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The location of the ALQ; in a reduced singly promoted iron catalyst (3% Al:Os
with 250 A iron particles) was determined by Méssbauer spectroscopy. A mildly
reduced catalyst exhibits a paramagnetic phase which disappears upon further reduc-
tion. The hyperfine parameters of the reduced catalyst agree with those of pure
a-Fe. These observations are best reconciled with the idea that the Al:O. is present
in the a-iron in the form of ca. 30 A inclusions consisting of FeAlOq in the incom-
pletely reduced catalyst and of AlLQO; itself after thorough reduction.

INTRODUCTION

The ammonia synthesis has traditionally
been carried out using iron catalysts. It has
also been common practice to add certain
oxides (promoters) to the iron synthetic
ammonia catalysts. Mixtures of iron oxides
and appropriate promoter oxides are fused
together at high temperature giving a
spinel-type structure which is then reduced
to the active catalyst.

Emmett and Brunauer (1, 2) showed that
the addition of promoter oxides such as
ALO;, K;O and Na.O increases consider-
ably the total surface area per gram of the
reduced catalyst. In their pioneering work
on the use of gas adsorption in determining
total, iron, and promoter surface areas,
these authors found that iron synthetic
ammonia catalysts promoted with small
amounts of oxides (ca. 1%) have up to
70% of their surface covered with pro-
moter. In agreement with the idea that a
substantial fraction of promoters is at the
surface of the iron crystallites, Nielsen et
al. (8) observed that the X-ray diffraction
pattern of a promoted iron catalyst was
identical to that of pure «-Fe. In addition,
D. exchange (4) and H,¥0 exchange ()
have been used to determine the fraction of
the surface covered with promoter, and the
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results of these studies are very close to
those reached in the original chemisorption
studies.

On the other hand, Hosemann et al. have
recently (6-9) investigated a singly pro-
moted iron synthetic ammonia catalyst
containing 3% AlLO, (at. % based on
a-Fe). From a detailed analysis of X-ray
diffraction data, they reached a conclusion
which is at variance with the preceding
ideas about the location of the promoter in
the reduced catalyst. Their results seem to
indicate that the major portion of the alu-
minum is present inside the o-Fe lattice as
randomly distributed FeAl,O, groups. The
observed diffraction lines were those arising
from «-Fe, and the observed lattice con-
stant was equal to that of pure iron in
agreement with previous investigations (3).
Broadening of these diffraction lines, how-
ever, was detected when the experimental
line widths were compared to those of a
perfect single crystal of «-Fe. This broad-
ening was interpreted as being due to the
small size of the crystallites (ca. 250 A)
and to slight lattice distortions describable
as paracrystalline lattice defects. These de-
fects were attributed to FeAl,O, groups in-
corporated in a three dimensional manner
throughout the a-Fe host lattice, with the
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Fe**-jon located at a Fe-lattice site and
surrounded by four O%-ions in the form
of a tetrahedron distorted in the z-direction.
The Al**-ions were assigned positions on
the z-axis above and below the tetrahedron.
All told, the FeAl,O, molecule would re-
place seven «-Fe lattice sites. Such an
arrangement, it was argued, would not
change the average lattice constant from
that of pure a-Fe. By annealing the cata-
lyst, the authors concluded that the broad-
ening of the diffraction lines was due to
paracrystalline lattice defects and not to
strain.

Recently Solbakken, Solbakken, and
Emmett () have used H,*®*0 exchange to
show that alumina molecules at the surface
are present as a single layer. From this re-
sult it follows that for a singly promoted
iron synthetic ammonia catalyst (3%
AlO;) with a particle size of about 250 A,
a large portion of the aluminum may be
present inside the iron particles. The ex-
change experiments with H;'®0, however,
give no information about the state of the
aluminum inside the iron ecrystallites.

Traditionally, the effect of the aluminum
as a textural promoter, which prevents
sintering, has been linked with the assump-
tion that the aluminum is located mostly on
the surface. With Hosemann’s observation
that a substantial fraction of the aluminum
should be present inside the iron particles,
however, the role of the promoter must be
examined in greater detail.

Previous Mossbauer experiments obtained
at Stanford (10) also reported by Hose-
mann in (9) showed no significant differ-
ence in the hyperfine parameters of a cata-
lyst containing 1.16% Al,O; and those of
pure o-Fe. This lead us to conclude that
random FeAl,O, groups could not be pres-
ent. Hosemann (9) suggests that clusters
of about 10 FeAl.O, molecules could be
present inside the «-Fe and be consistent
with his X-ray diffraction results and our
Mossbauer investigations.

