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The activity at 558 K for the CO/Hz reaction over 10% FelTi02 catalysts is lower after reduction 
at 773 K than after reduction at 5.58 K. Subsequent oxidation of the high-temperature reduced 
catalyst restores its activity to that which existed after low-temperature reduction. We consider 
three catalysts: one reduced at 773 K oxidized at 673 K, and then reduced at 558 K (ROXR); one 
oxidized at 673 K then reduced at 558 K (OXRD); and one simply reduced at 558 K (RDOY). The 
turnover rates for the CO/HZ reaction at 558 K are about 100 h-r for each of these catalysts. The 
bulk compositions measured by MGssbauer effect spectroscopy (MES) are similar for the three 
catalysts before use. However, the rates of carburization measured by MES are lower for the two 
oxidized catalysts than for the RDOY catalyst. Also, the surface carbon accumulated on the two 
catalyst. We propose that the residual difference among these catalysts can be explained by the 
presence of subsurface oxygen. Q 1985 Academic press, Inc. 

INTRODUCTION 

The CO/Hz reaction over supported iron 
catalysts has been studied in this laboratory 
over the past few years. Reaction interme- 
diates and reaction sequences have been 
proposed for the Fe/Al203 system (I, 2). 
Similar chemical reaction properties were 
found for Fe/A&O3 and Fe/SiOz catalysts 
during this reaction (2, 3). The behavior of 
FelTi catalyst reduced at various tem- 
peratures has been investigated (4). For the 
FefTiOz system, the CO/Hz reactivity of 
the 558 K reduced sample is higher than 
that of the 773 K reduced sample. In addi- 
tion, a normal hydrogen chemisorption ca- 
pacity was found in this system, regardless 
of the reduction temperature. This is quite 
different from the other Group VIII metals 
supported on TiOa. Possible reasons for 
this different behavior have been discussed 
(4). 

The so-called strong metal-support inter- 
action (SMSI) was first observed by Taus- 
ter et al. (S), and it has been widely investi- 
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gated since then. By those studies, the 
effect of the high-temperature reduction 
(HTRD) of Group VIII metals supported on 
TiOz is generally accepted as caused by a 
combination of geometric and electronic ef- 
fects (4, 6-8, 35, 36). Tauster ef al. (5) also 
pointed out that oxidation of the 773 K re- 
duced sample at 673 K followed by reduc- 
tion at 473 K can completely remove the 
SMSI effect. 

In contrast to the high-temperature re- 
duction effect only a few studies have been 
made on this ~gh-temperature oxidation ef- 
fect. Meriaudeau et al. (9) studied the hy- 
drogenation, dehydrogenation, and hydro- 
genolysis reactions over TiOz-supported Pt, 
Ir, and Rh catalysts. They found that the 
reactivity of the 773 K reduced catalysts 
can be totally or partially restored by oxida- 
tion of these catalysts at 673 K followed by 
473 K reduction in Hz. They explained this 
oxidation effect in terms of the return of the 
Ti02 to its original state. For the FelTi 
system, Santos and Dumesic (IQ) found 
that the CO adsorption increases by an or- 
der of magnitude when the sample which 
has been reduced at 798 K is exposed to air 
at room temperature and then reduced at 
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673 K. In addition, they observed that the reduced-only sample (RDOY). Another 
Mossbauer spectrum of the paramagnetic sample was reduced at 773 K for 16 h then 
component decreased when the HTRD cat- oxidized in pure O2 at 673 K for 2 h fol- 
alyst is exposed to air at room temperature lowed by reduction at 558 K for 25 h, this 
followed by reduction at 693 K (11). They will be the reduced-oxidized-reduced sam- 
concluded that the SMSI can be at least ple (ROXR). Still another sample was oxi- 
partially destroyed by exposure of the cata- dized at 673 K in pure 02 for 2 h followed by 
lyst to air at room temperature. In a pre- reduction at 558 K for 25 h, this will be the 
vious paper (4), we also pointed out that oxidized-reduced sample (OXRD). The 
CO/H2 reaction activity of the 773 K re- samples which have just merged from the 
duced Fe/TiOz catalyst increased 50% after final reduction processes are called unused 
exposure of the catalyst to air for 24 h. samples. During the course of changing 
However, the high-temperature oxidation temperature in these procedures, the sam- 
effect for the Fe/TiOz system has never ple was exposed to helium. The gases used 
been reported. in this study were of high-purity grade. 

