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In this work a series of silica-supported bimetallic iron-copper catalysts has been prepared and 
characterized. The bimetallic catalysts were prepared via homogeneous deposition-precipitation 
involving a procedure in which first copper ions (as copper hydrosilicate) and consecutively 
iron(III) ions (as goethite) are precipitated onto the support. The results show that copper facili- 
tates the reduction of iron(III) to iron(II) (which is present as iron(II)silicate) as well as the 
reduction to zero-valent iron. In the reduced iron/copper catalyst zero-valent iron is present as 
monometallic a-Fe particles and as iron clusters in bimetallic Fe-Cu particles. The relative 
amounts of the various iron species vary with the overall composition. Whereas the surfaces of the 
freshly reduced bimetallic particles are not extensively enriched in one of the constituents, pro- 
longed CO exposure at room temperature leads to a considerable iron enrichment. © 1990 Academic 
Press, Inc. 

INTRODUCTION 

The conversion of syngas (CO/HE) to hy- 
drocarbons via the Fischer-Tropsch syn- 
thesis is a well-known process (1-3). A va- 
riety of catalysts, all containing as the most 
important component one of the Group 
VIII metals (such as Ru, Co and Fe), is 
used in this reaction. Their activity, selec- 
tivity, and deactivation patterns have been 
widely studied. Especially iron-based cata- 
lysts usually yield a product mixture con- 
sisting mainly of n-paraffins, n-olefins, and 
(at elevated pressures) n-alcohols. A large 
number of publications and patents have 
been published dealing with methods and 
procedures to increase the selectivity of the 
iron catalysts to low-molecular-weight ole- 
fins (4, 5) and oxygenated products (6). In 
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addition to the rather poor selectivity, de- 
activation of the catalyst in the Fischer- 
Tropsch reaction is another important 
problem. Loss of activity can be due to 
fouling, poisoning, sintering, and extensive 
carbon deposition (1). With transition metal 
catalysts the deposited carbon species can 
exhibit a variety of properties and morphol- 
ogies (7, 8). For instance, with iron cata- 
lysts at high CO/H2 ratios and elevated 
temperatures, growth of carbon whiskers 
can occur (1). As a result the structure of 
the catalyst completely disintegrates and in 
a fixed-bed reactor plugging occurs. 

Geus and co-workers (9, 10) have pre- 
sented evidence that in the temperature 
range 650-1000 K filament growth on iron 
catalysts occurs via a decomposing iron 
carbide phase. As copper is inactive in car- 
bide formation it was anticipated that dilu- 
tion of the iron atoms by alloying with cop- 
per atoms may be an effective procedure to 
suppress the formation of iron carbides and 
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thus whisker growth. However,  it has been 
established that the formation of (surface) 
iron carbides is a prerequisite for iron cata- 
lysts to exhibit the desired activity in the 
Fischer-Tropsch reaction (1-3, 11, 12). 
Thus, alloying iron catalysts with inactive 
copper may also lead to changes in the se- 
lectivity and activity. 

Detailed knowledge of the structure and 
composition of bimetallic catalysts is nec- 
essary in order to properly evaluate their 
catalytic performance. Therefore, in this 
work we report on the preparation and 
characterization of such bimetallic cata- 
lysts and in a subsequent paper we will deal 
with the catalytic performance of these cat- 
alysts in the Fischer-Tropsch synthesis. 

The bimetallic catalysts were prepared 
by homogeneous-deposition precipitation 
via a procedure in which the metal precur- 
sors were consecutively applied onto the 
support. Temperature-programmed reduc- 
tion (TPR) experiments were carried out to 
characterize the precipitates in more detail 
and to study the effect of copper on the 
reduction behavior of iron. M6ssbauer 
spectroscopy was used to identify the vari- 
ous iron species in the reduced catalysts 
and to establish the degree of iron reduc- 
tion. Transmission electron microscopy 
was used to assess the metal particle size 
and the distribution of the metal particles 
over the support. Infrared spectra of ad- 
sorbed carbon monoxide were used to in- 
vestigate (in a qualitative way) the surface 
composition of the bimetallic iron/copper 
catalysts. 

