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Two series of platinum-germanium over alumina catalysts were prepared. Both series were 

calcined at 673 K after the addition of both components, while series B was calcined prior to the 
addition of platinum at 873 K. Temperature-programmed reduction and hydrogen consumption 

under reactions conditions showed complete reduction of Pt(lV) to Pt(0) for all catalysts and partial 

reduction of the germanium(N) precursor in the case of the high loading germanium catalysts of 
Series A. Series B showed no signs of germanium reduction. Benzene hydrogenation and n-butane 

hydrogenolysis were used as test reactions. For both series the specific activity decreased when the 
amount of germanium was increased. The selectivity ratios in the hydrogenolysis reaction re- 
mained constant for Series B while there was a variation in Series A with the percentage germa- 

nium on the catalyst. The results are discussed in terms of the current literature. 0 1986 Academic 

Press. Inc 

INTRODUCTION 

The research on bimetallic catalysts in 
which platinum is one of the components 
has given rise to many studies in recent 
years (1-3). The main advantages of bime- 
tallic supported catalysts over the monome- 
tallic system are the higher selectivity to 
aromatic products and the lower rate of de- 
activation. 

Two schools of thought have tried to ex- 
plain the modification of the catalytic prop- 
erties of these systems. The geometric ex- 
planation (4, 7, 9) states that the atoms of 
the second metal divide up the platinum 
surface into small ensembles which are un- 
able to catalyze undesirable reactions such 
as hydrogenolysis or the formation of car- 
bonaceous residues. 

The electronic reasoning supported by 
the work of Davis et al. (5), Burch and co- 
workers (6), and Figueras and co-workers 
(7) suggest that the electronic properties of 
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the platinum are modified by the presence 
of the second metal, e.g., in the case of 
platinum-tin bimetallic catalysts the 
changes in selectivity are attributed to the 
modification of the Pt-C bond strength in- 
duced by the changes of electronic density 
at platinum atoms (7). 

Among the bimetallic catalysts studied 
the Pt-IVA metal systems have been the 
subject of many detailed investigations (8- 
IO). In the case of platinum-tin catalysts 
Bacaud et al. (8) suggested from Moss- 
bauer spectroscopic measurements the for- 
mation of alloys at various Pt/Sn composi- 
tions. Poisoning by tin of the strong acidic 
sites of the alumina support responsible for 
cracking was invoked to explain the cata- 
lytic behavior observed. 

Dautzenberg et al. (9) measured the oxy- 
gen consumed in the reoxidation of previ- 
ously reduced tin oxide on alumina. The 
results were interpreted in terms of a total 
reduction of the tin to the zero-valent state. 
Burch (fO), who studied the platinum-tin 
system by TPR, disagreed with the results 
of Dautzenberg et al. (9) since he found 
that tin is stabilized in the Sn(I1) state by 
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interaction with the support, and no proper 
Pt-Sn alloy was formed. A recent work by 
Coq and Figueras (7) on the conversion 
of methylcyclopentane over Pt-Sn/AlzOj 
shows a stabilizing effect on the catalytic 
activity and a decrease of the hydrogenoly- 
sis reaction as well as an increase in the 
aromatization activity as the amount of tin 
is increased on the catalyst. Dilution and 
electronic effects were invoked to explain 
the results. 

Palazov and co-workers (11) studied the 
Pt-Pb on alumina catalyst. They followed 
the adsorption of CO by infrared spectros- 
copy and the catalytic conversion of cyclo- 
hexane. The results show a decrease of the 
CO stretching vibration frequency and a 
strong suppression of fragmentation and 
deactivation in the C6H12 conversion as the 
amount of lead was increased. Ligand as 
well as ensemble effects were suggested to 
explain the mentioned results. 

In the related Pt-Ge/AlzOj catalyst 
Bouwman and Biloen (12) showed by XPS 
that the catalyst contained Ge*+ and Ge4+ 
after reduction at 823 K while after reduc- 
tion at 923 K it contained Ge*+ and Gee spe- 
cies; the latter was found to be alloyed with 
platinum. 

Romero et al. (23) studied the hydrogen- 
olysis of n-butane and the hydrogenation of 
benzene over fluorided platinum-germa- 
nium catalysts and concluded that germa- 
nium enhanced considerably the selectivity 
toward isomerization to isobutane for the 
hydrogenolysis transformation, while the 
hydrogenation of benzene went through a 
maximum at about 0.3% Ge. Electronic ef- 
fects were invoked to explain the results. In 
more recent work of the same group (14) 
fluorided Pt-Ge/A1203 catalysts were char- 
acterized using infrared spectroscopy, elec- 
tron microscopy, Hz-O2 cycles and cata- 
lytic measurements for test reactions such 
as hydrogenolysis of n-butane and hydroge- 
nation of benzene. A marked decrease in 
the dispersion of the platinum was found as 
well as an increase in the CO stretching fre- 
quency when germanium was added to the 

catalyst. Electron microscopy showed a bi- 
modal distribution of particle size for the 
bimetallic catalyst while the catalytic activ- 
ity pattern was basically the same as before 
(13). The authors suggested that the drop in 
the dispersion of the catalyst as the amount 
of germanium was increased was related to 
a weaker exchange of the PtCI$- ions (pre- 
cursors of the metallic platinum) with the 
surface hydroxyl groups of the alumina due 
to the presence of GeFg- ions which could 
compete for the same sites of the alumina 
surface. 

The present work was undertaken to 
shed some light on the catalytic behavior of 
the cholorided Pt-Ge/AlzOJ system. In or- 
der to do so H2-O2 cycles, reduction stud- 
ies, hydrogenation of benzene, and hydro- 
genolysis of n-butane were used as tools for 
characterization of the catalysts. 

