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In situ M6ssbauer and EXAFS investigations have shown that the reduction of iron in the 
monometallic Fe/SiO 2 catalyst is only partial, the reduction being mostly to a ferrous 
silicate phase. In the bimetallic Fe-Ru/SiO2 catalysts, the proportion of the FeRu alloy 
formed on reduction increases markedly with the increase in Ru content; clearly, Ru 
significantly enhances the reduction of iron on SiO> In the Ru-rich compositions (Ru/Fe 
1.0), most of the iron is present in the alloy phase and there is no segregation of c~-Fe. A 
comparative study of the different supports has shown that ~-A120 3 and SiO 2 interact with 
iron strongly at low reduction temperatures while the TiO 2 support interacts at higher 
temperatures. The presence of traces of Fe 3+ often found in reduced Fe-Ru catalysts is 
shown to arise from the oxidation of fine segregated iron particles on the support. 

Keywords: Bimetallic catalysts; hydrogenation catalysts; Fe-Ru/SiO2; supported Fe-Ru 
catalysts; Fe/SiO z 

1. Introduction 

Increas ing  use of  bimetal l ic  catalysts for catalytic re forming  has s t imula ted  a 
great  deal  of  in teres t  in catalysis by alloy systems [1-3]. It is general ly  found  that  
the  s t ruc ture  and  pe r fo rmance  of  bimetal l ic  catalysts differ  significantly f rom 
those  of  the cor responding  monometa l l i c  catalysts [4-7]. A m o n g  the various 
bimetal l ic  catalysts invest igated,  those  of  iron with a nobel  meta l  such as Ru  
have drawn considerable  a t t en t ion  because  of  their  impor tance  in F i s c h e r -  
Tropsch  synthesis [8]. Thus,  in the  case of  Fe-P t  catalysts, me thano l  activity and  
selectivity is known to increase with the increasing propor t ion  of  the alloy phase  
[9]. Add i t i on  of  Fe  up to 20% maximizes the rate  of  me thano l  fo rmat ion  in 
silica- and  zeol i te -suppor ted  Pd catalysts [10]. The  hydroca rbon  p roduc t  distri- 
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bution in CO hydrogenation with the Fe-Ru bimetallic catalysts has been found 
to vary dramatically with the relative proportion of the two component metals 
[11]. 

A few characterization studies of Fe-containing bimetallic catalysts have been 
reported in the literature [11-15]. Based on MSssbauer and X-ray photoemis- 
sion measurements Niemantsverdriet et al. [12,13] have reported promotion of 
the reduction of iron in silica-supported Fe-noble metal catalysts due to the 
hydrogen spillover process; these workers found iron to be only partially 
reduced to Fe ~ Berry et al. [11] have found that metal-support  interaction in 
silica-supported Fe-Ru catalysts is less than in those supported on alumina. 
Berry et al. [16,17] have carried out extensive studies on Fe-Ru catalysts 
supported on TiO 2. They have found that some proportion of iron in 0.2%Fe- 
2 % R u / T i O  2 when treated in hydrogen above 720 K was different in that partial 
oxidation of Fe 2+ to Fe 3+ occurred under reducing conditions. The Fe K 
edge-EXAFS shows that Fe 3+ is formed by reoxidation of Fe 2+ and does not 
get incorporated in ot-F%O 3 but instead gets segregated at the interface with 
titania. We have carried out a detailed investigation of bimetallic Fe-Ru/SiO2 
catalysts employing S7Fe MSssbauer spectroscopy and extended X-ray absorp- 
tion fine structure (EXAFS) measurements. Besides studying the catalysts over a 
wide range of compositions under different reduction conditions, we have 
examined the effect of the support on the reducibility of iron in the bimetallic 
catalysts. 

2. Experimental 

The SiO 2 support was obtained commercially (Cab-O-Sil). The ~/-A120 3 and 
TiO 2 supports were prepared in the laboratory by the hydrolysis of AI(NO3) 3 
and TiC14 respectively using dilute ammonia solution; the resulting gels were 
vacuum-dried. The A1203 gel was calcined at 770 K and the TiO: gel at 670 K. 
AI20 3 and TiO 2 so prepared were in the ~/- and anatase forms respectively as 
identified by X-ray diffraction. The surface areas of SiO z, -/-A1203 and TiO2 
supports were 220, 110 and 90 m: /g ,  respectively as measured with a Mi- 
cromeritics AccuSorp 2100E instrument using nitrogen adsorption. 