EXPERIMENTAL 

Catalyst Preparation 

The Fe -Cu  catalysts were prepared by 
consecutive deposition of copper and iron 
atoms onto the silica support (Degussa, 
aerosil 200 mE/g). First, copper ions were 
precipitated from an aqueous copper nitrate 
solution onto the bare support by homoge- 
neously raising the pH of this solution via 
urea decomposition at 353 K. In the cop- 

per/silica catalyst thus obtained the copper 
ions are present in a copper hydrosilicate 
phase (13). The copper/silica catalyst was 
filtered off from the solution and redis- 
persed in demineralized water. Next, an 
acidified (pH 1) iron(III)nitrate solution was 
slowly injected (0.2 nmol/liter) at 353 K 
into this suspension, the pH of which was 
kept constant (pH 6) by a pH-stat, which 
controlled by means of a peristaltic pump 
the supply of a 0.1 M NH4OH solution. In 
previous work it was shown that under 
these conditions iron(III) ions are exclu- 
sively deposited as small goethite (o~- 
FeOOH) particles onto the silica support 
(14). After completion of the filtration the 
bimetallic catalyst was filtered off from the 
solution, washed with demineralized water, 
and air-dried overnight at 393 K. Catalysts 
were prepared with 20% wt total iron plus 
copper loading and with atomic composi- 
tions covering the entire compositional 
range. Catalysts are denoted by the atomic 
composition Fe(at.%)Cu(at.%). 

Characterization 

TPR experiments were carried out with 
fresh samples (dried for 16 h in a 2% vol 
O2/He stream at 393 K) in an apparatus de- 
scribed by Kock et al. (15). Typically, a 
quantity of 10 mg was reduced in a 10% vol 
HE/Ar mixture at a flow rate of 0.80 ml/s 
(heating rate 0.16 K/s). In the electron mi- 
croscopic investigations (Philips EM 420) 
passivated samples were used. Passivation 
was carried out by exposing the reduced 
and flushed catalysts at room temperature 
to still air. The infrared spectroscopic ex- 
periments were performed using the trans- 
mission-absorption technique. Wafers (25 
rag) were pressed at 80 MPa and mounted 
into the vacuum apparatus. Details of the 
transmission experiments and the vacuum 
system have been given in a previous publi- 
cation (16). After dosing 13.3-kPa CO to 
the reduced catalysts, spectra were re- 
corded at room temperature with a Perkin- 
Elmer 580B spectrophotometer connected 
to a 3500-CDS data station. Fresh samples 
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were reduced in a flow of 10% vol H2/Ar at 
773 K (after raising the temperature 
stepwise at 100 K per h) for 16 h followed 
by outgassing at 673 K; the lower evacua- 
tion temperature was used to prevent oxi- 
dation by desorbing water molecules. 
MOssbauer spectra were recorded with a 
constant acceleration source using a 57Co in 
Rh source. Isomer shifts are reported with 
respect to the NBS standard sodium nitro- 
prusside. Literature isomer shifts, cali- 
brated versus a-Fe, have been recalculated 
and refer to the nitroprusside standard in 
this paper. Magnetic hyperfine fields were 
calibrated with the 515 kOe field of a-Fe203 
at room temperature. The spectra were not 
corrected for the varying distance between 
the source and the detector, and hence the 
curved background in the measured spectra 
is of instrumental origin. The MOssbauer 
parameters were determined by fitting the 
spectra with reference subspectra consist- 
ing of Lorentzian-shape lines using a non- 
linear iterative minimization procedure 
(I 7). In the case of quadrupole doublets the 
line widths as well as the absorption areas 
were constrained to be equal. The MOss- 
bauer spectra were collected at 300, 77, and 
4.2 K using a reactor permitting the in situ 
measurement of spectra under any desired 
gas atmosphere. All reported spectra were 
measured in a hydrogen atmosphere. The 
hydrogen/argon mixture used in all experi- 
ments was of technical quality (Hoekloos). 
The gas mixture was deoxygenated by 
passing either through a copper catalyst 
(BASF R-3-1 l) or through a Pd/Al203 cata- 
lyst. Subsequently, the gas mixture was de- 
hydrated by passing it through a column 
containing a molecular sieve (Linde 4A). In 
the infrared experiments ultrapure carbon 
monoxide (AGA gas 99.997% vol) was used 
without further purification. 

