 

The CrPb-Fe,O, catalyst did not show 
any y + a-Fe203 transition. As shown by 
deBoer and Selwood (SO), substituting a 
small ion like A13+ into the B site of y-Fe,O, 
stabilizes y-Fe,O, toward the y 4 cu-FezOa 
transition. Thus, the stabilization of the 
y-Fe,Os structure for lead-containing cata- 
lysts observed by X ray diffraction and 
Mijssbauer spectroscopy is consistent with 
(M2) and (M3). 

Quadrupole splitting and S and R ratios. 
When the tetrahedral site expands it is USU- 

ally assumed that the A-site cubic sym- 
metry with respect to its four surrounding 
oxygen ions is retained (8). As a result, the 
oxygens surrounding each B ion no longer 
have cubic symmetry. The quadrupole 
splitting observed by MGssbauer spectros- 
copy depends on the electrical field gradient 
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at the nucleus. Consequently, changes in 
quadrupole splitting will be expected when 
changes in symmetry of the iron ions occur. 
When combined magnetic and quadrupole 
interactions are present and the electrical 
field gradients tensor is axially symmetric, 
the perturbation, E, of each of the excited 
magnetically split levels is given by 

c = e2g&(3 cos” 19 - 1)/S (9) 

where E is the charge of the proton, & is the 
quadrupole moment of the nucleus, eq = 
V,, is the maximum value of the field gradi- 
ent, and 0 is the angle between the principal 
axis of the electric field gradient tensor and 
the magnetic axis. 

For the CrPb-Fe,OB catalyst, values of Q 
are quite close t,o the corresponding values 
for the lead-free samples. In contrast, the 
values of Q for the lead-containing catalyst 
are notably different from the values of 
Q obtained for all other samples. These re- 
sults suggest that for the lead-containing 
catalyst the B sites, but not the A sites, 
change symmetry upon lead substitution 
(M2) 

The value of Q for the CrPb-FesOl cata- 
lyst is smaller than that of Fe,Oc. Compar- 
ing this result with the es data of Dobson 
et al. (.20) on the ZnkFes-rO$ system, where 
Ed was shown to decrease with increasing x, 
also indicates that Pb enters the tetrahedral 
sites. 

So far we have not discussed in detail in 
what valence state the lead is present,. From 
the chemical analysis data given in Table 1, 
Pb4+ satisfies the charge balance better than 
Pb’+ (Ml). Also it seems very unlikely that 
the large Pb’+ ion (r = 1.2 A) could be 
present on either the A- or the B-site, and 
it is more likely that the lead is present as 
Pb”’ (T = 0.84 K) (Ml). 

Now we will deal with the large observed 
value of S for the lead-containing catalyst. 
Let us first consider the structure of a 
chromium-containing catalyst in its most 
general form, 

(Fea2+Fe3+l-a)[Fe3+1+~m&r y3+Fe2+l-g]04. (10) 

Assume that Pb4* enters this structure ac- 
cording to the replacement reaction sym- 
bolized by 

2Fe*+ ---f 0 + Pb4+. 

Then, the structure becomes, 

(11) 

(12) 

In the case of the CrPb-Fe,04 catalyst, x: 
and y are known, and only S remains 
unknown. 

Large values of X can now easily be 
understood in terms of the structure (12). 
The A site FeSmz2+ does not show a spectral 
pattern and is most likely lost in the back- 
ground (9). A low values of SB,Fe is ob- 
served for the lead-containing catalyst. 
This could indicate that the electron hop- 
ping occurs between octahedral ions rich 
in Fe3+; thus the observed B pattern seems 
to be caused by all the B ions. The area 
ratio can now be expressed as 

x = (2 - y)/(l - S). (13) 
Since y is small, values of 6 (only S’S with 
subscript refer to isomer shifts) around 0.5 
can explain the observed value of X (M4). 
This value of S is the value of S for a 
Zn,Fea-,O, sample having the same value 
of E~ as the CrPb-Fe,O, cataIyst. 

