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Nickel-iron alloy particles (Ni : Fe = 10 : 1) were supported on titania and alumina and studied 
under methanation reaction conditions: temperatures from 500 to 565 K, Hz : CO ratios from 3 to 
15, and pressures near atmospheric. In situ Mossbauer spectroscopy was used to monitor the state 
of iron in these catalysts after reduction in H2 at 713 and 773 K. For both supports, a significant 
fraction of the iron was alloyed with nickel after treatment in HZ, while the remainder was associ- 
ated with the support as Fe*+. The extent of alloy formation was greater for the titania-supported 
samples, indicating that iron is more reducible on titania than on alumina. Under methanation 
reaction conditions, some of the iron from the NiFe was oxidized to Fe*+. For titania-supported 
samples, this process was partially reversible upon switching to Hz at the same temperature, while 
the Fez+ could not be re-reduced on alumina even after treatment in H2 at 773 K. The presence of 
Fez+ under methanation reaction conditions suggests that titanium is present as Ti4+. Compared to 
NiFe on alumina, the titania-supported NiFe particles showed effects of “strong metal-support 
interactions” manifested by (i) higher methanation activity, (ii) higher activation energy and hydro- 
gen partial pressure dependence of the methanation rate, (iii) slower deactivation under methana- 
tion reaction conditions, and (iv) greater selectivity toward higher hydrocarbons. These effects are 
explained by the presence of titania species (TiOJ on the surface of the titania-supported NiFe 
particles. These species decrease the extent of carbon deposition on the metal surface, thereby 
increasing the amount of “active” carbon at the expense of “inactive” carbon. The probability of 
carbon chain-growth on the titania-supported NiFe particles can also be increased by addition of 
water to the HI/CO feed. o 1985 Academic PXSS, II-C 

INTRODUCTION 

The nature of strong metal-support inter- 
actions between Group VIII metals and ti- 
tania has received considerable attention in 
the recent literature (e.g., 1-7). It is well- 
known, for example, that these interactions 
are induced by treatment in hydrogen at el- 
evated temperatures (e.g., 770 K), and that 
these interactions suppress the chemisorp- 
tion of hydrogen and carbon monoxide at 
room temperature. For some systems, it 
has also been shown that strong metal-sup- 
port interactions may stabilize metal parti- 
cles against sintering and may cause the 
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metal particles to adopt a pill-box morphol- 
ogy (8, 9). The catalytic consequences of 
these interactions are often found to be neg- 
ative, with titania-supported metals show- 
ing catalytic activities lower than those of 
the corresponding metals on such common 
supports as silica and alumina (10). One ex- 
ception to this general trend is the methana- 
tion reaction (or more generally, Fischer- 
Tropsch synthesis). In particular, it has 
been found that Group VIII metals are 
more active when supported on titania, and 
that these catalysts may also show greater 
selectivities for the production of higher hy- 
drocarbons (II, 12). This is especially true 
for the case of nickel, where titania-sup- 
ported catalysts have been shown to be an 
order of magnitude more active for metha- 
nation than alumina-supported samples 
(13, 14). In addition, titania appears to sup- 
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press the formation of volatile nickel car- 
bony1 in the presence of gaseous carbon 
monoxide (II). 

The origin of strong metal-support inter- 
actions remains a matter of debate. It has 
been suggested, for example, that these in- 
teractions are due to electron transfer from 
reduced titania to the metal particles (e.g., 
15-17). It has been observed, however, that 
metal particles larger than 10 nm in size 
may still exhibit the effects of strong metal- 
support interactions, and this has led to the 
belief that TiO, species may be present on 
the surface of the metal particles (18-22). 
Indeed, recent evidence has been reported 
which seems to confirm this idea (6, 22, 
22). In general, two models have been pro- 
posed to explain the high methanation ac- 
tivity of titania-supported nickel catalysts. 
According to Vannice and Twu (2), strong 
metal-support interactions decrease the 
surface coverage by carbon, thereby allow- 
ing hydrogen to compete more effectively 
with carbon for active sites on the nickel 
surface. In the model of Burch and Flam- 
bard (I), special sites for methanation are 
created at the interface between the nickel 
particles on the titania support. 

In the present paper, iron has been added 
to nickel particles supported on titania and 
alumina. Methanation reaction kinetics 
studies over these catalysts have been car- 
ried out to assess the importance of strong 
metal-support interactions for these sup- 
ported NiFe particles. It will be shown ac- 
cordingly that the catalytic consequences 
of strong metal-support interactions exhib- 
ited by NiFe supported on titania are essen- 
tially the same as those shown by sup- 
ported Ni particles. In addition, Mossbauer 
spectroscopy has been employed to study 
the state of iron in these catalysts after re- 
duction and under methanation reaction 
conditions. Additional characterizations of 
these supported NiFe catalysts using scan- 
ning transmission electron microscopy, 
magnetic susceptibility, and chemisorption 
measurements have been described else- 
where (23). 

EXPERIMENTAL 

Catalysts. Samples of nickel-iron sup- 
ported on titania and alumina were pre- 
pared by incipient wetness co-impregnation 
using nitrate salts. The pH of the impregna- 
tion solution was adjusted to be approxi- 
mately zero. Nickel loadings were typically 
5 wt% on all samples, while the iron loading 
was about 0.5 wt%. This low loading of iron 
was chosen so that iron could serve as a 
Mossbauer spectroscopy probe of the 
nickel particles without dramatically alter- 
ing their catalytic properties. The iron used 
in this study was enriched to about 90% in 
57Fe in order to facilitate collection of 
Mossbauer spectra. The details of the sam- 
ple preparation procedures for these sam- 
ples have been described elsewhere (23). 

