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The deactivation of alumina-supported nickel methanation catalysts due to decomposition of
Fe(CO)s was studied using both reaction kinetics measurements and in situ MOssbauer spectros-
copy. Iron carbonyl, enriched in “Fe for Méssbauer spectroscopy studies, was produced in situ
and entrained with the carbon monoxide feed to a methanation reactor operating at temperatures of
620-650 K and H,/CO ratios near 7. This incorporation of Fe into the nickel catalyst via the
decomposition of Fe(CO); resulted in significant catalyst deactivation as well as changes in the
parameters of a power law rate expression describing the methanation kinetics. With increasing
amounts of Fe deposited on the catalyst, the kinetic parameters were shifted toward those of iron
catalysts. These iron-induced phenomena are due to (1) pore-mouth blocking of the Al,O; micro-
pore structure by iron particles formed during the diffusion-limited decomposition of Fe(CO)s, and
(2) interactions between iron and nickel in the macropores of the support. Specifically, the loss of
catalyst activity is primarily caused by pore-mouth blocking, while shifts in kinetic parameters are
the consequence of both pore-mouth blocking and interactions between iron and nickel. The
majority of the iron deposited under methanation reaction conditions has been identified as x-

carbide (Hégg carbide) using Mossbauer spectroscopy at liquid helium temperature.

INTRODUCTION

Deactivation of nickel methanation cata-
lysts is most often due to growth of nickel
particles, sulfur poisoning, and carbon dep-
osition. Typical methanation reactors are
operated at pressures of 1-3 MPa and inlet
temperatures of 530-670 K (/—4). Studies
on the thermal stability of supported Ni cat-
alysts (5~7) suggest that at these tempera-
tures sintering of Ni does not take place in
He, N,, or H,. However, operation of
nickel methanation catalysts under condi-
tions of low temperatures and high CO par-
tial pressures can result in growth of nickel
particle size via the formation of Ni(CO),
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(8). Deactivation by sulfur poisoning is be-
lieved to proceed via blockage of surface
sites by sulfur atoms strongly adsorbed on
the Ni surface (9-12). Although published
data (13-15) indicate the absence of mas-
sive carbon deposition on Ni catalysts un-
der methanation conditions, blockage of ac-
tive sites by surface carbon deposits may
take place (16, 17). The nature of these in-
active carbon.deposits is believed to be gra-
phitic (18-20). Details of this deactivation
mode have been discussed in recently pub-
lished review articles (21, 22).

In addition to the above mentioned deac-
tivation mechanisms, there is another less-
known ‘‘poison’’ which can cause the deac-
tivation of nickel methanation catalysts,
i.e., Fe(CO)s formed in the coal gasification
process. A coal gasifier is typically oper-
ated at pressures of 2.4-3.2 MPa and outlet
temperatures of 680—930 K (23). The outlet
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gas contains a high concentration of CO
(10-60%) (2, 23). This CO can react with
the carbon steel piping used for gas trans-
mission to form volatile iron carbonyls.
This entrained iron carbonyl can later de-
compose in the methanation catalyst bed
causing deactivation of the nickel catalyst.
It has been reported that an iron concentra-
tion of 0.18 mg/m? (equivalent to 70 ppb)
was found in the recycle stream of a pilot
plant operation (24) in which deactivation
of a Raney nickel catalyst was observed. In
contrast to the other deactivation mecha-
nisms, there are no published studies aimed
at unveiling the mechanism of catalyst de-
activation due to decomposition of iron car-
bonyl. Thus, the objective of the present
study was to elucidate the mechanism of
this mode of catalyst deactivation. Kinetics
measurements, in situ Mossbauer spectros-
copy, and Auger electron spectroscopy
were used in this respect.

In short, it was observed in this study
that incorporation of iron into alumina-sup-
ported nickel catalysts via the decomposi-
tion of iron carbonyl caused decreases in
catalyst activity as well as changes in the
kinetic parameters of the methanation reac-
tion. These results are discussed in terms of
(i) blockage of the mouths of the micro-
pores of the Al,O; support by Fe particles
formed as a result of diffusion-limited de-
composition of iron carbonyl, and (ii) inter-
actions between the nickel particles in the
macropores and the iron deposited on these
particles. This paper reports experimental
results dealing with the phenomenon of
pore-mouth blocking. Also included is a
discussion of the Mdssbauer spectroscopy
studies carried out to identify the iron car-
bide phase formed under methanation reac-
tion conditions. The results confirming Fe—
Ni interactions will be published in a later
paper (25).

EXPERIMENTAL
In Situ Production of Fe(CO)s

To simulate the conditions under which
Fe(CO)s-induced deactivation of a Ni meth-
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anation catalyst occurs (24), low concen-
trations of S’Fe(CO)s were produced in situ
for use within the high pressure reaction
system described elsewhere (8). The use of
S"Fe-enriched iron carbonyl is essential for
collecting in situ Mossbauer spectra at low
concentrations of Fe. The in situ produc-
tion of Fe(CO)s was accomplished by react-
ing high pressure CO with iron supported
on alumina in a ‘‘carbonyl reactor.”” Lo-
cated in the carbon monoxide feed line up-
stream of the high pressure methanation re-
actor, this ‘‘carbonyl reactor’’ was made of
a piece of 316 stainless-steel tubing, oper-
ated at Pco = 4.0 MPa and T = 473 K. After
passing through this reactor, the CO con-
taining entrained Fe(CO)s was then mixed
with H, to produce synthesis gas of the de-
sired composition. The Fe(CO)s was then
carried in the synthesis gas stream, and
subsequently decomposed on the methana-
tion catalyst at 620-650 K.