We present here a study of the high-tem- 
perature oxidation effect on the CO hydro- 
genation reaction over Fe supported on 
TiOz. One sample was reduced at 773 K 
followed by oxidation at 673 K and then 
reduced at 558 K. In order to investigate 
the effect of the high-temperature oxidation 
on the SMSI, results for the 558 and 773 K 
reduced catalysts are also presented. The 
latter is believed to be associated with the 
so-called SMSI effect and the former is not. 
In addition, a first oxidized then reduced 
catalyst was studied to compare the oxida- 
tion effect with and without the initial high- 
temperature reduction. In this work, we 
used the transient method to study the sur- 
face species and reaction sequences. Moss- 
bauer effect spectroscopy (MES) was em- 
ployed to monitor the catalyst bulk phase 
during various treatments. The particle size 
was measured by X-ray diffractometry and 
compared with the size calculated by hy- 
drogen chemisorption. 

Chemisorption Measurement 

The Hz chemisorption was measured by 
the so-called flow desorption method (4). 
Hydrogen chemisorption has traditionally 
been performed in the static mode: how- 
ever, flow chemisorption techniques have 
recently been gaining acceptance. Thor- 
ough studies have been reported by Free1 
(12) and Sashital et al. (13). The difference 
between the traditional static mode and the 
flow technique has been discussed by 
Amelse et al. (14). The advantage of the 
desorption method, especially for a slow 
chemisorption process, was discussed by 
Dalla Betta (IS). A good agreement of the 
particle size calculated by this method and 
other physical means (XRD and TEM) 
were reported by several authors for sup- 
ported iron catalysts (2, 14, 16). The de- 
tails of this method have been given by 
Amelse et al. (24) and Tau and Bennett (4). 

Kinetic Measurements and Miissbauer 

EXPERIMENTAL 
Spectroscopy 

Catalyst Preparation 

The catalyst used in this work is the same 
as that of the previous study (4). Three 
sample were studied. The common pre- 
treatment of these samples consisted of 
heating in flowing He at 400 K for 2 h. After 
this pretreatment one sample was reduced 
at 558 K for 25 h, we will refer to it as the 

The kinetic studies were conducted at at- 
mospheric pressure in a small stainless- 
steel reactor. The conversions were kept at 
less than 5% so that the reactor operated in 
a differential mode. The size range of cata- 
lysts particles for the kinetic studies was 
590-840 ,um. Mossbauer effect spectros- 
copy was performed in an in situ cell. The 
instrument, flow diagram, and the operating 
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conditions have been reported elsewhere 
(IA). Without special mention, all the ki- 
netic experiments were carried out at 558 K 
and atmospheric pressure. The Mossbauer 
spectrum was measured at 300 K after 
quenching from 558 K in CO/HZ. 

X-Ray Diffraction (XRD) 

X-Ray line broadening experiments were 
conducted with a Diano-XRD 8000 diffrac- 
tometer using Cuba! radiation passed 
through a diffraction monochromater. The 
experiments were the same as those in a 
previous paper (4). 

RESULTS 

Chemisorption and XRD Results 

Chemisorption results for HZ are pre- 
sented in Table 1. It can be seen that after 
oxidation at 673 K then reduction at 558 K, 
the HZ chemisorption capacity of the origi- 
nal 773 K reduced catalyst increased. This 
result is consistent with previous studies 
(5, 9). The H2 chemisorption capacities of 
these samples are ordered OXRD > ROXR 
> RDOY > HTRD. The particle size mea- 
sured by X-ray diffraction are also pre- 
sented in the same table. A good agreement 
of the particle size calculated by both meth- 
ods can be found in the table. In general, 
the XRD and chemisorption results show a 
similar trend in diameter of particles. How- 
ever, this is not true for most of the Group 

TABLE 1 

Particle Size Characterization and Chemisorption 
Results for Unused Catalysts 

Sample Chemisorption 
of H2 

(pmolk) 

ROXR 25.2 
OXRD 31.2 
RDOY 19.6 
HTRDb 12.0 

n From H2 chemisorption. 
b 773 K reduced catalyst. 

