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ABSTRACT

Structural changes of coprecipitated and mechanically mixed iron/tungsten oxides during
calcination and reduction were studied by DTA and XRD. The oven-dried precipitated mass
is poorly crystalline towards X-ray diffraction studies and does not crystallize until heat
treatment above 400° C. XRD studies indicate the formation of “Fe,W,0,,” [not Fe,(WO,);]
as major phase along with a minor amount of WO, at 450°C. Above that temperature
“Fe,W;0,,” decomposes into Fe,WO, and WO;. The reduction of “Fe,W,0,,” proceeds
through the formation of FeWO,. On complete reduction it forms a mixed lattice of iron and
tungsten. Free tungsten oxide is also simultaneously reduced to elemental tungsten via the
formation of intermediate oxides.

INTRODUCTION

One of the major problems in Fischer-Tropsch synthesis is often the
rapid deactivation of the iron/iron oxide catalytic mass due to the presence
of sulphur compounds in the synthesis gas which are produced by coal
gasification [1,2]. Several attempts have been made to develop more stable
catalysts containing MoO, and WQO,, which possess a higher sulphur toler-
ance [3,4]. Iron molybdates and iron tungstates are also of importance as
catalysts for methanol oxidation [5-9].

Surprisingly, there is only scant information on the reduction of
Fe,0,—~WO, mixed oxides [10,11}, though reduction of pure WO, [12,13]
and, of course, Fe,0, is well documented [14-16]. A high-pressure study of
the WO,-Fe system with bronze-like Fe, WO, phases has been described
[17]. Colour changes occurring under illumination and during cathodic
reduction of iron tungstates [18], as well as electric and magnetic effects in
these materials [18-20,29,60], have been used to construct opto-electronic
devices [21]. Such properties bear no relevance for possible applications of
these substances in catalytic processes.
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In the present study we have investigated the nature of structural changes
of Fe,0,-WO, mixed oxides by DTA and XRD in order to follow the
course of their reduction down to the elemental stage, along with a careful
survey of the literature available on the Fe-W—-Q system (only the latest and
most relevant publications are cited, further references can be found therein).
A similar study on the nature of reduction of the Fe,0,—-MoO, system was
made earlier [22].

EXPERIMENTAL
Reactants and sample preparation

Coprecipitation. An ammonium tungstate solution (0.15 M) was prepared by
dissolving WO, in concentrated ammonia (4 h, reflux) and diluting with
water to 7 wt% NH,OH. Portions of this solution were admixed with
Fe(NO,), - 9H,0 solution (0.15 M, V=5 ml s~') with both solutions at
70°C. The pH was then adjusted to 1.5 within 60 s (65 wt% nitric acid)
whereby precipitation occurred. The precipitated mass was neutralized to
pH 6 with concentrated ammonia, filtered and washed thoroughly with
distilled water. Continuous preparation could not be achieved because of the
pH conditions necessary for preparation. The washed mass was oven-dried
at 120°C and used for further studies. Chemical analyses gave a composi-
tion of 42 at% Fe and 58 at% W for the precipitated mass, designated as
sample A.

Mechanical mixture. Such a mixture of equimolar iron oxide and tungsten
oxide (reagent grade) was also prepared and is designated as sample B.

Calcination and reduction / DTA

The washed precipitated mass was first calcined in air at 450°C for 1 h.
Loss of water and sublimation of white ammonia salt (free from iron or
tungsten) up to 400°C resulted in a total weight loss of 32%. To determine
the nature of the reduction process the samples were calcined up to 450°C
under argon and then exposed to hydrogen for reduction. Differential
thermal analysis measurements were performed with a controlled-atmo-
sphere differential thermal analyser (Du Pont DTA 990). The samples and
a-Al,0, used as a standard were placed in two different gold cups. During
calcination and reduction the temperature was increased by 10°C min~!. A
sample of about 15 mg was used in each experiment.

X-ray diffraction

X-ray diffraction patterns were recorded with a Guinier-chamber Huber
621 with an evacuable protective gas cap using monochromatized Fe-Ke,
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radiation (operating conditions: 50 kV, 20 mA) and single-screen X-ray-film
Kodak SB-392. Silicon was used as an internal standard for the correction of
the angles derived from the diffraction lines. The crystal phase composition
of the samples was determined by comparing the measured d-spacings with
standard ASTM values [23]. The lattice parameter of iron-tungsten solid
solution [41] was determined from corrected values using a suitable com-
puter program. To avoid any interaction between the samples and ambient
atmosphere before and during X-ray measurements, the samples were han-
dled under inert gas and coated with collodion after they had been subjected
to reduction. It has been confirmed that no oxidation of the samples
occurred during handling.

