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The catalytic and surface properties of highly dispersed Pt-Fe catalyst supported on SiO* 
have been investigated by MGssbauer spectroscopy, chemisorption, isotope exchange, and 
hydrogenolysis of ethane and n-butane. At low iron concentration Miissbauer spectra indicate 
Pt-Fe formation and at the same time an increase in the adsorption of Hz, 02, and CO. A 
parallelism between adsorption properties and catalytic activity can be interpreted by an 
increase in the number of surface metal atoms as a result of Pt-Fe formation. This is supported 
by the constancy of activation energy and the selectivity change in the reaction of n-butane 
hydrogenolysis. At higher iron loading iron is enriched on the surface to some extent and the 
reaction parameters mentioned are characteristic of iron itself, i.e., activity and activation 
energies decreased. Since the activity of Pt-Fe/SiOp is still higher by about three orders of 
magnitude than that of iron alone it is assumed that the activation of iron requires Pt neighbors 
by which either hydrogen can be supplied to iron sites or iron can be “diluted” thus retarding 
the deactivation process. These results are supported by the selectivity data. 

1. INTRODUCTION 

In the current renaissance of alloy catal- 
ysis much effort has been made to eluci- 
date the interaction between Group VIII 
and Group IB metals (1-5). It is con- 
siderably more difficult to study the inter- 
action between two transition metals be- 
cause, beside the geometric effect, the 
electron interaction, e.g., the ligand effect, 
cannot be neglected (4). 

Of the possible transition metal com- 
binations only a few attempts have been 
made to characterize the Pt-Fe system. 
Bartholomew and Boudart (5) have used 
Miissbauer spectroscopy and chemisorp- 
tion in their exploratory work. They have 
established the formation of the Pt-Fe 
alloy in carbon-supported Pt-Fe catalyst, 
and no enrichment in the surface phase 
in the whole concentration range has been 
observed. Garten and Ollis. (6) have given 

further evidence for the alloy phase by 
studying Pd-Fe supported on alumina. 
Garten (7) has observed the formation of 
the Pt-Fe phase on SiOn support and at 
low iron concentration he has found sur- 
face enrichment in iron arising from the 
effect of oxygen at. high temperature. This 
could be eliminated by repeated hydrogen 
treatment. 

On the other hand, Engels and co- 
workers (8, 9) have observed the forma- 
tion of a superstructure phase, P&Fe, for 
nonsupported platinum-iron alloy in the 
concentration range between 10 and 15 
at’omyo iron using X-ray diffraction. The 
increase in hydrogen and CO adsorption 
measured in this concentration range of 
iron was correlated to smaller particle size 
due to the superstructure phase. The same 
effect was assumed to be operative for 
the Pt-Fe catalyst supported on alumina 
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TABLE 1 

Catalyst Preparation 

Description of preparation 

A 1.1 wt% Pt in form of Pt(NH&(OH)z on SiOr 
B Aa A plus acidic treatment at pH LZ 1 
C As B plus 0.1 wt% Fe in form of Fe(NOa)r in water 
D Aa B plus 0.2 wt% Fe in form of Fe(NOa)r in water 
E Aa B plus 0.7 wt% Fe in form of Fe(NO& in water 
F Physical mixture of Pt(NHs)JSiOg and Fe(NOa)s/SiOz 
G 0.5wt%FeonSiOastpH = 1 

although direct measurement of particle 
size was not possible 

Catalytic reactions were carried out only 
in two cases. The activity of t,he Pt-Fe 
alloy, as well as Pt-Fe/q-ALO,, increased 
for ethane hydrogenolysis at 15.5 and 10.8 
atom% Fe, respectively, which was due 
to the increase in Pt dispersion (10). On 
the contrary, in the Pt-Fe/y-ALOt system 
the change in the selectivity of the CO/Hz 
synthesis reaction was interpreted by elec- 
tron drift from iron to platinum; con- 
sequently, iron was inactivated in Pt-Fe 
clusters (11). 