Methanation kinetics studies. Methana- 
tion kinetics studies were carried out in a 
3 Idstainless-steel apparatus, the details of 
which have been described elsewhere (24). 
The reactor used for these studies operated 
in a down-flow geometry, with beryllium 
windows attached to the top and the bottom 
of a 1-in.-diameter tube which comprised 
the reactor. The operation of this reactor 
has been reported earlier (25). In short, it 
allows collection of reaction kinetics data 
and in situ Mossbauer spectra. These spec- 
tra are generated by passing a vertical y-ray 
beam through the upper Be window, the 
catalyst bed in the reactor, and then out the 
lower Be window. 

Gas phase analysis of the reactor inlet 
and effluent was accomplished using a 
SIGMA-3B gas chromatograph (Perkin- 
Elmer) equipped with chromosorb 102 
columns. The helium carrier gas was puri- 
fied by passage through a 13X molecular 
sieve trap at 77 K. A bed of CaC2 was 
placed upstream of the detector to mini- 
mize the contribution of water in the chro- 
matograms. Absolute calibration of the 
chromatograph before each run involved 
the averaging of three analyses of a certified 
standard gas mixture supplied by Mathe- 
son. The space velocities typically used 
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during methanation studies were ca. l-3 X 
lo5 cm3 (STP)/g h. These values were cho- 
sen to keep the CO conversion at about 3- 
5% under the conditions of this study. The 
reaction conditions were varied over the 
following ranges: temperature from 510 to 
570 K, pressure from 0.1 to 0.3 MPa, HZ/ 
CO ratio from 3 to 15. 

Hydrogen (National Cylinder Gases) was 
purified by passage through a Deoxo unit 
(Engelhardt) followed by an activated 13X 
molecular sieve trap at room temperature. 
Carbon monoxide (Matheson, C.P. grade) 
was purified by flowing it through a heated 
tube at 595 K, copper turnings at 595 K, 
and activated 3A and 13X molecular sieves 
at room temperature. Such a system has 
been shown to be effective in removing 
metal carbonyls from the CO stream (24). 
The purified hydrogen and carbon monox- 
ide streams were then mixed to give the 
desired HZ/CO ratio, as measured by elec- 
tronic mass flow meters, and fed to the re- 
actor. In some experiments, water vapor 
(at pressures from ca. 3 to 27 kPa) was 
added to the feed by passing the synthesis 
gas through a water saturator located on the 
upstream side of the methanation reactor. 

Miissbauer spectroscopy. In situ Moss- 
bauer spectra were collected using Austin 
Science Associates electronics and a 1024 
channel Tracer Northern multichannel ana- 
lyzer, as described elsewhere (26). A 50 
mCi source of 57Co diffused into a Pd ma- 
trix was used in these measurements. Dop- 
pler velocities were calibrated with a 12.7- 
pm metallic iron foil and sodium 
nitroprusside. Isomer shifts reported in this 
paper have been referenced with respect to 
metallic iron at room temperature. All 
Mossbauer spectra were computer-fit using 
the program MFIT (27). 

Two different sets of beryllium windows 
were used during the course of this study. 
For measurements at pressures above at- 
mospheric, thicker (3 mm) Be windows 
were used, while thinner (ca. 0.1 mm) Be 
windows were used for measurements at at- 
mospheric pressure. Iron is present as an 

impurity in these windows, and the Moss- 
bauer spectra collected using the thicker 
windows show an appreciable contribution 
from this iron. The spectral parameters for 
this contribution were constrained in the 
computer fitting procedure to be equal to 
those determined from Mossbauer spectra 
taken of the Be windows alone (26). The 
thinner Be windows do not produce a sig- 
nificant iron component in the Mossbauer 
spectra. 

RESULTS 

Miissbauer Spectroscopy 

In situ Mossbauer spectra collected at 
room temperature of the NiFe/TiOz sample 
are shown in Fig. 1. This sample contained 
5.2 wt% Ni and 0.55 wt% Fe. The solid 
lines in this figure are the results of com- 
puter fitting. These spectra were collected 
using the thinner Be windows. The results 
of computer fitting the spectra of Fig. 1 are 
summarized in Table 1. The Mossbauer pa- 
rameters included in this table are the iso- 
mer shift (I.S.), quadrupole splitting (Q.S.), 
magnetic hyperfine field (H), and the rela- 
tive spectral area (A) of each component. 
The variation of the spectral area for re- 
duced iron with respect to sample treat- 
ment is shown graphically in Fig. 2. 

Figure 1A shows the Mossbauer spec- 
trum after hydrogen reduction for 3 h at 713 
K. The main component in this spectrum is 
a singlet having an isomer shift of ca.0.06 
mm/s, indicative of zero-valent iron. As has 
been shown elsewhere (23), this iron is 
present as NiFe alloy particles. Also appar- 
ent in Fig. 1A is a weak shoulder at ca. 2 
mm/s. This is due to the positive-most peak 
of an Fe*+ doublet, the second peak of 
which is located near zero velocity and is 
masked by the NiFe singlet (28, 29). This 
doublet has been attributed to ferrous cat- 
ions of high coordination (e.g., octahedral) 
(30), and it will be denoted as the “outer 
doublet.” The second shoulder in Fig. lA, 
near 1 mm/s, is the positive-most peak of a 
doublet due to ferrous cations of low coor- 
dination (e.g., tetrahedral) or to ferric cat- 



14 JIANG, STEVENSON, AND DUMESIC 

VELOCITY (mm/d 

FIG. 1. Room temperature Miksbauer spectra for 
NiFe/TiOz after the following sequential treatments: 
(A) HZ, 713 K, 3 h, (B) HZ/CO = 3.3,525 K, 1 atm, 6 h, 
(C) Hz, 525 K, 5 h, (D) Hz, 773 K, 2 h, (E) Hz/CO = 
3.3, 525 K, 1 atm, 6 h, (F) HZ, 525 K, 5 h, (G) air at 
room temperature. 

ions (32). The negative-most peak of this 
“inner doublet” occurs near zero velocity. 

