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The oxides of Ca, Mn, Mg, Ti, Al, Li, and Na readily go into solid solution
“with Fe;Os: It should therefore be possible to prepare magnetite catalysts in which
there is a truly homogeneous distribution of promoters. While silica does not appear
.to dissolve in Fe;O, (and is therefore an ineffective structural promotor) it does
“inhibit the solution of the more basic promoters. It should be avoided if homo-
geneous alkali-promoted catalysts are desired. X-Ray line-broadening studies on
the reduced magnetites confirm that ALOs: and TiO. are superior to MgO as
structural promoters while MnO is relatively ineffective. K* and Ba®* ions could
not be induced to enter into solution in magnetite.

INTRODUCTION

There are two general types of pro-
moters of interest in the preparation of
fused magnetite for use, after reduction, as
catalysts in the Fischer-Tropsch hydro-
carbon synthesis. They are the structural
promoters which are added primarily to
produce a stable high area catalyst and
the chemical promoters which influence the
selectivity of the reaction (). The struc-
tural promoters are nonreducible metal
oxides which are capable of going into
solid solution with magnetite and hence are
well dispersed throughout the oxide mass.
When the magnetite is reduced these pro-
moters precipitate between the metallic
iron crystallites and so mechanically pre-
vent to some extent the sintering of neigh-
boring iron crystallites. This stabilization
results in high surface area catalysts.

The chemical promoters are the oxides of
the alkali metals and their effectiveness
increases with the basicity of the oxide (7).
It is well known that the selectivity shifts
towards heavier hydrocarbon production
with increasing alkali content (1) and it
is therefore conceivable that if the distri-
bution of alkali is very heterogeneous, with
some particles having a high alkali con-
centration on their active surfaces while

others have little or no alkali present, then
the former will produce long-chain hydro-
carbon products while the latter will pro-
duce lighter products only. This will result
in the overall production of an undesirably
wide product spectrum. If this picture is
correct then a narrower spectrum should
result if the alkali were homogeneously dis-
tributed. One method of achieving this
would be by inducing the alkali ions to
enter into true solid solution with the
catalyst precursor, magnetite.

For both structural and chemical pro-
moters therefore it seems desirable that the
promoter cations dissolve in magnetite. Ac-
cording to Gorter (2) metallic ions which
have been found in oxidic spinels have
Goldschmidt radii that lie between 0.44
and 1.0 A. The ions Mg>, Mn?*, A3+, Ti*,
and Li* conform to this requirement. Ca2*
and Na* ions appear to be borderline cases
while K*, Ba?*, and Si** ions seem to be
well outside this permitted range. The work
described in this paper was undertaken to
investigate the solubility of the promoter
cations in magnetite at high temperatures.
Whether or not the promoters had entered
into solid solution was estimated from their
effect on the lattice parameters of the mag-
netite. The effectiveness of several of the
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oxides as structural promoters was comr
pared by X-ray line-broadening studies on
the reduced samples.

EXPERIMENTAL

Sample preparation. All the samples were
prepared by sintering compressed pellets of
intimately mixed oxides. Mixing was done
by wet grinding in a mechanical mortar
under ethanol, the latter being allowed to
evaporate slowly as grinding proceeded.
The dried powders were pelletized at 40
tons/sq. inch and sintered in platinum
boats in a porcelain pipe. Merek a-Fe;O;
(pro analysi) was converted to Fe,O. by
heating in a vacuum: {1 X 10-* mm Hg) at
1350°C for 48 hr. Under these conditions
(3) Fe,0; loses-oxygen and is converted to
Fe;0, without it being furthet reduced to
FeO. Alternately the Fe,Q; pellets were
heated in a stream of nitrogén, which con-
tained . about 0.01% oxygen, at 1450°C for
2 hr. Both chemical and X-ray analysis
showed - that the samples contained only
Fe,0.. The advantage of the above prepa-
ration techniques over those in which use
is made of mixtures of H,/H.,0 or CO/CO.
to establish the desired oxygen partial pres-
sure range is that they are more easily
controlled experimentally. Samples pro-
moted with MnO, TiO,, Mg0O, Al,O;, SiO,,
and CaO were prepared as described above
directly from the mixtures of the relevant
oxides with Fe,O,. As heavy losses of the
Group I alkali oxides from the samples
were found to occur at these high temper-
atures, samples promoted with Li,O, Na,O,
K.O or with mixtures of these oxides were
prepared as follows: The alkali carbonates
were mixed with Fe,O; to give the compo-
sition equivalent to AFe,O; where A is the
alkali metal (or metals). The pellets were
first fired in air at 700°C for 5 hr, then
ground, repelletized, and again fired in air
at 1150°C for 2 hr. This material was then
mixed with Fe;0,, prepared as previously
described, and the pellets fired in vacuum
at 1150° for 1 hr. A few of the CaO-pro-
moted samples were also prepared in the
above manner, i.e., first preparing the
compound oxide CaFe,O, in air and then
vacuum-firing this with Fe,O, at 1150°C.
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The: lattice parameters of thesé samples
were found to -be the samé as-thosé. pre=
pared at the higher temperature of 1450°C.
The attempt &t promoting magnetite with
barium was carried out by sintering -a mix-
ture of BaFe,;0,5 and Fe;0, in vacuum at
1150°C.