In view of the controversial data we 
decided to study the supported Pt-Fe sys- 
tem further. In order to avoid a large 
interaction between the metallic phase and 
the support, we have used silica gel as 
support because both alumina and carbon 
supports are considered to have great in- 
fluence on the metals (Id), and thus it 
seems difficult to draw any definite con- 
clusion regarding the catalytic effect of the 
bimetallic system itself. In this way the 
disturbance eaused by the hydrogen spill- 
over effect being operative mainly on 
alumina and on charcoal may be avoided. 
The structure of the catalyst surface has 
been studied by TG-MS, Miissbauer spec- 
troscopy, and chemisorption, and the cata- 
lytic activity has been investigated by 
deuterium exchange and hydrogenolysis of 
ethane and n-butane. 

2. EXPERIMENTAL 

Pt (NH*)?+ ions were exchanged with 
the surface OH groups of silica gel (SAS, 

specific surface area 560 m”/g) to prepare 
Pt/SiOz catalysts by the method of Benesi 
et al. (13). In Table 1 experimental con- 
ditions for the preparation of bimetallic 
catalysts are presented. In all cases the 
catalyst was dried at 393 K overnight 
followed by a 1-hr treatment in oxygen at 
573 K and 3-hr reduction in a stream of 
hydrogen at 773 K. This procedure is con- 
sidered to be standard treatment. 

The different elementary steps of the 
catalyst preparation prior to reduction 
were followed by TG-MS as detailed 
elsewhere (14). 

The behavior of the bimetallic Pt-Fe/ 
SiOz formed after the standard treatment 
was studied by Mossbauer spectroscopy 
(15). A 57Co/Cr source was driven in the 
constant acceleration mode and a multi- 
channel analyzer was used to record the 
spectra. For calibration stainless steel sheet 
enriched in 57Fe was applied. Mossbauer 
data were submitted to a least-square anal- 
ysis using a Mossbauer fitting program. 

All adsorption measurements were car- 
ried out in a dynamic apparatus using, 
alternately, helium and nitrogen as car- 
rier gas. 

Temperature programmed desorption of 
hydrogen (TPD) was carried out, after 
hydrogen treatment, at 873 K followed by 
cooling the sample in hydrogen atmo- 
sphere to room temperature. 

Hydrogenolysis of ethane and n-butane 
was studied in a circulating apparatus 
which was connected to a Varian 1400 gas 
chromatograph. A l-m long column filled 
with alumina was applied to separate re- 
action products using a temperature range 
between 333 and 423 K. Between the 
catalytic runs the catalysts were treated 
by oxygen at 1 kPa followed by reduction 
in 30-kPa hydrogen at the react,ion tem- 
perature. A stable catalytic activity was 
revealed after this treatment. Hydrogen- 
deuterium exchange was measured using 
an MS 10 C2 mass spectrometer. Data 
on a direct correlation between exchange 
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and hydrogenolysis were obtained with a 
DuPont 21-496 gas chromatograph-mass 
spectrometer. 

The metal concentration on SiO, was 
determined by X-ray fluorescence. 

3. RESULTS 

3.1. Catalyst Preparation and 
Characterization 

In contrast to the data reported earlier 
(1s) the exchange between Pt(NHs)42+ and 
surface hydroxyl group results at room 
temperature in the deposition of half the 
amount of platinum from a 20-ml solution 
containing 5.6 X 10s mol liter-’ Pt. Cata- 
lyst A was obtained from this platinum 
tetrammine complex on silica by standard 
treatment. 

Bimetallic catalysts were produced by 
impregnation of Pt (NHa)a2+/Si02 dried 
overnight at 393 K with Fe(NOa), solu- 
tion at pH = 1 (catalysts C, D, and E). 
The acidic treatment with HNOl was 
necessary to avoid the precipitation of 
ferric hydroxide during the drying process. 
The effect of this treatment itself on cata- 
lytic activity was studied by a catalyst 
(denoted by B) prepared by acid treatment 
of Pt(NHa)42+ on silica at pH = 1. 

To check the formation of the bimetallic 
system a physical mixture of Pt(NH,)J2+/ 
Si02 and Fe(N0&/Si02 was prepared 
(catalyst F) with the final concentration 
of 1.1 wt% Pt and 0.7 wt% Fe. Catalyst G 
was prepared by impregnation with 0.5 
wt% Fe(NOa)3 solution of pH = 1. 