The supported iron catalysts used in the
“‘carbonyl reactor” (9.8 wt% Fe on a-
Al;0,) were prepared by multiple incipient
wetness impregnation using 80/200 mesh
low surface area «-Al,O; and aqueous
Fe(NO,); solution. To synthesize a catalyst
containing Fe with its natural abundance of
5Fe, Fe(NOs); - 9H,0 (Baker analyzed re-
agent) was used for preparation of the im-
pregnation solution. The impregnation so-
lution for synthesizing an *'Fe-enriched
catalyst was prepared by first reducing
S'Fe-enriched Fe,0; powder (Oak Ridge
National Lab, enriched to 86 atomic% in
5"Fe) in flowing H, at 723 K for 24 h, then
dissolving the reduced iron in 30 wt%
HNO; (at room temperature) without expo-
sure to air. The iron catalysts were dried at
388 K for at Ieast 2 h after each impregna-
tion. Once the desired metal loading was
reached, the sample was then (i) dried over-
night at 388 K, (ii) reduced in flowing H, at
723 K for 24 h, and (iii) passivated by air (at
room temperature) which was allowed to
diffuse into the He-filled reduction cell. Ap-
proximately 0.5 g of this passivated catalyst
was loaded into the ‘‘carbonyl reactor.”’
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Catalyst Preparation

The 5.74 wt% Ni/y-Al,0, catalyst used in
these experiments was prepared by incipi-
ent wetness impregnation using Davison
SMR-7 y-Al, O, powder (170/200 mesh) and
aqueous Ni(NO,), solution. After 2.5 h of
hydrogen reduction treatment at 723 K (8),
the catalyst was loaded into a quartz cell
and sintered by heating in flowing hydrogen
at 1070 K for 14 h. This pretreatment pre-
vented the reaction from igniting in studies
of kinetics at high temperatures (ca. 620 K).
The range of carbon monoxide partial pres-
sures used in this study required the use of
high reaction temperatures to avoid rapid
deactivation of the Ni catalyst (8). The sin-
tered catalyst (ca. 0.25 g) was then loaded
into the high pressure Mossbauer spectros-
copy cell described elsewhere (26). It was
reduced for 2.5 h at 723 K in flowing hydro-
gen prior to the methanation kinetics stud-
ies.

Chemical analyses of catalyst samples
were carried out by Galbraith Laboratories,
Inc.

Methanation Kinetics

The kinetics of the methanation reaction
were studied in the 316 stainless-steel high
pressure reaction system described else-
where (8). Space velocities of ca. 2 X 10°
cm3-g-!1-h~! (based on the reactor inlet
conditions) were used to keep CO conver-
sions low at the high reaction temperatures
employed. This approach permitted the
data to be analyzed using a differential re-
actor model.

The decrease in methanation activity of
the Ni catalyst was monitored during expo-
sure of the catalyst to a given CO/H, gas
mixture containing Fe(CO)s. The ‘‘car-
bonyl reactor’’ was then bypassed, and the
deactivated catalyst was treated in flowing
H, until no CH, could be observed in the
effluent gas from the Mossbauer spectros-
copy cell (ca. 2.5 h). The methanation ki-
netics of this partially deactivated catalyst
were then studied, as described elsewhere
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(8). These procedures were repeated for
each dose of Fe(CO)s.

Modssbauer Spectroscopy

In situ Mossbauer spectra were obtained
using Austin Science Associates electron-
ics and a 1024 channel Tracor Northern
TN-1705 multichannel analyzer. The
source, 50 mCi of YCo diffused into a Pd
matrix, was supplied by New England Nu-
clear. The Doppler velocity was calibrated
with a 12.7-um metallic iron foil. Isomer
shifts are reported relative to this standard
absorber at room temperature. Mossbauer
spectra were fitted using a computer pro-
gram described elsewhere (27).

After each dose of Fe(CO)s, in situ Moss-
bauer spectra of the partially deactivated
nickel catalyst were collected either under
methanation reaction conditions or at room
temperature in flowing H,. The catalyst
was quenched either in flowing H, after hy-
drogen regeneration treatments or in flow-
ing H, with decreasing amounts of CO fol-
lowing methanation kinetics studies. In the
latter case, the catalyst was not cooled in
flowing H,/CO reactant mixtures typical of
methanation conditions (e.g., 10% CO) in
order to avoid possible formation of
Ni(CO), at lower temperatures (8). It took §
min to cool the catalyst from ca. 633 to 450
K, and 10 min to cool to ca. 380 K.

To obtain a better signal-to-noise ratio,
the Mdssbauer data registered in every two
consecutive channels in the multichannel
analyzer were added prior to computer fit-
ting. The new set of data thus formed had
one-half the number of channels, but twice
the number of pulse counts in each channel.
This manipulation increased the signal-to-
noise ratio at the expense of resolution on
the energy scale, and it had essentially no
effect on the MOssbauer parameters of the
metallic iron standard used for calibration
of the spectrometer.

Méssbauer Spectroscopy Study at Liquid
Helium Temperature

Low temperature Mdossbauer spectra
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were obtained on another Mdssbauer spec-
trometer equipped with a 512 channel Tra-
cor Northern NS-900 multichannel ana-
lyzer. An Fe(CO)s deactivated nickel
catalyst was first transferred from the high
pressure Mossbauer spectroscopy cell to a
vacuum tight, Plexiglas sample cell using a
He-filled glove bag. The sample cell was
then attached to the tip of the cold head of
the liquid helium refrigerator operated at 10
K (Air Products and Chemicals, Inc., LT-3-
110 Heli-Tran Liquid Helium Transfer Re-
frigerator). Details of the sample cell and
transfer procedure have been described
elsewhere (28).

RESULTS

Activity and Kinetics of the Methanation
Reaction

A blank run was carried out with 0.265 g
of 170/200 mesh y-Al,O; powder in the high
pressure Mossbauer spectroscopy cell.
There was no detectable methanation activ-
ity at reduced space velocities (ca. 1 x 10°
cm® - g7! - h™!) and temperatures as high as
673 K. This observation indicates that nei-
ther the alumina powder nor the Mossbauer
spectroscopy cell was contributing to the
methanation kinetics observed with the Ni
catalysts.

The methanation activities of supported
Ni catalysts before, during and after the in-
troduction of *’Fe(CO)s are shown in Figs. 1
and 2 as functions of time on-stream for
runs NiFe-2 and NiFe-3, respectively. (The
*“NiFe”’ in the run numbers indicates that
the series of experiments was carried out
with an Fe(CO);s-deactivated Ni/Al,O; cata-
lyst.) Similar results were observed for run
NiFe-1, where Fe(CO); with the natural
abundance of ¥’Fe was used. Before the in-
troduction of Fe(CO)s, the fresh catalysts
showed a 15-20% decrease in activity dur-
ing the initial 5 h. Thereafter, the catalytic
activity remained relatively constant,
showing only a 15% decrease in activity
over a period of 20 h. (All percentages are
normalized against the initial catalytic ac-
tivity measured upon exposure of the cata-
lyst to reaction conditions.) In run NiFe-2,
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F1G. 1. Deactivation studies of Ni/Al,O; (run NiFe-
2) for Py, = 130 kPa and P¢o = 18.6 kPa. [J, Fresh
catalyst at 613 K. B, Catalyst at 613 K after the first
deactivation study and kinetic studies. A, Catalyst at
623 K during the first exposure to ’Fe(CO)s. A, Cata-
lyst at 623 K after 11 h exposure to ¥Fe(CO)s. O,
Catalyst at 633 K during the second exposure to
SFe(CO)s. @, Catalyst at 633 K after 24 h (cumulative)
exposure to S’Fe(CO);. The last point in each series of
deactivation studies was collected after H, treatment
at the respective deactivation temperature for at least
2 h.