RESULTS 

TPR profiles of the freshly prepared sil- 
ica-supported Fe, Cu, and Fe -Cu  catalysts 
are shown in Fig. 1. For comparison the 
reduction behavior of a physical mixture of 
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Flo. 1. TPR profiles of the freshly prepared iron- 
copper catalysts. PM is physical mixture (Fe/Cu = 
50/50 at./at.). 

the pure copper/silica and iron/silica cata- 
lysts has also been studied (atomic Fe/Cu 
ratio in the physical mixture is unity). The 
reduction profile of the copper/silica cata- 
lyst is characterized by one sharp peak at 
about 540 K due to the reduction of the 
copper hydrosilicate phase (13). With the 
iron/silica catalyst, reduction proceeds in 
two steps, viz., a broad peak between 500 
and 800 K and a peak above 900 K. The 
broad low-temperature peak is due to the 
reduction of o~-FeOOH (goethite) to iron(II) 
silicate (14), which is partly reduced to me- 
tallic iron above 900 K. Whereas in the tem- 
perature range between 500 and 800 K the 
reduction of the bimetallic samples virtu- 
ally proceeds in one step (except for the 
iron-rich Fe -Cu  catalyst), the physical mix- 
ture reduces in two separate steps. In fact, 
the reduction profile of the physical mixture 
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FIG. 2. Room-temperature M6ssbauer spectra re- 
corded with the Fe60Cu40 catalyst reduced under pro- 
gressively more severe conditions. 

reduction of this compound is not strongly 
affected by the presence of copper. 

In Figure 2 M6ssbauer spectra are shown 
of a Fe-Cu catalyst (containing 60 at.% Fe) 
reduced under progressively more severe 
conditions. The M6ssbauer parameters that 
can be deduced from these spectra are 
listed in Table 1. The spectrum of the fresh 
bimetallic iron/copper catalyst consists of 
a doublet with parameters characteristic of 
a high-spin Fe 3+ compound, such as o~- 
FeOOH (16). The M6ssbauer spectrum re- 
corded after reduction at 623 K for 0.5 h 
shows that the Fe(III) species is reduced to 
an iron(II) compound. The asymmetric 
doublet present in this spectrum has been 
deconvoluted to a doublet and a singlet. 
The M6ssbauer parameters of the doublet 
are characteristic for an iron(II)silicate 
phase (14) and the singlet indicates the 
presence of zero-valent iron atoms, which 
are (on the basis of the IS = 0.17 mm/s) 
most probably present as small iron clusters 
in a copper matrix (18-23). The spectrum 
recorded upon subsequent reduction under 
more severe conditions (773 K, 9.5 h) 
shows the formation of oe-Fe. 

With regard to the deconvolution proce- 
dure we note that a fit which describes the 
doublet with two (or more) symmetric dou- 
blets instead of one symmetric doublet may 
be more appropriate since in the iron(lI)sili- 

is a superposition of the reduction profiles 
of the pure iron/silica and copper/silica cat- 
alysts. It can thus be concluded that in the 
Fe-Cu catalysts (especially with the cop- 
per-rich bimetallic catalysts) copper facili- 
tates the reduction of the iron(III) precur- 
sor, indicating that both the iron- and 
copper precursors are deposited in intimate 
contact onto the support. Above 900 K the 
TPR profiles of the physical mixture and 
the bimetallic catalysts show a small hydro- 
gen consumption peak, which is due to the 
reduction of the iron(II)silicate compound 
(vide infra). The onset temperature of the 

TABLE1 

M6ssbauer Parameters a of Fe60Cu40 Catalyst Re- 
duced under Progressively More Severe Condi- 
tions 

Pretreatment Iron state IS QS H % area 
(mm/s) (ram/s) (kOe) 

Fresh Fe 3+ 0.73 0.89 100 
623 K/0.5 h Fe 2+ 1.42 2.01 86 

Fe ° 0.17 14 
623 K/2.0 la Fe 2+ 1.40 1.99 88 

Fe ° 0.18 12 
773 K/9.5 h Fe 2+ 1.40 1.93 70 

Fe ° 0.17 24 
Fe ° 0.32 324 6 

773 K/16 See Table 2 

Accuracies: IS, +-0,03 mm/s; QS, -+0.05 into/s; spectral contribu- 
tion, ±5%. 
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degree of reduction and on the relative 
amounts of the various iron species present 
in the reduced bimetallic catalysts can be 
appreciated from the M6ssbauer spectra 
shown in Fig. 3 and from the data given in 
Table 2. It appears that at high copper con- 
centrations the amount of o~-Fe is virtually 
nil and only zero-valent iron atoms are 
present, characterized by a singlet with IS 
varying from 0.12 to 0.20 mm/s. 