The catalyst samples were prepared by slow injection at the required quantity 
of ruthenium(III) chloride and iron(III) nitrate aqueous solutions (100 ml) into a 
suspension of the support in 400 ml of water at room temperature. During the 
injection the pH was maintained at 7 by simultaneous injection of COz-free 
KOH solution under constant stirring. Typical injection rates were 0.5 ml /min.  
After filtration and subsequent washing with distilled water, the catalyst precur- 
sors were dried in air at 350 K overnight. By such a coimpregnation method, 
bimetallic Fe -Ru/S iO 2 catalysts with a 1:1 molar ratio of Fe and Ru (total 
metal loadings, 5 and 10 wt%) were prepared. Catalysts with a total metal 
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loading of 20 wt% and Fe : Ru molar ratios of 5 : 1, 2 : 1, 1 : 1 and 0.5 : 1 were also 
prepared in order to examine the effect of composition. The monometallic 
F e / S i O  2 catalyst with 20 wt% metal loading was prepared at 6 pH. For the 
purpose of studying the support interactions in this bimetallic system, Fe-Ru 
catalysts supported on ~/-AI20 3 and TiO z were prepared with a total metal 
loading of 10 wt% and with a 1 : 1 ratio of Fe : Ru. 

The precursors were pressed into self-supporting wafers after mixing with a 
fine powder of boron nitride (Merck) and a drop of polyvinylacetate. The 
thickness of the wafer was adjusted to about 15 m g / c m  2 of Fe. The wafers were 
mounted  in a locally fabricated all-quartz in situ cell. Reduction was carried out 
in pure dry purified hydrogen (passed through BASF R-3-11) at atmospheric 
pressure. During the reduction, the temperature  was increased to the desired 
value (523 or 723 K) at a rate of 6 K/ ra in  and was kept constant at that 
temperature for 2 h. Unless otherwise mentioned,  the reduction conditions are 
the same for all catalysts. After reduction, the samples were cooled to room 
temperature  under  flowing hydrogen. 

57Fe M6ssbauer spectra of the samples were recorded under  in situ condi- 
tions by using a constant acceleration spectrometer using a 25 mCi 57Co source 
in Pd matrix (Amersham Corporation, UK). Absolute velocity calibration was 
done with a Fe foil of 25 ~m thickness and the isomer shifts are reported with 
respect to the same. The spectra were computer  fitted using a general Lorentzian 
routine on a Vax88 system. 

EXAFS spectra were recorded with the in situ cell using a Rigaku spectrome- 
ter with a rotating anode X-ray generator (Ru-200B, Rigaku, Japan). A Ge(220) 
crystal was used as the monochromator  with a 0.1 mm slit for X-rays from a 
Mo-target. The spectral resolution was about 5 eV at 9 keV incident energy. 
The pre-edge data were collected in steps of 5 eV for 100 eV and data up to 700 
eV after the edge were collected in steps of 1 eV. The Fourier transforms (FT) 
were carried out with kmin = 3.5 and kmo x = 12.5 A-1 after weighting the data by 
k 3 . 

3. Results and discussion 

3.1. Fe/SiO 2 CATALYST 

We shall first discuss our results with the monometallic F e / S i O  2 catalyst 
since they are relevant to the study of Fe-Ru bimetallic catalysts. In fig. la, we 
show the M6ssbauer spectrum of the dried Fe(20)/SiO 2 catalyst precursor 
before reduction. The spectrum shows a doublet with an isomer shift (IS) and 
quadrupole splitting (QS) of 0.45 and 0.80 mm s -1 respectively (see table 1) 
characteristic of the dispersed ot-FeOOH phase [18]. The Fourier transform 
(FT) of the Fe K edge-EXAFS of this precursor shows the main peak at 1.64 A. 
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Fig. 1. M6ssbauer spectra and Fourier transforms of the Fe K edge-EXAFS of monometallic 
Fe(20)/SiO 2 catalyst: (a) precursor dried at 350 K; (b) after reduction of the precursor at 723 K; 
(c) after exposing the reduced catalyst to air for a few hours; (d) after reduction of (c) at 1023 K. 