the Fe/Al,O; catalyst used for Fe(CO)s pro-
duction was not reduced ir situ. During the
first Fe(CO); treatment, there was an induc-
tion period of ca. 2.5 h, during which the
activity of the catalyst decreased only
slightly (Fig. 1). The catalytic activity then
dropped sharply by 50% within 8 h. No in-
duction period was observed during the
second exposure of the catalyst to
Fe(CO)s. In particular, the catalyst showed
an initial sharp decrease in activity by 50%
within 8 h; activity was constant thereafter.
In run NiFe-3, the Fe/Al,O, catalyst was
regenerated in flowing H, prior to each dose
of Fe(CO)s. Upon exposure to synthesis
gas containing entrained Fe(CO)s, the
nickel catalyst rapidly lost methanation ac-
tivity (Fig. 2). Hence, the induction period
observed in the first Fe(CO)s treatment of
run NiFe-2 is attributed to the presence of a
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FiG. 2. Deactivation studies of Ni/Al,O; (run NiFe-
3) for Py, = 130 kPa and P, = 18.1 kPa. [, Fresh
catalyst at 613 K. B, Catalyst at 613 K after the first
deactivation study. A, Catalyst at 623 K during the
first exposure to ¥Fe(CO)s. A, Catalyst at 623 K after
4.5 h exposure to ¥Fe(CQO);. O, Catalyst at 633 K
during the second exposure to 7Fe(CO)s. @, Catalyst
at 633 K after 7.0 h (cumulative) exposure to
STFe(CO)s. O, Catalyst at 653 K during the third expo-
sure to Fe(CO)s. @, Catalyst at 648 K after 9.7 h
(cumulative) exposure to ¥Fe(CO);. The last point in
each series of deactivation studies was collected after
H, treatment at the respective deactivation tempera-
ture for at least 2 h. The supported Fe catalyst for in
situ production of Fe(CO)s was regenerated in flowing
H, before each dose of Fe(CO)s.

surface oxide on the Fe/Al,O, catalyst. The
treatment in a reducing atmosphere (CO for
the second dose of Fe(CO)s in run NiFe-2
and H, prior to the Fe(CO)s dose in run
NiFe-3) eliminates the surface oxide and
the induction period associated therewith.
The deactivation studies carried out after
completion of each treatment with Fe(CO)s
showed similar results for all sets of experi-
ments. The catalytic activity decreased by
ca. 50% in the initial 5 h. This decrease was
followed by a more moderate drop in activ-
ity. It was also noted that a substantial
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amount of the lost activity for the iron-con-
taining catalyst could be recovered by H,
treatment at reaction temperatures (623-
653 K). For iron-free catalysts, the recov-
ery of activity after regeneration was mini-
mal after similar treatment in H,.

In addition to the Fe deposited in the cat-
alyst bed, iron was also deposited on the
walls of the Mossbauer spectroscopy cell.
The contribution of this iron deposit to the
observed methanation activity was experi-
mentally determined to be insignificant.
Specifically, its contribution accounted for
only 4.3-5.4% of the observed catalyst ac-
tivity of the deactivated nickel catalyst
used in run NiFe-3.

As shown in Figs. 3 and 4, systematic
changes were observed when the Kkinetic
parameters characteristic of the methana-
tion reaction over Fe-free catalysts were
compared with those of the same catalysts
after increasing exposures to Fe(CO)s. The
kinetic parameters are summarized in Table
1. Published results (29) for methanation
over Fe/Al,O; and Ni/AL,O; catalysts are
also included in Table 1 for comparison. In-
creasing the amount of Fe deposited on the
Ni catalyst (i) decreases the activation en-

TABLE 1

Summary of Kinetic Parameters® for Ni/Al,O,; before
and after Exposure to Fe(CO)s

E, X Y
(kJ/mol)
Run NiFe-1
Fresh Ni/ALO; 117 0.65 0.04
22.5 h exposure to Fe(CO)s 112 0.66 0.03
66 h exposure to Fe(CO)s 78 1.05 0.09
Run NiFe-2
Fresh Ni/AL,O, 118 0.65 0.11
11 h exposure to Fe(CO)s 87 0.96 0.06
24 h exposure to Fe(CO)s 78 1.04 0.06
Run NiFe-3*
Fresh Ni/ALO; 120 0.74 0.11
4.5 h exposure to Fe(CO)s 91 0.89 0.06
7.0 h exposure to Fe(CO)s 77 1.04 0.04
9.7 h exposure to Fe(CO)s 70 1.03 0.10
Literature kinetic parameters®
5% Ni/ALO; 105 0.77 -0.31
15% Fe/Al, 0, 89 1.14  -0.05

“reny = A exp(—Ea/RT) Pp,*Pcot.

¢ The supported iron catalyst (for producing Fe(CO)s) was
regenerated in flowing H; before each dose of Fe(CO);.

° Results of kinetic studies by Vannice (29).
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F1G. 3. Arrhenius plots of run NiFe-2 for Py, = 281 kPa and Pco = 23.4 kPa. OJ, Fresh Ni/Al,O;
catalyst. A, Ni/ALO; catalyst after 11 h exposure to Fe(CO)s. O, Ni/Al,O; catalyst after 24 h

exposure to Fe(CO)s.

ergy, (ii) increases the dependence of the
rate on hydrogen partial pressure, and (iii)
does not affect the dependence of the rate
on CO partial pressure. It was also noted
that the methanation rate over an iron-de-
activated nickel catalyst appears to become
zero-order in hydrogen at high hydrogen
partial pressures (ca. 413 kPa) (see Fig. 4).