Figure 1B shows the room temperature 
Miissbauer spectrum obtained after subse- 
quent treatment of the sample in HZ/CO 
(3.3 : 1) at atmospheric pressure and 525 K 
for 6 h, followed by rapid cooling (ca. 5 
min) to room temperature in hydrogen. The 
most noticeable effect is the conversion of 

the NiFe spectral singlet into the ferrous 
outer doublet. The inner doublet also in- 
creases in intensity after this treatment. In 
short, exposure to synthesis gas results in 
the oxidation of approximately half of the 
zero-valent iron present in the sample. This 
is undoubtedly due to the HZ0 and/or CO* 
formed during methanation. Upon hydro- 
gen treatment at 525K for 5 h, a fraction of 
the ferrous (and possibly ferric) cations 
which give rise to the outer and inner dou- 
blets is reduced back to the zero-valent 
state, as can be seen in Fig. 1C. After sub- 
sequent reduction in hydrogen at 773 K for 
2 h, essentially all of the iron is present in 
the zero-valent state, as evidenced in Fig. 
1D by the absence of the outer and inner 
doublets. In addition, it is possible to see 
the presence of a weak six-peak pattern in 
the background of this figure. The positive- 
and negative-most peaks of this sextuplet 
are at &4 mm/s, corresponding to a mag- 
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FIG. 2. Variation in percentage of iron in zero-valent 
state with sample treatment, calculated from the sum 
of the Miissbauer spectral areas of the NiFe singlet 
and sextuplet. (A) NiFe/TiOZ, (A) NiFe/A&O+ 
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TABLE 1 

MGssbauer Parameters of NiFe/TiO* at 295 K 

Treatment Fe*+ (ad.) 

IS. Q.S. Rel. 
(mm/s) (mm/s) area 

(%) 

Fe*+ (i.d.) or Fe)+ 

IS. Q.S. Rel. 
(mm/s) (mm/s) area 

(%I 

NiFe (singlet) 

1,s. Rel. 
(mm/s) area 

(%I 

NiFe (sextuplet) 

H I.S. Q.S. Rel. 
(KOe) (mm/s) (mm/s) area 

(%) 

a. Hz. 713 K, 3h 0.99 2.09 I8 0.43 0.92 7 0.06 75 - 
b. F-I’S, 525 K 1.04 2.26 45 0.51 0.87 20 0.03 35 - 

Hz/CO = 3.3, 6 h 
c. FTS, 525 K 1.07 2.12 40 0.57 1.07 13 0.04 47 - 

Hz/CO = 3.3, 6 h 
H>, 525 K, 5 h 

d. HZ. 773 K, 2 h 1.01 2.08 3 0.49 0.90 1 0.04 65 246 0.06 0.01 31 
e. FTS, 525 K 1.04 2.19 28 0.49 0.90 5 0.00 32 248 0.06 0.01 35 

H&O = 3.3, 6 h 
f. FTS. 525 K 1.03 I.89 22 0.49 0.90 4 0.03 41 249 0.05 0.00 33 

Ht, 525 K, 5 h 
g. Exposure to 1.00 2.16 7 0.40 0.86 48 0.01 18 250 0.06 0.01 27 

air, 295 K 

netic hyperfine field of about 245 kOe. By 
comparison with the work of Johnson et al. 
(32) on the magnetic hyperfme fields of bulk 
NiFe alloys, and noting that the magnetic 
hyperfine fields of small particles are nor- 
mally smaller than those of bulk materials 
(33), it can be suggested that the iron is 
present as nickel-rich, NiFe alloy particles. 
Furthermore, the presence of both a six- 
peak pattern and a spectral singlet due to 
these NiFe particles indicates that the aver- 
age size of these particles is near that for 
transition between superparamagnetic and 
ferromagnetic behavior (i.e., near 10 nm) 
(33). Analogously, the absence of a sextu- 
plet in Fig. 1A indicates that the NiFe parti- 
cles formed during reduction at 713 K are 
smaller than those formed during reduction 
at 773 K. This is in agreement with the 
results of chemisorption, magnetization, 
and electron microscopy studies of these 
samples, which have been reported else- 
where (24). Following the above reduction 
in hydrogen at 773 K, the sample was ex- 
posed to HdCO (3.3 : 1) for 6 h at 525 K, 
and it was then reduced in hydrogen at 525 
K for 5 h. The room temperature Moss- 
bauer spectra collected after each of these 
two treatments are shown in Figs. 1E and 
F, respectively. The changes in these spec- 
tra are similar to the changes seen in Figs. 

IB and C; it is apparent that a fraction of 
the zero-valent iron in the sample reduced 
at 773 K is oxidized in HZ/CO and partially 
re-reduced in H2 at 525 K. Finally, the sam- 
ple was exposed to air at room tempera- 
ture, during which time the iron was slowly 
oxidized to Fe3+ as shown in Fig. 1G. 

