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Alumina-supported iron catalysts, obtained either by impregnation of iron from a K,[Fe(CN),]
aqueous solution upon several acid-modified y-AL O, samples or by the incipient wetness method,
were characterized and their activities for ammonia synthesis at atmospheric pressure and 593 K
were studied. Characterization was carried out by temperature-programmed reduction (TPR),
kinetics of hydrogen reduction, CO chemisorption, X-ray photoelectron spectroscopy (XPS), IR
spectroscopy, and Mdossbauer spectroscopy. resulting in the degree of reduction and the dispersion
of the metallic phase dependent on the previous acid modification of the y-Al,O;. The XPS surface
composition expressed as M 2p/Al 2p (M = Fe, K) gave K 2p/Al 2p > Fe 2p/Al 2p. IR experiments,
with NO as probe molecule, exhibited bands for reduced catalysts at 1778 and 1712 cm~! whose
intensity and position depended on the protonation degree of y-Al,O, and promoter content,
respectively. Mossbauer spectra of the reduced samples showed the presence of surface a-Fe,
superparamagnetic Fe?, Fe?t, Fe’*, and a-Fe,0; depending on the catalyst. Finally, the catalytic
activity for ammonia synthesis was found to be dependent on the surface structure of the catalyst

and hence on the method of preparation.

INTRODUCTION

Catalysts prepared from supported and
unsupported Group VIII metals are com-
monly used in'the ammonia synthesis reac-
tion (/-4). The low concentration of the ac-
tive phase present in supported catalysts,
when compared with those of industrial
counterparts, facilitates the study and un-
derstanding of stability, dispersion, and
other characteristics of the active phase, in
ammonia synthesis catalysts. Modification
of y-alumina properties (5—7) and different
methods of impregnation (8, 9) were re-
ported. Recently, we described a method
for acid modification of y-alumina (10), and
we reported the preparation, characteriza-
tion, and catalytic activities of supported
iron and ruthenium catalysts for ammonia
synthesis at atmospheric pressure (//-16).

In this work we studied the preparation
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of catalysts from iron supported on acid-
modified y-alumina; their characterization
using temperature-programmed reduction
(TPR) measurements; kinetics of hydrogen
reduction; CO chemisorption; X-ray photo-
electron spectroscopy (XPS), IR spectros-
copy, and Mdssbauer spectroscopy; and fi-
nally their catalytic activity for ammonia
synthesis at atmospheric pressure and 593
K, correlating the catalytic activity with
surface properties and method of prepara-
tion.

EXPERIMENTAL
Catalyst Preparation

Several samples of Girdler vy-alumina
with a BET surface area of 188 m? g~ !and a
pore volume of 0.39 cm?® g~ ! were acid-mod-
ified as reported elsewhere (//-13). These
samples were labeled NA, PAl, PA2S,
PAS, PA10, and PA20 corresponding to the
amount of H* [mmole H* (g y-AlLO3)™ ')
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added to the solution: 0, 1.0, 2.5, 5.0, 10.0,
and 20.0, respectively. The acid site con-
tent of the samples was determined by UV
spectrophotometry, as reported in the liter-
ature (/0), with prior filtration and drying
under vacuum at 393 K for 12 h.

Samples (3.75 g) of the filtered and dried
acid-modified support were impregnated
with 50 cm? of a 0.32 M K,[Fe(CN)¢] aque-
ous solution stirred for 1.5 h. Two non-
modified alumina samples were also im-
pregnated with aqueous solutions of
K4[Fe(CN)g] and Fe(NQO;); - KNO; by the
incipient wetness method, resulting in cata-
lysts that contained 3.2% Fe (labeled 31W)
and 15% Fe (labeled 15IW), respectively.
Impregnated samples were filtered off,
dried at 333 K, and calcined up to 873 K
under an air flow for 24 h. Reduction was
carried out in a tubular reactor with a
H,: N, (3:1) flow rate increasing up to 100
cm® min~! and temperature increasing up to
773 K for 72 h.

Catalyst Characterization

Iron analysis. Iron content of the cata-
lysts was determined by flame atomic ab-
sorption spectrometry using an IL 551
spectrometer.