In order to obtain additional information
about the state of the aluminum inside the
iron particles (i.e., whether the aluminum
is present as FeALLO, molecules as proposed
by Hosemann et al.), a more detailed
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Mdssbauer study was undertaken on the
catalyst which Hosemann used in his in-
vestigation. We are indebted to Professor
Dr. R. Hosemann for kindly providing us
a sample of this catalyst.

EXPERIMENTAL

Mossbauer Spectrometer

The spectrometer is described in detail
elsewhere (11, 12), but the important fea-
tures of the apparatus are described below.
A 100 me 5°Co/Cu source kept at room
temperature was mounted on an Austin
Science Associates drive unit, while the
y-ray detection was carried out using a
Kr-CO, filled proportional counter tube
(RG-61). A ND2200 512 channel multi-
channel analyzer was used for storage of
the y-ray counts. The spectrometer was
operated in the constant acceleration Fly-
back mode (71) which enables full use of
all 512 channels for storage of one spec-
trum. Absolute velocities were determined
for each channel of the multichannel ana-
lyzer by means of an Austin Science Asso-
clates helium laser interferometer calibra-
tion system (13). This greatly enhances the
accuracy of the spectrum since the laser
calibration is done simultaneously with
v-ray counting. Positive velocity corre-
sponds to the source moving towards the
absorber. In order to make estimates of
absolute areas and to compare areas from
different spectra, corrections for the non-
resonant background count rate were made
according to the procedure described by
Housley et al. (14).

The standard deviation in the number of
counts collected is equal to the reciprocal
square root of the number of counts. In the
present study detectability of minute
changes in the Mossbauer spectra was im-
portant, and in all the spectra reported
here, more than 1.4 million counts in each
of the 512 channels were collected giving a
relative error of each data point less than
0.08%.

The multichannel analyzer output, which
contains laser and y-ray counts, is analyzed
by a digital computer. The laser data are
least-square fitted to give the absolute
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velocities used in the computer fit of the
y-ray data. This computer program utilizes
a version of the Argonne variable metric
minimization program to fit Lorentzian line
shapes and can be used with or without
linear constraints (12). The parabolic
curvature of the background, due to the
variable source-detector distance, is also
accounted for in the computer fit.

Sample Preparation and Reduction

The singly promoted catalyst which had
been reduced at 400°C in a H,: N, mixture
by Hosemann was received by us in the
reduced state. The sample was ground in
a mortar and 0.0345 g of the catalyst was
mixed with 0.2151 g of 48 mesh Graphon
(Cabot Corporation) which was found to
be a convenient diluent in the preparation
of samples. This mixture was compressed
into a 34 in. diameter wafer using a Carver
press and was loaded into a stainless-steel
water-jacketed vacuum cell designed for
heating to temperatures of 500°C. The cell
transmission windows were made of 10~mil
thick beryllium dises (Kawecki Berylco
Ine.) which contained less than 50 ppm
iron. In order to control the gaseous at-
mosphere over the sample, the cell was
connected to a multipurpose gas handling-
vacuum system which allowed the evacua-
tion to pressures of about 10-® Torr and the
flowing of H. gas at atmospheric pressure.
The H, gas was purified in this system by
passing the gas through a Deoxo catalytic
hydrogen purifier (Engelhard), and then re-
moving the water formed in a liquid nitro-
gen trap.

The reduction process was studied by
recording Mosshauer spectra after various
hydrogen treatments. The wafer was first
heated in flowing hydrogen at 300°C {for
1% hr. Mossbauer spectra were then taken
at velocity ranges of 3 mm/s and *=10
mm/s at 10° Torr and room temperature
(24 + 1°C). Following this treatment, the
sample was heated to 415°C in flowing hy-
drogen for 25 min, and Mossbauer spectra
were taken at 10-® Torr and room tempera-
ture. A final reduction was performed by
heating the sample to 425°C for 23 hr in
flowing hydrogen, and the Mossbauer spec-
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tra were again taken at 10° Torr, room
temperature, and velocity ranges of =3
mm/s and *=10 mm/s.

