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Catalysts prepared by thermally decomposing Fe(CO)r on A120S powder or Ni/AlrOr catalysts 
were studied using both methanation reaction kinetics measurements and in situ Miissbauer spec- 
troscopy. Iron-induced shifts in the kinetic parameters of the methanation reaction over supported 
nickel catalysts are the consequence of both pore-mouth blocking of the alumina micropores by 
iron particles and the interaction of iron with nickel particles in the macropores of the support. The 
presence of nickel appears to facilitate the formation of zero-valent iron during the decomposition 
of Fe(CO),. In addition, Auger electron spectroscopy (AES) studies of model Ni/A1201 samples 
composed of nickel evaporated onto thin films of alumina demonstrated that, at low partial pres- 
sures, Fe(CO)r decomposes preferentially on nickel surfaces rather than on A&O+ Besides pore- 
mouth blocking, iron-induced deactivation of nickel methanation catalysts can also be attributed to -_ 
the deposition of carbon on the catalyst. 

INTRODUCTION 

In a previous publication (I), the mecha- 
nism of iron carbonyl-induced deactivation 
of alumina-supported nickel methanation 
catalysts was investigated using both reac- 
tion kinetics measurements and in situ 
Mtissbauer spectroscopy. It was concluded 
that the iron-induced decrease in methana- 
tion activity of Ni/A120J catalysts was due 
primarily to blocking of micropores by the 
Fe particles formed during the diffusion- 
limited decomposition of iron carbonyl. In 
this paper, attention is focused on assessing 
both the contribution of iron deposits to the 
catalytic activity and the importance of in- 
teractions between iron and nickel in shift- 
ing the kinetic properties of these iron-de- 
activated nickel methanation catalysts. For 
these purposes, methanation kinetics mea- 
surements and in situ Mossbauer spectros- 
copy studies were carried out on samples 
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prepared by depositing different distribu- 
tions of iron on Ni/A1203 and A1203. In addi- 
tion, Auger electron spectroscopy studies 
on low surface area, model ,samples were 
conducted to provide direct evidence for 
the interaction between Ni particles and Fe 
deposited from the decomposition of 
Fe(C0)5. 

EXPERIMENTAL 

Preparation of High Surface Area 
Catalysts with Different Iron 
Distributions 

In run AlFe-1 ,,iron was deposited onto y- 
A120s powder (Davison, SMR-7, 170/200 
mesh) via Fe(CO& decomposition following 
the same procedure used in the previous 
study of iron-induced deactivation of Ni/ 
A&O3 methanation catalysts (I). In short, 
the A1203 (0.25 g) was placed in a Moss- 
bauer spectroscopy cell, described else- 
where (2), whichalso served as a methana- 
tion reactor. The sample was then given 
three consecutive doses of 57Fe(C0)5, for a 
total of 9.6 h, under methanation reaction 
conditions (using the procedure from run 
NiFe-3 in the previous paper (I): tempera- 
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ture of 620-650 K, total pressure near 0.15 
MPa, and H,:CO = 7: 1). 

The catalyst preparation for run AIFe-2 
was essentially the same as that for run 
AlFe-1, except for a l-h in situ treatment in 
H20-containing gases prior to each dose of 
Fe(C0)5. Specifically, 0.25 g of a 5.74 wt% 
Ni/A1203 catalyst (the preparation of which 
has been described in Ref. (I)) was placed 
in a “prereactor” upstream from the Moss- 
bauer spectroscopy cell (2) containing the 
Y-A1203 powder. Both the AllO3 and the Ni/ 
A1203 catalyst were first heated in flowing 
H2 to 723 K using the temperature schedule 
described elsewhere (3). Prior to each dose 
of Fe(CO)S, synthesis gas (H2: CO = 7 : 1 
and total pressure near 0.15 MPa) was 
passed through the reactor network for 1 h 
with both the prereactor and the Mossbauer 
spectroscopy cell at ca. 620 K. By control- 
ling the CO conversion in the prereactor 
(via adjustment of the prereactor tempera- 
ture), the A&O3 powder in the cell could be 
conditioned in a H20-containing atmo- 
sphere similar to that which existed in pre- 
vious deactivation studies of Ni/A1203 (I). 
(The HZ0 content was typically 0.90- 
1.25%.) The prereactor was then bypassed 
and the A1203 powder was dosed with 
57Fe(C0)5 for 2 h. This HZ0 treatment and 
Fe(CO)S dosing procedure were repeated 
three times (for a total of 6 h Fe(CO)S treat- 
ment) before the Fe-deposited A&O3 pow- 
der was characterized using Mossbauer 
spectroscopy. 