Reduction measurements. The reduction
kinetics of catalysts were measured in a
Cahn RG microbalance connected to a
high-vacuum line and a gas-handling sys-
tem. Samples (250 mg) were outgassed at
773 K until a constant weight was reached
and then were exposed to 40 kN m—2 H,. As
water readsorption on the carrier is negligi-
ble at this temperature, the weight change
of the catalysts with time was taken as
the extent of the reduction, «,, which was
determined as the ratio of experimental
weight loss to theoretical weight loss ex-
pected for the total reduction of Fe,O; to
metallic Fe. Initial reduction rates were cal-
culated by analytical differentiation at zero
time of the integral data fitted to a mathe-
matical equation. Reduction experiments at
programmed temperature were conducted
in the same gravimetric system. Samples
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(40 mg), outgassed at 823 K for 12 h and
then cooled to room temperature, were ex-
posed to 40 kN m~2 H, and subsequently
heated to 1100 K, at 4 K min~".

CO chemisorption. CO chemisorption
was performed according to Emmett and
Brunauer’s recommendations (/8-20). A
250-mg precursor was reduced in hydrogen
(40 kN m~2) at 770 K for 35 h. After reduc-
tion, the sample was evacuated to 1.3 X
10-* N m~2 for 2 h at 770 K and cooled to
room temperature, before the first CO iso-
therm was taken. Evacuation to 1.3 N m™
for 0.2 h at room temperature followed the
first isotherm, and a second isotherm was
then recorded. CO was previously purified
by slow passage through a 4-A molecular
sieve—charcoal train, condensed in a trap at
77 K, and then distilled to a 4-dm? reser-
Voir.

X-Ray photoelectron spectra. XPS spec-
tra were acquired with a Vacuum Genera-
tor ESCA 3 spectrometer equipped with a
magnesium anode (MgK, = 1253.6 eV),
operated at 14 kV and 20 mA. A Tracor
Norther TN-1710 signal averager allowed
accumulation of spectra until a desired sig-
nal-to-noise ratio was reached. The analy-
sis energy was fixed at 50 ¢V. Residual
pressure inside the analysis chamber was
better than 1 x 10-¢ N m~2, The powdered
samples were pressed (4 X 10*kN m~2) and
then mounted on holders fixed on a long rod
which allowed a rapid entry into the analy-
sis chamber. C 1s, O 1s, Al 2p, K 2p, and
Fe 2p signals were recorded for each cata-
lyst. All binding energies (BE) were re-
ferred to the C 1s line at 285.0 eV.

Infrared spectra. For infrared experi-
ments, the catalysts were ground to a fine
powder and pressed at 1.3 X 10* kKN m~2
into a 1.2-cm-diam wafer. These wafers
were placed in a special vacuum cell assem-
bled with greaseless stopcocks and NaCl
windows, which allowed thermal treat-
ments either under vacuum or on flowing
gases. Pretreatment of the catalyst con-
sisted of heating at 723 K for 2 h in a dy-
namic high vacuum (~1.3 X 1073 N m~?)
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and/or reducing in a H, flow (7.2 dm3 STP
h~") and then evacuation at 723 K for 2 h.
Infrared spectra were obtained with a
Perkin-Elmer 580B spectrophotometer in-
terfaced to a data system. Good-quality
spectra were obtained after several accu-
mulations and subsequent smoothing. All
spectra were obtained in the double-beam
mode, with a fixed slitwidth which was ad-
justed according to sample opacity. Nitric
oxide (99.5% volume) was purified by three
freeze—pump-thaw cycles, and then the
distillate was collected in a 4-dm? ball. Hy-
drogen (99.98% volume) was purified by
passage through a Deoxo purifier.

Mossbauer spectrometry. A conven-
tional Mdssbauer spectrometer operating in
the constant acceleration mode was used.
All spectra were taken at room tempera-
ture, working in the transmission mode
with a Co (Pd) source. The spectra were
computer-fitted to a sum of Lorentzian-
shaped lines. The goodness of fit was moni-
tored by the x? test. Mdssbauer data in
Tables 1 and 2 correspond to the fitted
parameters.

Catalytic Activity

Synthesis and detection of ammonia.
Ammonia synthesis reaction was per-
formed at atmospheric pressure in a 100-
cm? close recirculating system equipped
with a descending-flow tubular microreac-
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tor, peristaltic pump, gas/vacuum inlets,
etc. Before the reaction step all catalysts
were pretreated with N, for 6 h at 593 K.
The reaction conditions were total pressure
= 101.3 KN m~Z, temperature = 593 K, feed
H,/N, = 3/1 mole, reaction time = 24 h,
and catalyst samples = about 2 g.