In each preparation a sintered pellet was
put aside for microscopic inspection of a
polished section. The remaining pellets were
crushed until all particles were smaller than
75 u and the actual promoter contents de-
termined by chemical analysis.

Lattice parameters. Lattice parameter
determinations were carried out  with a
114.6-mm diameter Debye-Scherrer powder
camers using Co Kea radiation. The sizes of
the cubie unit cells {(a,) of the spinels were
obtained by the technique of extrapolating
(cos? §/sin @ - cos® 6/0) against a, as
described by Klug and Alexander (4).

Line-broadening. The powdered samples
were reduced in hydrogen at 390°C for
times varying from 22 to. 100 hr depending
on the type of sample. The reduced satiples
were mounted in wax and the profilés of
the (110) reflections of a-Fe were traced
with the goniometer of the X-ray unit.
Rotating sample holders were used. The
linewidth was taken as the total peak area
divided by the maximum peak height.

REsvuLTS

X-Ray analysis of the samples promoted
with the oxides of Ca, Mn, Ti, Mg, Al, and
Li showed that only one crystalline phase,
namely spinel, was present. As a check,
polished sections of the samples promoted
with MgO and with CaQ were microscopi-
cally investigated. They appeared to be
homogeneous, confirming the presence of
only one phase. All samples in which silica
was present showed only one phase by X-
rays but microscopic investigation revealed
that two phases were present in all these
cases. The second phase, presumably silica
or alkali silicates, was evidently X-ray
amorphous. In the Na,O-promoted magne-
tite series both X-rays and microscopic in-
vestigations showed that up to 8 cation
% Na* only one phase (spinel) was present,
whereas above this figure two phases were
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present. From the X-ray diffraction pat-
tern this second phase was identified as 8-

NaFeO,.

It is of interest to record that in the
preparation of the alkali ferrites by sinter-

TABLE 1
Ionic Rapbmx (ﬁ)

Ion Pauling Goldschmidt
Fett 0.64 0.67
Fel* 0.76 0.83
Li* 0.60 0.78
Nat 0.95 0.98
K+ 1.33 1.33
Bazt 1.35 1.43
Mgzt 0.65 0.78
Ca2t 0.99 1.06
Mn?t+ 0.80 0.91
AR+ 0.50 0.57
Tit+ 0.68 0.67
Sist 0.41 0.39

ing the oxides in air at 1150°C as described
in the experimental section, the lithium and
the mixed lithium-sodium ferrite samples
yielded compounds with the spinel struc-
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ture only. In contrast, X-ray analysis
showed that in the case of the “sodium
ferrite” samples the ecrystalline phases
present were a-Fe,O; together with other
unidentified material. On evacuation at
1150°C, however, a spinel phase was formed
together with some B-NaFeO. while the
unidentified phase(s) mentioned above dis-
appeared. It appears therefore that in the
case of sodium ferrite the presence of
oxygen in the gas phase inhibits the forma-
tion of the spinel phase while this does not
oceur in the case of the lithium or mixed
lithium-sodium ferrites. All attempts to
make a compound having the composition
KFe;0; and with a spinel structure failed.

The results of the spinel unit-cell-size
determinations are shown in Figs. 1 and 3.
A shift in the lattice dimensions with in-
creasing promoter cation concentration is
taken as evidence that the cations have
entered into solid solution with the mag-
netite. The direction of the shift is de-
pendent on the size of the promoter cation.
For convenience the relevant cation radii
are listed in Table 1. The results for the
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Fre. 1. The size of the unit cell of magnetite as a function of the promoter concentration.
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Fiq. 2. The X-ray line-broadening (in arbitary
units) as a function of promoter concentration.
Symbols as in Fig. 1.
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Fia. 3. The size of the unit cell of magnetite
as a function of the total alkali cation concen-
tration. The doubly promoted samples were
prepared by sintering Fe,O. with the ferrites
Lio.sN2osFesOs and “Lin.KosFesOs,” respectively.
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additives normally considered as structural
promoters, as well as those for Si0O,, are
given in Fig. 1.