The above evacuations were carried out
in order to remove water from the eell.
Since the beryllium discs and the cell walls
were cooled during the reductions, the water
formed during the reduction may well
have been condensed inside the cell. If ki-
netic measurements were to be taken with
the sample, this evacuation procedure would
probably have introduced enough contam-
ination to make the kinetic results meaning-
less. However, slight contamination of the
surface will not affect the Mdssbauer re-
sults, because the dispersion of the sample
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F16. 1. Room temperature Massbauer spectra at
+10 mm/s veloecity range. (a) 39, AlLO;/Fe un-
reduced, (b) 3% AlLOs;/Fe reduced in H, at 300°C
for § hr, (c) 3% AlQ;/Fe reduced in H, at 415°C
for 25 min, (d) 3% Al:Os;/Fe reduced in H, at
425°C for 23 hr, (e) 1-mil Fe NBS foil.
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is quite small. In addition, the probable
presence of traces of N, in the H, used for
reduction will tend to minimize the effect
of other contaminants due to the strong
chemisorption of N.. Indeed, the best evi-
dence that contamination of the sample is
not important in this study is that pure
a-Fe is detected in the Mossbauer spectrum
after the long reduction at 425°C.

RESULTS

In Figs. 1 and 2 are shown the Mossbauer
spectra of the catalyst after successive re-
ductions, the reductions becoming progres-
sively more severe. After each reduction
step, two Mdossbauer spectra were taken,
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Fia. 2. Room temperature Maossbauer spectra at
+3 mm/s velocity range. (a) 3% AlO;/Fe un-
reduced, (b) 3% AlLOs/Fe reduced in H; at 300°C
for 3 hr, (¢) 3% Al,O:/Fe reduced in H; at 415°C for
25 min, (d) 3% Al:O:/Fe reduced in H; at 425°C
for 23 hr.
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one at *10 mm/s velocity range (Fig. 1)
to scan the magnetically split portion of
the spectrum and one at £3 mm/s veloeity
range (Fig. 2) to obtain improved resolu-
tion of that region of the spectrum where
paramagnetic peaks may occur. Figure 1
also shows the spectrum of a 1-mil Fe foil
standard obtained from the National
Bureau of Standards.

The Mdissbauer speetral parameters are
given in Tables 1 and 2 for the =10 mm/s
and *+3 mm/s spectra, respectively. The
hyperfine fields were determined (11) from
the splitting between peak 1 and peak 6
[ (v — v1) in mm/s] using the relation
that the field, H, (in kOe) is equal to
31.090 X (vs — v1). The quadrupole inter-
action, was determined from the relation
e= (Vs — s — vy, + v,)/4 Isomer shifts
with respect to the %7Co/Cu source, 8cu,
(in mm/s) were calculated using the for-
mula, 8¢y = (Vg + s + vs + v1) /4. T 18
the linewidth (full-width at half-maximum)
of peak 1.

Figure 2 shows that each peak has a
barely observable shoulder on the positive
velocity side. It must be made clear that
this is not a characteristic of the catalyst
but is attributable to instrumental effects,
since similar shoulders were observed on
the spectrum of a sodium mnitroprusside
standard run on this spectrometer.

It might also be thought that the line-
widths in Fig. 1 are unusually broad for
those of pure a-Fe. However, instrumental
broadening of the spectral lines is depen-
dent on the velocity range scanned. It is
quite large in the =10 mm/s velocity range
(Ts 22 0.33 mm/s), whereas the broaden-
ing at the £3 mm/s velocity range is neg-
ligible (T: = 0.25 mm/s) when the thick-
ness of the sample is taken into account
(2.87 X 10'® ¥Fe atoms/cm?).

Figure 3 shows the background for the
series of Mossbauer spectra taken at =3
mm/s. In Tables 1 and 2 are shown the
values of the background-corrected total
spectral areas, Ay, where

N

Ap = %r X 2 (fractional dip); X T'; X B.