Figure 3 shows room temperature Moss- 
bauer spectra for the NiFe/A1203 catalyst 
following various treatments. This sample 
contained 5.8 wt.% Ni and 0.35 wt.% Fe. 
Table 2 gives the results of computer fitting 
these Mossbauer spectra. The correspond- 
ing changes in the spectral area for reduced 
iron versus treatment conditions are shown 
in Fig. 2. It can be seen from Fig. 3A that 
after reduction in hydrogen at 713 K, signifi- 
cant amounts of outer doublet, inner dou- 
blet and NiFe singlet are present. How- 
ever, it is apparent from Fig. 2 that the 
relative amount of the NiFe singlet is 
smaller for this catalyst than for the titania- 
supported catalyst after the same treat- 
ment. Following exposure to HZ/CO (15 : 1) 
at atmospheric pressure and 565 K for 6 h, 
Fig. 3B shows that the amount of outer 
doublet has increased at the expense of the 
NiFe singlet and the inner doublet. Subse- 
quent treatment in hydrogen at 565 K for 5 
h has little effect on the Mossbauer spec- 
trum, as seen in Fig. 3C. This is in contrast 
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FIG. 3. Room temperature Miissbauer spectra for 
NiFe/A&O, after the following sequential treatments: 
(A) HZ, 713 K, 3 h, (B) Hz/CO = 1.5, 565 K, 1 atm, 6 h, 
(C) Hz, 565 K, 5 h, (D) Hz/CO = 4,550 K, 1 atm, 6 h, 
(E) Ha, 773 K, 2 h, (F) air at room temperature. 

to the behavior of the titania-supported cat- 
alyst, for which the outer doublet iron was 
partially converted to zero-valent iron during 
treatment in HZ at 525 K. The observed sta- 
bility of Fe2+ on alumina against reduction 
is in agreement with previous studies of low 
loadings of iron on this support (e.g., 25, 
29). 

At this point it is noteworthy that the 
treatments of the titania-supported sample 
in H2/C0 involved the so-called “unsafe” 
methanation conditions defined by Shen ef 

al. (24). In particular, conventional nickel 
catalysts deactivate via nickel carbonyl for- 
mation under these conditions. For titania- 
supported nickel, it is possible to operate 
under these unsafe methanation conditions 
since the titania support suppresses the for- 
mation of nickel carbonyl (II). In the study 
of NiFe/A120J described above, a high HZ/ 
CO ratio was used to avoid these unsafe 
methanation conditions. For comparison of 
the alumina- and titania-supported samples, 
however, the NiFe/A120j sample was also 
treated under unsafe methanation condi- 
tions, i.e., in Hz/CO (4: 1) at 550 K and a 
total pressure of 0.3 MPa for 6 h. The re- 
sulting Mossbauer spectrum is shown in 
Fig. 3D. This spectrum is primarily com- 
posed of outer doublet, with smaller 
amounts of the NiFe singlet or inner dou- 
blet. Thus, the conversion of the NiFe sin- 
glet and inner doublet to the ferrous outer 
doublet appears to be more extensive under 
unsafe conditions than under safe methana- 
tion conditions. Subsequent treatment in 
hydrogen for 2 h at 773 K does not lead to 
extensive changes in the Mossbauer spec- 
trum, as can be seen in Fig. 3E. This indi- 
cates that Fe*+ is more stable against reduc- 
tion on A1203 than on TiO2. Figure 3F 
shows that a portion of the Fe*+ on Al203 is 
oxidized to Fe3+ upon exposure to air at 
room temperature. 

Methanation Kinetics 
The kinetics of methanation over titania- 

and alumina-supported NiFe catalysts were 
studied over a range of reaction conditions. 
These data were collected under differen- 
tial reactor conditions using finely divided 
catalyst powders to eliminate heat and 
mass transfer effects (25). For the NiFe/ 
TiOz catalyst, the reaction temperature was 
varied from ca. 500 to 530 K for activation 
energy estimation. To determine the partial 
pressure dependence of the methanation 
rate, the hydrogen pressure was changed 
from 224 to 382 kPa at a constant CO pres- 
sure of 61 kPa, and the carbon monoxide 
pressure was varied from 23 to 75 kPa at a 
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TABLE 2 

Miissbauer Parameters of NiFe/A1203 at 295 K 

Treatment Fez+ (ad.) Fe*+ (i.d.1 or Fe>+ NiFe (singlet) 

I.S. Q.S. Rel. area IS. Q.S. Rel. area 1,s. Rel. area 
(mm/s) (mm/s) (%) (mm/s) (mm/s) cm (mm/s) cm 

A. Hz, 713, 3 h 0.99 2.09 29 0.70 0.56 39 0.06 32 
B. FTS, 565 K 1.10 1.89 65 0.57 0.79 17 -0.07 18 

H&O = 15, 6 h 
C. FTS, 56.5 K 1.10 1.90 61 0.65 0.78 22 -0.06 17 

H&O = 15, 6 h 
HZ, 565 K, 5 h 

D. FTS, 550 K 1.11 2.03 84 1.03 1.32 8 -0.03 8 
Hz/CO = 4, 6 h 

E. HZ, 773 K, 2 h 1.03 1.85 83 0.86 0.86 5 0.20 12 
F. Air, 295 K 1.08 1.98 46 0.63 1.10 45 -0.27 9 

constant H2 pressure of 283 kPa. The ki- 
netic parameters derived from these mea- 
surements are summarized in Table 3. This 
was done for both the NiFe/Ti02 sample 
and for a 7.4 wt% Ni/TiOz sample following 
reduction in hydrogen for 3 h at 713 K. Fur- 
ther kinetic measurements were made after 
an additional 2 h reduction treatment at 773 
K. 