Asymmetry in the spectrum of the silicate (b) has been documented in the literature [18,19]. 

Table 1 
M6ssbauer parameters (mm s -1, +0.03) of the oxidic iron species in the monometallic Fe /S iO 2 
catalyst 

Iron species IS QS 

Fe 3+ in the dried precursor 0.47 0.80 
Fe z+ in the reduced catalyst (723 K) 1.16 1.93 
Fe 3+ formed after exposure to air 0.40 0.87 
Fe z+ in the reduced catalyst (1023 K) 1.28 2.87 
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Table 2 
Structural parameters from Fe K edge-EXAFS of monometallic Fe/SiO 2 catalysts a 
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Catalyst Atom pair N R (A) A~r2 (~2) 

Fe(20)/SiO 2 (6 pH) 
dried Fe-O 5.0 2.01 0.0015 
reduced (723 K) Fe-O 3.5 1.99 0.0015 

5.2 2.74 0.0018 

a N, R and AO "2 stand for the coordination number, the interatomic distance and the disorder 
term of the nearest neighbours. The errors involved are N, 20%; R, 0.03 A, &r 2, 0.0001 ~2. 

Curve-fitting of the inverse transformed data (r-window: 1.44-1.84 A) employ- 
ing the phase and amplitude parameters of N i - O  in NiO gave a F e - O  
coordination number  of 5 at a distance of 2.01 A with a high Debye-Waller  
factor (0.0015 ~2). This is expected since the first coordination polyhedron of 
o~-FeOOH is distorted. Best-fit parameters to the EXAFS data along with the 
Debye-Waller  factors are listed in table 2. 

After reduction at 723 K, the Fe(20)/SiO2 catalyst shows an asymmetric 
doublet in the M6ssbauer spectrum (fig. lb) with an IS of 1.16 m m s  -1 and QS 
of 1.93 mm s-1 due to the formation of a silicate phase [18]. The FT of Fe K 
edge-oEXAFS of the reduced sample shows three distinct peaks at 1.52, 2.38 and 
2.96 A. The inverse transformed data of the first peak gave a good fit with one 
F e - O  distance of 1.99 A and that of the second peak with a distance of 2.74 
(table 2). The presence of two distinct Fe sites with oxygen coordination 
indicates that the silicate phase m~iy be a highly dispersed FeSiO 3 [19]. However, 
it did not show any characteristic feature in the X-ray diffraction pattern under  
in situ conditions. When the reduced F e / S i O  2 catalyst was exposed to air at 
room temperature,  it almost completely converted back to Fe 3+ as in the dried 
precursor as can be seen from the M6ssbauer and EXAFS data shown in fig. lc. 
This is an example of the Fe3+-Fe 2+ oxidat ion-reduction process involving 
meta l - suppor t  interaction. 

The ferrous silicate phase formed during reduction at 723 K cannot be 
further reduced up to very high temperatures. The M6ssbauer spectrum of the 
catalyst reduced at 1023 K (fig. ld) shows only a weak six-finger pattern due to 
a-Fe(BCC) superimposed on a strong doublet due to unreduced Fe z+ in the 
form of bulk silicate (IS, 1.28 mm s-I ;  QS, 2.87 mm s-~); the %Fe is estimated 
to be 20. The FT of the Fe K edge-EXAFS shows peaks similar to those of the 
catalyst reduced at 723 K (fig. lb), but there is a noticeable increase in the 
magnitudes of the second and the third peaks. It appears therefore that the 
ferrous silicate phase gets well sintered at 1023 K under  reduction conditions; 
the Fe(20) /SiO 2 catalyst is therefore hardly reducible. 
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3.2. BIMETALLIC Fe-Ru CATALYSTS 