Catalyst Characterization Using
Méssbauer Spectroscopy

Room temperature Méssbauer spectra of
the iron-containing nickel methanation cat-
alysts immediately after dosing with
Fe(CO);s and after treatments under metha-
nation reaction conditions are shown in
Fig. 5. The major component in these spec-
tra is the broad spectral component due to
an iron carbide phase. Although the spec-
trum becomes partially magnetically split
at higher iron concentrations (see spectra
(c) and (d)), a positive identification of the
iron carbide phase is not possible on the
basis of these broad absorption peaks. The
sharp absorption doublet near zero Doppler
velocity comes mainly from the iron impu-
rity in the beryllium windows on the Moss-
bauer spectroscopy cell. Its contribution to

any Mossbauer spectrum remains constant
and can be constrained in computer fits to
that determined in spectra of the blank runs
(26). The third component in these spectra
is the contribution from Fe?*. Its presence
is manifested by the broad shoulder (in
spectra (a) and (b)) and by the broad peak
(in spectra (c) and (d)) at +2.0 mm/s (e.g.,

H,
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Fi1G. 4. Partial pressure dependence of methanation
rate from run NiFe-2. Hydrogen partial pressure was
kept at 283 kPa for CO partial pressure dependence
studies, while Pco = 23.4 kPa for H, partial pressure
dependence studies. [, Fresh Ni/AL,O; catalyst at 613
K. A, Ni/AlL,O; catalyst at 623 K after 11 h exposure to
STFe(CO)s. O, Ni/ALO; catalyst at 633 K after 24 h
exposure to Fe(CO)s.



DEACTIVATION OF NICKEL CATALYSTS, I

(0}

INTENSITY
gﬂ"

(d)

RELATIVE
+

o
AT
¥

I0.0I ?

LJNLINL IS S I B B B B B B B R S B S
-0 -5 [o} 5 10
VELOCITY (mm/s)

Fi1G. 5. Mossbauer spectra collected at room tem-
perature in flowing H, after quenching the sample from
reaction conditions (run NiFe-3). For spectra (a) and
(b), the sample had 7.0 h exposure to ¥Fe(CO); in two
doses. This sample was given an additional 2.7 h expo-
sure to YFe(CO)s, before spectra (c) and (d) were col-
lected. Spectrum (a): Immediately after Fe(CO)s
treatment. Spectrum (b): After 25 min in synthesis gas
(H,:CO = 8:1) at 633 K. Spectrum (c): Immediately
after "Fe(CO)s treatment. Spectrum (d): After 25 min
in synthesis gas (H,:CO = 8:1) at 648 K.

see Ref. (30)). The other absorption peak of
the Fe?* doublet overlaps with the doublet
arising from the iron impurity in the beryl-
lium windows.

Room temperature Mossbauer spectra of
the iron-containing nickel methanation cat-
alysts after H, treatment are shown in Fig.
6. The solid lines are the results of com-
puter fitting these spectra. The correspond-
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ing computer-fitted Mossbauer parameters
are summarized in Table 2. The existence
of ferromagnetic metallic iron in the cata-
lyst is manifested by the four outer peaks,
at approximately =5 and +3 mm/s, of a
spectral sextuplet. The inner two absorp-
tion peaks of the sextuplet are masked by
the doublet near zero Doppler velocity. As
in the case of the spectra shown in Fig. 5,
the iron impurity in the beryllium windows
makes a significant contribution to this cen-
tral doublet. Another component in the cat-
alyst is Fe?*, as evidenced by the broad
peak at +2.0 mm/s. However, the spectra
cannot be satisfactorily fitted with only the
three components mentioned above. A

INTENSITY

RELATIVE

T T T T T T T T T T
-10 -5 o] ] 10
VELOCITY(mm/s)

FiG. 6. Room temperature Mdssbauer spectra of
samples (run NiFe-3) after H, treatment. The results of
computer fitting are indicated by the solid lines. Spec-
trum (a): After 4.5 h exposure to Fe(CO)s in one
dose. Spectrum (b): After 7.0 h exposure to ’Fe(CO)s
in two doses. Spectrum (c): After 9.7 h exposure to
S"Fe(CO)s in three doses.
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TABLE 2

Computer-Fitted Mossbauer Parameters of Spectra
Shown in Fig. 6

Fe-containing Spectral Mdéssbauer
phases area® parameters®
(%)
Spectrum (a)
Ferromagnetic
metallic iron 56.4 H = 324 kOe
QS = —0.021 mm/s
1S = 0.051 mm/s
Fe?* 5.8 08 = 2.250 mm/s
1S = 1.022 mm/s
Fe? (broad singlet) 37.8 IS = 0.299 mm/s
Spectrum (b)
Ferromagnetic
metallic iron 61.8 H = 327 kOe
Q8 = —0.026 mm/s
IS = —0.002 mm/s
Fe?* 9.3 QS = 2.232 mm/s
IS = 1.002 mm/s
Fe? (broad singlet) 28.9 IS = 0.261 mm/s
Spectrum (c)
Ferromagnetic
metallic iron 64.0 H = 332 xOe
QS = —0.021 mm/s
IS = 0.006 mm/s
Fe* 6.3 QS = 2.017 mm/s
IS = 0.910 mm/s
Fe® (broad singlet) 29.7 1S = 0.257 mm/s

# Relative spectral areas calculated excluding the contribu-
tion from the iron impurity in the Be windows.

®H, QS, and IS are magnetic hyperfine field, quadrupole
splitting and isomer shift, respectively. All isomer shifts are
relative to metallic iron at room temperature.

fourth component, with a very broad sin-
glet and a slightly positive isomer shift (IS
= (.25-0.30 mm/s, linewidth ca. 2.0 mm/s),
is needed for any reasonably good fit of the
Mossbauer data. It is denoted as ‘‘Fe®
(broad singlet)’’ in Table 2. The significance
of this singlet will be discussed later. Dur-
ing the initial stages of computer fitting, the
positions of the inner two peaks of the fer-
romagnetic metallic iron sextuplet were
constrained to be the same as those deter-
mined in the metallic iron calibration spec-
trum, and the peak widths and dips of these
two peaks were required to be comparable
to those of the four outer peaks at =5 and
+3 mm/s. However, these constraints were
released when the final fit was made to ob-
tain the results reported in Table 2.