Analogous kinetic measurements were 
carried out for the NiFe/Alz03 catalyst. The 
reaction temperature was varied from ca. 
525 to 565 K, the hydrogen pressure was 
changed from 247 to 385 kPa at a constant 
CO pressure of 24 kPa, and the carbon 
monoxide pressure was varied from 16 to 
75 kPa at a constant HZ pressure of 287 kPa. 
The results of these methanation studies 
are presented in Table 3. Published kinetic 

TABLE 3 

Comparison of Kinetic Parameters for Methanation 
over Supported Catalysts 

Catalyst Treatment &I 
(klimole) 

XU Y” 

5.2% Ni 
0.55% Ferni 
7.4% Ni/EOz 
;:$.N$u203 0 

713 K, HI. 3 h 
773 K, Hz, 2 h 
713 K, Hz, 2.5 h 
713 773 K, K, Hz, 3 2 h h 

Hz, 

155 2.6 -0.8 
187 2.4 -0.3 
93 1.2 -0.4 

102 88 1.2 - -0.6 

1.53% NilTi02 Literature (14) 
5% NilAhO, Literature (35) 
15% Fe/Al203 Literature (35) 

a rccHq = Ae-Em"TP&P&,, 

113 0.9 -0.3 
105 0.77 -0.31 
89 1.14 -0.05 

parameters for methanation over Ni/TiO* 
(24), Ni/A1203, and Fe/Al203 (34) are also 
included in Table 3 for comparison. 

From Table 3 it can be seen that the acti- 
vation energy for methanation over the tita- 
nia-supported NiFe catalyst is higher than 
that over the corresponding alumina-sup- 
ported sample. The reaction order with re- 
spect to hydrogen appears to be higher over 
NiFe/TiO* compared to NiFe/A1203, while 
the reaction order with respect to carbon 
monoxide is about the same on both sam- 
ples. 

The methanation activities of alumina- 
and titania-supported NiFe catalysts are 
given in Table 4. Activities are reported 
both per gram of metal and per metal sur- 
face area as measured by hydrogen desorp- 
tion measurements (20, 23). Due to the 
higher activity of the titania-supported sam- 
ple, it was not possible to study this cata- 
lyst at a reaction temperature of 550 K 
without ignition of the reactor to high con- 
version levels. Similarly, the alumina-sup- 
ported sample was not studied at the lower 
temperature of 510 K to minimize the for- 
mation of nickel carbonyl. Thus, the tita- 
nia- and alumina-supported catalysts are 
compared in Table 4 at temperatures of 510 
and 550 K by suitable extrapolation using 
the Arrhenius equation. (Extrapolated ac- 
tivities are indicated by footnote c in Table 
4.) For both samples, the activity decreases 
with increasing reduction temperature. In 
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TABLE 4 

Comparison of Specific Activity for Methanation over Supported Catalysts 

Catalyst Treatment kH&molek 

metal . set) 

510 K” 550 Kb 

P&(sec-I X lO+5) 

510 K” 550 Kb 

713 773 K, K, Hz, 3 2 h h Hz, 

773 713 K, K, Hz, 2 3 h h HZ, 
713, HZ, 2.5 h 

67 9 96oC 23W 30 8 410’ 190’ 

- 8’ 40 0 - 3c 12 0 
53 260’ 26 130’ 

a Reaction condition: Hz/CO = 4, Pco = 61 kPa, T = 510 K. 
b Reaction condition: Hz/CO = 4, PCO = 61 kPa. T = 550 K. 
c Extrapolated value. 

general, it can be seen that the titania-sup- 
ported catalyst is more active than the alu- 
mina-supported sample, either per gram or 
per surface area of metal. This result is in 
agreement with previous studies of titania- 
supported nickel catalysts (11-14). 

A further comparison of the methanation 
activities of the titania- and alumina-sup- 
ported NiFe samples (reduced at 713 K) is 
shown in Fig. 4, these data being collected 
at or extrapolated to a temperature of 510 
K, a CO pressure of 61 kPa, and an H&O 
ratio of 4. These conditions fall in the “un- 
safe” methanation region defined by Shen 
et al. (24). The higher activity of the titania- 
supported catalyst is apparent in this figure. 
In addition, it can be seen that the alumina- 
supported sample deactivates more rap- 
idly with time on stream than the titania- 
supported sample. 

Qualitative information about the forma- 
tion of higher hydrocarbons during metha- 
nation over the supported NiFe catalysts 
was also collected. This is presented in Ta- 
ble 5 for the NiFe/TiOz and NiFe/AlzOJ 
samples. It can be seen therein that at the 
low CO conversions of this study (less than 
ca. 5%), the selectivity is shifted toward 
higher hydrocarbons on the titania-sup- 
ported NiFe particles. This is consistent 
with reported studies of Ni particles sup- 
ported on titania (11-14). 

In another series of experiments, the ef- 
fect of water vapor on the rate and selectiv- 
ity of methanation over the supported NiFe 
particles was studied. The product distribu- 
tions (in mole %) for the NiFe/TiOz and 
NiFe/AlzOj catalysts are shown in Table 5 
for a water partial pressure of ca. 3 kPa in 
the Hz/CO feed. It appears that the pres- 
ence of water vapor increases the produc- 

. . . . . 

II 0 100 

TIME ON STREAM (min.) 