In run NiFe-U, a uniform distribution of 
iron was deposited on the Ni/AlZ03 catalyst 
in the following manner. The 5.74 wt% Ni/ 
A&O3 catalyst (ca. 1 g) was loaded into a 
Pyrex sample cell and dried under vacuum 
at 393 K. After cooling to room tempera- 
ture under vacuum, Fe(CO)S vapor (ca. 60 
pmol) with the natural abundance of 57Fe 
(2.2%) was admitted to the sample cell. Ad- 
sorption was then allowed to proceed for 
several minutes. The sample cell was sub- 
sequently heated to 380 K at the same time 
that the cell was being evacuated with a 
roughing pump. This thermal decomposi- 

tion of Fe(CO)S was carried out overnight. 
The all-glass vacuum systems used for 
Fe(C0)5 handling and thermal decomposi- 
tion have been described elsewhere (4, 5). 
The iron-containing Ni/A1203 catalyst was 
then treated in flowing H2 at 650 K. This 
treatment ensured that the adsorbed 
Fe(C0)5 was completely decomposed, as 
Brenner and Hucul (6) have reported the 
formation of subcarbonyl species for 
Fe(CO)S on A1203 after treatment at 390 K. 
Passivation of the catalyst was carried out 
by letting air diffuse into the He-filled sam- 
ple cell at room temperature. Finally, the 
catalyst was reduced in the Mossbauer 
spectroscopy cell at 650 K before methana- 
tion kinetics measurements. However, due 
to the low 57Fe concentration on the cata- 
lyst, it was not characterized using Moss- 
bauer spectroscopy. 

Preparation and Characterization of Low 
Surface Area, Model Samples 

The preparation of model Ni/A1203 sam- 
ples is depicted schematically in Fig. 1. A 
high purity aluminum foil (Alfa-Ventron 
99.997%) was first chemically cleaned in 
successive solutions of acetone, methanol, 
and distilled water, respectively. The foil 
was then chemically polished at 350 K for 3 
min in a solution consisting of 100 ml 
H3P04, 5 ml HN03, and 20 ml distilled wa- 
ter. An aluminum oxide layer was grown by 
anodization of the polished aluminum foil at 
22.5 V in 3 wt% ammonium tartrate solu- 
tion (pH = 7, maximum current density = 1 
mA/cm*). This treatment produced a non- 
porous alumina layer with a thickness of 
about 30 nm (7). To convert this amor- 
phous alumina layer to y-alumina, the foil 
was further treated in oxygen at 870 K for 
20 h (7). 

Two or three segments (ca. 15 by 8 mm 
each) of the oxidized foil were placed in a 
vacuum metal evaporator. With one-half of 
each segment covered by a glass micro- 
scope slide, the samples were simulta- 
neously coated with approximately 1.5 nm 
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FIG. 1. Schematic preparation of model Ni/A1203 
samples. The corresponding Auger electron spectra 
are shown in Fig. 4. 

of nickel at a background pressure of ca. 5 
x lo-’ Pa. Thus, for each segment, one-half 
of the sample was covered with a nickel 
overlayer to model a Ni/A1203 catalyst, 
while the other half was free of Ni and 
served as an A1203 control (see Fig. 1). 
These segments were then treated in flow- 
ing Hz at 720 K for 2.5 h, and they were 
then subjected to various Fe(CO)5 treat- 
ments as described for run NiFe-U (also 
see Fig. 1). They were subsequently pas- 
sivated at room temperature, by allowing 
air to diffuse into the sample cell, and trans- 
ferred to an Auger electron spectrometer 
for surface characterization. 

Auger electron spectroscopy (AES) stud- 
ies on the above model samples were car- 
ried out in a Physical Electronics model 548 
ESCA/AES spectrometer. The electron 
takeoff angle (relative to sample surface) of 
the sample holder was 33”. 