In order to further characterize the zero- 
valent iron species giving rise to the sin- 
glet, M6ssbauer spectra of the reduced 
Fe20Cu80 catalyst were measured at 77 and 
4.2 K (Fig. 4). Unfortunately, due to the 
presence of the iron(II)silicate compound 
the spectrum at 4.2 K is significantly broad- 
ened, making a straightforward interpreta- 
tion complicated. Nevertheless, a com- 
parison of the present low-temperature 
M6ssbauer spectra with spectra previously 
reported for a pure iron(II) silicate com- 
pound (14) shows the predominant pres- 
ence of the central line in the bimetallic 
iron/copper catalyst. Furthermore, the 
spectrum recorded at 4.2 K with the bime- 
tallic iron/copper catalyst shows a small 

BOPPLER VELOC/TT (MH.S -1) 

FIo. 3. Room-temperature M6ssbauer spectra of dif- 
ferent i ron-copper  catalysts collected after reduction 
at 773 K for 16 h. 

TABLE 2 

M6ssbauer Parameters" of Different F e - C u  Catalysts 
after Standard Reduction Treatment (773 K for 16 h) 

cate compound the Fe 2+ ions are present in 
different environments and as a conse- Fe20Cu80 Fe z+ 

Fe 0 
quence this compound is characterized by Fe40Cu60 Fe z+ 

an asymmetric doublet (24, 25). However, Fe~ 
Fe 0 

in doing so the relative resonance areas of Fe60Cu40 Fe z+ 

the species involved are not markedly af- Fe° 
Fe 0 

fected. Fe80Cu20 Fe 2+ 

In agreement with the results of the TPR Fe° 
Fe 0 

experiments, the MOssbauer spectra show Fel00O Ve 2+c 
that (under similar experimental condi- ve~+c 

Fe 0 
tions) with the iron/copper catalysts a con- 
siderably higher degree of iron reduction 
can be attained than that with a pure iron 
catalyst (14). The effect of copper on the 

Catalyst Iron state IS QS H % area 
(mrn/s) (mm/s) (kOe) 

1.45 1.75 52 
0.20 48 
1.41 1.90 66 
0 . 1 2  28 
0.31 330 5 
1 . 4 0  1 .93  70 
0.17 24 
0,30 318 6 
1 . 3 8  1 . 9 5  54 
0.15 14 
0.30 331 32 
1.33 2.26 39 
1 . 2 9  1 . 6 6  39 
0.29 329 22 

Accuracies are given in Table 1. 
b Reduced at 823 K for 6 h, 
c Iron(II)silicate doublet fitted with two symmetric doublets 

(see text). 
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FI6.4. M6ssbauer spectra recorded at different tem- 
peratures of reduced (773 K, 16 h) Fe20Cu80 catalyst. 

sition of  the peak maximum of the 1960- 
1925 cm -1 band varies with the overall com- 
position, the band at 2010 cm -1 appears to 
be independent  of the bulk composition. 
Since also the position of  the C O - C u  bands 
varies with the overall composition, it can 
be argued that the iron atoms characterized 
by the lower f requency band (1960-1925 
cm -t) are present  together with the reduced 
copper  atoms in a bimetallic entity, 
whereas the iron atoms giving rise to the 
high-frequency band (2120 cm -1) are lo- 
cated in monometall ic iron particles. The 
lower f requency of  the C O - F e  band of the 
iron atoms present  in the bimetallic parti- 
cles is accounted for by dilution effects 
(27). The 2170 cm -1 band is due to CO ad- 
sorbed on iron(II)silicate (14). 

Upon prolonged CO exposure marked 
changes in the spectra are observed.  As a 

contribution with a magnetic hyperfine 
splitting. 

Whereas M6ssbauer  spectroscopy moni- 
tors mainly the bulk composit ion of the bi- 
metallic catalyst,  information on the sur- 
face composit ion of  the reduced iron/ 
copper  catalyst can be obtained from the 
infrared spectra of adsorbed CO. To that 
end the freshly reduced and evacuated sam- 
ples were exposed at room temperature  
to 13.3 kPa carbon monoxide.  The spectra 
recorded after a 3-min exposure to CO are 
shown in Fig. 5. Independent  of the compo- 
sition four bands are present  in the spectra, 
viz., a band at 2170 cm -1, a broad band with 
a maximum between 2125 and 2105 cm -~, a 
broad band between 1960 and 1925 cm -1, 
and a small band at 2010 cm-L Following 
earlier assignments (14, 26) it seems fair to 
assign the band at 2125-2105 cm -~ to the 
vibration of  a CO molecule linearly bonded 
on a copper  atom. The band at 1960-1925 
cm -1 and the band at 2010 cm -~ are charac- 
teristic for linearly bonded CO molecules 
on zero-valent  iron atoms. Whereas the po- 