FIG. 4. Comparison of the methanation activities of 
NiFefGO* and NiFe/Alz03 following reduction at 713 
K. Methanation reaction conditions are: Hz/CO = 4, 
PC0 = 61 kPa, T = 510 K. (0) NiFe/TiOz, (A) NiFel 
403. 
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TABLE 5 

Product Distribution over NiFe/TiO* and NiFe/AlzOl 

Catalyst and 
reaction condition 

CO conversion 
(%I 

co* Product distribution 
(mol%) 

5.8% Ni 
0.35% Fe/A&O3 - - T = 565 K, Hz/CO 15, 4 98 2 = 

Pco = 12 kPa 
5.8% Ni 
0.35% Fe/A1,03 
T = 565 K, Hz/CO = 15, 4.4 6 94 - - 

Pco = 12 kPa 
PHzo = 3 kPa 

5.2% Ni 
0.55% Fe/TiOz 2.3 - T 58 9 33 = 532 K, Hz/CO = 4, 

PC0 = 30 kPa 
5.2% Ni 
0.55% FeiTiOz 
T 532 K, HJCO 4, 3.8 1 43 6 50 = = 

Pco = 30 kPa 
PHZo = 3 kPa 

tion of CTCs hydrocarbons for the titania- 
supported NiFe particles, while the effect 
of water on the alumina-supported NiFe 
catalyst is to increase slightly the produc- 
tion of C02. The dependence of the metha- 
nation rate on the water pressure over the 
NiFe/TiOz catalyst was studied at 525 K for 
a H2 : CO ratio equal to 4, a CO pressure of 
30 kPa, and a range of water partial pres- 
sures from 2.67 to 26.7 kPa. The methana- 
tion rate was observed to be inhibited 
slightly by water, the reaction order being 
-0.15. However, since selectivity to higher 
hydrocarbons is enhanced by the addition 
of water, the HZ0 partial pressure depen- 
dence of the overall rate of CO consump- 
tion is slightly positive. For the NiFe/AlzOj 
catalyst, the water partial pressure was var- 
ied at a temperature of 565 K, an H2 : CO 
ratio of 15, and a CO pressure of 12 kPa. 
The rate of methanation was essentially in- 
dependent of the water pressure over the 
range from 2.67 to 26.7 kPa. 

DISCUSSION 

Descriptive Model of Supported NiFe 
Catalysts 

In general, one may imagine at least two 
locations for the iron in the supported NiFe 
catalysts of this study: (i) iron present in 
NiFe particles and (ii) iron interacting with 
the support. The formation of NiFe parti- 
cles takes place during reduction of both 
the alumina- and titania-supported samples. 
The presence of iron interacting with the 
support is manifested by ferrous iron in the 
Mossbauer spectra of the alumina- and tita- 
nia-supported catalysts following reduction 
at 713 K. This conclusion may be reached 
by noting that ferrous cations are stabilized 
against reduction to the zero-valent state on 
such oxide supports as SiO2, A1203, and 
MgO (28, 29, 3.5, 36). It is perhaps surpris- 
ing that the relative amount of ferrous iron 
is smaller for the titania-supported catalysts 
than the alumina-supported samples in this 
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study. That is, the iron is apparently more 
reducible on a reducible support such as ti- 
tania than on an irreducible support such as 
alumina. This result is consistent with the 
findings of Santos et al. (19) where it was 
observed that low loadings (ca. 0.5 wt%) of 
iron on titania could be reduced to metallic 
iron during treatment in hydrogen at 700 K, 
while this is not the case for such loadings 
of iron on alumina or silica (29, 35). It has 
also been recently reported that nickel is 
highly reducible on niobia (37). This sug- 
gests a general result: metals may be more 
reducible on reducible supports than on ir- 
reducible supports. 

Upon exposure to methanation reaction 
conditions following reduction in hydrogen, 
the titania- and alumina-supported catalysts 
showed an increase in the amount of fer- 
rous iron at the expense of NiFe particles, 
indicating that a fraction of the iron in the 
NiFe particles becomes oxidized on both 
supports under methanation reaction condi- 
tions. This may be due, for example, to the 
presence of oxygen-containing species on 
the surface of the NiFe particles resulting 
from the dissociation of CO (38). Further- 
more, once the ferrous cations have been 
formed on the NiFe/AIZOj catalysts under 
“unsafe” methanation conditions, they 
cannot be re-reduced to the zero-valent 
state in hydrogen at 773 K. This is quite 
unlike the behavior of unsupported iron 
which can be reduced to the metallic state 
in hydrogen at temperatures near 670 K 
(39). Thus, it must be concluded that the 
ferrous cations formed under these metha- 
nation reaction conditions are associated 
with the alumina support, perhaps as a sur- 
face spine1 phase (e.g., 40). These results 
also suggest that bulk thermodynamics can- 
not necessarily be used to predict the phase 
of iron on these samples after various treat- 
ments. This may explain why significant 
amounts of Fe*+ were observed at the low 
CO conversions of this study. 

It has been suggested elsewhere (19, 20) 
that the surfaces of titania-supported metal 
particles may contain TiO, species which 

have migrated from the titania support. In 
an analogous way that electropositive po- 
tassium compounds have been shown to 
promote chemisorption of hydrogen and 
carbon monoxide on metals, these TiO, 
species have been proposed to be electro- 
negative and to weaken the strength of car- 
bon monoxide adsorption on titania-sup- 
ported metal particles. It is now suggested 
that TiO, species may also be present on 
the surfaces of the NiFe particles of the 
present study. For example, the activation 
energy for methanation over the NiFe/TiOz 
catalysts after hydrogen treatment at 773 K 
is significantly higher than that over NiFe/ 
A&03. This is despite the fact that the NiFe 
particles on titania are ca. 10 nm in size, as 
shown by electron microscopy, hydrogen 
desorption, and magnetic susceptibility 
measurements (23). As argued elsewhere 
(19, 20, 22), the observation of effects at- 
tributable to strong metal-support interac- 
tions for large metal particles is evidence 
for the presence of titanium species on the 
surfaces of these particles. In addition, the 
oxidation state and dispersion of these tita- 
nia species may be dependent on the gas 
atmosphere over the sample (18, 19). 