We have examined the reducibility of iron on SiO 2 after the addition of a 
small amount of Ru. The M6ssbauer spectrum of the dried Fe(5)-Ru(1)/SiO 2 
precursor (total metal loading, 20 wt%) given in fig. 2, shows a doublet 
characteristic of Fe 3+ similar to that obtained with the precursor of Fe /S iO 2 
(fig. la). However, the reduction behaviour of this catalyst is strikingly different 
due to the hydrogen spill-over process [13]. Fe 3 + gets reduced almost completely 
to Fe 2+ at a relatively low temperature of 523 K (fig. 2b). In the case of the 
monometallic iron catalyst, this conversion was above 670 K. More interestingly, 
the Fe 3+ species formed when the reduced sample (523 K) is exposed to air (fig. 
2c), is easily reduced to the Fe 2+ state by hydrogen even at room temperature 
(fig. 2d). There is, however, no FeRu alloy formation possibly due to the 
different reduction rates of the Ru and Fe cations, the reduction of Ru 
occurring at a much lower temperature than that of iron. The Ru metal clusters, 
thus formed, provide atomic hydrogen by dissociative chemisorption which in 
turn reduces Fe 3+ at a relatively low temperature. The temperature being 
insufficient for alloy formation, the reduction of Fe 3+ stops at the Fe 2+ state 
with the formation of the stable silicate phase. When the reduction is carried 
out at 723 K, however, Fe 3+ gets reduced almost completely to e~-Fe. We shall 
discuss this aspect in detail later on. 

The Fe(1)-Ru(1)/SiO 2 (with 5 wt% metal loading) catalyst after reduction at 
723 K gives a M6ssbauer spectrum (fig. 3a) composed of a singlet (IS, 0.044 mm 
s -1) due to the FeRu alloy, superimposed on a small doublet due to Fe 3+. We 
have examined the structure of this catalyst by Fe and Ru K edge-EXAFS 
measurements. The FT of the Fe K edge-EXAFS (fig. 3b) shows two prominent 
peaks at 1.68 and 2.62 A. Curve-fitting analysis of the first peak showed that it 
originates from a F e - O  coordination as in the case of Fe /S iO  2. Curve-fitting of 
the inverse transformed data of the 2.62 A peak employing phase and amplitude 
parameters of F e - F e  from Fe metal (fig. 3c) shows that it is due to metal-metal  
coordination ( N  = 3, R = 2.95 A). The higher amplitude of the experimental 
data (in the high k-region) arises from the presence of a heavy scatterer (Ru) 
resulting from FeRu alloy formation; Ru K edge-EXAFS also showed oscilla- 
tions characteristic of metal-metal  coordination. 

We have examined the effect of the composition of the catalyst on the 
proportion of the different surface species in the Fe-Ru/S iO 2 catalyst. In fig. 
4a, we show the M6ssbauer spectra of the Fe-Ru/SiO 2 catalysts with F e : R u  
ratios of 5 : 1, 2 : 1, 1 : 1 and 0.5 : 1 (total metal loading, 20 wt%) after reduction 
at 523 K. In the Fe-rich catalysts, iron exists mainly in the Fe 2+ state. With 
increase in the Ru content, the proportion of the FeRu alloy increases with a 
simultaneous decrease in the proportion of Fe2+; the Fe 3+ phase increases only 
marginally. On the other hand, catalyst samples reduced at 723 K (fig. 4b) show 
an enhanced reducibility with only a small proportion of iron in the Fe 2+ and 
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Fig. 2. M6ssbauer spectra of bimetallic Fe(5)-Ru(1)/SiO 2 catalyst (total metal loading, 20%): (a) 
precursor after drying at 350 K; (b) after reducing the precursor at 523 K; (c) after exposing the 
reduced catalyst to air for a few minutes; (d) after exposing (c) to hydrogen at room temperature. 

Fe  3+ states;  in the  Fe-r ich  composi t ions ,  a high p ropor t ion  of  iron is in the e~-Fe 
form; as the  R u  con ten t  increases,  especially when  R u / F e  >~ 1, the p ropor t ion  
of  the  F e R u  alloy increases.  These  var iat ions are depic ted  in fig. 5. 
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Fig. 3. (a) M6ssbauer spectrum of Fe(1)-Ru(1) /SiO 2 catalyst (total metal loading, 5 wt%) after 
reduction at 723 K; (b) Fourier  transform of the Fe K edge-EXAFS of the catalyst; (c) 

curve-fitting of the inverse transformed data employing F e - F e  parameters of Fe metal. 