Particle XRD 
size” result 
(& (4 

288 300 
230 280 
355 330 
600 450 

TABLE 2 

Bulk-Phase Compositions of Unused Catalysts after 
Reduction at Various Conditions 

Sample Fe(O) (%) Fez+ (%) Few3+ 
m 

ROXR 52.8 28.4 18.7 
OXRD 50.9 28.9 20.2 
RDOY 55.9 29.9 14.2 

VIII metals supported on TiOz after reduc- 
tion at high temperature. Tauster et al. (5), 
Baker et al. (17, I@, Resasco and Haller 
(29), and some other authors found that the 
particle size is constant regardless of the 
reduction temperature. However, the che- 
misorption capacity for the high-tempera- 
ture reduced catalyst is suppressed. In the 
Fe/TiOz system, a good agreement has 
been observed by Jiang et al. (16) and Tau 
and Bennett (4). This result may be caused 
if (1) the suppression of H2 chemisorption 
on Fe/TiOz during the SMSI situation is not 
as strong as other systems; (2) the chemi- 
sorption measured for the Fe/Ti02 system 
is carried out by the so-called desorption 
method by both authors. It is worthwhile to 
point out that the nonsuppression of the H2 
chemisorption does not imply that there is 
no SMSI effect in the Fe/TiOz system (4). 
In addition, although there are differences 
among the ROXR, OXRD, and RDOY cat- 
alysts for the HZ chemisorption, these dif- 
ferences are quite small. 

MES Results on Unused Catalysts 

It is interesting to know whether the 
bulk-phase compositions of these three 
samples are similar. Mossbauer spectra of 
these three unused catalysts are presented 
in Figs. la, b, and c. The bulk-phase com- 
positions are shown in Table 2. It can be 
seen that the RDOY catalyst has the high- 
est quantity of Fe(O) and the OXRD cata- 
lyst contains the lowest quantity of Fe(O). 
This result indicates that the high-tempera- 
ture oxidation slightly inhibits the subse- 
quent reduction process. In order to illus- 
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I Fe+*‘3 
alyst. The bulk-phase compositions of 
these precursors are listed in Table 3. It can 
be seen that the a-Fe203 contents in these 
samples are ordered Fig. 2c > Fig. 2b > 
Fig. 2a. From the structural point of view 
and from the thermodynamic point of view 
(20), Q-Fe203 is more stable than Fe(NO& . 
In addition, Aharoni (21) studied the reduc- 
tion of iron oxide and proposed that the re- 
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1. Miissbauer spectra of unused 10% Fe/TiOz. f  1.o 

Samples: (a) RDOY, (b) ROXR, (c) OXRD. .E 
E 
5 1.6 

trate this matter further, another set of 
Mossbauer results is presented. Figure 2a 2.0 

shows the oven-dried sample, which is the 
precursor of the RDOY catalyst. Figure 2b 2” 
shows the sample reduced at 773 K then 

r 0.2 
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Velocity in (mmlsec) 
oxidized at 673 K, which is the precursor of _~ _ , ,., . ^ . 
the ROXR catalyst. Figure 2c shows the rlo. L. MossDauer spectra ot catalyst precursors of 

sample oven-dried and then oxidized at 673 
10% Fe/TiO*. (a) Oven-dried only; (b) reduced at 773 

K, which is the precursor of the OXRD cat- 
K for 16 h followed by oxidation at 673 K for 2 h; (c) 
oxidized at 673 K for 2 h. 
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duction process of a-Fe203 would be 

a-Fea03 * y-Fez03 + 

Fe304 + Fe0 + Fe(O) 

Boudart et al. (22) studied the Fe/MgO 
system and found that when the small iron 
particles are oxidized by O2 at 500 K it con- 
verted to y-Fe*Os. Further treatment at 620 
K in O2 transformed the larger particle size 
to a-FezOJ. This indicates that the a-Fez03 
is stabler than y-Fe203. 