Characterization and Methanation Studies 
of High Surface Area Catalysts 

In situ Miissbauer spectroscopy and 
methanation kinetics measurements were 
carried out as described elsewhere (I). All 
methanation activities reported in this pa- 
per are per gram of catalyst. This is done to 
assess the contribution of iron to the cata- 
lytic activity of the above series of related 
catalysts. BET surface area measurements 
were made using an all-glass, high-vacuum 
system. This was done volumetrically by 
dosing known amounts of Nz into a glass 
cell containing the sample and simulta- 
neously measuring the gas phase pressure, 
as described previously (8). 

RESULTS 

Methanation Kinetics 

The methanation activity of catalyst 
AlFe-1 was significantly lower than that for 
an iron-deactivated Ni/A1203 catalyst con- 
taining about the same amount of iron. In 
particular, the 5.74 wt% Ni/A1203 catalyst 
dosed for 9.7 h with Fe(C0)5 contained 
about 0.21 wt% Fe (run NiFe-3 in a pre- 
vious publication (I)), and its methanation 
activity was about 1 pmol CH4/g * set at 
ca. 650 K (Hz : CO = 7 : 1, and total pres- 
sure of 0.15 MPa), while the methanation 
activity of catalyst AlFe-1 (A1203 powder 
dosed with Fe(CO)S for 9.6 h) was about 
0.18 pmol CHJg . sec. The absorption 
peak areas in the Mossbauer spectra of cat- 
alysts AlFe-1 and NiFe-3 were about the 
same (as will be shown in the next section), 
indicating that these samples had similar 
iron loadings. Methanation kinetic parame- 
ters for these two iron-containing catalysts 
are shown in Table 1. Both AlFe-1 and 
NiFe3 (with 9.7 h exposure to Fe(CO)S) 
showed essentially the same activation en- 
ergy, but the reaction rate dependencies on 
the H2 and CO partial pressures were signifi- 
cantly different. After the completion of 
run AlFe- 1, it was noted that the decompo- 
sition of Fe(CO)S was not uniform through- 
out the catalyst bed. That is, the top of the 
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TABLE 1 

Kinetic Parameters” of Iron-containing Catalysts 
Formed by Fe(CO), Decomposition 

Ni catalyst with a comparable amount of 
Fe. 

Catalyst Characterization Using 
E.&J/mol) X Y Miissbauer Spectroscopy 

Run NiFe-3 
Fresh NiIAl203 

4.5 h treatment with F&O)5 
7.0 h treatment with Fe(CO)s 
9.7 h treatment with Fe(CO)5 

Run NiFe-U 

120 0.74 0.11 
91 0.89 0.06 
77 1.04 0.04 
70 1.03 0.10 

(uniform Fe deposit on 
89 0.69 0.16 

71 1.78 -0.41 

bed (in the downflow reactor) was black 
due to the deposited iron, while the A&O3 
powder in the bottom of the catalyst bed 
was still white at the end of the run. 

Room temperature Mossbauer spectra of 
AlFe catalysts quenched from methanation 
reaction conditions are shown in Fig. 2. 
Also included in this figure is the spectrum 
of the iron-deactivated Ni/A1203 catalyst 
used in run NiFe-3. As discussed elsewhere 
(0, these spectra can be characterized in 
terms of three Fe-containing components: 
iron-carbide (x-carbide) and Fe2+ in the cat- 
alyst sample, and iron impurities in the Be 
windows of the Mossbauer spectroscopy 
cell. However, as can be seen in Fig. 2, 
there is a quantitative difference between 

Chemical analyses (Galbraith Laborato- 
ries) indicated that the Fe/Ni ratio of the 
catalyst in run NiFe-U was 0.034. This 
value is comparable with those values 
(0.01-o. 10) characteristic of iron-deacti- 
vated Ni/A1203 catalysts (NiFe catalysts) 
reported earlier (1). Thus, the only differ- 
ence between this catalyst (NiFe-U) and 
other NiFe catalysts is the distribution of 
the Fe deposited within the A&O3 support 
granules. With Fe(CO), being first adsorbed 
and then thermally decomposed, the NiFe- 
U catalyst is expected to have a more uni- 
form Fe distribution than the NiFe cata- 
lysts which were prepared by exposing 
Ni/A1203 catalysts to Fe(CO)5 under metha- 
nation reaction conditions. The methana- 
tion activity of the NiFe-U catalyst was 
more than an order of magnitude higher 
than the activities of the latter NiFe cata- 
lysts containing comparable amounts of Fe. 
In fact, its activity was ca. 15-20% higher 
than that of a fresh, iron-free Ni/A1203 cata- 
lyst. Kinetic parameters for the methana- 
tion reaction over this NiFe-U catalyst are 
tabulated in Table 1. It can be seen that the 
methanation kinetics over this catalyst are 
different from those of either a fresh, iron- 
free nickel catalyst or an iron-deactivated 