We were interested in examining the effect of the oxide support on the 
formation of different phases in the bimetallic Fe-Ru catalysts�9 For this purpose, 
we have studied Fe(1)-Ru(1) catalysts (total metal loading, 10 wt%) supported 
on -/-A120 3 and TiO 2 apart from those supported on SiO 2. In fig. 6a, we show 
the MSssbauer spectra of the catalysts reduced at 523 K. The reduction 
behaviour of the catalyst is different on the different supports. As pointed out 
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Fig. 4. M6ssbauer spectra of bimetallic Fe-Ru/SiO 2 catalysts with different Fe:Ru ratios (total 

metal loading, 20 wt%) (a) reduced at 523 K; (b) reduced at 723 K. 

earlier, the catalyst suppor ted  on SiO 2 shows features due to the F e R u  alloy, a 
Fe 2+ phase and un reduced  Fe 3+ (see table 3). The  catalyst suppor ted  on 
7-A1203 behaves somewhat  similarly, but  with a negligible p ropor t ion  of Fe 3+. 
On the o ther  hand,  the catalyst suppor ted  on TiO 2 shows almost comple te  
reduct ion to the alloy phase.  
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temperature (a) 523 K and (b) 723 K. 

A higher reduction temperature  of 723 K dramatically alters the nature of the 
support interaction (fig. 6b). In the case of SiO 2 and ~/-A120 3 supported 
catalysts there is an enhancement  in the proportion of reduced iron as expected, 
while on the TiO 2 support  we notice an oxidic iron species [16,17] which was 
absent in the reduction carried out at 523 K. The M6ssbauer parameters (table 
3) suggest that the oxidic phase could be FeTiO 3 [20]. Prolonged hydrogen 
reduction at 723 K of the catalysts already subjected to reduction at 523 K 
reduces the proportion of the Fe 2+ phase on both SiO 2 and ~/-A120 3 supports 
(fig. 6c). 

The presence of Fe 3+ in reduced Fe-noble metal catalysts has been a matter  
of debate in the literature [11,13]. Niemantsverdriet et al. [13] have proposed 
that some proportion of Fe 3+ gets t rapped in between the FeRu  alloy and the 
support, and that it is not amenable for reduction. It seems unlikely, however, 
that a noble metal alloy such as FeRu  acts as a barrier in hydrogen reduction. 
We have carried out studies on this aspect by varying the rate of reduction. In 
fig. 7a, we show the M6ssbauer spectrum, of the Fe(1)-Ru(1)/SiO 2 catalyst 
reduced at 723 K (employing a heating rate of 60 K/ ra in  to attain the 
temperature  instead of 6 K/ ra in  generally employed by us for all the other 
catalyst samples). The spectrum has two well-separated singlets with IS values of 
-0 .13  and +0.16 m m s  -l .  Alternatively, one can consider the spectrum to be a 
quadrupole doublet with an IS of 0.03 and QS of 0.3 mm s-1. A doublet with 
such a small QS is not  expected with the type of iron phases encountered in this 
study. The singlet with a positive IS is instead assigned to the FeRu alloy 
particles and that with a negative IS to small Fe ~ particles [11,21]. The 
occurrence of superparamagnetic Fe ~ particles is not surprising since the rate of 
heating was high enough to cause such segregation. The iron particles being 
highly reactive, get oxidized to Fe 3+ (fig. 7b) at room temperature,  even under  
flowing hydrogen (possibly due to traces of oxygen present). Such segregation of 
iron is minimized when the reduction is carried out slowly. We suggest that the 
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Table 3 
M6ssbauer parameters and the proportions of different iron species in the reduced Fe-Ru 
catalysts. IS and QS are with respect to c~-Fe (in mm s -a) 