RESULTS AND DISCUSSION
Calcination

The DTA curve obtained during calcination of the precipitated mass
(sample A, Fig. 1A) shows two endothermic peaks at 110 and 220°C and
two exothermic peaks with maxima at 370 and 460°C.

Dehydration is completed around 300°C, up to which temperature the
sample is poorly crystalline. The two endothermic peaks below 300°C can
be assigned to the removal of absorbed and coordinated water molecules in
two steps. In the first step around 110°C intercalated water molecules are
removed from between the layers of corner-linked WO, octahedra [24,25],
while water molecules or hydroxyl groups coordinated to tungsten as parts

exothermic

endothermic  iess mmjie

200 300 400 500 600 T[]

Fig. 1. DSC curves of sample A under calcination (A) and reduction (D), sample B under
reduction (B) and pure WO; under reduction (C).
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TABLE 1

Crystal phase composition of samples A and B

Calcination Reduction

Temp. Duration Crystal phase Temp. Duration Crystal phase

°Q (b °C (b

Sample A

120 10 poorly crystalline -

300 5 poorly crystalline -

400 5 “Fe,W;0,,-xH,0”

WO, (poorly crystalline) 450 12 FeWO,, WO,

600 12 WO,, W

450 5 “Fe,W,0.,” 450 12 FeWQ,, WO,
600 50 W, WO, (minor)

600 5 Fe,WOQO,, WO, 600 50 W, WO, (trace)

Sample B

600 10 a-Fe, 05, WO, 600 50 W, Fe

of these octahedra remain in the lattice. These are driven off at 220°C,
where the hydrated lattice collapses and the composite mass remains non-
crystalline (confirmed by XRD patterns) up to 370°C. From there, the
ensuing small exothermic peak can be assigned to the crystallization process
of “Fe,W,0,,” [26] (not isomorphous with Fe,(MoQ,),). For structural
reasons and to avoid confusion we prefer this formulation as a ternary oxide
to the common formulation as ‘“true” Fe,(WQ,), (isomorphous with
Fe,(M0Q,),), which has been fully characterized only very recently [6]. At
400°C “Fe,W,0,,” and some poorly crystalline WO, [27] can be identified
as constituents of the X-ray pattern (Table 1). Further heating results in the
decomposition of “Fe,W,0,,” at 450-470°C with no other thermic effect
being observed up to 600°C. X-ray investigation of the crystal phase
composition at that temperature establishes Fe,WO, [28-31] and WO, as
the decomposition products. Obviously, small amounts of WO, not formed
by decomposition but precipitated separately during dehydration of the
mixed oxide mass are included within the total amount of WO, observed in
the residual product at 600°C.

For sample B no solid-state interaction between Fe,O, and WO, has been
observed on heat treatment of the mechanically mixed oxides up to 600°C,
as other authors have also concluded from calorimetric experiments much
earlier [32]. Solid-state reaction between these oxides does not start until
760°C [33].

Full reduction

Whereas the reduction of a mechanical mixture of Fe,O, and WO,
(sample B) proceeds directly into pure elemental iron and tungsten (Fig. 1B,
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endothermic peaks at 395 and 605°C, respectively), the reduction behaviour
of the iron—tungsten oxides obtained from the coprecipitated mass is much
more complicated. For sample B, the measured lattice parameters of the
elemental tungsten (a = 0.3165(3) nm) and iron (a = 0.2866(2) nm) formed
after reduction at 600°C suggest that no bimetallic lattice or alloy has been
formed in this case. This is well in accord with the reported formation of
Fe,W, Fe,W, or an Fe/W-sigma phase only above 900°C [34-39] and with
the reported recrystallization of amorphous Fe-W films from room-temper-
ature RF-sputter deposition only above 600°C [40]. The endothermic reac-
tion for the reduction of pure WO, to elemental tungsten at 605°C has also
been verified from a DTA curve for WO, (Fig. 1C). A solid solution of
tungsten in a-iron extending to ca. 10 at% tungsten is not to be expected, as
it occurs only in high-temperature samples above 1200°C [41].