The formation of the bimetallic system 
was investigated prior to and after a cal- 
cination-reduction procedure. TG-MS 
measurements on catalysts A, D, and E 
detailed elsewhere (14) showed that the 
platinum tetrammine complex is bonded 
to the silica gel surface via the formation 
of Pt-O-Si bonds. The fixation of this 
complex results in a relatively high dis- 
persion (see later). When silica gel contains 
both the complex and ferric nitrate the 

TABLE 2 

Miimbauer Parameters of FePt/SiOn Catalysts 
with Different Iron Loadsa 

Fe 6 A r dx’ 
content (mm/8ac) ~mm/eec) hllm/sec) -is 

(atom%) 

C 28.0 0.30 f 0.09 0.41 0.87 2.07 
D 41.0 0.34 f 0.05 0.51 0.71 1.11 
E 71.0 0 l 0.12 0.0 0.63 2.22 

a Calculation: (E. F) awmmetric doublet at l’l = rz; (G) 
ah& peak. 

decomposition of this mixture in an argon 
atmosphere indicates an interaction be- 
tween these two substances. Ammonia is 
partly oxidized by nitrate ions resulting 
in the formation of N20, N2, and Hz0 
but only small amount of NO which is 
the main decomposition product from 
Fe(NOJ3. Argon atmosphere, as distinct 
from oxidizing conditions as in the calci- 
nation, was necessary to study the fine 
structure of this interaction, thereby avoid- 
ing the total oxidation of nitrogen com- 
pounds to N02. 

The catalyst obtained after standard 
treatment was studied by Mijssbauer spec- 
troscopy using 0.6-mg 67Fe with 88% en- 
richment in a 300-mg sample. Essentially, 
in the case of catalysts C and D a broad, 
non-Lorenzian peak due to superpara- 
magnetism (small particle size) and to the 
distribution of iron environment can be 
obtained. The isomer shift and quadrupole 
splitting can be calculated by fitting the 
curve with the asymmetric constrained 
doublet as presented in Table 2 (for details 
see Ref. (15)). 

These values are in good agreement with 
the 8 values measured for Pt-Fe/carbon (5) 
and Pt-Fe/y-A120a (11). 

The formation of Pt-Fe on silica gel is 
strongly supported by the observation that 
previously oxidized iron can be reduced 
by hydrogen at room temperature. 

At high iron loading two peaks can be 
observed. The calculation of the spectra 
obtained for catalyst E with the con- 
strained doublet of Fe2+ and Fe*+ produces 
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FIG. 1. Fe/SiOl reduced at 973 K, prepared by 
impregnation at (a) pH = 3 and (b) pH = 1. 

a singlet the isomer shift of which is char- 
acteristic of iron alone (see Table 2). 

The basic difference between catalysts 
with low and high iron content is that in 
the latter case a fraction of Fe3+ above 
Fe/Pt = 1 cannot be reduced even at high 
temperature (15). Although here the isomer 
shift predicts the presence of only Fe0 on 
the surface, we may assume also the 
existence of Pt-Fe because all iron oxidized 
can be converted back to Fe0 by hydrogen 
at room temperature. Nevertheless, the 
isomer shift is sensitive only to the first 
sphere of neighborhood of iron thus al- 

lowing us to infer the presence of Pt-Fe 
clusters, the amount of which is so small 
that it cannot be resolved in the spectrum. 

The effect of platinum on the Miissbauer 
spectrum of iron is further proved if the 
catalyst G, Fe/SiOz, is studied. In Fig. 1 
Miissbauer spectra of two types of iron 
catalysts are presented. Curve (a) shows 
the catalyst prepared by impregnation at 
pH = 3, curve (b) the one deposited at 
pH = 1. The reduction temperature in 
both cases was 973 K, which is 200 K 
higher than used for platinum containing 
catalysts. For the sample prepared at 
pH = 3 a small amount of iron can be 
formed in large crystallites with only a 
small degree of reduction. The Fe/SiOz 
impregnated at pH = 1 appears in small 
crystallites and due to this only two 
species, paramagnetic iron and Fe2+ ap- 
pear in the spectrum. Moreover, neither 
of these resembles the spectrum of catalyst 
E and regardless of the state of dispersion 
the oxidized sample cannot be reduced in 
hydrogen at room temperature. 