FeRu alloy Fe 2 + Fe 3 + 
singlet doublet doublet 

% IS % IS QS % IS QS 

support SiO 2 
reduced 

at 523 K 22 0.10 35 1.22 2.24 43 0.46 0.7 
further reduced 

at 723 K 55 0.09 45 1.27 2.30 - - - 
directly reduced 

at 723 K 78 0.05 - - - 22 0.50 0.90 

support TiO e 
reduced 

at 523 K 100 0 . 0 8  . . . . . .  
further reduced 

at 723 K 100 0 . 0 6  . . . . . .  
directly reduced 

at 723 K 76 0.07 24 1.17 2.17 - - - 

support AI 2 03 
reduced 

at 523 K 30 0.12 70 1.30 2.38 - - - 
further reduced 

at 723 K 90 0.07 10 1.22 2.37 - - - 
directly reduced 

at 723 K 64 0.05 36 1.240 2.38 - - - 

Fe  3+ species obse rved  in r e d u c e d  F e - R u / S i O  2 catalysts arises p r e d o m i n a n t l y  

f rom the oxidat ion  o f  the  s eg rega t ed  Fe  ~ particles.  

W e  have subs tan t i a t ed  this conc lus ion  by carrying ou t  a two-s tep  r educ t ion  of  

the  catalyst  to stabilize a p r o p o r t i o n  o f  i ron as Fe  2+. The  M 6 s s b a u e r  s p e c t r u m  

of  the  catalyst  af ter  the  first s tage r educ t i on  at 523 K is shown in fig. 7c. It  

compr i ses  fea tu res  due  to F e R u  alloy, Fe  2+ and  u n r e d u c e d  Fe  3+. W h e n  this 

catalyst  was r e d u c e d  at 723 K, there  is pract ical ly  no Fe  3+ in the  s p e c t r u m  (fig. 

7d). Ins tead ,  we see a singlet  due  to the  F e R u  alloy and  a small doub le t  due  to 

Fe  z+. This behav iou r  is d i f ferent  f rom that  of  F e - R u / T i O  2 catalysts r e p o r t e d  by 

Ber ry  et al. [16,17]. 

4. Conclusions 

(1) In  the  m o n o m e t a l l i c  F e / S i O  2 catalyst,  i ron in teracts  s t rongly with the  

SiO 2 suppor t  fo rming  a fe r rous  silicate phase ,  r educ t i on  to the metal l ic  s tate  no t  
be ing  m o r e  than  20% even af ter  r educ t ion  at 1023 K. 
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(2) When the relative proportion of Ru in the Fe-Ru/SiO 2 catalysts is small, 
enhancement in the reduction of iron is mainly due to the hydrogen spill-over 
process. The reduction leads to the formation of Fe z+ or Fe ~ depending on the 
reduction temperature. 

(3) Reduction of iron in Fe-Ru/SiO 2 catalysts to the metallic state is pro- 
moted by FeRu alloy formation. The alloy formation and the reducibility of iron 
increase with the increase in the Ru content. Reduction at 523 K of the 
Fe(5)-Ru(1)/SiO 2 catalyst shows the presence of Fe 2+ (-- 25%), Fe 3+ ( ~  25%) 
and FeRu alloy (=  5%). With increase in the Ru content, the proportion of 
F e  z+ decreases by a simultaneous increase in the FeRu alloy phase; the 
proportion of Fe 3+ is nearly constant. However, when the reduction is carried 
out at 723 K, most of the iron in the Ru-rich compositions is present in the form 
of FeRu alloy. When R u / F e  1.0, there is neither any F e  z+ n o r  any segregated 
a-Fe and the proportion of Fe 3+ is also low. A reduction temperature of 723 K 
is therefore preferred. 

(4) A comparative study with different supports has shown that the SiO 2 and 
v-A120 3 supports interact with iron in the Fe-Ru catalyst during the reduction 
at 523 K and form silicate and aluminate phases respectively. A higher tempera- 
ture of 723 K, however, reduces the Fe 2+ phase to the FeRu alloy. On the other 
hand, the T i O  2 support remains inert at low temperatures of reduction and 
interacts only at higher temperatures (>  723 K) forming a titanate. 

(5) The Fe 3 + species often found in reduced Fe-Ru catalysts is probably due 
to the oxidation of fine Fe ~ particles formed on the support. 
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