Catalytic Consequences of Strong 
Metal-Support Interactions 

One important catalytic consequence of 
strong metal-support interactions with re- 
spect to the methanation reaction is that ti- 
tania-supported nickel particles are more 
resistant to deactivation via nickel carbonyl 
migration than are alumina-supported 
nickel catalysts. Thus, higher catalytic ac- 
tivities reported for titania-supported cata- 
lysts must be viewed with caution, espe- 
cially when the methanation reaction has 
been carried out under “unsafe” reaction 
conditions and when the Ni particle size 
has been measured before reaction kinetics 
studies. However, scanning transmission 
electron microscopy studies (23) indicate 
that while the changes in size of the alu- 
mina-supported particles under these con- 
ditions complicate the comparison of the 



SUPPORTED NICKEL-IRON METHANATION CATALYSTS 21 

alumina- and titania-supported samples, it 
appears that the titania-supported catalysts 
are about an order of magnitude more ac- 
tive per unit surface area. 

The catalytic consequences of strong 
metal-support interactions observed in the 
present study between NiFe and titania are 
in general agreement with the results of 
Vannice (14), who investigated a number of 
Group VIII metals supported on titania. In 
particular, the methanation activity, activa- 
tion energy, reaction order with respect to 
hydrogen, and the selectivity to higher hy- 
drocarbons are all greater for titania-sup- 
ported NiFe compared to the alumina- 
based catalysts. It is suggested here that 
these effects may be at least partially attrib- 
utable to the presence of TiO, species on 
the nickel surface. These species may intro- 
duce new catalytic sites comprised of 
nickel and titania components, and they 
may alter the amount and/or nature of car- 
bon species on the nickel surface. The first 
of these two possibilities is a modification 
of the model proposed by Burch and Flam- 
bard (1); the second is suggested from the 
arguments of Vannice (2). The following 
paragraphs discuss these two effects in 
greater detail. 

According to Burch and Flambard (I), 
Ni/TiOz catalysts are more active for meth- 
anation than nickel on other common sup- 
ports such as alumina due to the creation of 
special sites at the interface between nickel 
and titania. These sites were imagined to be 
present at the periphery of the nickel parti- 
cles on the titania support. However, if the 
nickel particles are large, the number of 
these sites relative to the total metal surface 
area is quite small. Instead, if TiO, species 
are also present on the surface of the nickel 
particles, then these special sites are no 
longer restricted to the periphery but may 
exist over the entire metal surface. This 
could explain the particularly high activity 
of the titania-supported methanation cata- 
lysts reported by this and other studies. 
These sites would presumably show a 
higher methanation activation energy, a 

higher reaction order with respect to hydro- 
gen, and an increased selectivity toward 
higher hydrocarbons compared to NiFe 
alone; however, the reason for this behav- 
ior is not clear from this model. 

The second possible role of TiO, species 
on Ni (and NiFe) particles supported on ti- 
tania may be to modify the amount and/or 
nature of the carbon species on the metal 
surface. It has been suggested by Vannice 
(2) that the nickel surface coverage by car- 
bon under methanation reaction conditions 
may be smaller for titania-supported nickel 
than for nickel particles on other supports 
such as alumina. This allows hydrogen to 
compete more favorably for sites on the 
metal surface, and a more active methana- 
tion catalyst results (2, 24). It is not clear 
from this explanation, however, why the 
reaction order with respect to carbon mon- 
oxide is about the same for titania- and alu- 
mina-supported methanation catalysts. In 
fact, one would expect the titania-sup- 
ported catalysts to show a less negative re- 
action order. Also, it is not apparent from 
this explanation why the selectivity toward 
higher hydrocarbons is greater for the tita- 
nia-supported catalysts. For these reasons, 
it seems appropriate to extend the ideas of 
Vannice to include the possibility that tita- 
nia modifies not only the amount but also 
the nature of the carbon species on the 
metal surface. For example, it has been 
shown that several different forms of car- 
bon may exist on nickel-based catalysts 
(41, 42). These forms include carbidic car- 
bon, graphitic carbon, amorphous carbon, 
and CH, species. In fact, only a fraction of 
the total amount of surface carbon may be 
active in the methanation reaction. This 
fraction has been estimated to be about 10% 
on a typical Ni/SiO;l methanation catalyst 
(4345). If one simply classifies carbon spe- 
cies as being either “active” or “inactive” 
in methanation (43), then a possible role of 
TiO, species on the surface may be to in- 
crease the relative amount of the active car- 
bon species. Indeed, by increasing the sur- 
face concentration of active carbon species 
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at the expense of inactive carbon deposits, 
it is possible to explain the higher methana- 
tion activity and the greater selectivity to- 
ward higher hydrocarbons observed for ti- 
tania-supported Ni and NiFe catalysts. In 
addition, the competition between active 
carbon and hydrogen may not be signifi- 
cantly altered by the presence of TiO, spe- 
cies, and the reaction order with respect to 
carbon monoxide could, therefore, be the 
same for the titania- and alumina-supported 
catalysts. 