Figure 7 shows the Mdssbauer spectrum
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F1G. 7. Méssbauer spectrum collected at 10 K after
9.7 h exposure to ¥Fe(CO)s in three doses and quench-
ing from reaction conditions (run NiFe-3). The room
temperature spectrum of this sample within the Moss-
bauer spectroscopy cell is shown as spectrum (d) of
Fig. 5. The computer-fitted peak positions are indi-
cated by means of stick diagrams. I, II, and III refer to
the three magnetically different sites for iron atoms in
the x-carbide phase. The solid line shows the results of
the computer fitting.

at 10 K of the catalyst after treatment under
methanation reaction conditions. The com-
puter-fitted peak positions are indicated by
means of stick diagrams. The solid line
shows the results of computer fitting this

TABLE 3

Magnetic Hyperfine Fields of Iron Species in the
Maossbauer Spectrum at 10 K of the Sample from
Run NiFe-3 (Fig. 7)

Iron species  Relative Computer-  Literature  Refer-
spectral fitted value ence
area value (kOe)
(%) (kOe)
Iron oxide 25.2 452 544 31
Metallic iron 8.8 338 338 32
Iron carbide”
29.4 211 220 33t
it 28.4 248 252 33
il 8.2 129 134 33

21, I1, and III refer to the three magnetically different sites
for iron atoms in the monoclinic structure of x-carbide.

® The assignment of sites I and II by Le Caer er al. (33) is
opposite to that of others (e.g., Unmuth et al. (15), Raupp and
Delgass (35)). The latter convention is adopted in the present
assignment.
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spectrum. (Since this spectrum was col-
lected using the liquid helium refrigerator
and a sample cell fabricated from Plexiglas,
there were no contributions to the spectrum
from the iron impurities in the Be windows
as in the case of the in situ catalyst spectra.)
The following iron phases can be identified
from this spectrum: x-carbide, iron oxide,
and metallic iron. The relative spectral ar-
eas and magnetic hyperfine fields of these
phases are shown in Table 3. It can be seen
that y-carbide is the major iron-containing
phase. Due to the complexity of this spec-
trum, the computer-fitting was begun with
the following constraints on the iron oxide
and metallic iron sextuplets: (i) the posi-
tions of the inner four peaks of each sextu-
plet were constrained to equal those values
calculated from the positions of the outer
two peaks of each sextuplet using Moss-
bauer spectra reported for a-Fe,0; at tem-
peratures below the Morin temperature
(31), and those obtained from room temper-
ature calibration spectra of metallic iron,
and (ii) the peak widths and dips were con-
strained such that the spectral area ratio of
the pairs of peaks in each sextuplet was 3/2/
1. All constrained parameters were esti-
mated on the basis of the two outermost
peaks in each sextuplet since these peaks
did not overlap with absorption peaks aris-
ing from iron carbide. After the central por-
tion (the carbide portion) of the spectrum
was fit reasonably well, these constraints
were released. In the final fits, no con-
straints were imposed so that all the vari-
ables could be optimized to obtain the
“best fit’’ of the Mossbauer spectrum.

DISCUSSION

Catalyst Deactivation via Pore-Mouth
Blocking

As shown in Figs. 1 and 2, the decompo-
sition of Fe(CO)s on nickel methanation
catalysts results in significant decreases in
catalyst activity within several hours. In
addition, the Kkinetic parameters of the
methanation reaction over these nickel cat-
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alysts follow a systematic trend with in-
creasing iron content, i.e., the catalytic
properties shift from those of a Ni catalyst
to those of an Fe catalyst. This is evident
from the data in Table 1 which presents the
kinetic parameters of the Ni catalyst after
exposure to various amounts of Fe(CO); as
well as those reported for Ni/Al,O; and Fe/
AlLO; (29).

There are three conceivable models by
which the above methanation kinetics data
can be explained: (i) a monolayer model,
(ii) a pore-mouth blocking model, or (iii) a
combination of these two models. In the
monolayer model, the Ni surface is covered
with at least a monolayer of Fe. The pore-
mouth blocking model postulates that the
micropores in the catalyst support are
blocked by the Fe particles formed during
the decomposition of Fe(CO)s. Reactant
gas molecules are thus denied access to the
Ni particles within the pores. In the combi-
nation model, the pore-mouth blocking
mechanism is applicable to the micropore
structure in the catalyst, while the catalytic
properties of the Ni particles in the macro-
pores are modified by Fe species deposited
on the surfaces thereof. The concentrations
and locations of Fe deposited on the cata-
lyst can be determined using in situ MOss-
bauer spectroscopy. On the basis of these
data, discrimination among the deactiva-
tion models can be achieved.

In situ Mossbauer spectra collected un-
der methanation reaction conditions
showed only a sharp absorption doublet to
which the iron impurity in the Be windows
provides a major contribution. In situ Moss-
bauer spectra obtained under H, treatment
conditions also had a sharp absorption dou-
blet near zero Doppler velocity. In addi-
tion, the existence of ferromagnetic iron
was indicated by the presence of the two
weak peaks at ca. =5 mm/s, which must be
the outermost absorption peaks of a sextu-
plet. However, detailed analysis of the cat-
alyst structure on the basis of these high
temperature spectra is difficult for the fol-
lowing reasons. First, since the recoil-free
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fraction diminishes with increasing temper-
ature, the total spectral areas of these spec-
tra are smaller than those of spectra col-
lected at room temperature. Second, the
Mossbauer spectra are no longer magneti-
cally split either because the temperatures
are higher than the Curie temperature or
because of superparamagnetism at temper-
atures below the Curie temperature.
Hence, in the following discussion, atten-
tion is focused on the Mossbauer spectra
collected at room temperature.

Before the in situ Mossbauer spectra col-
lected at room temperature are discussed, it
is essential to show that the prevailing
states of the catalyst at higher temperatures
can be ‘‘preserved’’ by the quenching pro-
cedure used. Raupp and Delgass (34) found
that only 30% of a fully carbided 10 wt%
Fe/MgO catalyst was hydrogenated to me-
tallic iron after 10 h of hydrogen treatment
at 523 K. The iron carbide phase was identi-
fied as y-carbide in a separate study (35).
Thus, the hydrogenation of the carbide is a
slow process in H,, and the rate of hydro-
genation is expected to be even slower in
H, containing some CO, as was the case in
the quenching process employed in the
present study. During the quenching opera-
tion, it took only 5 min to cool the catalyst
temperature to ca. 450 K. Thus, the
quenching procedure used should be capa-
ble of ‘‘freezing’’ the catalyst states at the
reaction conditions for Mdssbauer spec-
troscopy studies. Furthermore, an exami-
nation of the catalytic methanation activi-
ties before and after quenching indicated
the absence of catalyst deactivation due to
the formation of Ni(CO),.