i=1



481

IRON SYNTHETIC AMMONIA BY ALUMINA

69000 F 63L8°0 9%00°0 F £313°0 ZG00°0 F ¢60Z°0 8200°0 F 6¥61°0 0900°0 F 9.%1°0 %9} 998 Iy
£%00°0 F 030¢°0 2900°0 F 320¢°0 8L00°0 F ¢Ige 0 6500°0 F €608 0 08000 T £962°0 S W ‘e
9200°0 F ¢1%€°0 6300°0 F ¥61£°0 6200°0 F 981£°0 L200°0 F €120 6200°0 F 0LIE 0 18 WU ‘9]
0100°0 F 2612 0— 1100°0 F 8612 0— 1100°0 F 9616 0— 1100°0 F 9032 0— 1100°0 F 8132 0— 18 W ‘"og
0100°0 F 0500 0— 1100 0 F 9%00 0— 1100°0 F 0500 0— 11000 F 6%00 0— 1100°0 F 9900 0— 1S ww %
600 F 6570g¢ 90°0 F €9°0¢¢ 900 F 8L°0¢¢ 90°0 F 19°0€¢ 90°0 F L9°0g8 20 ‘0
[od SAN 1 €7 ‘D.9%¥ e Gg ‘0,61F 1 £ ‘9,008 Jre ur
or.w EE 1 Nm CM Umodﬁwh NH.H Cm ﬁ@oﬁﬁ@& mm Cm 805@0& @wadbmmmda
°d/t0Y %¢ Bd/POV %8 ad/*0V %g a3l /* OV %¢

VELOEAS 1—8 W ([ F HOd VIV(] SUAVESSQIN
1 ITdVL



482

TOPSQE, DUMESIC, AND BOUDART

TABLE 2

Mo6ssBAUER DATA FOR +3 MM 5~! SPECTRA

3% Al:O;/Fe

3% AlOs/Fe
reduced in H,
300°C, % hr

3% Al:0;/Fe
reduced in H,
415°C, 25 min

3% Al,O;/Fe
reduced in H,
425°C, 23 hr

passivated
in air
T3, mm s™! 0.2531 + 0.0040
A, see text 0.0119 + 0.0004
Ay, see text 0.0116 + 0.0004
Ar, see text 0.1414 + 0.0060

0.2570 £ 0.0033
0.0166 £ 0.0003
0.0159 £ 0.0003
0.1948 + 0.0042

0.2540 + 0.0039
0.0173 + 0.0004
0.0163 + 0.0004
0.2017 £ 0.0051

0.2528 £ 0.0020
0.0178 £ 0.0002
0.0176 + 0.0002

+
0.2124 £ 0.0028

The background correction factor, B, takes
into account the fact that radiation besides
the 14.4 keV y-ray was detected, and B
was constant within 1% throughout the
experiments. The values of A, in Table 1
are calculated by summing over ¢ from 1
to 6, while the values of A7 in Table 2 are
found by summing over ¢ from 3 to 4 and
multiplying this value by 6, ie., a 3:2:1:
1:2:3 intensity ratio of the 6-line speectrum
was assumed.

Error estimates of the parameters listed
in Tables 1 and 2 were obtained from the
standard deviations calculated by the com-
puter program. The main error in the
parameters such as the magnetic fields may
indeed be due to the slight variation of
ambient temperature since AH/AT = 0.36
kOe/K (15). Independent X-ray line
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Fic. 3. Background curves for room temperature
Mgossbauer spectra at +3 mm/s velocity range.
(a) 3% Al,O;/Fe reduced in H, at 425°C for 23 hr,
(b) 3% AlLQs/Fe reduced in H; at 415°C for 25 min,
(c) 8% Al;O3/Fe reduced in H, at 300°C for % hr,
(d) 3% Al;,03/Fe unreduced.

broadening studies at Stanford verified the
particle size of 200-250 A, as reported by
Hosemann et al. (6).

Discussion

Surface Oxidation and Its Detection by
Méssbauer Spectroscopy

Figure 1 shows the Mdossbauer spectra
of the catalyst after exposure to air and
after successive reductions. The spectrum
of the ecatalyst which has been ex-
posed to air does not show the presence
of any new phase, which at first may ap-
pear somewhat puzzling since it is known
that iron catalysts skin oxidize to a depth
of several layers at room temperature.
After the reduction at 425°C the spectrum
does not appear to have changed appre-
ciably. Furthermore, the hyperfine param-
eters (see Table 1) of the 6-line spectrum
of the oxidized catalyst are equal to those
of the standard iron foil within experi-
mental error.

In our present sample we can, however,
determine how much of the iron has been
oxidized at room temperature, even with-
out detecting the appearance of a separate
spectral component arising from the oxi-
dized iron. This is done by comparing the
background-corrected areas of the ao-Fe
spectrum before reduction and after the
415°C reduction; the result is a 25% in-
crease in the area upon reduction.