FIG. 2. Room temperature Mossbauer spectra of 
samples quenched from methanation reaction condi- 
tions. Isomer shifts are relative to metallic iron. (a) 
5.74% Ni/Al*Ox catalyst after 9.7 h exposure to 
57Fe(C0)5 in three doses (run NiFe-3). (b) A&O3 after 
9.6 h exposure to “Fe(CO)s in three doses (run AIFe- 
1). (c) A&O3 pretreated in H20-containing atmosphere 
and exposed to 57Fe(CO)5 for 6 h in three doses (run 
AlFe-2). 

3 
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the spectra of the AlFe catalysts and that of ferromagnetic metallic iron, Fe2+, and a 
catalyst NiFe-3: the absorption peak at broad singlet due to Fe0 in the sample, and 
+2.0 mm/s Doppler velocity is more promi- iron impurities in the beryllium windows. 
nent in the AlFe catalysts. Accordingly, the The solid lines represent computer-fitted 
concentration of Fe2+ is higher in the AlFe spectra, and the corresponding Mossbauer 
catalysts than in the iron-deactivated Ni/ parameters of these spectra are summa- 
A1203 catalyst. rized in Table 2. As in the case of the spec- 

Room temperature Mossbauer spectra of tra reported in the previous publication (I), 
catalyst samples after H2 treatment at reac- it was necessary to add the broad spectral 
tion temperatures (ca. 650 K) are shown in singlet near zero Doppler velocity to obtain 
Fig. 3. For comparison, the spectrum of the good computer fits of these spectra. 
NiFe-3 catalyst after H2 treatment is also The above assertion that the catalysts of 
included in this figure. Computer fitting of runs AlFe-1 and NiFe-3 (both exposed to 
these spectra was carried out as previously Fe(CO)5 for 9.7 h) contained similar 
described (I). These spectra show contri- amounts of iron is verified by their total 
butions from four iron-containing species: spectral areas. As can be seen in Table 2, 

-10 -5 0 5 IO 

VELOCITY (mm/s) 

FIG. 3. Room temperature Mossbauer spectra of 
samples after H2 treatment at ca. 650 K. The results of 
computer fitting are indicated by solid lines. Isomer 
shifts are relative to metallic iron. (a) 5.74% NiIA&O, 
catalyst after 9.7 h exposure to 57Fe(CO)5 in three 
doses (run NiFe-3). (b) AljO after 9.6 h exposure to 
VFe(CO)5 in three doses (run AlFe-1). (c) AltOJ pre- 
treated in H20-containing atmosphere and exposed to 
“Fe(CO), for 6 h in three doses (run AIFe-2). 

TABLE 2 

Mossbauer Parameters of Spectra Shown in Fig. 3 

Fe-containing 
phases 

Fe/Be” Spectral Miissbauer 
areab parameters’ 
(%) 

Spectrum (a) (run NiFe-3) 
Ferromagnetic 

metallic iron 5.28 64.0 H = 332 kOe 
QS = -0.021 mm/s 
IS = 0.006 mm/s 

Fe*+ 0.52 6.3 QS = 2.017 mm/s 
IS = 0.910 mm/s 

Fe0 (broad 
singlet) 2.54 29.7 IS = 0.257 mm/s 

Spectrum (b) (run AIFe-1) 
Ferromagnetic 

metallic iron 2.78 38.0 H = 324 kQc 
QS = 0.023 mm/s 
IS = 0.008 mm/s 

Fe’+ 4.16 56.8 QS = 1.832 mm/s 
IS = 1.066 mm/s 

Fe0 (broad 
singlet) 0.38 5.1 IS = -0.035 mm/s 

Spectrum (c) (run AIFe-2) 
Ferromagnetic 

metallic iron 2.31 49.3 H = 331 kOe 
QS = 0.008 mm/s 
IS = -0.088 mm/s 

Fez’ 2.15 45.9 QS = 1.879 mm/s 
IS = 1.063 mm/s 

Fe” (broad 
singlet) 0.22 4.7 IS = -0.126 mm/s 

n The spectral area of the phase of interest normalized by 
the area of the iron impurities in the Be windows. 