The phase diagram for Fe—-Ni alloys (36)
shows the existence of a bcc, iron-rich
phase (a-phase) and of an fcc, nickel-rich
phase (y-phase). The magnetic hyperfine
fields of Fe—Ni alloys with various compo-
sitions have been measured at room tem-
perature (37). Hence, if an Fe-Ni alloy is
formed on the Ni catalyst after Fe(CO)s
treatment, its composition can be deter-
mined by comparing the measured mag-
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netic fields (Table 2) to the reported values.
The room temperature spectra (Fig. 6) col-
lected after treatments in H, show broad
sextuplets with hyperfine fields (324-332
kOe) essentially identical to that of bulk
metallic iron (330 kOe). Thus, Fe particles
free of Ni were formed during the decom-
position of Fe(CO)s. Furthermore, on the
basis of the relative spectral areas (Table 2),
these Fe particles account for a major por-
tion of the deposited Fe. However, this
does not rule out the possible existence of
an Fe—Ni alloy on the Fe(CO)s treated cata-
lyst, since this iron may behave superpara-
magnetically and therefore contribute to
the broad singlet near zero Doppler veloc-
ity (Fe® **broad singlet’” in Table 2). Experi-
mental data reported elsewhere (25) indi-
cate that the decomposition of Fe(CO)s on a
supported Ni catalyst can indeed result in
the formation of an Fe-Ni alloy.
Assuming that the recoil-free fractions of
iron-containing phases in the catalyst are
equal to that of the iron impurity in the Be
windows, the amount of Fe deposited on
the catalyst due to decomposition of
Fe(CO)s can be estimated for runs NiFe-2
and NiFe-3 (where iron enriched in YFe
was used). The results of such estimates are
listed in Table 4 in terms of the overall Fe/
Ni ratios for these samples. Chemical anal-
ysis of the deactivated catalyst used in run
NiFe-3 suggests a total Fe/Ni ratio of
10.3%, which is much higher than the
3.62% calculated from the total absorption
peak area ratios. This discrepancy may
result from differences in recoil-free frac-
tion or from differences in the amount of
sample being analyzed by the two tech-
niques. In the latter respect, the iron may
not be uniformly deposited through the cat-
alyst bed, as noted in separate experiments
(25). Thus, the Fe/Ni ratios calculated from
chemical analysis and the relative areas of
components in the Mdssbauer spectrum are
both included in Table 4. The results of
chemical analysis of the used catalyst of
run NiFe-1 indicate an Fe/Ni ratio of
0.84%. Since iron containing the natural
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TABLE 4
Amounts of Fe-Containing Phases on Deactivated
Ni Catalyst
Fe-containing phases % Fe*  Fe/Ni® Number
of Fe
Particles<
Run NiFe-2¢ 0.033
Ferromagnetic metallic Fe 58.6 7.8 x 1014
Fe?* 11.1 —
Fe® (broad singlet) 30.2 —
Run NiFe-3* 0.036 (0.10)
Ferromagnetic metallic Fe 64.0 9.4 x 10
27 x 109

Fe** 6.3 —
Fe? (broad singlet) 29.7 —

¢ Relative amounts of Fe-containing species calculated on
the basis of Mdssbauer spectral areas.

5 Total amount of iron based on total Mdssbauer spectral
area (excluding Fe impurity in Be windows). The number in
parentheses based on chemical analysis for total iron.

¢ The population of Fe particles per gram catalyst calculated
assuming that all the ferromagnetic metallic iron is present as
spherical particles 7 nm in diameter.

4 After 11 h exposure to Fe(CO)s.

¢ After 9.7 h exposure to Fe(CO)s.

abundance of Fe was employed in run
NiFe-1, the catalyst could not be character-
ized using Méssbauer spectroscopy.

The ferromagnetic iron phase was identi-
fied above as being due to Fe particles free
of Ni; therefore, the only Fe-containing
phase which could be interacting with
nickel is that which is responsible for the
broad singlet in the Mossbauer spectra.
From the data of Table 4 it is possible to
calculate the Fe/Ni ratio for only that iron
which gives rise to the broad spectral sin-
glet. This ratio is about 1 or 3% based on
Mossbauer spectroscopy or chemical anal-
ysis for total iron determination, respec-
tively. In view of these very small Fe/Ni
ratios, it would not be possible to cover the
Ni surface with a monolayer of Fe unless
the average Ni particle size were as large as
26-80 nm. X-Ray diffraction studies on the
sintered Ni catalyst and the Fe-deactivated
Ni catalyst showed no evidence for the ex-
istence of such large particles. (Actually,
the average Ni particle size was so small
that even the most intense diffraction peak
of Ni due to (111) planes could not be dis-
tinguished from the background signal.)
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Thus the changes in the kinetic properties
of the Ni catalyst which are induced by
Fe(CO)s decomposition cannot be attrib-
uted to a covering-of the Ni surface by an
Fe deposit. Moreover, this monolayer
model is not able to account for the de-
crease in catalytic activity for methanation
which is observed as increasing amounts of
Fe are deposited. In a separate experi-
ment (25), a catalyst with its Ni surface par-
tially covered with a uniform Fe deposit
(Fe/Ni = 3.44%) showed a higher methana-
tion activity than that of a fresh nickel cata-
lyst.

Blockage of pore mouths by iron parti-
cles provides a plausible alternative expla-
nation for the catalyst deactivation by the
small amount of Fe deposited. This mecha-
nistic interpretation of the data requires (i)
that Fe particles (and carbon deposits asso-
ciated therewith) formed at the pore en-
trance be of a size comparable to the diame-
ter of the micropore structure in the Al,O4
support, and (ii) that the number of Fe par-
ticles formed be, at least, comparable with
the number of pores in the Al,O; support.
An in situ Mdssbauer spectrum collected in
hydrogen at 623 K indicates that the Ni-free
Fe particles (which are ferromagnetic at
room temperature) are predominantly in
the superparamagnetic state. The tempera-
ture at which a ferromagnetic phase be-
haves superparamagnetically (i.e., the
blocking temperature) is a function of the
particle size and the magnetic anisotropic
barrier energy, K (38, 39). Accordingly, the
average size of the metallic iron particles is
estimated to be 7.0 nm, assuming values for
K and the blocking temperature of 4.5 x 10°
erg/cm® and 623 K, respectively. For the
alumina support used in this study (Davison
SMR-7), 23% of the pore volume is present
as pores larger than 100 nm in diameter and
most pores are 4.5-6.5 nm in diameter (40).
Thus the size of the Fe particles formed via
Fe(CO)s decomposition is indeed compara-
ble to the diameter of the micropore struc-
ture of the Al,O; support used. The conver-
sion of these Fe particles into x-carbide
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under methanation reaction conditions has
no effect on this argument. On the basis of
the published crystallographic parameters
of x-carbide (4/) and the density of bulk
metallic iron, the increase in particle size
upon conversion of metallic iron to x-car-
bide is ca. 4%. Any carbon deposition on
the iron, however, would increase the ef-
fective diameter of the iron particles.