From Eq. (12) a value of R = 2.64, inde- 
pendent of 6, would be expected. This is 
somewhat smaller than the observed R. 
Derbyshire and Yearian (31) showed that 
in the Cr,Fe,-,O, spine1 syst’em the differ- 
ence between the mean ionic size of the B 
site ion and the size of the B site (calcu- 
lated from u, a, and R. using Eq. (8) 
stayed constant. Thus, in the CrPb-Fe,Oe 
structure, where the size of the B site has 
decreased, there might be a tendency to- 
ward a decrease in the mean ionic size of 
the B site cations. One possible way this 
decrease can be accomplished is by oxidiz- 
ing some of the Fe2+ ions in the B site ac- 
cording to Eq. (1). If we consider this pos- 
sibility (13)) consistency between both the 
observed R and S ratios are obtained (M5). 

Active Solid Nature of the 
Catalyst Structures 

Upon sintering the CrPb-Fe,O, catalyst 
the structure changes completely, and by 
X ray diffraction we observe the exclusion 
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of the lead from the magnetite phase. The 
Mossbauer spectra become after thorough 
sintering similar to that of Cr-Fe304 (i.e., 
X r 2). Thus the structure of the CrPb- 
FeaO, catalyst appears to be metastable, 
but the structure is stable under reaction 
conditions. 

The Mijssbauer parameters of magnetites 
with and without lead prepared by firing in 
vacuum at high temperatures showed that 
lead does not affect the hyperfine param- 
eters to any great extent. It is known that 
the degree of inversion of a spine1 can de- 
pend on the thermal history, such as the 
quenching temperature (8). Treating the 
fired CrPb-Fe,O, samples in a CO-CO, 
mixture at 703 K does not, however, change 
the Mossbauer spectrum into that of the 
lead-containing catalyst; rather the spec- 
trum resembles that of the sintered Cr- 
Fe304 catalyst. It must, therefore, be con- 
cluded that, under usual ceramic methods 
of preparation, lead does not enter to any 
appreciable extent into magnetites. These 
results also suggest that the structure of the 
catalyst is metastable and that the struc- 
ture might be denoted as an “active solid.” 
Fricke gives three reasons why catalysts 
might be active solids (i.e., solids with 
excess free energy) (32). These reasons are: 
(1) solids with large surface to volume 
ratio, (2) solids containing defects, and (3) 
solids having ‘Lmemory” due to the method 
of preparations. The particle size of the 
catalysts studied here is above the region 
where the surface is expected to be impor- 
tant in determining the structure. However, 
in the case of the Cr-Fe,O, catalyst, there 
does not seem to be an equal number of 
Fez+ and Fe3+ cations on the octahedral 
sites as is the case of the bulk spinel. This 
equality of number was argued by Robbins 
et al. (9) to be favorable due to the electron 
hopping. As the particle size of Fe,O, is 
decreased, a decrease in the electron hop- 
ping time is observed (13). This may 
explain why a different structure for the 
Cr-Fe,O, catalyst is observed. The method 
of preparation has probably also been a 
determining factor in the resulting active 
solids, and it is not surprising that a 
metastable structure arises from a wet 

preparation procedure, but that these struc- 
tures are stable under reaction condition 
shows that the active solids have catalytic 
interest and their structure must be con- 
sidered when describing the nature of the 
catalytic action. 

CONCLUDING REMARKS 

Finally, some speculations on the nature 
of the increased activity of the CrPb-Fe,O, 
catalyst may be offered. Several investiga- 
tions (83-35) have mentioned the import- 
ance of the degree of covalency of the metal 
oxygen bond and electron transfer in oxida- 
tion reactions. Boreskov (35) reports that 
the electron transfer is facilitated by an in- 
crease in the covalent character of the 
metal oxygen bond. Schwab et al. (36) in- 
vestigated the oxidation of CO on ferrites 
and found that the activity could be cor- 
related with the octahedral ions. Since the 
CrPb-FejO, catalyst showed increased co- 
valency of octahedral ions, this could ex- 
plain the increased activity toward the CO 
conversion. 
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