Thus the oxidized form of iron does not
show a separate well-defined Mdossbauer
spectrum but rather gives rise to a broad
component which is not detectable (with-
out a detailed analysis).

With an average particle size of 250 A
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and the surface half covered with pro-
moter we can estimate, assuming that only
the bare portion of the iron surface is
oxidized, that the oxide layer has a thick-
ness of about 20 A. This is in agreement
with other oxidation results in the pres-
ence of water vapor (16). The composition
of these oxide films has been found (18)
to vary in stoichiometry and would not,
therefore, be expected to give rise to a
sharp Mossbauer spectrum. A careful anal-
ysis, described in detail later, of the back-
ground curvature enables us to detect the
presence of broadened Mossbauer com-
ponents. This analysis (see Fig. 3) shows
the disappearance of a broad spectral com-
ponent upon reduction of the catalyst, the
area of which is in good agreement with
the simultaneously observed increase in the
hyperfine area mentioned above.

From the above it should be noted that
nonstoichiometric phases in small amounts
cannot be detected by a superficial treat-
ment of the Mossbauer spectra but can
be found by a more careful analysis.

Magnetically Hyperfine Split Spectra

The proposal by Hosemann that the
aluminum is present inside the iron par-
ticles as randomly distributed FeAl.O,
molecules must be checked with respect
to consistency with Mossbauer data. The
presence of these molecules should have
two major effects on the Méssbauer spectra.
First, it is expected that the hyperfine
parameters of the catalyst should be differ-
ent from those of pure iron, and second,
the presence of a Fe?* component should
be observed. The effect on the hyperfine
spectrum will be discussed first.

Molecules of FeAl,O,, if present, would
distort the symmetry of the neighboring
iron atoms resulting in larger quadrupole
interactions than those in pure iron. Even
small changes in the quadrupole splitting
can be detected by measuring the broaden-
ing of the «-Fe spectral lines. The mag-
netic field at the iron nueclei will also be
affected by the presence of these FeAl,O,
molecules as neighbors. It seems likely, to
a first approximation at least, that the
FeAl,O, molecules will act as holes in the
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magnetic structure, in analogy to the role
of aluminum or silicon in dilute iron alloys
containing these elements. The magnetic
field of iron in these alloys depends strongly
on the number of noniron neighbors. In-
deed, in these alloys (17-19) changes in
the magnetic field at an iron nucleus were
deteeted by the presence of noniron atoms
as far away as the fifth neighbor shell.
For the catalyst used in this study, it can
be shown that approximately 50% of the
iron atoms would have mnoniron atoms
within their first three neighbor shells if
the FeAl,O, molecules were randomly dis-
tributed. This demonstrates the sensitivity
of Mossbauer spectroscopy for the detec-
tion of these FeAl.O, molecules. To be
semiquantitative, the effect of FeAl.O,
groups In iron will be modeled by a dilute
Fe-Al alloy.

The internal magnetic field at a given
iron atom in the Fe-Al alloy depends
strongly on the number of aluminum
neighbors. The change in the magnetic
field relative to that of pure «-Fe for any
given site, AH, can be expressed as:

5
AH = 21 M,AH,

ke:

where M, is the number of solute atoms in
the nth neighbor shell and AH,, is the inter-
nal field shift due to solute atoms in the
nth shell. It is apparent that the alloying
of Al into the «-Fe lattice will create a
distribution of fields, thus producing broad
spectral lines with non-Lorentzian shapes.
In addition, the isomer shift of the iron
increases regularly with an increase in the
number of aluminum neighbors.

The hyperfine parameters of the Moss-
bauer spectra for the singly promoted
catalyst and the NBS iron standard are
listed in Table 1. The value of the hyper-
fine field of the catalyst does not vary,
within experimental error, for different
degrees of reduction and is equal, within
experimental error, to that of the iron
standard.

For dilute Fe-Al alloys (18) the change
in the magnetic field with respect to the
aluminum concentration is about 2 kOe/
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at. %. The results of this study, therefore,
indicate that less than 2% of the aluminum
in the catalyst could be present as ran-
domly distributed FeAl,O, molecules, as-
suming that one FeAl,O, molecule acts as
one aluminum hole. Because a FeAl,O,
molecule surely behaves like more than
one hole, the maximum amount of alu-
minum present as FeAl,O, molecules is less
than the above limit of 2%. Thus, Hose-

mann’s original proposal of randomly
distributed FeAl,O, molecules must be
discarded.