Following these arguments, it is under- 
standable that the precursor of the RDOY 
catalyst is the easiest one to reduce among 
these three samples. This result also indi- 
cates that oxidation at any stage, before or 
after reduction, leads to a difficult reduc- 
tion. However, in any event, the differ- 
ences in the bulk-phase compositions 
among these unused catalysts are small. 
The hydrogen chemisorption and Moss- 
bauer results of the unused samples show 
that the physical properties of these three 
materials are similar. 

Kinetic Results 

CO/Hz reaction over unused catalyst. 
Figure 3 shows the CHJ formation at 558 K 
for the four samples. The reactant is 10% 
CO/HZ. The amount of catalyst is 50 mg 
and the flow rate is 30 ml/min. It can be 
seen from the figure that the OXRD catalyst 
has the highest CH4 activity per gram of 
supported catalyst followed by the ROXR 
and then by the RDOY catalysts. Also 
shown is the HTRD catalyst, which has 
markedly reduced activity. It is clear that 
the activity of the HTRD catalyst has been 
increased by the oxidation sequences 

TABLE 3 

Bulk-Phase Compositions of Catalyst Precursors 

Sample 

a-Fez09 % 
y-FeZO, % 
Fe + 3% 

ROXR OXRD RDOY 

68.27 74.5 - 
- - 30.9 

31.73 25.5 69.1 

D 

0 
0 20 60 120 

The. min 

FIG. 3. Rate of CH4 formation for the reaction of 
10% CO/Hz at 558 K over 10% Fe/TiO* treated under 
various conditions. Samples: (A) RDOY, (B) ROXR, 
(C) OXRD, (D) HTRD (773 K). 

(ROXR) so that its activity is even higher 
than the RDOY catalyst (LTR catalyst, 
(4)). The highest activity is obtained by 
avoiding any HTRD, the case for the 
OXRD sample. 

Assuming one site per H atom, the tum- 
over rates for CH4 formation after 20 min 
can be calculated from Fig. 3 and Table 1. 
The results are: OXRD, 102 h-i; ROXR, 
106 h-l; RDOY, 95 h-l; and HTRD, 22.5 
h-i. Thus, all the catalysts with a final low- 
temperature reduction are similar; the 
HTRD catalyst is in a separate category. 
Supposedly, the low activity of the HTRD 
catalyst arises from a SMSI effect and not 
from a supposed particle size effect, such 
as that observed for Fe/MgO catalysts (22), 
associated with structure sensitivity. 

We repeated the kinetic studies using 
33% CO/Hz and 6.5% CO/H2 instead of us- 
ing 10% CO/H*. The same trend has been 
observed in these reactions and the results 
are presented in Fig. 4. These results con- 
firmed that the preoxidation of the catalyst 
gives a higher CO/H2 reactivity per gram 
than the reduced-only catalyst. The general 
trends in Figs. 3 and 4 imply that the reac- 
tion sequences of the CO/Hz reaction over 
these samples are probably the same. If this 
is true, the activation energy of these three 
catalysts should be the same. The activa- 
tion energies are close for these three cata- 
lysts (see also Fig. 5). 

Some data on the selectivity of the three 
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rime, min 

FIG. 4. Rate of CH4 formation for the CO/H2 reac- 
tion at 558 K over 10% Fe/TiOz. (A) RDOY, 33% CO/ 
Hz ; (B) ROXR, 33% CO/H2 ; (C) OXRD, 33% CO/H2 ; 
(D) RDOY, 6.5% CO/H,; (E) ROXR, 6.5% CO/H,; 
(F) OXRD, 6.5% CO/H*. 

catalysts for the CO/H2 reaction are given 
in Table 4. The oxidized samples lead to a 
higher ratio C1/C2+ and to less decrease in 
this ratio with time on stream. 

State of Used Catalysts 

Hydrogen titrations. After an unused cat- 
alyst is exposed to the CO/H2 gas stream, it 
is called a used catalyst. After a certain 
time of 10% CO/Hz on stream, the feed into 
the reactor was switched to HZ at 558 K. 
The CH4 formation during the HZ titration 
of the RDOY catalyst is presented in Fig. 6. 

- I  

low 

FIG. 5. Arrhenius plot from Fig. 3 for rates at 20 
min. 