The y-Al,O; support has a specific sur-
face area of 260 m%g and a pore volume of
about 1 cmg (40). If one assumes that the
average pore length is one-third the radius
of the support (42), then the number of av-
erage-size pores in the y-Al,O; can be esti-
mated to be about 4 X 10'* per gram of
catalyst. The number of Fe particles in the
deactivated catalyst can also be calculated,
if the Fe particles are assumed to be uni-
form in size, i.e., spherical particles 7 nm in
diameter. These are listed in the last
column of Table 4. These semiquantitative
calculations suggest that there are indeed
enough Fe particles to block a substantial
fraction of the micropores of the supported
catalyst.

Carlton and Oxley (43) studied the kinet-
ics of heterogeneous decomposition of
Fe(CO)s on a heated filament. They found
that at temperatures higher than 470 K the
rate of decomposition was controlled by the
diffusion of Fe(CO)s from the bulk gas
phase to the gas—solid interface. At 620~
650 K, the decomposition temperatures em-
ployed in the present study, it may be
anticipated that the rate of Fe(CO)s
decomposition is severely limited by diffu-
sion within the pores of the support. It has
been reported that the decomposition of
Ni(CO), is diffusion-controlled in the same
v-ALO; support at similar temperatures (8).
This is why most of the Fe(CO); would de-
compose at the pore mouths, forming Fe
particles of a size comparable to the diame-
ter of the micropores.

Direct evidence for the preferential de-
composition of iron near the pore mouths of
the alumina support is contained in the
Méssbauer spectra. It has been shown in
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the literature (30, 44) that iron on alumina
at loadings less than ca. 1 wt% cannot be
reduced to the metallic state. Instead, Fe?*
is stabilized by interaction with the support.
As shown in Table 2, however, the contri-
bution of Fe?* is of minor importance in the
Mossbauer spectra of the iron-containing
Ni catalyst. Since the average Fe loading in
the catalyst is ca. 0.2-0.5 wt%, the absence
of a significant spectral signal from Fe?" in-
dicates that the local concentration of iron
must be significantly higher than the aver-
age concentration, This high local concen-
tration of iron is present at the most acces-
sible surfaces of the alumina support, i.c.,
at the pore mouths.

It will be shown in the subsequent paper
(25) that pore-mouth blocking by iron de-
posits is substantiated by BET surface area
measurements on alumina powder exposed
to iron carbonyl under methanation reac-
tion conditions (sample AlFe-1). When
compared to iron-free alumina, the iron-de-
posited sample had a lower BET surface
area. In addition, the rate of nitrogen ad-
sorption was slower for the iron-containing
sample, as would be expected due to pore-
mouth blocking. However, as discussed in
detail elsewhere (25), the observed de-
crease in the activation energy for methana-
tion upon incorporation of Fe into Ni/Al,O,
catalysts cannot be attributed to diffu-
sion limited kinetics since the reaction
rate dependence on the CO pressure re-
mained essentially unchanged with increas-
ing amounts of iron deposited.

Finally, it may be suggested that the high
concentration of iron at the pore mouths of
the iron-deactivated nickel methanation
catalysts may induce a shift in catalyst se-
lectivity. For example, the observed de-
crease in methanation activity of the iron-
deposited catalysts could be attributed to a
change in selectivity from CH, to higher hy-
drocarbons. However, due to the high H,/
CO ratios (ca. 7:1) and reaction tempera-
tures (ca. 620-650 K) used in this study, no
hydrocarbons higher than CH, could be de-
tected in the reactor effluent. Thus, the pri-



DEACTIVATION OF NICKEL CATALYSTS, I

mary effect of iron deposited on Ni/Al,O;
catalysts during iron carbonyl decomposi-
tion under methanation reaction conditions
is catalyst deactivation and not a change in
catalyst selectivity.

Iron Carbide Formed at Methanation
Conditions

The formation of carbides on supported
and - unsupported iron catalysts under
Fischer-Tropsch synthesis conditions has
been extensively studied (15, 35, 45-53).
The formation of a specific carbide phase
depends on particle size, support, and syn-
thesis conditions. &'-Carbide (Fe,,C) has
been observed on silica-supported catalysts
(15, 35, 46). e-Carbide (Fe,C) has been de-
tected on silica-supported catalysts (15,
35), on promoted, fused iron catalysts (48,
49, 51), and unpromoted, unsupported iron
catalysts (47, 52). The formation of x-car-
bide (Fe;C,) has been noted on promoted,
fused iron catalysts (49, 50) and on various
supported catalysts (35). Mossbauer spec-
troscopy is a powerful tool in identifying
iron carbide phase(s) which show magnetic
hyperfine splitting, since Mdssbauer spec-
tra of various carbide phases are character-
ized not only by the magnetic fields but also
by the number of magnetically split sextu-
plets (15, 35). However, the reported
Mossbauer parameters for superpara-
magnetic &’- and e-carbides (i.e., for parti-
cles smaller than ca. 10 nm in size (47)) are
similar to.each other (46—48). Thus, the un-
ambiguous identification of iron carbide
phase(s) in the superparamagnetic state is
difficult.

The solid state properties of supported
Fe-Ni alloy catalysts after Fischer-
Tropsch synthesis at atmospheric pressures
have recently been characterized using
Mossbauer spectroscopy (15, 35, 45, 53).
Raupp and Delgass (35,.53) found that no
bulk carbides were formed on a 5% Fe-5%
Ni/SiO, catalyst at synthesis conditions.
Their particle size was sufficiently small
(ca. 4.0 nm) that the room temperature
spectrum showed a broad superpara-
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magnetic singlet characteristic of an Fe-Ni
alloy. Formation of a carbide phase was
noted ‘only on a phase-separated catalyst.
On the other hand, Unmuth et al. (15, 45)
reported the formation of &- or &’-carbide
on a 4% Fe—1% Ni/SiO, catalyst (with par-
ticles ca. 10 nm in size) after temperature-
programmed reaction in a 3H, : CO reaction
mixture. Mossbauer spectra of the reduced
catalyst indicated the existence of both an
iron-rich bcc phase and a nickel-rich fcc
phase. Thus, the different catalyst states at
similar reaction conditions may be attrib-
uted to the different Fe—Ni phases and per-
haps the different particle sizes on the cata-
lysts used. Indeed, Amelse et al. (54) noted
that on Fe-Ni catalysts (with ca. 20 nm par-
ticles), the iron-rich bcc phase was more
easily carbided than the nickel-rich fcc
phase.