Reactants and products were bubbled
through a cold trap containing distilled wa-
ter. The ammonia formed during the reac-
tion and regained in this solution was ti-
trated by Chaney and Marbach’s method
7).

RESULTS AND DISCUSSION
Catalyst Structure

Catalyst reduction. Reduction of the cat-
alysts was carried out gravimetrically, in an
H, atmosphere, in two different ways: re-
duction at programmed temperature (TPR),
and kinetics of reduction at constant tem-
perature (520°C).

TPR results are depicted in Table 1 for
the alumina-supported iron catalysts in the
temperature range 25-840°C. This table in-
cludes TPR results for catalysts prepared
from nonprotonated y-alumina (NA), pro-
tonated vy-alumina (PA), and +y-alumina
prepared by the incipient wetness method
(3IW), for comparative purposes. Only at
higher temperatures (750-850°C) are cata-
lysts reduced quantitatively to Fe®. Table 1
shows that the 3IW sample starts to be

TABLE 1

Chemical Composition and Reducibility of Fe/Al,O; Catalysts

Catalyst % K % Fe Ty(°C)* o (%)
[mg (g Fe)~! min~']
NA 6.4 2.3 365 11.9 59.1
PALl 7.3 2.6 365 10.1 57.4
PA25 7.8 2.8 365 8.8 55.0
PAS 8.4 3.0 365 32.3 61.9
PA10 8.8 3.1 365 29.6 63.0
PA20 9.5 3.4 365 27.9 39.4
3IIW 8.9, 32 335 35.6 63.7

2 Temperature at which reduction (TPR profiles) starts.
® Reduction degree determined after 16 h.
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reduced at a temperature slightly lower
(335°C) than those of the NA and PA sam-
ples (365°C). This fact suggests that the im-
pregnation method used must be responsi-
ble for the different species with different
reducibility at the interface. In fact, the dis-
persion degrees obtained from the NA and
PA samples, impregnated from a stirred
suspension until equilibrium of adsorption
(13) (called ‘‘free adsorption’ samples
hereon) was reached, are higher than those
of the ‘‘incipient wetness’’ samples (Table
2).

Kinetic reduction curves (a vs t) of y-
AlLO;-supported iron catalysts were carried
out at 520°C in H,. From these Kkinetic
curves both the initial reduction rate (ry),
determined by analytical differentiation of
the integral kinetic data extrapolating at ¢
= (), and the reduction degree reached after
16 h (a5) were obtained. These values are
summarized in Table 1. Despite the scatter
of the data an increase in ry with increasing
Fe content may be observed. Nevertheless,
the largest r, value [35.6 mg (g Fe)!
min~!] corresponds to the 3IW sample.
Similar behavior is observed when the re-
duction degrees reached after 16 h are com-
pared with the r, values. The extent of
reduction increases slightly as the pro-
tonation level of Al,O; increases except
for the PA20 sample for which a significant
decrease in the oy value is observed. For
this sample a high dissolution of AI’* ions,
in the protonation step of AlLOs;, is ex-
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pected to take place. In this case, Fe3* ions
can isomorphically substitute AP* ions at
the interface of alumina (/1, 21). As a con-
sequence, the catalyst becomes difficult to
be reduced.

One can consider the reaction between
iron and Al,O; to produce FeAl,O4like
structures. It is well known that iron alumi-
nate formed during the calcination step of
the precursors is more difficult to reduce
than bulk iron oxides (22-24). The same
behavior was found in the case of cobalt
(24) or nickel (25, 26) in alumina catalysts.
In our case, the low «a; values obtained,
even at 520°C after 16 h, are indicative of a
strong interaction between the active phase
and the carrier, presumably forming, to a
certain extent, an iron aluminate-spinel
phase. XRD measurements did not evi-
dence the appearance of such a compound,
probably owing to the fact that its formation
may be restricted to only a few subsurface
layers which can have a defined structure.
Mossbauer results corroborate these find-
ings (see below).