3.2. Adsorption and TPD Measurements 

Since all samples were amorphous to 
X-ray diffraction, hydrogen, oxygen, and 
CO adsorption as well as hydrogen titra- 
tion were applied to characterize these 
catalysts. 

Table 3 presents the chemisorption re- 
sults. Due to the ambiguity in stoichiome- 
try for oxygen-hydrogen titration (16) 

TABLE 3 

Adsorption Data on Pt-Fe/SiOl Catalysts 

Catalyst Fe 
(atom%) 

Amount adsorbed (amollf6.t) 

02 H2 co 

Or& 02 
titration irreversible 

Hz bmol/g,.t) bmol/gc.t) 

A 0 9.6 12.9 17.9 31.7 0 
B 0 5.7 9.8 12.9 21.9 0 
C 26.0 9 13.8 18.7 28.2 0 
D 41.0 6.7 6.3 8.6 18.0 1.1 
E 71.0 5.2 2.1 2.7 4.9 3.6 
G 100.0 9 - - - 9 
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H/Pt and CO/Pt ratios were first de- 
termined by taking O/Pt = 1. The ex- 
perimental data for H/Pt and CO/Pt are 
1.37 and 0.96, respectively, and the H/O 
ratios calculated by the adsorption and 
that obtained by titration are 3.29 and 
3.21, respectively. 

All data summarized in the table are 
obtained on catalysts which have been 
stabilized by reaction. These values are 
somewhat lower than those measured on 
fresh catalysts. 

Good agreement can be found between 
oxygen and CO adsorption, whereas hy- 
drogen uptake is somewhat higher on all 
catalysts. Nevertheless, these data give a 
rough approximation of the effects on the 
surface metal concentration caused by the 
different treatments and by alloying. 

A comparison of catalysts A and B 
shows that there is a small drop in the 
number of surface Pt atoms (the loss of 
platinum content is negligible as indicated 
by X-ray fluorescence method). Since the 
platinum complex is attached to the sur- 
face by Pt-0-Si bonds these might, be 
broken on acidic treatment. As a conse- 
quence, the Pt complex may migrate on 
the surface to form larger crystallites with 
the simultaneous drop in metallic disper- 
sion. Under the effect of a small amount 
of iron addition the adsorption of all gases 
used increases (compare B and C). The 
extent of this change is nearly the same, 
so we may assume that the adsorption 
stoichiometry is not largely affected by 
alloying of platinum with iron. Moreover, 
chemisorbed oxygen can be reversibly re- 
duced at room temperature and thus the 
enhanced adsorption is probably due to 
an increase in the concentration of surface 
metal atoms. 

On further iron addition the adsorption 
of all gases decreases but hydrogen and 
CO adsorption drops to a larger extent 
than the total oxygen uptake at room 
temperature. Some of these oxygen atoms, 
however, are reversibly bonded to the 

/\ 
SiO 

2 

Pt /S102 

Pt-Fe602 

Pt&4* Fe/C44 

I I I I I II 
OK 923 713 663 523 I.23 333 273 

Fra. 2. TPD measurements (a) on silica alone; 
(b), (c), (d), on catalysts A, D, and F, respectively. 

metal and can easily be removed by hy- 
drogen, as is shown in column 7 of Table 3. 
The metallic phase holding the reversible 
fraction of oxygen must be Pt-Fe and not 
Pt alone since a part of the Fe3+ is also 
reduced to Fe0 at room temperature, as 
has been shown by Miissbauer data (15). 

The physical mixture (catalyst F) very 
much resembles pure platinum in its ad- 
sorption properties, and it is therefore not 
included in the table. The lack of mea- 
surable hydrogen and CO chemisorption 
on Fe/SiOz at room temperature is dif- 
ficult to understand. In the literature a 
reduced adsorption of these gases has also 
been observed (8, 9). At high temperature, 
however, hydrogen can be adsorbed, as is 
shown from TPD measurements. 