The Ratio of C,/C,+ for the Catalysts Reacted for 
Various Times in 10% CO/H2 at 558 K 

Reaction 
time 
(min) RDOY 

Sample 

OXRD ROXR 

10 1.52 1.84 1.77 
20 1.49 1.88 1.80 
30 1.42 1.85 1.74 
40 1.36 1.81 1.72 
50 1.27 1.78 1.69 

120 0.98 1.50 1.36 

The CH4 formation of the OXRD and 
ROXR catalysts are similar to Fig. 6 except 
that more CH4 is formed. Table 5a lists the 
quantity of CH4 formed for these three sam- 
ples during this HZ titration. The OXRD 
catalyst forms more CH4 than the ROXR 
catalyst and the RDOY catalyst has the 
least amount of CH4. Careful study of Fig. 
6 has been made and presented in a sepa- 
rate paper (23). It was found that there are 
two active surface species during the CO/ 
HZ reaction at 558 K. The initial surge in 
Fig. 6 comes to a maximum value for the 
CO/H2 reaction at about 2 min. For longer 
reaction time, the height of the peak de- 
creases while the total amount of the CH4 
formation increases. 

FIG. 6. Methane produced by a switch to hydrogen 
after various times of 10% CO/H2 reactions at 558 K, 
RDOY catalyst. (1) 10 s; (2) 30 s; (3) 60 s; (4) 2 min; (5) 
5 min; (6) 10 min. 
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TABLE 5 

CH4 Formation after the Catalysts are Exposed to 
10% CO/Hz for Various Times and then Switched to 

Hz at 558 K 

Reaction time 
(9 

10 30 60 120 300 

ROXR 
OXRD 
RDOY 

ROXR” 

OXRD 

RDOY 

(a) CHI formation (+mol/g) 
53.6 120.0 221.1 413.0 797.2 
49.7 107.0 194.1 395.2 700.2 
21.5 46.2 83.3 149.5 383.6 

(b) CHI formation (pmoifpmo1 H adsorbed) 
($b 2.38 4.38 8.19 15.8 

(1.0) (1.0) (1.0) (1.0) 
PO:& 1.71 3.11 6.30 11.2 

(0.71) (0.71) (0.76) (0.71) 
0.55 1.18 2.15 3.55 

(0.52) (0.56) (0.49) fO.‘w &) 

@ ROXR is the basis. 
* The values in parentheses are the relative dues to 

ROXR. 

It is instructive to consider the methane 
produced and listed in Table Sb per unit ac- 
tive site; the same basis as that used to caI- 
culate the turnover rate. On this basis it is 
clear that the oxidized catalysts accumulate 
more carbon species than the RDOY cata- 
lyst, even though their turnover rates for 
the CO/Hz reaction are about the same. The 
relative quantities of CH4 do not change 
very much with time, and the following val- 
ues can be derived: ROXR, 1.0 (basis); 
OXRD, 0.73; RDOY, 0.51. The calculated 
results are shown in Table 5b. In what fol- 
lows we shall see that no bulk carbides are 

0 120 240 360 
Ilme. mln 

FIG. 7. Carbide formation for iron catalysts during FIG. 8. Mbssbauer spectra of FelTi catalysts after 
reaction of 10% CO/H2 at 558 K. Samples: (1) RDOY, exposure to 10% CO/H2 for 60 min at 5.58 K. Samples: 
(2) OXRD, (3) ROXR, (4) 773 K reduced sample. (a) RDOY, (b) OXRD, (c) ROXR. 

detected until after 6 min, so all this meth- 
ane has its source in surface carbon-con- 
taining species. 