The results of a preliminary Méssbauer
investigation (10) conducted in this labora-
tory on a catalyst containing 1.16% Al,Os
also showed pure «-Fe behavior. Hosemann
(9) explained these results by the pres-
ence of clusters of about 10 FeAl,O, mole-
cules. From the present results it appears
that clusters of about 100 FeAl,O, mole-
cules would be necessary in order that the
magnetic field would not be perturbed, if
FeAl 0, is indeed present.

The Mossbauer spectra also exclude the
possibility of an Fe-Al alloy with an alu-
minum content greater than 0.03%. Also
from X-ray investigations reviewed by
Nielsen et al. (3) the lattice constant of
the «-Fe phase of a singly promoted cata-
lyst was identical within experimental
error to that of pure «-Fe. The experimen-
tal errors in these X-ray diffraction ex-
periments put an upper limit of 0.3% on
the amount of aluminum as an alloying
element. The results obtained by MoOoss-
bauer spectroscopy and X-ray diffraction

Fe 2+ in A site dcu
Fe 2t in B site dcu

i

are in good agreement with each other
although it must be noted that the former
method is 10 times more sensitive than the
latter to small amounts of aluminum in
a-Fe.

That very pure iron is present is also
shown by the equality of the values of the
isomer shift, quadrupole splitting, and line-
widths between the singly promoted cata-
Iyst and the pure iron standard. The line-

0.78 mm/s Qs
1.20 mm/s QS
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widths (Table 1) of the iron foil are actu-
ally larger than those of the catalyst. This
is due to the fact that the number density
of "Fe atoms is larger for a 1-mil foil than
for the catalyst. When the linewidth (I%)
of the iron standard is corrected to the same
number density as the catalyst, a value for
T; of 0.3180 mm/s is obtained, in agree-
ment with the value of T; of the catalyst.

Paramagnetic Spectral Component

The effect of FeAl;O, on the hyperfine
splitting of the «-Fe Mossbauer spectrum
has by now been dealt with; next, the de-
tectability of FeAl,O, from Mdossbauer
lines due to Fe** will be discussed.

The resulting Mossbauer spectrum might
have some of the characteristics of the bulk
FeAl, O, spectrum. Bulk FeAl,O, has a
Néel temperature of about 8 K, thus under
the experimental conditions of this study
it will exhibit paramagnetic behavior. Sev-
eral Mossbauer investigations (20-22)
have been carried out on bulk samples of
FeAl,O,, but these studies differ somewhat
in the number of peaks observed. This dis-
crepancy, however, seems most likely to
be due to the different heat treatments used
in the various investigations, resulting in
different degrees of inversion of the spinel
formed. Yagnik and Mathur (22) give the
following values for the isomer shift and
quadrupole splitting, QS, of the tetrahe-
drally located Fe* (A site) and the octa-
hedrally located Fe?* (B site), for a degree
of inversion, z, equal to 0.23

1.39 mm/s
2.76 mm/s

Thus, peaks would be expected to be
present at 0, 1.48, and 2.58 mm/s with
respect to our source if a partially inverse
FeAl,O, structure is present. Alternatively,
if a truly normal structure is present, a
quadrupole splitting will not be observed
since the perfect cubic symmetry around
the tetrahedral Fe?*-ion will not produce
an electric field gradient. A single peak at
about 0.7 mm/s with respect to our source



JRON SYNTHETIC AMMONIA BY ALUMINA

should, therefore, be observed if the above
symmetry 1s present.

The positions of the third, fourth, and
fifth iron peaks are —1.06, 0.60, and 2.85
mm/s, respectively. From these peak posi-
tions 1t ecan be seen that the iron spectrum
will not interfere with the detection of a
partially inverse FeAl,O, structure. From
the spectra shown in Fig. 2 it is apparent
that no additional peaks due to a partially
inverse FeAl,O, structure are present.

If the FeAl.O, is present as a completely
normal spinel, then the area of peak 4 in
the iron spectrum would be greater than
that of peak 3 because of an additional
paramagnetic peak at a position of about
0.7 mm/s. From Table 2 it can be seen
that this is not the case. Thus it can be
concluded that a separate bulk phase of
FeAl,O, was not detected by the Moss-
bauer spectrometer. The maximum amount
of bulk FeAl,O, which could be present as
a partly inverse or normal spinel and yet
be undetectable was estimated to be about
0.2% of the total iron present. From this
it follows that less than 15% of the alu-
minum is present in a form which has the
characteristics of bulk FeAl,O,.