CO / F e C u  / S i O  2 

Q t  
I 

2 2 5 0  2 0 0 0  1800 

~: ~ {¢m "1) 

FIG. 5. Infrared spectra of adsorbed CO (13.3 kPa) 
on reduced iron-copper catalysts. (a) Fe20Cu80; (b) 
Fe60Cu40; (c) Fe80Cu20. 
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FIG. 6. Infrared spectra illustrating the effect of pro- 
longed CO exposure (13.3 kPa at room temperature) to 
Fe60Cu40. Spectra recorded after exposure for (a) 5 
min; (b) 2 h; (c) 4 h; (d) 24 h. 

typical example the results are shown in 
Fig. 6 for the reduced Fe60Cu40 catalyst. 
With increasing CO exposure the following 
features are evident. (i) The intensity of the 
band around 1955 cm -1 (CO-Fe) increases 
at the expense of the intensity of the band 
around 2123 cm -1 (CO-Cu). Furthermore, 
the peak maximum of the former band con- 
tinuously shifts to a higher wavenumber. 
(ii) The intensity of the 2170-cm -1 band also 
decreases (but much more slowly than the 
CO-Cu band) and simultaneously the in- 
tensity of the band at 2010 cm -~ (present as 
a shoulder on the broad peak centered 
around 1980 cm -1) increases. Whereas the 
intensity changes described in (i) appear to 
be typical for the bimetallic Fe-Cu parti- 
cles, the intensity changes given in (ii) are 

characteristic for a partly reduced Fe/SiO2 
catalyst (14). 

In Fig. 7 two representative electron mi- 
crographs are shown of the reduced (773 K, 
16 h) and statically passivated Fe-Cu cata- 
lysts. These micrographs show that the 
mean metal particle size is about 10-20 nm 
in the iron-rich bimetallic catalyst and 15- 
30 nm in the copper-rich catalyst, showing 
that the mean metal particle size slightly 
increases with the copper concentration. 

DISCUSSION 

The TPR profiles indicate that reduction 
of the copper hydrosilicate and reduction of 
the iron ions from the ferric to the ferrous 
state proceed in one step with the Fe-Cu 
catalysts containing more than 40 at.% Cu. 
With the physical mixture and the iron-rich 
Fe-Cu catalyst these processes occur in 
two consecutive steps. Apparently, in the 
copper-rich bimetallic Fe-Cu catalysts 
copper serves as a catalyst for the reduc- 
tion of Fe(III) to Fe(II) provided the copper 
and iron precursors are in close proximity. 
The catalytic effect of copper can be ex- 
plained by assuming that at elevated tem- 
peratures hydrogen adsorption and dissoci- 
ation occur on the reduced copper atoms. 
Provided the two metal precursors are in 
close contact the hydrogen atoms can mi- 
grate to the Fe(III) species which are then 
reduced to Fe(II). It has been reported that 
with bimetallic iron catalysts containing a 
noble metal (Pt, Pd, Rh, or Ir) as the other 
constituent, reduction of Fe(III) to Fe(II) 
(and sometimes even to Fe(0)) can occur in 
a hydrogen atmosphere even at room tem- 
perature (28, 29). 

Precipitation of copper at 353 K onto a 
silica support leads to the formation of cop- 
per hydrosilicate which is homogeneously 
distributed over the support (13). On the 
basis of the structure of the copper hydro- 
silicate (30) and the specific surface area of 
the silica support, one can calculate that 
about 10% wt Cu ions is required for the 
formation of a monolayer of this compound 
on the silica particles. Since Fe(III) ions are 
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FIG. 7. Typical electron micrographs of two passivated (after reduction at 773 K for 16 h) iron- 
copper catalysts. (a) Dark field micrograph of Fe80Cu20; (b) bright field micrograph of Fe20Cu80. 
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subsequently precipitated onto this mate- 
rial as o~-FeOOH, it can be envisaged that 
provided the copper loading is equal to or 
higher than 10% wt Cu (that is, in our case 
about 44 at.% Cu) the two metal precursors 
must be in close contact. This is supported 
by the TPR results showing that the cata- 
lytic effect of copper on the reduction of 
Fe(III) to Fe(II) is most clearly expressed 
with the copper-rich bimetallic catalysts. 