CO chemisorption. Figure 1 shows the
pairs of CO isotherms obtained as de-
scribed above for the NA, PA20, and 3IW
samples. For each of the catalysts both iso-
therms are displaced by a constant CO
uptake corresponding to the amount of
strongly chemisorbed CO. The second iso-
therm must correspond to weakly chemi-
sorbed CO on both support and unreduced
Fe’* ions as evidenced by the completely

TABLE 2

Dispersion Degree of Iron Particles and Activity of Fe/Al,O; Catalysts

Catalyst CO A Dispersion Activity
[mmole (g Fe)~!] [m? (g Fe) !} (%) [wmole NH; (g Fe)~! h~1]
NA 1.609 130.8 18.0 2.83
PA1 1.634 132.9 18.3 2.38
PA2.5 1.650 134.2 18.5 3.43
PAS 1.700 138.2 19.0 3.83
PAI1O 1.841 149.7 20.6 3.50
PA20 1.349 109.7 15.1 1.93
3IW 0.781 63.5 8.7 1.48
15IW 0.467 29.0 2.6 0.84
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F1G. 1. CO adsorption isotherms at 195 K for several
catalysts: (a) NA, (b) PA20, (c) 3IW. Open symbols,
total amount of adsorbed CO. Solid symbols, amount
of CO reversibly adsorbed upon the catalyst.

reversible CO uptake found on the oxidic
IW sample. Thus, the difference between
both isotherms represents the CO irrevers-
ibly chemisorbed on the metallic iron and
possibly on Fe?* jons. The irreversible CO
uptakes [given as mmole CO (g Fe)™'] are
summarized in Table 2. As can be observed
CO uptake increases progressively as the
protonation level of the alumina surface in-
creases, except for the PA20 sample in
which it decreases. Even a smaller amount
of CO was obtained on the IW samples.
From the assumed Fe/CO = 2/1 surface
stoichiometry (27) and using a cross-sec-
tional area per CO molecule of 0.135 nm,
the metallic surface area (S) of Fe can be
calculated (Table 2). In parallel, taking the
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same Fe/CO surface stoichiometry, the dis-
persion degree defined by the ratio Fe at-
oms at surface/total Fe atoms (%) can be
calculated. As can be observed, the Fe dis-
persion follows a trend similar to that found
for the Fe surfaces of the catalysts because
of the small variation in the Fe content of
the catalysts.

Variation of the Fe surface (or dispersion
degree) with protonation of the y-Al;O; sur-
face may be controlled by two factors.
First, when the acid content of the support
increases, the extent of adsorption of
[Fe(CN)¢]~* ions must be favored (13); thus
an increase in Fe loading is expected, al-
though without significant differences in
dispersion. Second, when the acid content
of the support s high a fraction of the sur-
face AP* ions might be isomorphically re-
placed by Fe** ions. In this matrix such
ions would be difficult to reduce; conse-
quently they would not irreversibly chemi-
sorb CO molecules. This finding is also sup-
ported by the low degree of reduction found
for PA20 catalyst (Table 1).

We recall that the degree of dispersion
obtained from the irreversibly chemisorbed
CO is certainly high for these catalysts. By
using thermodesorption of CO from re-
duced iron-based catalysts, Perrichon et al.
(23) found that a small fraction of adsorbed
CO molecules were dissociated on Fe at-
oms. Such an effect could also be involved
in the CO chemisorption experiments per-
formed in this study. In this respect we
used infrared spectroscopy to identify the
adsorbed species formed after adsorption
of NO on the 15% Fe/AlOs catalyst, 15IW
(NO is considered to be a better probe mol-
ecule than CO to identify Fe atoms or ions).

X-Ray photoelectron spectra. Photoelec-
tron spectra of the Fe 2ps, and Fe 2p; lev-
els of several Fe/Al,O, catalysts are given
in Fig. 2. The BE value of 711.0 eV was
essentially the same for all catalysts, and
the small differences of about 0.2 eV were
within experimental error. Note that the
BE value of Fe 2p;» level closely corre-
sponds to that reported by Allen et al. (28),
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Fi1G. 2. Fe 2p peak profiles of oxidic catalysts. (a)
NA, (b) PA1, (c) PA2.5, (d) PAS, (e) PAIO, (f) PA20,
(g) 3IW (dashed line).

Brundle et al. (29), and Yabe et al. (30) for
the a-Fe,0;. The presence of a-Fe,0s crys-
tallites in these preparations (y-Fe,O; was
excluded because no magnetic splitting is
observed at room temperature) was evi-
denced by Mossbauer spectroscopy (see
below). It is not surprising because the a-
Fe,0; is the more common Fe3* oxide, with
the more uniform corundum structure, in
which the oxygen ions adopt a hexagonal
close-packed arrangement and the Fe’*
ions are distributed throughout two-thirds
of the octahedral sites generated in this
structure.