The effects of the chemical promoters,
the alkalis, are illustrated in Fig. 3. The
influence of silica on the parameters of
samples promoted with Na,0 or CaO is
demonstrated in Figs. 4 and 5. The num-
bers in the abscissa of Fig. 4 gives the
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Fi1c. 4. The size of the unit cell of magnetite
promoted with fixed amounts of either Ca* or
Na* ions as a function of the “silicate number”
n in Ca0-(8i0:)a or Na.O-(SiO:)s.

“order” of the silicates, if formed, i.e., the
value of n for the silicates CaO- (8i0;)n
or Na,0-(810;),. In these two series of
samples the Na and Ca contents were
maintained constant at 5.4 and 3.7 cation
%, respectively, while the silica contents
were progressively inecreased.

The effect of structural promoters on the
X-ray linewidths of the reduced samples is
shown in Fig. 2. As identical experimental
conditions were used in all the cases, in-
strumental broadening was a constant
throughout and changes in linewidths were
taken as indicating only changes in iron
crystallite size (5). The broader the lines
the smaller the crystallites, i.e., the higher
the surface area, and therefore the more
effective the structural promoter.
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Fi1e. 5. The size of the unit cell of magnetite
as a function of the “free” Ca* or Na* ion con-
centration. Filled characters are for samples con-
taining silica, open characters for samples with
no silica present.

DiscussioNn

From Fig. 1 it is clear that the majority
of the structural promoters have a marked
effect on the lattice parameter of magne-
tite, indicating that solid solution had oc-
curred. The ferrites of Mn, Al, Mg, and Ti
are spinels and it was therefore expected
that these cations would dissolve in mag-
netite. Ca0-Fe, 05, however, has an ortho-
rhombic structure but it appears neverthe-
less that at lower concentrations at least
Ca?* ions can enter into solid solution with
magnetite. This confirms the findings of
Uchida et al. (6). The Al** ion is smaller
than the Fe®* ion it replaces in the magne-
tite lattice; as was expected (7) the unit
cell shrank with the introduction of Al
Similarly the Ca? and Mn?* ions are larger
than the Fe?* ion so that an increase in
parameter can be expected with Ca?*, being
the bigger ion, having the greater effect. If

DRY AND FERREIRA

Ti* replaces Fe3* it is essential for the
maintenance of electrical neutrality that
an Fe?** ion in the erystal be reduced to an
Fe?* jon and this, more than the actual size
of the Ti* ion itself, is probably respon-
sible for the expansion of the unit cell.

Silica, which was not expected to go into
solid solution, had little or no effect on the
lattice parameter. If it did enter substitu-
tionally as Si** it should, being smaller,
have had a more marked effect than Al**.
Consequently its solubility in magnetite, if
anything, was probably less than 1 cation
%. This was supported by the microscopic
observation that all the SiO,-promoted
samples had a small amount of a second
phase present. This insolubility is no doubt
the reason why silica was found to be in-
effective as a structural promoter (8).

For the MgO-promoted samples the di-
rection of the shift in lattice parameter
was as expected but the magnitude of the
shift was small, especially when the Paul-
ing radii of Fe* and Mg?* are compared.
MgO is known to be a good structural
promoter of magnetite and the effect of
MgO on the crystallite size of the reduced
samples (see Fig. 2) clearly implies that
MgO had entered into solid solution in the
present series of samples. Curie point de-
terminations (9) on these samples sup-
ported this. The Curie point decreased as
the MgO content increased. Uchida et al.
(6) also reported that magnesia did not
cause any changes in the lattice constant
of magnetite and they suggest that Mg
ions do not enter the lattice as substituents
of the Fe?* jons but that they occupy empty
interstices in the spinel lattice.

From Fig. 2 it can be seen that the size
of the iron crystallites of the reduced mag-
netite samples decreases with increasing
promoter content and also that some pro-
moters are more effective than others. The
crystallites in the samples promoted with
MnO are, for instance, clearly larger than
those promoted with AlLO; in spite of the
fact that the latter samples had to be
reduced for much longer times to attain
full reduction. The longer the reduction time
the more the iron crystals already formed
could be expected to grow. The effective-
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ness to produce small crystallites increases
in the order MnO, MgO, TiO,, and Al,O;.
This corresponds exactly to the order de-
duced from BET surface area measure-
ments on reduced fused magnetites pro-
moted with the above oxides (8). It is
therefore established that even though MnO
and Ca0O are not reducible by hydrogen
and that they both do go into solid solu-
tion with magnetite, they are inferior as
surface area promoters.