The above explanation for the effects of 
strong metal-support interactions on the 
catalytic properties of NiFe particles is 
consistent with previous studies of the ef- 
fects of oxygen on the catalytic properties 
of metal surfaces. It has been established 
that the presence of oxygen on or beneath 
metal surfaces can increase the rate of hy- 
drocarbon synthesis from hydrogen and 
carbon monoxide (4449). Furthermore, 
the extent of carbon monoxide dissociation 
on non-noble metals appears to be lower on 
surfaces containing oxygen (e.g., 50). Thus, 
the role of TiO, species on Ni and NiFe 
particles may be to maintain an appropriate 
amount of oxygen on the surface which 
thereby controls the extent of carbon depo- 
sition. Too high an extent of carbon deposi- 
tion leads to catalyst deactivation via the 
formation of inactive carbon species on the 
metal surface (e.g., nucleation of active 
carbon into inactive carbon aggregates), 
while too low an extent would give a cata- 
lyst with a small surface concentration of 
active carbon species. It thus appears that 
this balance lies too far toward the former 
extreme for Ni and NiFe surfaces, and that 
the presence of TiO, species on these sur- 
faces shifts this balance toward its optimal 
position. 

The reasons why the methanation activa- 
tion energy and reaction order with respect 
to hydrogen are higher for NiFe supported 
on titania compared to the alumina-sup- 
ported catalysts are not clear at present. It 
is possible, for example, that the activation 
energy is higher for the titania-supported 

catalysts because it is more difficult to dis- 
sociate CO on these samples. In fact, re- 
cent results suggest that the presence of 
TiO, species on a nickel surface weakens 
the strength of CO adsorption and sup- 
presses the dissociative adsorption of CO 
(22). The higher reaction order with respect 
to hydrogen for the titania-supported cata- 
lysts may possibly be due to a change in the 
rate-determining step or a change in the 
most abundant surface species. For exam- 
ple, the surface coverages by “active” and 
“inactive” carbon species discussed above 
may depend on the hydrogen pressure in 
different ways; and, if the presence of TiO, 
surface species changes the relative abun- 
dance of these carbon species, the hydro- 
gen partial pressure dependence of the rate 
may change accordingly. 

The effects of water vapor on the selec- 
tivity toward higher hydrocarbons during 
methanation over NiFe/TiO:! catalysts are 
interesting and merit further study. It has 
been suggested, for example (e.g., 51, 52), 
that one mechanism for chain-growth dur- 
ing Fischer-Tropsch synthesis involves the 
elimination of water from OH groups on the 
growing carbon fragments. When water is 
added to the Hz/CO feed, the concentration 
of these OH groups would increase and the 
probability for chain growth would be in- 
creased accordingly. Indeed, the TiO, spe- 
cies on the metal surface may well be hy- 
droxylated in the presence of water, and 
these Ti(OH), species may be the source of 
OH groups for the growing carbon chains. 
The ability of titania to dissociate water 
should also be noted in this respect (53). 
Another possible effect of water might be to 
alter the balance between “active” versus 
“inactive” carbon on the surface. 

Finally, one may speculate whether the 
presence of Ti3+ cations is necessary for the 
existence of strong metal-support interac- 
tions. At least for the case of methanation, 
it appears that the presence of Ti3+ is not 
responsible for the catalytic behavior of ti- 
tania-supported NiFe particles. Specifi- 
cally, Fez+ is observed by Mossbauer spec- 
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conditions, and by thermodynamic argu- (Jiang) to be a visiting scholar at the University of 

ments (M), the presence of Fe2+ suggests Wisconsin. We are also grateful to the National Sci- are also grateful to the National Sci- 

that the titanium is present as Ti4+. Addi- 
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tional evidence that Ti3+ cations are not im- 
to another of the authors (Stevenson). Finally, we ‘^- -’ the authors (Stevenson). Finally, we 
would like to thank W. M. Shen and G. B. Rauno for ank W. M. Shen and G. B. Rauno for . . 

portant in methanation over titania-sup- valuable help during the course of this study. 
ported NiFe is that water does not have a 
strong effect on the reaction, even though 
water would be expected to oxidize Ti3+ to 
Ti4+. 

In summary, the differences in catalytic 
properties of NiFe supported on titania 
compared to NiFe supported on alumina 
can be explained by the presence of titania 
species on the surface of titania-supported 
metal particles. These species decrease the 
rate of carbon deposition on the metal, 
thereby decreasing the amount of “inac- 
tive” carbon on the surface. This results in 
an increase in the amount of “active” car- 
bon on the surface and a corresponding in- 
crease in the rate of methanation. The in- 
creased surface coverage by “active” 
carbon also leads to an increase in the se- 
lectivity toward higher hydrocarbons. 
While the titania species decrease the 
strength of CO adsorption on the metal sur- 
face, the strength of hydrogen adsorption 
may be increased (22). Thus, hydrogen 
competes more favorably with carbon mon- 
oxide for surface sites on titania-supported 
metals. As a result, increasing the hydrogen 
pressure decreases the total amount of car- 
bon on the surface, and this may favor the 
formation of “active” carbon at the ex- 
pense of “inactive” carbon. Accordingly, 
titania-supported NiFe catalysts show a 
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high reaction order with respect to hydro- 
gen pressure. Finally, titania species on the 
metal surface may serve as a source of OH 
groups for surface carbon species, thereby 
favoring chain-growth through the elimina- 
tion of water between growing carbon frag- 
ments. 
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