No significant differences in the BE of O
Is, Al 2p, and K 2p photolines were ob-
served, but their intensities varied substan-
tially. In this respect, it is important to keep
in mind that the intensities of the Fe 2p lev-
els in Fig. 2 are not comparable because the
number of accumulations also varied. As an
approach to a better understanding of the
dispersion of Fe and K species at the inter-
face of these catalysts, the M 2p/Al 2p (M
= Fe or K) ratios have been calculated and
compared in Fig. 3 with the corresponding
M/ALI ratios as given by chemical analysis.

269

For calculation of the M 2p/Al 2p ratio the
sensitivity factors, averaged for different
compounds and taking fr, = 1.00 as stan-
dard according to Wagner et al. (31), have
been considered. As can be observed from
Fig. 3, the surface concentration of Fe is
much smaller than that corresponding to
chemical analysis, while the one of K is
about one-half of the overall composition.
This fact suggests that the iron is dispersed
inside the pores of the y-Al,O;, while potas-
sium is almost uniformly distributed on the
surface. Moreover, the exposed Fe atoms
at the surface increase slightly with Fe con-
tent. Thus, the small fraction of Fe atoms
probed by XPS cannot be correlated with
CO chemisorption or Mossbauer data. This
small fraction of Fe could be related to
those AP** ions of the y-Al,O; surface re-
placed isomorphically by Fe?* ions during
the impregnation step. On calcining, these
Fe?* ions should remain imbedded in the
AL O; matrix.

Infrared spectra. The infrared spectra
obtained after NO is chemisorbed on the
oxidic and reduced alkali-promoted Fe/
AL O; catalysts are given in Figs. 4A and B,
respectively. We selected only the region
1900-1600 cm™! characteristic of vibrations
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Fi1G. 3. XPS surface composition (M/Al, M = Fe or
K) as a function of the chemical composition of differ-
ent catalysts: V, NA; [0, PA samples with variable
protonation degree of the alumina (Table 1); O, 3IW.
Open and solid symbols refer to Fe and K, respec-
tively. The dashed line is the theoretical one that
would result if both surface and bulk compositions
were identical.
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FiG. 4. Infrared spectra of NO chemisorbed (excess
gas-phase NO) on (A) oxidic catalysts, and (B) re-
duced catalysts at 723 K for 2 h. (a) 3IW (dashed line),
(b) NA, (c) PA2.5, (d) PAS, (e) PA10, (f) PA20.

of the NO probe held by ionic (or metallic)
iron sites. For the oxidic catalysts (Fig.
4A), the spectra, obtained with the gas-
phase NO (4.7 kN m~2), show a very nar-
row band at 1790 cm~! whose intensity is
almost the same for all catalyst series, ex-
cept for the 3IW catalyst which is slightly
smaller. This band is completely removed
upon evacuation of the cell to 1.7 N m™2.
The blank experiment did not show any IR
bands.

NO chemisorption spectra on reduced
catalysts show three bands at 1790, 1778
(shoulder), and 1712 cm™!. In these reduced
catalysts both the position and the full
width at half-maximum (FWHM) of the
band at 1790 cm™! are almost the same as
those found on the oxidic catalysts. Thus, it
may be inferred that the surface species re-
sponsible for such a band is the same in
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both catalyst series. The relative intensity
of the other two bands at 1778 and 1712
cm~! depends markedly on the protonation
degree of y-Al,0;. For instance, the inten-
sity of the band at 1778 cm™' is higher
than that at 1712 cm™! for the NA catalyst
while this trend is opposite for the PA20
catalyst.

Assignments of the infrared bands cen-
tered at 1800 and 1720 cm~! have been
made by Bandow et al. (32) by reacting NO
with iron vapor and trapping the products
by matrix isolation techniques. They as-
signed the band at 1800 cm~! as monomeric
NO species chemisorbed on Fe?* sites, and
a band at 1720 cm™~! as NO chemisorbed on
fully reduced Fe® atoms. The Fe?* sites
were considered to be formed by oxidation
of the Fe atoms by the NO probe molecule.
These assignments were also made by King
and Peri (33), who performed a careful in-
frared study of NO chemisorption upon alu-
mina-supported iron and alkalinized iron
Fischer-Tropsch catalysts, although they
found a greater number of bands than ob-
served by matrix isolation. No evidence
was found supporting the formation of NO
dimers in the matrix isolation experiments,
in contrast to other studies of NO chemi-
sorption on supported catalysts, namely,
molybdena—alumina (34), chromia-alu-
mina (35), and chromia-silica (36, 37).