Mossbauer results for the catalysts dur- 
ing CO/E& reaction. The percentage of car- 
bide formed during the 10% CO/Hz reaction 
is plotted against the reaction time in Fig. 7 
for the three samples. Owing to space limi- 
tations, we present only one set of our 
Miissbauer spectra in Fig. 8. The bulk- 

I’ ’ ’ b , 

18 6 . I 
b 
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phase compositions from Fig. 7 after 60 
min. are listed in Table 6. The curve-fitting 
procedures and constraints were described 
elsewhere (3, 4). Both E’- and x-carbides 
have been found during the carburization 
process. However, no unknown carbide 
can be detected. The Mossbauer parame- 
ters of E’- and x-carbide are shown in Table 
7. It can be seen from Fig. 7 that during the 
first 6 min. of reaction, no bulk-phase car- 
bide can be detected. In other words, the 
reactivity of the surface carbon with the 
surface hydrogen is high compared to the 
rate of diffusion into the bulk phase. In the 
kinetic study, we found that during the CO/ 
Hz reaction, CHJ activity keeps increasing 
for the initial 10 min. In addition, under the 
HZ titration, the height of the CH4 peaks 
starts to decrease only when the reaction 
time is somewhere around 10 min. Both 
results indicate that the surface species are 
very active during the first 10 min. of reac- 
tion. Our Mossbauer and kinetic results are 
consistent with each other. The Mossbauer 
result in this work is different from those of 
the Fe/SiOz and Fe/A1203 systems under 
the same reaction conditions. In those sys- 
tems, some &‘-carbide was found within 10 
min (3). Figure 7 also shows that after the 
initial induction period, the carbide forma- 
tion in these catalysts is rapid for about 60 
min. The reaction between surface carbon 
and Fe is relatively favored over the reac- 
tion of surface carbon and hydrogen. Our 
kinetic results partly support this argument, 
since we found that the fast carbide forma- 
tion region corresponds to a declining rate 

TABLE 6 

The Bulk-Phase Components Analyzed by 
MBssbauer Spectroscopy after 60 min of 10% CO/H2 

Reaction 

Sample Fe(O) Fez+ Few3+ &I- X- 
m (%I (%I Carbide Carbide 

ROXR 22.4 27.1 17.7 11.0 21.8 
OXRD 18.0 27.9 19.8 10.0 24.3 
RDOY 9.6 28.2 14.2 9.6 38.3 

TABLE 7 

Mijssbauer Parameters of Carbides at T = 298 K 

Carbide 

x-Fe& 

E’-Fe& 

Fe site 

(1) 
(II) 
(III) 

IS HF 
(mm/s) We) 

0.10 190.0 
0.15 215.0 
0.19 116.0 

0.05 174.0 

of CH4 production. This may also be the 
reason that, during the Hz titration, the 
height of the peak decreases when the CO/ 
HZ reaction time is more than 10 min. Fig- 
ure 7d presents the carbide formation for 
the 773 K reduced catalyst and it is com- 
pletely different from that of the other three 
catalysts. The slow carburization rate of 
this high-temperature reduced catalyst has 
been discussed in a previous paper (4). 
That the SMSI effect can be removed by 
the high-temperature oxidation is proved 
again by the Mossbauer results. 

Decarburization after CO/Hz. After 375 
min of 10% CO/Hz on stream, the feed into 
the system was switched to H2 to attempt to 
identify the surface species and to decarbu- 
rize the bulk-phase carbide. The surface 
species identification for the RDOY cata- 
lyst has been discussed (23). Figure 9 
presents the Mossbauer spectra of these 
three catalysts after decarburization for 7 h. 
It can be seen that there is a great differ- 
ence among these catalysts. After 7 h de- 
carburization in HZ, the RDOY catalyst 
contains Fe(O) and Fe(+2) only. However, 
some carbide is found in the bulk phase of 
the ROXR and OXRD catalysts. In order to 
study this matter further, a similar experi- 
ment has been carried out by mass spec- 
trometry. After 6 h of 10% CO/H2 reaction 
at 558 K, we switched the feed stream to H2 
for 7 h at this temperature then quickly in- 
creased the temperature to 723 K (16 K/ 
min) in He followed by switching back to 
HZ at this temperature. The results are pre- 
sented in Figs. 10a and b. In Fig. lob, we 
found that the RDOY catalyst contains no 



416 TAU AND BENNETT 

E 
0.4 

8 0.6 

2 
g 0s . 

4 1.0. 

1.2 . 