The M6ssbauer spectra show that copper 
not only catalyses the reduction of Fe(III) 
to Fe(II) but also facilitates the reduction to 
zero-valent iron atoms, which are either 
present in a-Fe particles (especially in the 
iron-rich catalysts) or as small iron clusters 
in a copper matrix (especially in the copper- 
rich catalysts) giving rise to a singlet with 
an IS between 0.12 and 0.20 mm/s. This 
latter attribution calls for a brief discussion. 
Using M6ssbauer spectroscopy various au- 
thors have studied the Fe -Cu  system (18- 
23) and the results of these studies indicate 
that various different iron species can be 
present in this bimetallic system. (i) The 
first are isolated iron atoms in solution giv- 
ing rise to a singlet with an IS of approxi- 
mately 0.46 mm/s (23). (ii) Secondly, there 
are clusters of iron atoms characterized by 
a doublet with an IS shift which decreases 
from about 0.46 to 0.14 mm/s depending on 
the amount of iron atoms present in the 
cluster. It has been reported that for each 
iron atom added to the cluster the IS de- 
creases stepwise with 0.02-0.03 mm/s (23). 
(iii) Eventually in such a cluster the central 
iron atom is surrounded by 12 iron atoms as 
nearest neighbours and as a consequence 
the cluster behaves as y-Fe characterized 
by IS - 0.14 mm/s. (iv) Although an IS = 
0.14 mm/s has been reported to be charac- 
teristic for y-Fe, Keune et al. (18) have 
shown that in copper-rich Fe -Cu  films iron 
clusters different from 3,-Fe but neverthe- 
less exhibiting at room temperature the 
same isomer shift are present. 

Since y-Fe exhibits small antiferromag- 
netic splitting the broadening of the central 
line in the 4.2-K spectrum recorded with 

the reduced Fe20Cu80 catalyst indicates 
that the iron clusters in our bimetallic cata- 
lyst are indeed y-Fe. However, the low- 
temperature spectrum also shows (albeit to 
a very small extent) a contribution pointing 
to the presence of iron clusters with proper- 
ties similar to those found by Keune et al. 
(18). Most probably, both types of iron 
clusters are present in our reduced Fe-Cu  
catalysts. Since both types of iron atoms 
exhibit M6ssbauer parameters characteris- 
tic of iron clusters in a copper matrix, we 
conclude that in the reduced Fe -Cu  cata- 
lyst bimetallic particles are present contain- 
ing both copper atoms and iron atoms (in 
the form of small clusters). However, be- 
sides these bimetallic particles, in particu- 
lar the iron-rich Fe -Cu  catalysts, contain 
monometallic o~-Fe particles. This interpre- 
tation is supported by the results of infrared 
experiments. 

The four bands present in the infrared 
spectra of adsorbed CO with the reduced 
Fe -Cu  catalysts arise from CO adsorption 
on iron(II)silicate (2170 cm-1), iron atoms 
in reduced monometallic iron particles 
(2010 cm-1), and iron (around 1940 cm -1) 
and copper atoms (around 2110 cm -a) 
present in bimetallic Fe -Cu  particles. This 
latter attribution is supported not only by 
the fact that the peak position of these two 
bands varies with the overall bulk composi- 
tion but also by the changes observed upon 
prolonged CO exposure, indicating that the 
amount of iron atoms in the surface of the 
bimetallic particle slowly increases at the 
expense of the copper atoms. In fact, even- 
tually copper has virtually disappeared 
from the surface, indicating that the sur- 
faces of the bimetallic particles are strongly 
enriched in iron. Iron enrichment is also in- 
dicated by the continuous shift of the CO-  
Fe band from 1955 to 1985 cm -I with in- 
creasing intensity (that is, with increasing 
amount of adsorbed CO on iron atoms) 
which can be explained by an increasing di- 
pole-dipole interaction between the vibrat- 
ing CO molecules (27). We note that CO- 
induced iron segregation is to be expected 
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from the appreciable differences in the 
heats of CO adsorption on the respective 
metals: ~H(CO-Cu) = -63  kJ/mole and 
z~H(CO-Fe) = -167 kJ/mole (31-33). 
Thus, the infrared experiments support the 
presence of true bimetallic particles con- 
taining both copper and iron atoms in the 
reduced Fe -Cu  catalysts. 