In the present study the infrared bands of
NO at 1778 and 1712 cm™!, observed only
on reduced catalysts, can reasonably be as-
signed to NO chemisorbed on Fe?* and Fe?
sites, respectively. Note that such bands
appear slightly shifted to lower wavenum-
bers than those reported by Peri and King
in an (up to 2%) alkali-supplemented 10%
Fe/AlLO; catalyst (33). The K-promoted
iron catalysts of the present study show
greater shifts owing to their higher pro-
moter contents. Moreover, the greater al-
kali content resulted in a decrease of the
band intensity, suggesting a loss of surface
sites for NO chemisorption. By contrast,
the band at 1790 cm~! observed either on
oxidized on reduced catalysts can be as-
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signed to NO adsorbed on Fe’* sites. This
assignment is supported by the Mdssbauer
spectra which indicate the presence of only
Fe3* sites (see below). These Fe3* sites are
able to adsorb NO. Otto and Shelef (38)
carried out a study on the equilibrium and
kinetics of NO adsorption on Fe/Al,O; cat-
alysts. On the basis of a modelistic analysis
of the NO isotherms (299-423 K) on 8.15%
Fe/Al,O; catalyst according to Freundlich’s
method, they found a value of 5.5 kcal
mole~! for the adsorption heat (isosteric) at
a NO coverage of 0.37. In agreement with
the above statement, the NO coverage of
the infrared species is expected to be rather
high and also weak enough to exhibit a
sharp infrared band. Therefore, the ionic
Fe’* sites, present on the oxidic and par-
tially reduced catalysts, are presumably
responsible for the infrared band of NO at
1790 cm™!.

Mdssbauer spectra. The Mdossbauer
spectra of the oxidic 15IW (for comparative
purposes), 3IW, NA, and PA20 catalyst
samples show nonmagnetic splitting and a
broad doublet in the central region which
was fitted to two doublets (Fig. 5). The
results obtained are summarized in Table 3.

The strong double ““‘A”’, with an isomer
shift (IS) of 0.34 = 0.03 mm s~! and a quad-
rupole splitting (QS) of 0.62—1.00 mm s~! is
identified as due to superparamagnetic fine
a-Fe,O; particles (39, 40, 42). As the QS
depends on the particle size of a-Fe,05 (39,
41-43) the variation from 0.62 to 1.00 mm
s~!in the ‘““‘A”’ doublet may be attributable
to the variation of particle size from 12.0 to
5.0 nm in the samples. Large linewidths (I')
of spectra are expected from supported iron
oxide microcrystallites and may suggest the
superimposition of different doublets aris-
ing from a heterogeneity of Fe?* sites (42).
The Mdossbauer parameters of the second
doublet “‘B’’ of weak intensity (Table 3) are
characteristic of Fe?*. The nature of this
state has not been elucidated, as only ferric
species are expected after the prolonged
heating under an air flow. The fitting to a
single doublet yields a large linewidth (I' =
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Transmission

-2 0 2
mm s
F16. 5. Room temperature Mossbauer spectra of dif-

ferent alumina-supported iron catalysts: (a) 15IW, (b)
3IW, (c) NA, (d) PA20.

1.1 + 0.3) with a very poor fit (x%/df = 1.5
* 0.3).

The Mossbauer spectra of the reduced
samples show three different patterns (Fig.
6). The spectrum of sample 15IW consists
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TABLE 3

Mossbauer Parameters of Unreduced Catalyst Samples
(IS Relative to a-Fe)

15IW 3IW NA PA20
Fe** (A)
QS (mms™) 0.62+0.07 094=001 1.00=0.02 097 =0.02
IS(mms™) 038x0.04 035=001 0.31=002 032=+0.02
I' (mm s~ 099 £0.02 076 +002 090 =0.06 093=0.04
Iy/T 0.84 = 0.07 0.88+0.02 0.84 =008 0.92=0.04
Fe?* (B)
QS (mm s~ 1.16 £0.05 1.21 £0.05 1.06 = 0.07 1.05+ Q.11
ISmms™) 124003 1.12+0.03 0.94 =004 1.11 +=0.06
I' (mm s') 0.70¢ 0.70¢ 0.70¢ 0.70¢
I/l 0.16 = 0.04 0.12 £0.01 0.16 £ 0.03 0.08 = 0.01
x¥df* 1.00 1.06 1.00 1.42