* Relative spectral areas calculated excluding the contribu- 
tions from the iron impurities in the Be windows. 

c H, QS, and IS are the computer-fitted magnetic hypmfine 
field, quadrupole splitting. and isomer shift. All isomer shifts 
are relative to metallic iron at room temperature. 
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the total Miissbauer spectral areas for iron 
species in these catalysts (normalized by 
the constant spectral area of the iron impu- 
rities in the Be windows) are 8.34 and 7.32 
for runs NiFe-3 and AlFe-1, respectively. 
In addition, the previous statement that the 
AlFe catalysts contained higher concentra- 
tions of Fe*+ than the catalyst of run NiFe-3 
is substantiated by the relative spectral ar- 
eas tabulated in Table 2. Approximately 
50% of the Fe deposited on A&O3 was 
present as Fe2+, while the corresponding 
fraction on the NilA1203 catalysts was only 
6%. This difference cannot be attributed to 
the effect of surface hydroxyl groups since 
the treatment in H20-containing gases prior 
to each dose of Fe(C0)5 (run AlFe-2) had a 
minor effect on the relative amount of Fe2+ 
in the catalyst (see Table 2). 

In contrast to the trend for Fe2+, the 
spectral area of the broad singlet due to Fe0 
was higher in the NiFe catalyst than in the 
AlFe catalysts (30 vs 5%, respectively). In 
addition, while this singlet had a positive 
isomer shift in the NiFe catalysts (0.25- 
0.30 mm/s (I)), it gave rise to a slightly 
negative isomer shift in AlFe catalysts (ca. 
-0.10 mm/s). This difference may be indic- 
ative of a difference in chemical states for 
the Fe0 species present on these two series 
of catalysts. 

AES Characterization of Model Samples 

Auger electron spectra of model Ni/A1203 
samples are shown in Fig. 4. The various 
catalyst treatments given to each sample 
are summarized in the figure caption. Spec- 
tra obtained from both the Ni and A&O3 
halves of the sample are included. The as- 
signment of the major spectral peaks is indi- 
cated by means of the stick diagrams. As 
can be seen in this figure, Fe(C0)5 was pref- 
erentially decomposed on the Ni surface 
when its partial pressure was low. How- 
ever, at higher partial pressures, the de- 
composition of Fe(C0)5 occurred equally 
on both halves of the sample. 

The attenuation factor for the Al Auger 
electrons at 1396 eV due to Ni and/or Fe 

dN 
x 

L 

w 
600 700 800 900 600 700 800 900 

KINETIC ENERGY (eV) 

FIG. 4. Auger electron spectra of the Ni and AlzOl 
halves of model Ni/AlZ03 samples. (a) Sample reduced 
in Hz at 723 K. (b) Sample reduced in H2 at 723 K and 
exposed to Fe(CO), at 58.6 Pa and room temperature. 
Sample was then heated to 380 K, followed by treat- 
ment in flowing Hz at 650 K. (c) Sample reduced in Hz 
at 723 K and exposed to Fe(CO)X at 1.26 kPa and room 
temperature. Sample was then heated to 380 K, fol- 
lowed by treatment in flowing H2 at 650 K. 

overlayers is exp[-6/(h sin 0)] (9) where 6 
is the overlayer thickness, A is the electron 
mean free path for inelastic scattering, and 
8 is the electron takeoff angle. The Al sig- 
nal measured on the A1203 half of the sam- 
ple was taken as the unattenuated signal in 
these calculations. The thickness of the Fe 
deposited on the Ni overlayer was deter- 
mined by the difference in estimated thick- 
ness 6 before and after treatment with 
Fe(CO)5. For h = 2.1 nm (10) and 8 = 33”, 
the thicknesses of the Ni and Fe overlayers 
on the sample shown in Fig. 4b were esti- 
mated to be 0.7 nm and 0.2 nm, respec- 
tively. The estimate for the Ni overlayer 
thickness is in approximate agreement with 
the calculated value of I .4 nm based on the 
operating conditions for Ni evaporation, 
i.e., the known distance between the metal 
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source and the A1203 substrate, and the 
amount of nickel employed as a point 
source. 