1.6 k 

2.5 _ 

I 
I* * j. a a # # c -8 -6 -4 -2 0 2 4 6 8 

Velocity in (mm/s& 

FIG. 9. Mdssbauer spectra of 10% Fe/TiO* after 
treating in 10% CO/H2 for 375 min switch to hydrogen 
for 7 h at 558 K. Samples: (a) RROY, (b) OXRD, (c) 
ROXR. 

carbide at all; the others still show lots of 
carbon in the bulk. This result is consistent 
with the Mossbauer result. Therefore, we 
conclude that the decarburization rate for 
the RDOY catalyst is faster than those of 
the preoxidized catalysts. A careful study 
of Fig. 10a provides us with the same con- 
clusion, since after 40 min of H2 on stream, 

Time, min 

FIG. 10. (a) Methane produced by a switch to hydro- 
gen after 6 h reaction in 10% CO/& at 558 K. Sam- 
ples: (1) OXRD, (2) ROXR, (3) RDOY. (b) Methane --_ 
produced by a switch to hydrogen at 723 K of samples 

the rate of CHd formation of the RDOY cat- of (a). Samples: (1) ROXR, (2) OXRD, (3) RDOY. 

alyst is higher than the others. In other 
words, during the HZ titration process, the 
bulk-phase carbon has been removed. The 
slow carburization and decarburization ex- 
periments by Mossbauer spectroscopy and 
mass spectrometry do not impIy that the 
bulk-phase carbide of OXRD and ROXR 
catalysts cannot be fully obtained or re- 
moved. It only implies that the reaction rate 
of carbon and bulk-phase iron of these pre- 
oxidized catalysts are relatively slow when 
compared with the RDOY catalysts. 

In a previous work (2), we used the HZ 
titration and Mossbauer results to distin- 
guish between the bulk-phase carbide and 
surface graphite in the Fe/A1203 system. 
The dec~bu~zation rate for the Fe~Al~O~ 
system has been qualitatively calculated. 
We were able to do this because of the fast 
decarburization rate. In the present work, 
owing to the slow reaction kinetics, there is 

a 

Time. min 

b 
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no way that we can distinguish the bulk- 
phase carbide and surface graphite. This 
makes it difficult to explain the slow decar- 
burization of OXRD and ROXR catalysts. 
In other words, whether the slow decarbu- 
rization of these two catalysts is caused by 
the existence of huge amounts of surface 
inactive graphite or by the slow bulk-phase 
kinetics cannot be determined at this mo- 
ment. 

DISCUSSION 

The results of this study can be summa- 
rized as follows. 

1. The crystallite sizes for the ROXR and 
the OXRD catalysts are slightly lower than 
those of the RDOY catalyst. The HTRD 
(SMSI) sample crystallites are almost twice 
the diameter of those of the other three cat- 
alysts (Table 1). Also, some suppression of 
HZ chemisorption is observed for this mate- 
rial. 

2. The ROXR catalyst, made from HTRD 
catalyst, shows activity and carburization 
behavior such that the SMSI effect has 
been effectively cancelled (Figs. 3 and 7). 

3. The catalysts, ROXR, OXRD, and 
RDOY, show about the same turnover rate 
at 558 K (100 h-l) and exhibit also about the 
same bulk composition (Table 2). Their ac- 
tivation energies for the CO/Hz reaction are 
similar (100 kJ/ml) (Fig. 5). 

4. The selectivities, C1/C2+, for the two 
samples pretreated in oxygen are consider- 
ably higher than that of the RDOY catalyst 
(Table 4). However, the amounts of active 
carbon containing intermediates (detected 
after 6 min of reaction) are in the ratio 
ROXR, 1.0; OXRD, 0.73; RDOY, 0.51 (Ta- 
ble 5b). Ordinarily, a higher H/C ratio on 
the surface leads to a higher C1/C2+ produc- 
tion. 

5. The rate of carburization of the two 
preoxidized samples is considerably lower 
than that of the RDOY catalyst (Fig. 7). 
Also, the extent of decarburization after 7 h 
in HZ at 558 K is drastically less for the 
sample pretreated with oxygen than for the 
RDOY catalyst (Fig. lob). 