The infrared data also provide evidence 
for the presence of monometallic iron parti- 
cles in the reduced Fe -Cu  catalysts. This is 
not only evident from the presence of the 
2010-cm -~ band but also from the changing 
intensity of the 2170- and 2010-cm -1 bands 
upon prolonged CO exposure, which was 
reported to be typical for a partly reduced 
Fe/SiO2 catalyst (14.). Briefly, these results 
indicate that the reduced monometallic 
~-Fe particles are initially partly encapsu- 
lated by a silica overlayer. However,  it has 
been argued that upon prolonged CO expo- 
sure the shape of the iron particles changes, 
leading to an increased amount of reduced 
iron surface atoms, thus accounting for the 
intensity increase of the 2010-cm -1 band 
and the concomitant intensity decrease of 
the 2170-cm -1 band. 

Thus, both the infrared and the M6ss- 
bauer experiments suggest the presence of 
monometallic iron particles and bimetallic 
iron-copper particles in the reduced Fe-Cu  
catalysts. In addition to the two types of 
metal particles a significant amount of unre- 
duced iron(II)silicate is also present. 

As can be seen from the results given in 
Table 2, the relative amount of the various 
species present in the reduced catalysts 
varies with the overall composition. In or- 
der to offer an explanation for this observa- 
tion we will briefly discuss the factors influ- 
encing the genesis of the various species. 
The M6ssbauer results show that copper 
not only catalyses the reduction of ferric 
ions to ferrous ions, but that it also facili- 
tates the reduction to zero-valent iron 
atoms present in the bimetallic particle. 
With the monometallic iron/silica catalyst 
it has been shown that reduction at 623 
K leads to the exclusive formation of 

(2) 
bimetallic • Fe(llI) (o~-FeOOH) 

Fe-Cu particles 
(1) 

(3) 
monometallic ~ Fe(II) (Iron(II)silicate) 
c~-Fe particles 

FIG. 8. Schemat ic  of  the processes  occurring during 
the reduct ion of  the  bimetallic i ron -copper  catalysts .  

iron(II)silicate (14). Our present results 
show that at this temperature with the bi- 
metallic catalysts reduction to zero-valent 
iron already proceeds, suggesting that with 
increasing copper concentration the 
amount of ferrous ions which reacts to 
iron(II) silicate decreases and that concom- 
itantly the amount which can be directly 
reduced to zero-valent iron (present in the 
bimetallic particle) increases. However, 
with increasing iron concentration a greater 
amount of ferrous ions reacts with the silica 
to iron(II) silicate. Reduction of this iron(II) 
silicate compound proceeds at a more ele- 
vated temperature, leading not only to 
zero-valent iron present in the bimetallic 
particles, but also to the formation of 
monometallic o~-Fe particles. Schemati- 
cally, the process occurring during the re- 
duction of the Fe -Cu  catalysts are given in 
Fig. 8. The presence of copper influences 
both pathway 1 and pathway 2: at high cop- 
per concentrations pathway 2 is favoured 
over pathway 1. Route 3 is not markedly 
influenced by the presence of copper (TPR 
results). 

C O N C L U S I O N S  

The following conclusions can be drawn 
from this work. 

(i) M6ssbauer spectra show that reduc- 
tion of the bimetallic iron-copper catalyst 
leads to the formation of iron(II) silicate 
and zero-valent iron, which is present as 
monometallic o~-Fe particles and as iron 
clusters in a copper matrix forming bimetal- 
lic Fe-Cu  entities. The relative amounts of 
these three iron species strongly depend on 
the overall composition. 
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(ii) In the bimetallic Fe -Cu  catalysts cop- 
per facilitates the reduction of the ferric to 
ferrous ions and the partial reduction to 
zero-valent iron. Hydrogen migration from 
the reduced copper atoms to the ferric ions 
is thought to be responsible for the en- 
hanced reducibility of the ferric ions. Most 
probably, reduction to zero-valent iron is 
facilitated since the reduced iron atoms can 
be stabilized in the copper matrix. 

(iii) Whereas the surfaces of the freshly 
reduced alloy particles are not extensively 
enriched in one of the constituents, pro- 
longed CO exposure at room temperature 
leads to a considerable enrichment of iron 
in the surfaces of the bimetallic particles. 

ACKNOWLEDGMENT 

The investigations described in this work were fi- 
nancially supported by the Netherlands Organization 
for the Advancement of Pure Research (SON/NWO). 

REFERENCES 

1. Dry, M. E., in "Catalysis, Science and Technol- 
ogy" (M. Boudart and J. R. Anderson, Eds.), Vol. 
1, p. 159. Springer-Verlag, Berlin (1981). 