DISCUSSION 

Methanation Kinetics over Fe-Deposited 
A&O3 and NilA1203 

The methanation activity of an Fe/A1203 
catalyst prepared by Fe(CO)5 decomposi- 
tion on A&O3 (run AlFe-1) was only 18% of 
that observed for an iron-deactivated Ni/ 
A1203 catalyst (run NiFe-3). Even after cor- 
rections for the differences in the amounts 
of ferromagnetic metallic iron present on 
these catalysts (see Table 2), this percent- 
age was still only 36%. Hence, the balance 
of the methanation activity of the Fe-deac- 
tivated nickel catalyst results from Ni parti- 
cles, some of which may be interacting with 
iron. In short, it is suggested that pore- 
mouth blocking of the alumina micropores 
by iron deposits is primarily responsible for 
the deactivation of Ni/A1203 catalysts in- 
duced by Fe(CO)5 decomposition. In addi- 
tion, Ni particles in the macropores of the 
support may have their catalytic properties 
modified by iron deposited thereon. It 
should also be noted that Ni particles in the 
lower portion of the catalyst bed (in the 
downflow reactor) may not be affected by 
iron, since the thermal decomposition of 
Fe(CO)5 takes place preferentially in the 
upper portion of the bed. 

In run NiFe-U, the Ni catalyst with a uni- 
form distribution of Fe showed a methana- 
tion activity 1520% higher than that of the 
fresh, iron-free nickel catalysts. This high 
methanation activity not only indicates that 
the distribution of Fe within the A&O3 sup- 
port was indeed uniform, but it also serves 
as evidence confirming that pore-mouth 
blocking is the origin of the previously re- 
ported (I) order of magnitude decrease in 
methanation activity when comparable 
amounts of Fe were incorporated into Ni/ 
A&O3 catalysts under reaction conditions. 
The activation energy for methanation over 
this uniformly deposited NiFe catalyst was 

about 30 kJ/mol lower than that over a fresh 
nickel catalyst. This decrease in activation 
energy cannot be attributed to diffusional 
limitations, since the activities of both cata- 
lysts were comparable. Hence, the cata- 
lytic properties of the Ni particles are 
modified by the Fe deposited via the 
decomposition of Fe(CO&. This Fe-Ni in- 
teraction is also noted in the in situ Moss- 
bauer spectroscopy studies discussed later. 

Additional insight into the nature of iron- 
induced deactivation of Ni/A1203 catalysts 
is provided by the BET surface area mea- 
surements. The BET surface area of the y- 
A&O3 support was determined to be 225 m2/ 
g, while the surface area of the AlFe-1 
sample was 205 m*/g. This decrease in BET 
surface area for the Fe-deposited catalyst is 
in agreement with pore-mouth blocking by 
iron particles. Several reasons may be sug- 
gested to explain why this surface area re- 
duction appears to be rather small. First, 
the concentration of ferromagnetic metallic 
iron particles on catalyst AlFe-1 was only 
one-half of that on the NiFe-3 catalyst. 
Consequently, the decrease in surface area 
of the Ni/A1203 methanation catalyst upon 
exposure to Fe(CO)5 is undoubtedly more 
significant than that reported for the sup- 
port alone. Second, certain portions of the 
surface area may be accessible under static 
conditions, e.g., BET surface area mea- 
surements, but not readily accessible to gas 
molecules under dynamic conditions due to 
diffusional limitations, e.g., during kinetics 
measurements. 

In summary, the methanation kinetics 
over Fe-deactivated Ni catalysts are domi- 
nated by Fe particles formed via Fe(CO)5 
decomposition, Ni particles interacting 
with Fe in the macropores of the catalyst, 
and Ni particles within catalyst granules 
which are unaffected by the Fe(CO)5 de- 
composition. The contribution from Ni par- 
ticles within the partially blocked micro- 
pores of the catalyst appears to be small, as 
suggested by the following argument. 