TPD measurement has been applied to 
elucidate the influence of iron addition on 
the hydrogen adsorption. Figure 2 shows 
the desorption of hydrogen from SiOz 
alone, and from catalysts A, D, and G. 

On pure Pt/SiOz all the hydrogen can 
be removed at around 423 K whereas on 
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FIG. 3. Catalytic activity for ethane exchange 
(0) at 473 K, for ethane hydrogenolysis (x) at 
573 K, and n-butane hydrogenolysis (0) at 523 K, 
vs Fe content. 

Pt-Fe a part of the hydrogen is not 
readily available and desorbs only at about 
923 K. When just iron on silica is studied, 
no hydrogen can be desorbed up to 673 K. 
When TPD is carried out after room 
temperature adsorption on Fe/SiOz no 
hydrogen can be recovered, which means 
that hydrogen uptake on Fe/SiOz occurs 
only after high-temperature activation. 
This behavior resembles that found by 
Yao and Shelef (17) for supported rhenium 
catalyst. The physical mixture behaves as 
if both iron and platinum were on the 
surface separately. 

S.S. Catalytic Reactions 

Catalytic activities for deuterium ex- 
change in ethane measured in the tem- 
perature range between 380 K and 621 K 
as well as for hydrogenolysis of ethane 
(temperature interval 525 to 831 K) and 
butane (temperature interval 466 to 837 K) 

are presented in Fig. 3. The activities are 
referred to the unit weight of metal be- 
cause the determination of surface metal 
atoms for the bimetallic system by chemi- 
sorption involves uncertainties. The cata- 
lytic activity curves pass through a maxi- 
mum at about 25 atom% iron content. 
The rate of ethane exchange is always 
higher in the whole iron concentration 
range than that of ethane hydrogenolysis. 
This was observed when ethane hydro- 
genolysis was carried out in the presence 
of deuterium. At 383 K the deuterium 
content of ethane reaches equilibrium after 
2-min contact time whereas hydrogenolysis 
commences only above 473 K. 

The activation energy was determined 
with a standard 1: 10 hydrocarbon-hy- 
drogen mixture. These data are presented 
in Fig. 4 and show that with increasing 
iron content the activation energy for both 
hydrogenolyses falls, indicating that at 
higher concentration iron exerts a definite 
influence on the hydrogenolysis. This is 
supported by the reaction order w.r.t. 
hydrogen which is shown for ethane and 
n-butane in Figs. 5 and 6, respectively. 
The activation energy and hydrogen order 

E.kJml-' 

0 $0 lbl Fe&-n% 

FIG. 4. Activation energy vs Fe content: (m), 
ethane exchange; (A), ethane hydrogenolysis; 
(A), butane hydrogenolysis. 
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measured on a physical mixture of Pt/SiOz 
and Fe/SiOz are close to those obtained 
for Pt/SiOz. The dotted vertical lines 
indicate the hydrogen pressure in t,he 
standard mixture. In both cases the hy- 
drogen order increases, which again points 
to a change in the character of the bi- 
metallic catalyst with respect to Pt/SiOz. 

Analysis of selectivity pattern for n-bu- 
tane hydrogenolysis reveals the fine st,ruc- 
ture of the iron effect. Comparing the 
pattern characteristic of pure Pt/SiOz with 
that shown on platinum black (18), the 
main difference is the preferential forma- 
tion of ethane due to the rupture at the 
middle C-C bond. Ethane selectivity on 
Pt/SiO* increases with increasing tempera- 
ture and with decreasing hydrogen pressure, 
but similar to that which emerged on 
platinum black, at high hydrogen pressure 
and at low activity, statistical C-C bond 
cleavage becomes predominant. Under 
identical conditions selectivity is also in- 
fluenced by dispersion. If we accept that 
oxygen bonded reversibly to the surface 
platinum atom is a measure for metallic 

log rate, 

G i is BP 
H2 

FIG. 5. Activity ~8 hydrogen pressure in the 
hydrogenolysis of ethane at different iron content8 : 
(x) 0 atom% Fe; (a), 25 atom% Fe; (+), 
41 atom% Fe; (0), 71 atom% Fe. 

log m m  

FIQ. 6. Activity VEJ hydrogen pressure in the 
hydrogenolysis of n-butane at different iron con- 
tents (for symbols see legend to Fig. 5). 

dispersion, the selectivity vs dispersion is 
plotted in Fig. 7 (the lowest D value refers 
to platinum black). n-Butane selectivity 
as a function of iron content is presented 
in Fig. 8. 

