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A structural study of unreduced ammonia synthesis catalyst, singly promoted
with alumina, has been performed by means of X-ray diffraction and Mdssbauer

effect techniques.

The cubic unit cell edge of the spinel lattice of the solid solution of Al:Os in FesOs
linearly decreases with increasing content of Al. The preference of Al cations for
the octahedral B sites of the spinel structure was established at 85% and confirmed

by Mossbauer effect.

By means of a study of line broadening, it was possible to reveal the presence of
lattice strain, probably resulting from the substitution of Fe' ions by the smaller

AT* jons.

INTRODUCTION

It is well known -that the singly pro-
moted catalyst for the ammonia synthesis
process, in the unreduced state, consists of
a solid solution of Fe,0, and AlO;, having
a spinel-type crystallographic structure
(1, 2). Alumina is commonly used in a
quantity of about 2% in weight.

In this paper we refer to a structural
study, performed with X-ray diffraction
and 'Méssba.uer techmiques, of singly pro-
moted ammonia catalysts before their re-
duction to e-Fe. The samples studied had
a content of Al between 2 and 10 Al
atoms/Fe atoms %.

" The  structural properties of the unre-
duced catalyst investigated are:

1. The variation of the 1ength of the
edge of the cubic unit cell as a function of
Al content.

2. The distribution of Al** ions between

tetrghedral (A) and octahedral (B) sites

of the spinel structure.
3. The lattice disorder.
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ExPERIMENTAL TECHNIQUES AND METHODS
Samples

- The samples of Al-substituted magnet-
ites were prepared by impregnation of a
pure magnetite obtained by precipitation
with a solution of Al nitrate. Afterwards,
the samples were fired at 1000°C for 8 hr
in a controlled atmosphere of oxygen
(CO/CO, mixture) following the method
of Economos (3). Four samples with 2, 4,
6 and 10% content of Al, in cationic per-
cent, have been studied. All samples were
rapidly cooled from a high temperature to
room temperature, Before starting with the
structural study, the absence. of other
crystallographic phases, apart from the
spinel one, was checked in all samples by
X-Ray diffraction, using a Guinier-Nonius
¢amera provided with a monochromator,
and recording the spectra under vacuum.
For the study of the lattice disorder inside
the spinel structure, a reference sample of
pure magnetite was. annealed at 1000°C in
inert atmosphere.
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Apparatus

The diffraction patterns for the struc-
tural studies concerning the Al** distribu-
tion in the spinel structure were taken with
a cylindrical Nonius camera (radius =
57.3 mm) [with the powder sample inside
a rotating Lindemann glass capillary of
0.2 mm diameter]. The radiation used was
Mn-filtered FeK,; the intensities were
measured from various films, exposed for
different times, by means of a Joyce-Loebl
CS III microdensitometer using compensa-
tion wedges, so that the blackening of the
lines was always estimated in the linear
part of the density-exposure curve. The
average values of the areas of the 14 ob-
served peaks, reported on the same scale,
were taken as the observed uncorrected
intensities. The angular position of the
lines was measured with a linear com-
parator which could be read to +0.02 mm.
The Mossbauer spectra were obtained at
room temperature using a constant-veloeity
automatic Elron Electronic Industries spec-
trometer.* Velocity scans were calibrated
by means of the quadrupole splitting of a
polyerystalline sample of «-Fe.0;. The
diffraction spectra for the study of lattice
disorder were taken both with a Hilger
diffractometer and with a double Guinier-
Jagodzinski AEG camera (G-J camera).
The diffractometer was provided with pro-
portional counters, discriminator, Soller
slits and a receiving slit of 0.1 mm.

The line profiles (400), (200) and (440)
were automatically taken on a strip-chart
record [velocity: (1/16)°/min] using Mn-
filtered FeK. radiation. The weaker (800)
reflection was recorded by automatic point-
by-point counting, using Zr-filtered MoKa
radiation with an angular interval between
points of 1/16 degrees of 2 &. All diffrac-
tion peaks were divided into a large num-
ber of intervals; the «; peaks were resolved
by Rachinger’s method (4) and the centers
of gravity were taken as origins of Fourier
analysis. The Fourier coefficients A(L)
were obtained with Stokes’ method (4)

* Measurements taken at Weizmann Institute,
Rehovot, Israel.
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studying the profiles as a function of s =
(2 sin #)/A. The films recorded by the
G-J camera, provided with a Johannson
monochromator, were obtained under vac-
uum using MoK, radiation; Kodirex single
emulsion films were employed. Using 0 and
—45° orientation for the camera, with re-
spect to the primary beam, it was possible
to obtain about 70 different K., reflections
for the pure magnetite sample. The profiles
of the following peaks: (111), (220), (311),
(222), (400), (440), (622), (444), (800),
(931), (844) and (12.40), were taken into
account.

Unit Cell Parameters

The values of the cubic lattice parameter
ao were obtained by Cohen’s least square
method (6). The asymmetric Straumanis
assembly of the film was employed, in
order to make the correction for the
camera diameter and the film shrinkage.