To explain the difference in the behavior 
of the three LTR catalysts we favor the idea 
that some oxygen is retained in those cata- 
lysts treated with oxygen. Since the bulk 
compositions are similar, and little surface 
oxygen could not survive during the CO/H2 
reaction, we are led to the postulation of 
the existence of subsurface oxygen. Geo- 
metric surface effects do not seem proba- 
ble. The presence of the subsurface oxygen 
must lead to electronic effects that, by 
some kind of compensation, cause more ac- 
cumulation of carbon-containing intermedi- 
ate and higher CI/C2+ selectivity while the 
turnover rate and activation energy are lit- 
tle changed. 

The most dramatic effects of the oxygen 
treatments are those on the rates of bulk 
carburization and decarburization. We 
have shown (3) that the surface composi- 
tion of Fe/A1203 seems to control the rate 
of carburization. Thus, it is logical that sub- 
surface oxygen could influence the basis 
which seems to exist between the surface 
and the bulk for carbon transfer. The rate of 
diffusion of C in cr-Fe is very high (3). 

Effects of pretreatments have been seen 
previously on Group VIII metals. Amarig- 
lio et al. (24) reported that preoxidation of a 
Rh ribbon increased its activity for ethylene 
hydrogenation. Taylor et al. (25) found that 
preoxidation enhanced the NO reduction 
activity for Pt and Pd supported on A1203 
but not for Ru/A1203. Hecker and Bell (26) 
found that preoxidation enhanced the NO 
reduction 50% for the Rh/SiOz system even 
at a steady state. Dwyer and Somorjai (27) 
found that the oxidized iron catalyst has 10 
times the reactivity of the reduced-only cat- 
alyst for the CO/H2 reaction. They sug- 
gested this is because the Fe(O) sites cre- 
ated by the reduction of the preoxidized 
catalyst are more active than those of the 
reduced-only catalyst. However, those au- 
thors noted that the effect of the pretreat- 
ment is not a simple function of the catalyst 
dispersion. 

It has been suggested (4, 7; 8) that the 
SMSI for Fe/TiOz is caused by migration of 
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TiO, onto the surface of the large (250-400 
A) iron particles involved. The TiO, on iron 
has a certain geometric effect, since it can 
alter the distribution of ensembles of iron 
atoms. However, an electronic effect is 
also rendered more probable because of the 
enlarged contact between the iron and TiO, 
(4). The effective mean size of the iron par- 
ticles has been increased (Table l), and the 
iron crystallite may change their shapes 
(17, 18). After oxidation, Table 3 shows 
that the iron is all returned to the 3+ state 
(precursor of the ROXR catalyst). Upon re- 
newed reduction at 558 K the original parti- 
cle size, chemisorption, and activity are re- 
covered (ROXR = RDOY). However, to 
explain the differences in selectivity and 
carburization (ROXR # RDOY), we pro- 
pose that some of the oxygen remains tena- 
ciously held just below the surface of the 
reduced iron crystallites. 

The presence of subsurface oxygen is 
supported by recent studies. Vasilevich et 
al. (28) and Benninghoven et al. (29) found 
subsurface oxygen during the course of iron 
oxidation. Subsurface oxygen was also 
found in Pd, Ru, Pt, and Ir systems during 
the course of oxidation (30-33). In addi- 
tion, such subsurface oxygen is resistant to 
reduction at temperatures below about 600 
K. The pressure of this subsurface oxygen 
would modify the electronic properties of 
Fe on the surface. Benziger and Madix (34) 
studied the effect of an oxygen adlayer on 
CO and HZ adsorption over Fe(lOO) and 
found that both CO and H2 adsorption and 
dissociation are blocked by the existence of 
the oxygen adlayer. Their study also 
showed that the CO blocking is greater than 
the Hz blocking. In other words, the iron 
surface with adlayer oxygen will have 
higher H/C ratio than the Fe surface with- 
out an oxygen adlayer. 

These results cannot be carried over 
completely to our studies at 558 K, where 
we expect subsurface oxygen and not ad- 
sorbed oxygen. However, it was reasonable 
to expect this oxygen, just below the top 
iron atoms, to affect the behavior of the 

catalyst, even if it is not possible to ration- 
alize the directions of all the changes ob- 
served. A definitive answer to whether the 
proposed explanation of our results is true 
must await experiments which would phys- 
ically detect (or not) the subsurface oxy- 
gen. 
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