4. DISCUSSION 

4.1. Structure of the Catalytic Surface 

TG-MS data (14) on silica gel con- 
taining platinum tetrammine complex and 
ferric nitrate have given rather strong 
evidence that even prior to the standard 
treatment the two metals in ionic form 
occupy neighboring sites on the surface. 
The complex is firmly held via Pt-0-Si 
bonds (19) and the reaction between NH3 
ligands and NOa- ions during the calcina- 
tion takes place only if ferric nitrate is 
located in the vicinity of platinum com- 
plex. The necessity of metallic compounds 
being next to each other prior to the 
formation of the metallic phase is sup- 
ported by the resemblance of catalytic 
properties between Pt/SiO, and a physical 
mixture of Pt/SiOz and Fe/SiOz. 
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FIG. 7. Selectivity of n-butane hydrogcnolysis 
va metallic dispersion (D) calculated by equations 
SC; = (4Ci/Ci,,‘iCi). (X), SC,; (01, SC*; (+I, 
SC,; (A), xx,. 

The interact,ion between the two metals 
after reduction has been proved by Moss- 
bauer spectroscopy (15). At low iron 
loading (Fe/Pt < 1) all iron atoms are 
reduced. Iron atoms, therefore, behave as 
if they were inserted into platinum matrix. 
Moreover, the positive isomer shift mea- 
sured indicates the formation of a highly 
dispersed Pt-Fe compound and on the 
basis of the rigid band model this means 
that s electrons from iron are drifted to 
platinum. The corresponding effect has 
been observed for lg5Pt-Fe alloys (do), 
i.e., the negative isomer shift found indi- 
cated the increase of s-electron density at 
platinum nuclei. 

However, if we accept the idea put 
forward by &aim (Zl), iron in the Pt-Fe 
system has a larger electron density be- 
cause of the enhanced overlapping of the 
d bands; consequently, due to its larger 
screening, s-electron density decreases at 
the Fe nucleus. This results in a net’ 
d-electron drift from platinum to iron and 
indeed a similar effect has been measured 
by ESCA for PtMo/SiOz (22), PtW/SiO* 
(ZS), and PtRe/ALOa (24). This idea is, 
in fact, in agreement with the model of 
“coherent potential approximat,ion” which 
has been successfully used for, e.g., Ni-Cu 
and Pd-Ag systems (25). Indeed, a de- 
crease in occupancy of d bands at platinum 

and simultaneously an increase at iron 
may be expected if the UPS spect,ra for Pt 
(Ref. 2 in (26)) and for Fe (27) are com- 
pared. Of course, on the basis of Mossbauer 
spectroscopy alone we cannot decide 
whet,her s- or d-elect’ron t,ransfer is opera- 
tive but this system has not been inves- 
tigated by the ESCA method. 

At high iron content’ (Fe/Pt > 1) iron 
above the stoichiometric ratio cannot be 
reduced. The main difference between 
catalysts with low and high iron load is 
that in the latter case a single peak with 
6 = 0 mm/set, and not PtFe with 6 = 0.34 
mm/set can be obtained which is due to 
either nonalloyed iron or to a combination 
of Pt-Fe and FeO. Here we argue for the 
latter case based upon the evidence re- 
sulting from the reversibility in hydrogen 
reduction of the oxidized form at’ room 
temperature. This appears to be direct 
evidence for contact between iron and 
platinum because ferric oxide in high dis- 
persion cannot be converted into Fe0 in 
absence of platinum. 

At high iron loading the room tempera- 
ture oxidation of reduced catalyst reveals 

S 
+ 

1.0. 

/‘, 

x 

. 