The Mdssbauer spectra collected in the
present study under reaction conditions
showed an asymmetric doublet. The scar-
city of published Mdssbauer spectra for
iron carbides at elevated temperatures and
the similarity of Mossbauer spectra for su-
perparamagnetic iron carbides discussed
above make the identification of the car-
bide phase impossible at high temperatures.
The room temperature spectra following
quenching from reaction conditions (Fig. 5)
show partially collapsed sextuplets due to
small iron carbide particles. This super-
paramagnetism also makes it difficult to
identify the carbide phase by determining
its Curie temperature, as done by Raupp
and Delgass (35), and Loktev et al. (51).
Thus, identification of the carbide phase
was carried out at 10 K in the liquid helium
refrigerator. The carbide portion of the
spectrum (Fig. 7) was fitted with three sex-
tuplets. As seen in Table 3, the computer-
fitted magnetic hyperfine fields of the three
sextuplets agree very well with published
data for y-carbide at 4 K (33). Moreover,
the relative populations of iron atoms in the
three magnetically different sites, as calcu-
lated from the relative spectral areas, is 2/
1.9/0.6, which again agrees with the litera-
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ture values for y-carbide, i.e., 2/2/1 (55).
Thus, it is concluded that the stable carbide
phase under methanation reaction condi-
tions is the y-carbide.

In addition to the carbide phase, the low
temperature Mdssbauer spectrum (Fig. 7)
indicates the presence of two more ferro-
magnetic iron-containing phases. Their
magnetic hyperfine fields, 338 and 452 kOe
(see Table 3), are too large to be due to any
carbide phase or Ni-rich Fe-Ni alloy (37).
Instead, the computer-fitted magnetic field
of 338 kOe is equal to the reported value for
bulk metallic iron at ca. 4 K (32). This me-
tallic iron is most likely located in the core
of the iron particles formed by the decom-
position of Fe(CO)s. This conclusion is
based on the observation that complete car-
burization of a 109 Fe/SiO, catalyst (parti-
cle size 7.5 nm) required a 3-h treatment in
synthesis gas (H,/CO = 3.3) at 523 K (34)
while the catalyst sample of the present
study received only a 25-min treatment in
synthesis gas (H,: CO = 8:1) at 648 K be-
fore the low temperature Mdéssbauer spec-
troscopy characterization. The third ferro-
magnetic phase in the spectrum is
characterized by a magnetic field of 452
kOe, which is much larger than the fields
due to either metallic iron or iron carbides.
This phase must be an iron oxide, although
the observed magnetic field is much smaller
than the literature value for a-Fe,O; (ca.
540 kOe at temperatures near absolute zero
(31)). Niemantsverdriet et al. (52) also
noted the presence of an iron oxide phase
with a reduced magnetic field (H = 500
kOe) on their catalyst sample at 4.2 K
which was not detected at 77 K. Assuming
that the oxide phase exists as a shell of uni-
form thickness on the Fe particles, its
thickness has been estimated at 0.3 nm us-
ing the relative spectral area and the above
determined average particle size of 7.0 nm.
In addition, the magnetic character of this
thin-shell iron oxide may be different from
that of a bulk oxide, leading to a smaller
magnetic field. Due to the sample transfer
procedure used, it is difficult to determine
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the origin of this oxide phase. It may be
formed either during the sample transfer
process or under methanation conditions.

Although the results reported elsewhere
(25) indicate that Fe-Ni interactions may
exist on the Fe-deactivated Ni catalyst, the
low temperature spectrum (Fig. 7) can be
adequately fitted with only the three Ni-free
components discussed above. It is thus sug-
gested that any Fe-Ni alloy particles
present after reduction were carbided un-
der methanation reaction conditions. In-
deed, Unmuth er al. (15) have suggested
that both the iron-rich and nickel-rich Fe-
Ni alloys could be carbided under reaction
conditions.

The room temperature spectra following
quenching from reaction conditions (Fig. 5)
are, in fact, similar to those reported by
Unmuth et al. (15). Furthermore, the ap-
parent magnetic fields of spectra (c) and (d)
(determined from the separation between
the two outermost observable absorption
peaks) are estimated to be between 180 and
195 kOe, which are comparable to the val-
ues of 183 to 185 kOe reported for the two
outermost peaks in their spectra (15). How-
ever, the liquid helium temperature Moss-
bauer spectrum of the present study indi-
cates that the carbide phase is a x-carbide,
rather than the ¢'- or e-carbide suggested by
Unmuth et al. In addition, the low tempera-
ture study also indicated the presence of
two more ferromagnetic phases which were
not detected in the room temperature stud-
ies, although the origin of the oxide phase is
uncertain.

CONCLUSIONS

The incorporation of Fe into alumina-
supported nickel catalysts via the decom-
position of iron carbonyl results in signifi-
cant catalyst deactivation for the meth-
anation reaction. In addition, the reac-
tion kinetics parameters are shifted from
those of a nickel catalyst toward those of an
iron catalyst as the amount of Fe deposi-
tion increases. The observed catalyst deac-
tivation is due primarily to pore-mouth
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blocking by Fe particles. These Fe particles,
formed during the diffusion-limited decom-
position of Fe(CO);, effectively block the
access of reactants to the micropore struc-
ture in the high surface area support. Con-
sequently, the effective Ni surface area and
the catalyst activity associated therewith
are reduced. As a result of this decrease in
effective Ni surface area and the increase in
Fe surface area, the kinetic behavior of the
iron-deactivated nickel catalyst is shifted
toward that of iron. While it is tempting to
interpret the sole role of iron in altering the
kinetics of methanation over Ni/ALLO; to
pore-mouth blocking, it will be shown in a
subsequent paper (25) that iron may also
interact with nickel particles in the macro-
pores of the alumina support. This Fe-Ni
interaction may contribute to the shifts in
the kinetic properties of Fe deactivated Ni
catalysts. Finally, the state of the Fe de-
posit under methanation reaction condi-
tions has been identified as a x-carbide us-
ing Mossbauer spectroscopy at liquid
helium temperature.
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