@ The value of the parameter was
b df = degrees of freedom.

of two magnetic sextets (one of a-Fe and
another corresponding to a-Fe,0; in the
form of small particles (40)), one doublet
assigned to Fe®*, and a single peak in the
center of the spectrum, with a very weak
intensity attributable to superparamagnetic
Feb (43-45). The inclusion of this peak in
the fitting slightly improves the goodness of
fit.

The spectra of samples 3IW and NA
show the a-Fe sextet, the single center
peak of superparamagnetic Fe, and two
doublets assigned to Fe?* and Fe?*. The
sextet of a-Fe is not visible in the spectrum
of sample PA20 and its central region con-
tains superparamagnetic Fe, Fe2*, and
Fe’t as the spectra from 3IW and NA. The
fitting spectra given in Fig. 6 yield the
Mossbauer parameters presented in Table
4, which also contain the relative concen-
trations of the different species in the spec-
tra. The central region of spectra from
reduced samples is poorly resolved and
leaves much freedom for computer fitting.
A large linewidth for the Fe?* doublet has
frequently been observed for spectra of
supported iron catalysts (44) and attempts
to fit two Fe?* doublets did not improve
significantly, if at all, the statistics of the fit.

constrained in the fit.

In agreement with Berry (42), sample
15IW with the highest iron content is the
one most easily reduced to metal iron. A
high ferric oxide concentration may result
in the iron atoms being less intimately
bonded to the support, and more readily
reducible to Fe®.

Catalytic Activity

In this work, catalytic activity for ammo-
nia synthesis was correlated with the sur-
face characteristics of the catalysts and
their method of preparation (see Table 2).

Catalysts NA, PAl, PA2.5, PAS, PA10,
PA20, 3IW, and 15IW were used to study
catalytic activities for ammonia synthesis at
atmospheric pressure. Figure 7 shows in-
creasing catalytic activity with increasing
acid content of y-Al,Os, reaching a maxi-
mum value for catalysts between PA5 and
PA10. Catalysts with an acid content of -
ALO; higher than 10 mmole H* (g ALL,O;) !
(PA10) show a rapid decrease in their cata-
lytic activity, probably due to a change in
the surface structure of the catalyst with
increasing protonation of the y-Al,O;, as
shown by decreases in the reduction de-
gree, oy (Table 1), and dispersion (Table 2),
going from PA10 to PA20 catalysts.
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TABLE 4

Mossbauer Parameters of Reduced Catalyst Samples (IS Relative to a-Fe)

15IW 3IW NA PA20

«a-Fe

QS (mm s7Y) 0 0« Qe

IS (mm s 1) —-0.04 + 0.03 0.06 = 0.02 0.01 = 0.02

H (kG) 332, *= 1. 331, = 1. 335, =+ 1. —

I' (mm s~} 0.34 + 0.01 0.31 = 0.05 0.25 = 0.05

I g/l 0.39 = 0.0t 0.04 = 0.01 0.08 = 0.01
Fe? (superpara-
magnetic)

QS (mm s7!) g 04 0« 04

IS (mm s~') 0.09 = 0.04 0.02 +0.02 -0.07=0.02 0.01 =0.01

I' (mm s~ 0.24 = 0.08 0.51 + 0.06 0.95 + 0.22 0.54 = 0.05

I/l o 0.01 = 0.001 0.17 = 0.04 0.11 £ 0.07 0.25 = 0.03
Fe® = —Fe + Fe!