075- + 
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FIG. 8. Change of selectivity vs Fe content in 
n-butane hydrogenolysis. (X 1, SC, ; (+), SC, ; ( l 1, 
SC,; (Al, &c,. 
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all iron as Fe3+, indicated by the high-spin 
ferric doublet (15). This means that most 
of the iron is sitting on the surface or 
occupies the uppermost layers, mainly sur- 
rounded by iron and only a small fraction 
of platinum is inserted into the iron 
matrix. 

Chemisorption results can be readily 
interpreted on the basis of the Mijssbauer 
experiments. Since at low iron loading 
only a fraction of the iron is at the surface 
the increase of adsorption is mainly ascribed 
to an increase in the number of surface 
metal atoms, regardless of whether it is 
Pt or Pt-Fe. This observation agrees well 
with the results obtained by Engels 
co-workers (8, 9) for the supported 
unsupported platinum-iron system. 

and 
and 

At iron loading above 41 atom’% the 
surface contains FeO, Fe-Pt, Fe3+ and 
Fez+. The last two species are not in- 
volved in the chemisorption process. Pt-Fe 
behaves as in low iron loading but a part 
of the Fe0 oxidized at room temperature 
cannot be reduced by hydrogen at room 
temperature but only at 773 K. This 
means that this part is not in direct con- 
tact with platinum and hydrogen is avail- 
able only after high-temperature activation. 
If we accept this picture the ideas of 
Bartholomew and Boudart (5) for Pt-Fe 
on carbon and Bolivar et al. (68) for 
Pt-Re/alumina can be applied to est.imate 
the fraction of iron not alloyed with 
platinum. Namely, on oxygen adsorption 
all surface atoms can be covered but on 
hydrogen titration only the iron which is 
alloyed with platinum can be recovered. 
Taking the data presented in Table 3 for 
catalyst E, there is 7.6 pmol/g,,, iron 
(calculated from the irreversible adsorp- 
tion) which is not alloyed and about 1.5 
w-nol/ge.t iron is associated with platinum. 
Consequently, the nominal Pt/Fe = 1 ratio 
(considering only the fraction which can 
be reduced) drops to Pt/Fe = 0.14 and 
may be even lower. 

4.2. Correlation between Surface Structure 
and Catalytic Activity 

From the exchange experiments of ethane 
carried out either separately or along with 
hydrogenolysis we may establish that the 
mechanism of hydrogenolysis is unchanged 
in the whole iron concentration range, i.e., 
adsorption of react,ant is faster than C-C 
bond rupt’ure on the catalyst surface (29). 

The effect of Pt-Fe interaction becomes 
quite clear if the catalytic activity of a 
physical mixture (catalyst F) and that of 
Fe/SiOz (catalyst G) are compared. In 
the former case the activity pattern is 
similar to that of Pt/SiOz while in the 
latter case the catalytic activity is about 
three orders of magnitude lower than for 
catalyst E. 

A possible reason for the inactivity of 
iron is given by Anderson (SO) who pro- 
posed that under UHV conditions the 
iron film is covered by highly dehydro- 
genated hydrocarbon residues which to a 
large extent block the active sites. Con- 
versely, carbonaceous deposits can be 
formed if a sufficient amount of hydrogen 
is not available on the surface. This latter 
case may be valid if we consider that 
hydrogen chemisorption on iron is negli- 
gible. This is the reason for the positive 
hydrogen order found by Sinfelt ($1) only 
for iron among the Group VIII metals. 

At low iron loading an increase in the 
number of surface metal atoms results in 
an increase of the rate of hydrogenolysis, 
leaving the energy of activation and the 
order of reaction w.r.t. hydrogen practi- 
cally unchanged. This is supported by the 
effect of small amounts of iron on the 
selectivity of ethane formation, which re- 
veals the same trend as in the case of the 
increase of dispersion (compare Figs. 7 
and 8). 