Al Site Preference

A complete discussion about the meth-
odology employed and its reliability is
presented in another paper (7). B

The precision of measurement of the two
characteristic parameters of the spinel
structure, namely, the site preference of
AP ions between A and B sites and the
oxygen positional parameter u strongly de-
pends on the experimental accuracy of the
observed X-ray line intensities and on the
theoretical data concerning the scattering
model of the system under consideration.
Bearing in mind these two points, we have
used the most accurate experimental tech-
niques available in our laboratory and the
most recent atomic scattering factors cor-
rected for anomalous dispersion.

For O* we used the atomic secattering
factor derived by Tokonami (8), and for
Al* Fe* and Fe®, the values derived by
Cromer and Mann (9) on the basis of the
Hartree-Fock variation model. The ob-
served intensities I, were corrected for
Lorentz-polarization factors, while the cal-
culated ones I, were corrected for multi-
plicity and the Debye-Waller factor. On
the assumption that the substituted triva-
lent cation statistically replaces Fe3*, the
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calculated intensities are functions only of
the oxygen positional parameter w and of
the cationic distribution parameter z, de-
fined by us as the percentage of the Al**
ions occupying the B sites of the spinel
structure (space group Fd3m). The ob-
served reflections of the powder spectra
were: (111), (220), (311), (222), (400),
(422), (333)—(511), (440), (533), (622),
(444), (642), (553)—(731), (800).

The values of % and x obtained by mini-
mizing the residual

R’ = [(/L'ohkl)lﬂ — (ichkl)l/2]2’
Al

were taken as the solutions of the two
parameters under study. In this expression
1o is the corrected observed intensity and z.
is equal to Smmg F.2(hkl), with mug the
multiplieity factor for each (hkl) line,
F.(hkl) the calculated structure factors
(10) and with the sum extended to all
(hkl) reflections having the same values of
(h? + k2 + 7). The minimum of R’ was
found by numerical methods using a non-
linear automatic optimum seeking proce-
dure (11), starting from the minimum of
the conventional R residual defined as:

Ehkl[ (,L'Ohkl)ll2 — (,L‘chkl) 1/2]
Ehkl(ich“)uz

All calculations were performed by a
UNIVAC 1108 computer.*

R=

Lattice Disorder

The determination of the root square
(rms) strain (¢*2)”2 and the effective crys-
tallite size D. was performed by two
methods:

1. By starting from the two pairs of
lines (220)-(440) and (400)—(800) ob-
tained by the diffractometer, determining
the Fourier cosine coefficients A(L) with
the Stokes method and then applying the
Warren-Averbach method (12).

*Programs used were the following: A. Anp-
gelini—STOKES (Fourier analysis of diffraction
profiles) ; G. Buzzi-Ferraris—OPTVIN (numerical
minimization of R’); F. Garbassi—PROTEO
(lattice parameters); REFLEX (barycenter of
the peaks and Rachinger separation); DISCAT
(cation distribution).
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2. By plotting the corrected integral
breadth, defined as the ratio between peak
area and maximum intensity of the Ka,
peaks obtained by the G-J camera. The
experimental integral breadths were cor-
rected for the instrumental broadening,
using a Cauchy square function: [1 +
K s?]-%, where K is a constant and s =
(2 sin 9/A) the reciprocal space variable,
as the analytical curve deseribing the pro-
files of both the experimental broadened
peak and the reference peak. The reference
peak was obtained from a pure magnetite
sample annealed at 1000°C, which was
broadened only for instrumental reasons
(13).

Starting from the true 8 values of the
corrected peaks, the broadening due to the
effective crystallite sizes D, was separated
from the broadening due to the strain (e),
using the relation (14):

where 2 9, is the angular position of the
K., peak barycenter, and A is the wave-
length of the radiation used.

REesuLTs AND DISCUSSION

Figure 1 and Table 1 show the variation
of the lattice constant a, as a function of
the content t of Al in the solid solution
Fe;; AlL,O,. The curve follows Vegard’s

8.40
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Fie. 1. Lattice parameter a, versus amount of
substitutional AP*.
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TABLE 1
Larrice PARAMETERS oF PURE AnD Al-
SuBsTITUTED M AGNETITES

Lattice
parameter

Sample aR)

Pure magnetite 8.3999 £ 0.0005

2%, Al-substituted magnetite 8.394 £+ 0.001
49, Al-substituted magnetite 8.387 £ 0.001
6% Al-substituted magnetite 8.381 £ 0.001
109, Al-substituted magnetite 8.369 + 0.001

linear law in agreement with other authors
(15, 16) and the shrinkage can be easily
explained bearing in mind that the ionic
radius of Al** is smaller than that of Fe®*
[e.g., rai” = 0514, rg.™ = 0.64 A, accord-
ing to Ahrens (17)]. The length of the cell
edge for the pure synthetic magnetite is
slightly different from that found by other
authors (18-20) and this could depend on
the preparation method (21). Figure 2
gives the diagram of the conventional resid-
ual factor K as a function of v and z for
the 10% Al substituted magnetite (¢ =
0.3). The minimum of the residual factor
R’ was found for v = 0.384 = 0.0015 and
x = 85 + 5. For the reference sample of
pure magnetite we have obtained, for the

100
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x (/s octahedral )

70 +

60 T

50 » -+
0.382 0.384 0.386 0.388

F1e. 2. R’ (u, z) diagram for the 10% Al-sub-
stituted magnetite. Contour lines indicate 0.1 in-
crements in R’ value starting from minimum

point.
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oxygen parameter, a value of 4 = 0.382 +
0.001.