However, the absence of a characteristic
bulk FeAl,O; spectrum does not preclude
the possible existence of FeAl,O, clusters
having a size of at least 30 A, which is
the minimum size consistent with the re-
sults of the hyperfine field analysis. The
spectrum arising from these clusters would
be expected to be broadened due to varia-
tion in quadrupole interactions resulting
from very small particle size.

With this in mind, a careful analysis was
made of the background curvature obtained
from the computer fit after the different
reduction steps. It was thought as men-
tioned earlier that this was the best method
of analyzing for the possible presence of
a very broad spectrum, and the results of
this analysis are shown in Fig. 3. The main
origin of the background curvature, as
stated before, is the variable source-detec-
tor distance which occurs during the con-
stant acceleration velocity sweep. Since this
driving motion is the same for spectra with
the same velocity range, changes in the

485

background curvature from one spectrum
to another give valuable information about
the appearance or disappearance of peaks
in the velocity region scanned.

From Fig. 3 it can be seen that increas-
ing the degree of reduction results in the
disappearance of a peak in the central
region of the iron spectrum. From the shift
in the minimum of the curves, it is con-
cluded that this disappearing peak is lo-
cated at about 0.5 mm/s.

At the end of the long reduction no
paramagnetic phase is present since the
background (corrected for the influence of
all peaks) after this reduction has the same
shape as the true background as deter-
mined by taking a spectrum when no sam-
ple was present in the cell, all other experi-
mental conditions being kept the same.
Also, at the end of the long reduction, the
background minimum is located, within
experimental error, at zero velocity, the
point at which the sourcc-detector distance
s greatest.

It can be concluded that after reduction
conditions more severe than that used by
Hosemann, much less Fe?* is present than
the amount required if the Al is present
as FeAl,O,, and the aluminum phase oc-
cluded from the surface is therefore most
likely ALO;.

On the other hand the state of the cata-
lyst after the second reduction step at
415°C may indeed resemble that studied
by Hosemann if it is agreed that the sur-
face oxide has been sufficiently removed
by the first two reductions. Therefore, any
changes in the background and spectral
areas upon further reduction must be
caused by the disappearance of a phase,
other than a surface oxide, giving rise to
a broad spectrum.

The area change in the background be-
tween —1.3 and +2.7 mm/s (correspond-
ing to 8¢y = 0.7 and QS = 4 mm/s) caused
by the long reduction at 425°C is 1.14%
of the total spectral area of the «-Fe. If
indeed 3% (at. %) of the aluminum is
present as FeAl,O,, then 1.5% of the iron
must be present as Fe?". Since the recoil-
free fraction of the Fe** in spinels (ca. 0.6)
is somewhat lower than that of «-Fe (ca.
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0.8), the number of Fe?* ions responsible
for the broad Mossbauer peak is, within
experimental error, equal to 1.5% of the
total number of Fe atoms as «-Fe. This is
also consistent with the increase in the
a-Fe spectral area of 1.3% upon the last
reduction.

From these results one may argue that
under the reduction conditions used by
Hosemann, FeAl,O, clusters may be pres-
ent, but that these clusters disappear or
are transformed into a phase not contain-
ing iron under more severe reductions. In
many of the published laboratory investi-
gations (23-27), the reductions are typi-
cally carried out for long times in pure
hydrogen at temperatures in excess of
400°C. These conditions are closer to the
pure hydrogen 23 hr reduction at 425°C
used in this study than the 400°C reduc-
tion with a H,:N, mixture used by Hose-
mann. Furthermore, the presence of N, in
the reduction mixture used by Hosemann
might decrease the severity of the reduc-
tion due to the chemisorption of nitrogen.

Hosemann mentioned that the observed
broadening of the X-ray diffraction lines
could be explained by the presence of ordi-
nary strains in the o-Fe lattice but con-
cluded that this was not the main cause
of the broadening since this broadening of
the lines persisted after annealing of the
catalyst. This annealing will remove strain
caused by dislocations and point defects,
but it will not remove the strain caused
by occluded Al,O; or FeAl,O, clusters in
the a-Fe lattice. Hence, Hosemann’s X-ray
diffraction data could equally well be ex-
plained by the presence of Al,O; inclusions
in the «-Fe lattice. Thus, the reinterpreted
X-ray data are also consistent with the
conclusion of Solbakken et al. (§) that the
aluminum on the surface is present as a
single layer, ie., a large fraction of the
aluminum must be inside the iron particles,
and also with the results of this investiga-
tion that Al,O; inclusions are present inside
the iron particles.