Tgo/Iy, 0.40 = 0.01 0.21 + 0.04 0.19 £ 0.07 0.25 = 0.03
FeZ+

QS (mm s~ 1.29 + 0.05 1.44 = 0.08 1.08 = 0.06

IS (mm s-") 1.12 + 0.03 0.96 + 0.04 1.30 = 0.05

' (mms™") — 0.90 = 0.02 098 £ 0.05 1.13 £ 0.09

Tpe2+ /o 0.49 = 0.03 0.54 = 0.06 0.53 = 0.05
Fe’*

QS (mm s7!) 0.73 = 0.01 1.92 = 0.01 0.84 = 0.02 0.95 = 0.05

IS (mm s~ 1) 0.28 + 0.03 0.25 £ 0.02 0.25 £0.02 0.17 £ 0.02

I' imms™) 0.65 = 0.02 0.52 £ 0.02 0.45 £ 0.06 0.54 = 0.06

Tge3+/ 1o 0.51 = 0.01 0.30 = 0.04 0.27 = 0.07 0.22 = 0.04
(X'FCQO3

QS (mm s~") -0.16 = 0.03

IS (mm s™1) 0.36 = 0.03

H (kG) 530. = 1. — — -

I' (mm s 0.30 = 0.04

Lokeros/Tion 0.09 = 0.04

x/df? 1.55 2.30 1.94 1.01

¢ The value of the parameter was constrained in the fit.
¢ df = degrees of freedom.

Figure 7 also plots the catalytic activities
versus iron content of the catalysts. This
figure compares the catalytic activities of
catalysts prepared from the incipient wet-
ness impregnation method (IW) with those
of catalysts prepared by the ‘‘free adsorp-
tion’’ method. The results show that at
comparable iron contents, the catalytic ac-
tivity of the PAS catalyst is double that of
the 3IW catalyst and four times that of
15IW.

Consequently, the catalytic activities
[given in (g Fe)™'] of these catalysts depend
on the surface characteristics of the active
phase and consequently on the acid modifi-
cation of y-Al,O; and impregnation method
used.

The importance of surface potassium
may be found from XPS results in Fig. 3,
which depicts the NA catalyst as having all
the potassium on the surface. This fact may
account for its higher activity when com-
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Transmission

dol

mm s-!

F1G. 6. Room temperature Méssbauer spectra of dif-
ferent reduced catalyst samples: (a) 15IW, (b) 3IW, (c)
NA, (d) PA20.

pared with PA20, 3IW, and 15IW catalysts
with higher iron content but different sur-
face structure of the iron particles.

The data obtained from Mossbauer spec-

SUEIRAS ET AL.

tra should be more reliable than those ob-
tained from reduction measurements. How-
ever, these Mdssbauer results tell us very
little about the content of crystallographic
planes responsible for the active sites in a
‘‘structure senmsitive’’ catalyst. So, we
should not expect to account for the activ-
ity values obtained on the basis of Moss-
bauer data alone. On the other hand, ac-
tivity values correlate well with iron
dispersion data, suggesting that the active
sites are located mainly within the pores of
the catalyst, as determined by CO chemi-
sorption measurements.

CONCLUSIONS

Several iron catalysts supported on y-
Al,O; and prepared by two methods of im-
pregnation, the ‘‘incipient wetness’’ and
the free adsorption’ methods, showed the
following characteristics: (1) The iron is
well dispersed within the pores of the sup-
port, as determined by CO chemisorption,
and potassium is dispersed mainly on the
surface according to XPS results. (2) Fe®
surface content increased with protonation
pretreatment of y-AlOs, as determined by
IR with NO as probe molecule. Mossbauer
spectra, and also IR spectra, showed the
presence of Fe?*' in the reduced catalysts,
and quantified all the reduced and unre-

pmol Fe.g-1cat.
0] 500 800

=T T

#mol NH3.g-1Fe .h-!

L) " 15 20
mmol Hig-Al,0,
Fi1G. 7. Plots of catalytic activity vs acid modifica-
tion of the support (solid symbols), and vs iron content
of the catalyst (open symbols), for the following Fe/
Al;O; catalysts: O, NA and PA; A, 3IW; O, 15IW.
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duced iron species. Mossbauer spectra
show a decreasing fraction of small super-
paramagnetic Fe? particles with iron load-
ing, for “‘incipient wetness’’ catalysts, and
an increasing fraction of those with pro-
tonation of y-AlLOs, for ‘‘free adsorption”
catalysts.

The activity of these catalysts [expressed
as (g Fe)~'] in ammonia synthesis at atmo-
spheric pressure and 350°C showed that (1)
“free adsorption’ catalysts, especially
those with a certain protonation pretreat-
ment of y-Al,O;, were more active than
those prepared by the “‘incipient wetness’’
method, and (2) activity values correlate
well with iron dispersion data suggesting
that the active sites are located within the
pores of the catalysts rather than on their
surface, according to CO chemisorption
and XPS results.
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