The calculated mean free path of 40 nm at 
the reaction conditions is much larger than 
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the dimension of the micropores. Hence, 
Knudsen diffusion would be the mode of 
diffusion within the porous support (II). In 
the limit of severe diffusional limitations (as 
could be suggested by the decreases in acti- 
vation energy), the observed reaction order 
with respect to CO (the limiting reactant) 
would be shifted to (n + 1)/2, where y1 is the 
true order (II). For Fe-free Ni/A1203 cata- 
lysts, this corresponds to an increase in the 
rate dependence on CO partial pressure 
from O-O.1 to ca. 0.5. Since this was not 
observed experimentally, the decreases in 
activation energy upon incorporation of Fe 
into Ni catalysts cannot be attributed to dif- 
fusion limited kinetics resulting from Ni 
particles within partially blocked pores. 

Fe-Ni Interactions 

A modification of the catalytic proper- 
ties of Ni particles by Fe deposits is indi- 
cated by the methanation kinetics over the 
NiFe-U catalyst, as discussed earlier. Fur- 
ther experimental evidence in support of 
this Fe-Ni interaction is discussed in this 
section. 

Since the Fe/Ni ratio in the NiFe-U cata- 
lyst was only 0.034, the presence of an Fe- 
Ni interaction would require that Fe(C0)5 
be preferentially decomposed on Ni parti- 
cles, instead of decomposing indiscrimi- 
nately within the support granules. Indeed, 
as shown by the model Ni/A1203 catalyst 
studies, at low Fe(CO)5 partial pressures 
the majority of the Fe(CO)5 decomposed on 
the Ni surface. Thus, the decomposition of 
Fe(CO)5 took place preferentially on the Ni 
particles for the NiFe-U catalyst, due to the 
low partial pressure of Fe(CO), used during 
the preparation of this sample. However, as 
also indicated by the model catalyst stud- 
ies, at higher Fe(CO)5 partial pressures, the 
decomposition of Fe(CO)5 becomes indis- 
criminate. On the basis of the AES peak 
intensities, the amounts of Fe deposited on 
the Ni and A&O3 sides were found to be 
approximately the same (Fig. 4~). In short, 
depending on its partial pressure, Fe(CO)5 
can decompose on Ni particles and/or the 

A1203 support. Accordingly, the distribu- 
tion of Fe within a Ni/A1203 catalyst de- 
pends on two factors: the preferential de- 
composition of Fe(CO)5 on the Ni surface 
at low partial pressures, and the diffusional 
limitations on the decomposition process 
discussed earlier (I). The interaction of 
iron with Ni particles in the macropores is a 
consequence of the first factor, while pore- 
mouth blocking of the micropores results 
from the latter factor. 

The results of catalyst characterization 
using Mossbauer spectroscopy indicated 
that the concentrations of Fe2+ and Fe0 
(broad singlet) were different in the NiFe 
and AlFe catalysts. The concentration of 
Fe2+ was higher in the Ni-free catalysts 
(AlFe series) than in the Ni-containing cata- 
lyst (NiFe-3), while the concentration of 
Fe0 (broad singlet) followed a reverse trend 
(see Table 2). It has been reported that sup- 
ported iron catalysts, prepared by impreg- 
nation methods with metal loadings lower 
than ca. 1 wt%, cannot be reduced to an 
oxidation state lower than Fe2+ (12-24) due 
to interactions with the support. The pres- 
ence of surface hydroxyl groups on the sup- 
port has also been shown to cause the oxi- 
dation of zero-valent metals deposited via 
the adsorption and subsequent decomposi- 
tion of metal carbonyls (6, 15, 16). Hence, 
for the overall iron concentration of 0.2-0.5 
wt% employed in this study, Fe2+ would be 
expected to predominate among the Fe- 
containing species. For the AlFe catalysts, 
Fe2+ was in fact the major iron component 
(comprising about 50% of the total Moss- 
bauer spectral area). Yet, the observation 
that ferromagnetic metallic iron was also a 
major iron species indicates that the iron 
was not uniformly deposited on the A120j, 
i.e., the decomposition reaction was diffu- 
sion limited. On the Ni-containing catalyst 
(NiFe-3), however, zero-valent iron ap- 
pears to be stabilized by interactions with 
Ni. In addition, the reducibility of iron has 
been shown to be enhanced by alloying 
with Ni (17, 18), Co (28, 19), or Pt (14). 
These effects would explain the decrease in 
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the amount of Fe2+ and the increase in the 
spectral area of the Fe0 (broad singlet) for 
run NiFe-3 compared to the AlFe samples. 
The different chemical nature of this Fe0 
phase relative to its counterpart in the AlFe 
series is also suggested by the difference in 
isomer shift of this broad spectral singlet as 
noted earlier (Table 2). This may mean that 
the Fe0 (broad singlet) is due to small metal- 
lic iron particles (less than ca. 3-5 nm in 
size) for AlFe samples, but due at least par- 
tially to iron interacting with Ni for NiFe 
catalysts. The spectral area data in Table 2 
suggest that as much as 25-30% of the Fe in 
the NiFe catalysts may be interacting with 
Ni. 