As mentioned previously, the effect of
the alumina as a textural promoter has
been traditionally associated with a surface
phenomenon (28). It was known that singly
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promoted catalysts have a better resistivity
toward sintering than pure iron catalysts
and that the sintering of unpromoted iron
particles occurs quite easily. Thus the layer
of promoter on the surface was thought to
form a barrier to the recrystallization
process of iron particles and in this way
function as a textural promoter.

The results of this study agree with those
of others in that a large fraction of the
aluminum is inside the iron particles. Be-
sides, this work shows that the aluminum
is present as an occluded phase that does
not contain iron in a well reduced catalyst
and is probably Al,O,. There is no a priort
or experimental reason why aluminum pro-
motion solely is caused by a single layer
covering about 50% of the surface rather
than by the major fraction of the alumi-
num which is inside of the iron particles.
Therefore, the possible effect of this latter
aluminum as a textural promoter must be
considered. The existence of strain created
by the occluded Al,O, phase will shift the
equilibrium particle size toward smaller
particles since the ratio of strain to surface
effects becomes greater for larger particles.
Iron particles will grow until this equilib-
rium size is reached, and this size, which
is smaller than the equilibrium size of pure
iron particles, will be stabilized by the
occluded Al,O; (29).

With the above ideas in mind one could
propose the following picture for the re-
duetion process and the role of aluminum
as a textural promoter. When the catalyst
is in the unreduced state as Fe;O, the
aluminum 1is homogeneously distributed
over the magnetite lattice as a solid solu-
tion between Fe:0; and FeAl,O, (3). This
homogeneous distribution is represented in
Fig. 4a. Due to the fact that FeAl;O, is
more difficult to reduce than Fe;0, (6), the
catalyst after the initial stages of reduction
will tend to have aluminum-rich regions,
as shown in Fig. 4b. After a certain degree
of reduction, the aluminum-rich regions
will still contain iron, as FeAl,O, for ex-
ample, but the remaining iron will have
been reduced to very pure «-Fe. This situa-
tion is shown in Fig. 4c. It is likely that
the reduction conditions used by Hosemann
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Fic. 4. Picture of the reduction process of the catalyst. (a) Unreduced large catalyst particle with the
promoter distributed homogeneously. (b) Catalyst after short reduction. Aluminum—rich!regions appear.
(e) Catalyst after further reduction consists of a-Fe and FeAlO, inclusions. (d) Fully reduced catalyst.

Consists of small o-Fe particles with AlO; inclusions.

have produced a catalyst with the above
characteristics. Under more severe reduc-
tion conditions, however, the aluminum-
rich regions do not contain iron, and the
aluminum is probably present as Al,Os,
as shown in Fig. 4d. These inclusions of
Al,O; create strain in the iron particles
and could be partially responsible for the
initial formation of small iron particles
from the larger Fe O, particles during re-
duction. Subsequent stabilization of the
iron particles might also be attributed to
these Al:O; inclusions. The observation
that a promoted catalyst is more difficult
to reduce than an unpromoted catalyst (3)
is consistent with the above description of
the reduction process. The promoting effect
discussed above is theoretically reasonable,
but further experimentation must be per-
formed in order to ascertain its importance
relative to that of the promoter located
on the surface.

CONCLUSION

In this study it has been shown that the
iron phase in a reduced singly promoted

synthetic ammonia catalyst containing 3%
Al O; is very pure a-Fe, and does not con-
tain the randomly distributed FeAl,O,
molecules in the «-Fe lattice originally
proposed by Hosemann et al. (6).

The results of Hosemann indicated strain
in the a-Fe lattice, and the findings of
Solbakken, Solbakken, and Kmmett (5)
showed that the promoter is not entirely
at the surface. Although Hosemann’s ex-
planation of the origin of the strain is not
consistent with the present Mossbauer
investigation, our conclusion that an oc-
cluded phase consisting of large clusters is
present may account for the strain observed
by Hosemann.
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