2. Anderson, R. B., in "Catalysis" (P. H. Emmett, 
Ed.), Vol. 4, p. 1. Reinhold, Baltimore (1956). 

3. Ponec, V., Coal Sci. 3, 1 (1984). 
4. Kieffer, E. Ph., Ph.D. thesis, Eindhoven Univer- 

sity of Technology, 1981. 
5. Deutsches Offenlegungsschrift 2538964 (1976). 
6. Deutsches Patentschrift 937706 (1956); Deutsches 

Patentschrift 923127 (1955). 
7. Bartholomew, C. H., Catal. Rev. Sci. Eng. 24, 67 

(1982). 
8. Trimm, D. L., Catal. Rev, Sci. Eng. 16, 155 

(1977). 
9. De Bokx, P. K., Kock, A. J. H. M., Boellaard, E., 

Klop, W., and Geus, J. W.,  J. Catal. 96, 454 
(1985). 

10. Kock, A. J. H. M., de Bokx, P. K., Boellaard, E., 
Klop, W., and Geus, J. W.,  J. Catal. 96, 468 
(1985). 

11. Niemantsverdriet, J. W., and van der Kraan, 
A. M., J. Catal. 72, 385 (1981). 

12. Niemantsverdriet, J. W., van der Kraan, A. M., 
van Dijk, W. L., and van der Baan, H. S., J. Phys. 
Chem. 84, 3363 (1980). 

13. Geus, J. W., in "Preparation of Catalysts, III" 
(P. A. Jacobs, G. Poncelet, and B. Delmon, Eds.), 
p. 1. Elsevier, Amsterdam (1983). 

14. Wielers, A. F. H., Kock, A. J. H. M., Hop, 
C. E. C. A., Geus, J. W., and van der Kraan, 
A. M., J. Catal. 117, 1 (1989). 

15. Kock, A. J. H. M., Fortuin, H. F., and Geus, 
J. W. ,  J. Catal. 96, 261 (1985), 

16. Wielers, A. F. H., Aaftink, G. J. M., and Geus, 
J. W.,  Appl. Surf. Sci. 20, 564 (1985). 

17. Niemantsverdriet, J. W., Ph.D. thesis, Delft Uni- 
versity of Technology (1983). 

18. Keune, W., Laner, J., and Williamson, D. L., J. 
Phys. 35, C6-473 (1974). 

19. Keune, W., Lauer, J., Gonser, U., and William- 
son, D. L., J. Phys. 40, C2-69 (1979). 

20. Campbell, S. J., and Clarke, P. E., J. Phys. F. 
Metal Phys. 4, 1073 (1974). 

21. Gonser, U., Grant, R. W., Muir, A. H., and 
Wiedersich, H., Acta Metall. 14, 259 (1966). 

22. Window, B., Philos. Mag. 26, 681 (1972), 
23. Gonser, U,, and Ron, M., in "Applications of 

Mrssbauer Spectroscopy" (R. Cohen, Ed.), Vol. 
I1, p, 281. Academic Press, New York (1980). 

24. Bancroft, G. M., Maddock, A. G., and Burns, 
R. G., Geochim. Cosmochim. Acta 31, 2219 
(1967). 

25. Ktindig, W., Cape, J. A., Lindquist, R. H., and 
Constabaris, G., J. Appl. Phys. 38, 947 (1967). 

26. De Jong, K. P., Joziasse, J., and Geus, J. W., 
Appl. Surf. Sci. 6, 273 (1980). 

27. Stoop, F., Toolenaar, F. J. C. M., and Ponec, V., 
J. Catal. 73, 50 (1982). 

28. Niemantsverdriet, J. W., van Kaam, J. A. C., 
Flipse, C. F. J., and van der Kraan, A. M., J. 
Catal. 96, 58 (1985). 

29. Burton, J. J., and Garten, R. L., in "Advanced 
Materials in Catalysis" (J. J. Burton and R. L. 
Garten, Eds.), p. 33. Academic Press, New York 
(1977). 

30. van der Grift, C. J. G., to be published. 
31. Ertl, G., in "The Nature of the Surface Chemical 

Bond" (T. Rhodin and G. Ertl, Eds.). North Hol- 
land, Amsterdam (1980). 

32. Toyoshima, I., and Somorjai, G. A., Catal. Rev. 
Sci. Eng. 19, 105 (1979). 

33. Tomanek, D., Mukherjee, S., Kumar, V., and 
Bennemann, K. H., Surf. Sci. 114, 11 (1982). 