It is interesting to comment here that the 
preferential decomposition of Fe(CO)* on 
Ni particles provides a unique method of 
preparing alloy catalysts. In fact, it is likely 
that iron alloys with a variety of other 
metals could be prepared in this manner. 

Carbon on NiFe Catalysts 

Unmuth et al. (20) have reported that 
nickel does not form a carbide under meth- 
anation reaction conditions, while both Fe/ 
Si02 and Fe-Ni/Si02 catalysts were carbu- 
rized under similar reaction conditions. 
Hence, the two major iron-containing 
phases in the iron-deactivated Ni/A120s cat- 
alyst, i.e., Fe particles and Fe-Ni particles, 
may be expected to be carburized under 
methanation conditions. This was con- 
firmed by a Mdssbauer spectroscopy study 
at liquid helium temperature of catalyst 
NiFe-3, where the carbide phase was iden- 
tified as x-carbide (I). 

It has been shown elsewhere (I) that the 
activity of a Ni/A1203 methanation catalyst 
decreases both during exposure to Fe(C0)5 
and after the Fe(C0)5 has been removed 
from the gaseous feed. This latter deactiva- 
tion phenomenon may be attributed to iron- 
induced deposition of carbon on the cata- 
lyst. In fact, it has been reported that iron 
and Fe-Ni alloy particles are more suscep- 
tible to carbon deposition than are nickel 
particles (20). The restoration of a signifi- 

cant fraction of methanation activity for Fe- 
deactivated Ni catalysts by hydrogen treat- 
ment at ca. 630 K also suggests enhanced 
carbon deposition on these catalysts, since 
there was only minimal activity regenera- 
tion for Fe-free Ni/A1203 catalysts during 
this treatment (I). 

CONCLUSIONS 

At low Fe(CO)S partial pressures, the de- 
composition of Fe(CO)S occurred preferen- 
tially on Ni surfaces, rather than on A1203. 
However, at higher Fe(CO)S partial pres- 
sures, this decomposition occurred indis- 
criminately, without regard to the chemical 
nature of the surface. In addition, the de- 
composition of Fe(CO)J on porous materi- 
als at methanation temperatures is diffusion 
limited. As a consequence of this preferen- 
tial decomposition of Fe(CO)S on Ni and 
these diffusional limitations, the decompo- 
sition of Fe(CO)S on Ni/A1203 catalysts 
results in essentially two different chemical 
states of iron. Under the reaction condi- 
tions employed in this study, ca. 60% of the 
Fe deposited on the catalyst was present 
as metallic Fe particles and about 25-30% 
was interacting with Ni particles in the 
macropores of the support, These Fe-modi- 
fied Ni particles showed a comparable 
(though slightly higher) methanation activ- 
ity, but different reaction kinetics, than me- 
tallic nickel. The observed methanation re- 
action kinetics over Fe-deactivated Ni 
catalysts reflect contributions from Fe par- 
ticles, Ni particles, and Ni particles inter- 
acting with Fe. 

The Fe particles formed during the diffu- 
sion-limited decomposition of Fe(CO)li 
were responsible for catalyst deactivation 
by means of pore-mouth blocking. Further 
catalyst deactivation of Fe-containing Nil 
AlZ03 catalysts may be caused by iron-in- 
duced deposition of carbon. 
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