On the other hand, reduction at 600°C of sample A (pre-calcined at
450°C), resulted in the formation of apparently single-phase elemental
tungsten as major reduction product with a minor amount of WO, [42]. The
crystalline WO, also persisted if the sample was pre-calcined at 600°C
before starting reduction. The XRD patterns did not indicate the formation
of any separate elemental iron phase. Rather, elemental iron remains in a
dispersed state within the tungsten lattice, causing an extra broadening of
the diffraction lines for elemental tungsten. For iron atoms ion-implanted
into tungsten, the occupation of interstitials of the tungsten lattice at
random has been confirmed by Mdssbauer spectroscopy [43]. A routine
Maossbauer spectrum of our sample failed to reveal a free-iron lattice, nor
could FeWOQ, [44], a spinel or a wustite lattice be identified. We believe,
instead, that a true solid solution effect has been achieved on the tungsten-
rich side of the Fe-W system by way of treatment of our samples. The
measured lattice parameter from the tungsten diffraction lines (a = 0.3145(3)
nm) compares to the reported lattice parameter of pure tungsten (a =
0.31651(3) nm) and shows a significant contraction of the tungsten lattice.
This could hardly be expected if free interstitials were occupied by the
smaller iron atoms (the atomic radii for tungsten and iron calculated from
the atomic volumes are 0.1558 and 0.1412 nm, respectively [45]).

Partial reduction

The nature of the mixed oxides leading to a bimetallic tungsten/iron
lattice upon reduction remains to be explained. Figure 1D shows the DTA
curve for the reduction of sample A starting at 400°C after calcination. An
exothermic peak at 465°C with a shoulder at 490°C (weak in nature) is
apparent, followed by a strong endothermic peak with maximum at 585°C
and with shoulders on the upward slope between 500 and 520°C. Together
with the XRD patterns taken at various temperatures and after two different
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reduction times (Table 1) and with an evaluation of the available literature
on the system the following picture of reduction behaviour emerges.

Reduction of coprecipitated iron-tungsten mixed oxides below 500°C
yields FeWO, [46,47] and WO, as crystalline phases. Theoretically, FeWO,
(mineralogically also known as ferberite) can form over a wide temperature
range, even at room temperature [32]. Under non-reductive conditions it
melts congruently as high as 990°C and undergoes no phase transformations
(48].

Both “Fe,W;0,,"” and Fe,WO, present at temperatures between 460 and
520°C (one being the decomposition product of the other) upon reduction
yield FeWO,, but the reduction of the Fe, WO, phase occurs more readily
compared to that of the “Fe,W,0,,” phase (Table 1). It seems that the
orthorhombic lattice of Fe,WQ, is more easily reducible as compared to that
of the tetragonal “Fe,W,0,,” phase.

The reduction of WO,, formed as a decomposition product of “Fe,W,0,,”
as well as directly through dehydration of tungstic acid precursors, yields
WO, through a series of complicated intermediate oxides with crystallo-
graphic shear structures [49-53], depending on the individual reduction
conditions.

The presence of poorly crystalline cubic FeW,0,-nH,0 (0 <n <2.5)
oxides (not detectable in our study), which themselves decompose into
FeWO, and WO, upon complete dehydration, may add to the complexity of
the reduction picture. These oxides can continuously and reversibly take up
and lose water between 70 and 500°C [54,55].

Although Fe,WO, coexists with FeWO, at 1000°C [56] and can be
obtained in air up to 1200°C [7,57], above about 520°C FeWOQO, is the only
stable mixed oxide under reducing conditions. It is slowly reduced into a
bimetallic solid solution lattice consisting of tungsten and iron under the
employed reaction conditions as described above. This reduction occurs
simultaneously with the reduction of WO, in the endothermic zone up to
585°C. In this zone, contributions of intermediate “FeO” [58] to the final
formation of the mixed metallic lattice cannot be excluded. Contrary to the
inertness of Fe,O,/WO, mixtures, Tamann and others have noted a strong
reaction between FeO and WO, [32,59,60].

Thus, we ascribe the first exothermic reaction in the DTA curve of Fig.
1D between 400 and 470°C to the reduction of “Fe,W,0,,” into FeWOQ,,
and the broad, structured endothermic peak with maximum at 585°C to a
combination of interwoven solid-state decomposition and reduction
processes. A careful study with ciose scrutiny of this zone by thermal,
high-temperature X-ray and spectral methods will be needed to clarify all
the factors involved.
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CONCLUSION

The results of the present study indicate that a bimetallic catalyst consist-
ing of iron and tungsten can be prepared from mixed oxide composites
obtained by precipitation techniques at low temperature.

From a catalytic point of view, it appears interesting to study the
performance of these catalysts for the hydrogenation of carbon monoxide to
Fischer-Tropsch products in the presence of sulphur compounds which are
usually considered as catalyst poisons. It may be expected that iron/tung-
sten catalysts deactivate less by sulphur poisoning than pure iron catalysts.
Furthermore, promotion of such catalysts with lithium is likely to modify
their synthetic properties without affecting their bulk structure morphology
[61].
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