Moéssbauer spectra of pure, 2% Al- and
10% Al-substituted magnetites show a
broadening of the B peak pertaining to
octahedral sites as the Al substitution is
increased. This broadening is due to a dis-
tribution of several values of the hyperfine
internal magnetic field around its average
value, caused by the existence of different
situations in the tetrahedral sites. This fact
could ocecur in our sample assuming that a
small fraction of the Al*+ ions is present in
these sites. In fact, each A site is sur-
rounded by twelve B sites, while each B
site 1s surrounded by only six A sites.
Therefore, it is evident that the substitu-
tion of an Fe* ion by an Al* ion in a
tetrahedral site produces a much greater
decrease of the superexchange interaction,
than a substitution in an octahedral site.
This variation causes a broadening of the
B peak, the effective magnetic field being
proportional to ionic moments (7, 22).

Thus the Mdssbauer results are consist-
ent with the X-ray determination of the
cation distribution. Figure 3 reports spec-
tra and hyperfine internal magnetic fields
values for pure and substituted magnetite
samples. The formula of a 10% Al-sub-
stituted magnetite can therefore be written
as:

Tad+ + M 3 3 —
Fejhss Alj bl ¥ 92+Fel.+§45A10§55] 0.,

where jons in B sites are indicated between
brackets. It is well known that the ideal
oxygen positional parameter u of an undis-
torted spinel structure corresponds to:

WUig = 0.375.

In our case, u > u;4, and this displacement
of the oxygen ion makes the tetrahedral
sites larger and the octahedral sites smaller.
The radii of the spheres in A and B sites
are respectively (23):

o= (u-1as -k

5
rs = (g—u>ao—30,
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Hpt(A) Hpy(B)
(KOe) (KOe)

(a) 493 465

(b) 489 461

{c) 482 455

- e,

"
e

<10 -9 -8 -7 -§ -5 -4 -3 -2 -1

Velocity {mm/sec)

Fic. 3. First lines of the Mdossbauer spectra,
attributed to tetrahedral (A) and octahedral (B)
sites in. the - spinel structure. Values of internal
hyperfine magnetic fields Hur and spectra for
pure (a), 2% Al-substituted (b) and 10% Al-
substituted magnetite (c¢) are reported.

where R, is the oxygen ion radius. Assum-
ing a value of 1.32 A for B, (24), we ob-
-tain for our sample r» = 0.622 A and r5 =
0.697 A instead of 7, = 0.600A and rs =
0.721 A pertinent to the pure magnetite.
The shrinkage of the octahedral sites is
probably due to the stronger preference for
B sites found for the smaller Al** ions com-
pared with larger Fe®* ions.

The insertion of Al cations in the spinel
lattice gives rise to local distortions which
were detected by X-ray diffraction line
broadening. In Fig. 4, we report the plots
of Fourier cosine coefficients A(L) as a
function of L, for the two pairs of reflec-
tions (220)-(440) and (400)-(800) of the
sample containing 10% Al. From these
plots . we have calculated, following the
method of Warren—Averbach (12), the
values of rms strain (,,*" (Fig. 5) and
the values of the effective crystallite sizes
D¢y in the crystallographic directions
[100] and [110] (Table 2). In Fig. 6, we
report, the plot of integral breadths for the
same sample, from which an isotropic dis-
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F1c. 4. Fourier cosine coefficients A(L), cor-
rected after Stokes, as functions of L(A).

tribution of the strain in all crystallo-
graphic directions can be deduced. It is
worth noticing that the values for the strain
obtained by the two different methods are
very close to each other. On the other
hand, a discrepancy was found in the
average particle size. As known, the
values obtained with the Warren-Averbach
method are the most reliable.

In Table 2, we report the values of the
strain obtained also for 2% Al-substituted
magnetite. The decrease of the value for
the strain confirms, for our range of sub-
stitution, the direct dependence of strue-
tural disorder on the content of substitu-
tional Al
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TABLE 2
STRAIN AND PaARTICLE SizE oF Al-SUBSTITUTED MAGNETITES
Method: Warren—Averbach Integral breadths
(averaged)
Crystallographic direction: [100] [110]
Amount of substituent (%): 10 10 10 2
rms strain ()2 1 X 1073 1.1 X108 1.2 X 103 0.3 X 103
Av particle size Dess 420 530 ) 840 nd
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