Experimental observations concerning 
energy of activation, hydrogen order, and 
selectivity obtained for the catalyst with 
high iron content make this catalyst similar 



130 GUCZI, MATUSEK, AND ESZTERLE 

TABLE 4 

Condition 

Selectivity Patterns for n-Butane Hydrogenolysisa 

Multiple Statistical Middle Terminal 

SC, > SC, > SC, SC, - SC, - SC, SC, >> SC, - SC, SC, = SC, >> SC, 

Temperature 

Hydrogen pressure 

Activity 

Dispersity 

Alloying with iron 

A , ( C 
B > 

A > t C 
B , 

+C 

,C 

0 (A) Massive Pt; (B) massive Ni; (C) supported Pt. For selectivity definition, see legend to Fig. 7. 

to nonnoble transition metals, e.g., Ni (29), 
Fe (S1), and Co (52). 

It is therefore plausible to assume that 
the active sites on catalyst E are iron 
atoms modified by the presence of plati- 
num. This latter can supply the amount 
of hydrogen which is necessary for hydro- 
genolysis. This is supported by the fol- 
lowing experimental facts: energy of acti- 
vation similar to that measured on iron, 

’ 5 
“p 

-2- 

Pi/50,) 

-3 

-4- 

I 
02 O/. 46 Dspersion 

FIG. 9. Turnover number (Nt) vs metallic dis- 
persion (D) in ethane hydrogenolysis for Pt/SiO* 
and FePt/SiOl catalysts. 

order of reaction w.r.t. hydrogen between 
those measured on Pt/SiO, and Fe/SiOz, 
TPD measurement which shows that in 
catalyst E hydrogen with medium strength 
is also available whereas there is no hy- 
drogen chemisorption on Fe/SiOz. 

The explanation given above is con- 
firmed by the selectivity data. In Table 4 
all possible selectivity patterns are sum- 
marized. The arrows in the table show 
the direction of changes in selectivity 
under the effect of the parameters indi- 
cated in column 1. Earlier it was shown 
(18) that for active platinum black mul- 
tiple C-C bond rupture was predominant, 
yielding mostly methane. On Pt/SiO, the 
middle C-C bond splitting is the main path- 
way. The effect of a temperature increase is 
to enhance Scl and Sol for Pt and Pt/SiOz, 
respectively. This is an essential difference 
and to a first approximation this may be 
ascribed to the dispersion effect (see Fig. 7). 
On both types of catalyst the selectivity 
pattern is shifted to statistical distributions 
as a result of increasing hydrogen pressure 
or of decreasing catalytic activity. On the 
other hand, at high iron loading the selec- 
tivity pattern points to terminal C-C 
bond rupture. This is characteristic of a 
nickel catalyst with low activity. Again 
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we see properties of nonnoble transition 
metals, and this gives strong evidence that 
at high iron loading the catalytic pattern 
is determined by iron itself. 

Finally, we wanted to find out whether 
the demanding character of the hydro- 
genolysis on iron-containing catalyst is the 
same as on pure plat,inum ($3 to 55). In 
Fig. 9 the turnover number (NJ for 
ethane hydrogenolysis on Pt/SiOz (35) is 
seen to have a different slope from that 
measured on PtFe/SiOz in the present 
work. This means that the addition of 
iron to platinum reveals some modifica- 
tion of the active sites in addition to the 
dispersion effect which is mainly operative 
on catalysts containing small amounns of 
iron. 

CONCLUSIONS 

(i) TG-MS and Mossbauer data along 
with gas adsorption give evidence for 
metallic interaction between iron and 
platinum prior to and after standard 
treatment. In both cases the catalysts 
prepared are well dispersed. At least a 
fraction of the iron can be oxidized and 
reduced at room temperature pointing to 
a direct contact between the two metals. 

(ii) Catalyst. activity passes through a 
maximum with increase in Fe content and 
the alloy activity is higher than t’hose for 
the pure metals. Proceeding from low to 
high iron loading the amount of hydrogen 
which is easily available for reaction de- 
creases ; thus the hydrogen order increases 
and this result in a shift to less negative 
values in the reaction order with respect 
to hydrogen. 

(iii) Based upon selectivity data at low 
iron loading the main effect is the en- 
hancement in dispersion of platinum at the 
surface. At higher iron contents t,he iron 
gradually takes over the role of catalytic 
activity. In this range platinum supplied 
active hydrogen atoms to the reaction 
occurring at iron sites. It is believed t,hat 

the electron interaction between the two 
metals plays marginal role in the catalysis. 
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