The existence of the spinel LiFe;Os and
also of those in which up to 40% of the Li*
ions in the above compound are replaced by
Na* ions is well known (10). More recently
the spinel NaFe;Os has been reported (11,
12). Tt was therefore expected that the
alkali ions Li* and Na* would be able to
dissolve in magnetite and from the results
illustrated in Fig. 3 it is apparent that they
did indeed do so under the experimental
conditions used in the sample preparation.

In substituting a monovalent cation for
say an Fe?* ion in the spinel lattice it is
necessary for the maintenance of electrical
neutrality that an Fe?* ion be oxidized to
an Fe?+ ion and this should result in a
shrinkage of the lattice. In the case of Li*
the ion ig itself smaller than the Fe** ion
it 18 replacing. Therefore for these two
reagons the parameter of magnetite should
decrease with increasing lithium content,
as was found experimentally, The Na* ion
on the other hand is larger than the Fe?
ion. From Fig. 3 it is seen that promotion
with Na* ions increases the parameters of
magnetite and therefore the increase due
to the introduction of the large ion pre-
dominates over the shrinkage due to the
accompanying Fe* oxidation. As can be
expected, the parameters of magnetite
promoted with the mixed spinel Li, ,Nag s-
Fes0; lie intermediate between those of the
Li*- and the Na*-promoted series. If K+
ions were capable of entering into solid
solution with magnetite then the param-
eters of the latter should exceed those of the
Na,O-promoted series. The results plotted
in Fig. 3, however, show that K* ions had
no apparent effect. The results for the
series doubly promoted with “Li-K-ferrite”
also lie below the series promoted with the

357

Li-Na-ferrite, whereas they should have
been above if K* ions did enter into solu-
tion, The samples promoted with BaFe,,040
also showed no change in magnetite param-
eter. It appears therefore that it is not
possible to introduce large ions such as
K+ or Ba?t into the magnetite lattice.

As can be seen in Fig. 3 the graph of

the singly promoted Na+ series flattens at

high Na* concentrations. This flattening is
associated with the fact that above 8 cation
% two crystalline phases appear in these

‘samples (see the Results section). Below

8%, however, only one phase is present.
Thus at the lower concentrations which are
used in practice it should be possible to
manufacture a promoted magnetite catalyst
in which the sodium ions are homogene~
ously distributed.

Figure 4 shows that with increasing silica
content at fixed Na* or Ca?* ion contents
the parameter of the promoted magnetite
decreases, which indicates that the amount
of Na* or Ca* ions in solid solution de-
creases. Silica presumably combines with
the bases to form a separate phase and so
prevents them {from entering into solid
solution. Such separate phases were micro-
scopically observed in polished sections of
these samples. The presence of silica must
therefore be avoided if a truly homogeneous
alkali-promoted catalyst is desired.

Both curves in Fig. 4 flatten at higher
silica contents at parameter values cor-
responding to that of magnetite promoted
with silica only, which is taken to mean
that at these high silica contents no Na+*
or Ca* jons are in solid solution in the
magnetite. This latter state appears to oc-
cur at “silicate numbers” 1 and 2 for Ca2*
and Nat, respectively; when there is
enough silica to form either CaQ-8i0, or
Na,O- (8i0,). no basic ions are present in
the magnetite lattice, while at lower silica
contents the excess basic ions are free to
enter into solid solution. To test this hy-
pothesis the “free” ion concentration was
plotted against lattice parameters to see
how this compared with the results obtained
on the samples which contained no silica.
“Free” alkali was taken as equal to the
difference between the total alkali cation
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content and the total Si content. As can be
seen in Fig. 5 there is fair agreement be-
tween the two sets of results. It appears
therefore that under the experimental con-
ditions used in the sample preparation, the
silicates 2 Na,0-8i0, and Na,0-8i0, were
not formed. Presumably silica would other-
wise have inhibited the solid solution of
Nat jons in magnetite at much lower “sili-
cate numbers” than 2.

The lattice parameter and the Curie
point of a magnetite sample promoted with
MgO and SiO, to contain 10 cation % of
each was found to be identical with the
values of a sample promoted only with 10
cation % Mg?*. Silica does not therefore
seem capable of preventing MgO from
going into solid solution with magnetite.
Apparently the less basic the promoter
the less likely is silica to prevent it dis-
solving in magnetite.
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