EXPERIMENTAL 

I. Catalysts 

Commercial y-alumina (Ketjen CK-300), 
surface area 180 m*/g, was used as support. 
Two series of catalysts were prepared, in 
both series the incipient wetness technique 
was employed for impregnation. The plati- 
num was introduced as H,PtCl, (BDH 
reagent grade) and the germanium as a 
hydrochloric solution of Ge(IV) (BDH 
analytical standards). The procedure for 
Series A was as follows: a known amount 
of preconditioned alumina (14) was impreg- 
nated with a known volume of the germa- 
nium solution in order to obtain a certain 
concentration of the metal, this concentra- 
tion varied from 0 to 1% in weight of germa- 
nium. Different amounts of diluted hy- 
drochloric acid(IV) were added at this stage 
to try to keep the chlorided level reasona- 
bly constant (for each catalyst of the se- 
ries). After drying the solid at 383 K for 12 h 
a certain amount of platinum was intro- 
duced (as H2PtC16) in order to obtain a se- 
ries of catalysts with 1% in weight of plati- 
num. The solid was then dried for 12 h and 
calcined in air at 673 K for 12 h. 
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The Series B was prepared in a similar 
fashion, the only difference was the calci- 
nation of the catalyst at 873 K for 12 h pre- 
ceding the addition of the H,PtCI,. 

Atomic absorption was used to analize 
the metal concentration of the catalysts. 
Chloride concentration was obtained using 
the X-ray fluorescence by neutronic activa- 
tion technique. Table 1 summarizes all the 
analytical information concerning the com- 
position of the two series of catalysts. Each 
catalyst is named according to the percent- 
age of germanium present and the series 
were it belongs. 

II. Methods 

1. Dispersion measurements. A vacuum 
Sartorius microbalance was employed. 
Two hundred and fifty grams of the catalyst 
was used. The hydrogen pressure used for 
reduction of the catalyst was 100 Torr (1 
Torr = 133.3 N . rnm2) and the heating rate 
10Wmin. The final reduction temperature 
which was 773 K was kept constant for 2 h 
after which the system was evacuated over- 
night at the same temperature to a pressure 
of less than 1 x lop5 Torr. 

After the reduction, the HZ-O2 cycles 

TABLE 1 

Catalyst Composition 

Catalyst % Ge % Pt % Cl 

O.OA 0.00 1.00 2.70 
O.lA 0.10 0.99 2.53 
0.2A 0.18 0.98 - 
0.3A 0.33 1.11 2.36 
0.5A 0.45 1.08 1.93 
0.6A 0.62 0.97 1.73 
0.9A 0.85 1.03 1.66 
l.OA 0.96 0.99 1.66 

O.OB 0.00 0.99 2.74 
O.lB 0.10 1 .oo 2.47 
0.2B 0.18 1.03 - 
0.3B 0.33 0.99 2.00 
0.5B 0.45 1.07 1.77 
0.6B 0.62 1.00 1.74 
0.9B 0.85 0.97 1.61 
1 .OB 0.96 0.99 1.59 

were performed in the following way: 100 
Torr of either HZ or 02 (as the case would 
be) were introduced at room temperature 
and left until a constant weight was ob- 
tained (U-20 min), this was followed by 
vacuum (<lops Tort-) for 30 min and the 
sequence was repeated with the other gas. 

The percentage dispersion was calcu- 
lated from these data assuming a 1: 1 sur- 
face stoichiometry (H : Pt) according to 
Ref. (14). 

2. Temperature-programmed reduction 
(low pressure). A low-pressure (0.9 Torr) 
volumetric system similar to the one de- 
scribed in Ref. (15) was used, the only dif- 
ference was the weight of catalyst (300 mg). 
From the TPR studies it was possible to 
obtain the curve of hydrogen consumption 
as a function of temperature as well as the 
temperature of maximum hydrogen uptake 
which was calculated according to Ref. 
(16). 

3. Reduction in hydrogen at atmospheric 
pressure. To check whether a more pro- 
found reduction could occur under normal 
experimental conditions, both series of cat- 
alysts were reduced at atmospheric pres- 
sure, for 1 h at 773 K in a calibrated con- 
ventional recirculation system similar to 
that used in Ref. (17). The sample (500 mg) 
was evacuated at room temperature for 1 h 
and then exposed to hydrogen (760 Torr). 
The temperature was increased (lOC/min) 
up to 773 K and the hydrogen consumption 
was measured after 1 h (at 773 K) from the 
pressure drop due to the reduction process. 
Care was taken to trap the Hz0 and HCl 
(reduction subproducts) at 78 K. Pressures 
were measured using a MKS pressure 
transducer. 

4. Catalytic activity measurements. A 
conventional flow system at atmospheric 
pressure was used for the hydrogenolysis of 
n-butane as well as for the hydrogenation of 
benzene. For the former the n-butane par- 
tial pressure was 60 Tort-. The total (H2 + n- 
C4HIO) flow rate was 60 cm3(STP)/min. A 
sample of 200 mg of catalyst was reduced 
for 1 h with HZ at 773 K and 1 atm preceding 
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the reaction. The effluent gases were ana- 
lyzed by on-line gas chromatography using 
a g-m x g-in. column packed with squalane 
on Chromosorb W (12%). 

For the hydrogenation of benzene, the 
partial pressure of the hydrocarbon was 
kept constant at 40 Tot-r by means of a cold- 
water bath (281 K) that surrounded a satu- 
rator where hydrogen became saturated 
with the corresponding vapor pressure of 
benzene. The total flow was 60 cm3(STP)/ 
min, while the catalyst weight was 60 mg. A 
l-h reduction with HZ at 773 K and 1 atm 
preceeded the reaction. The gases were an- 
alyzed by gas chromatography using a 5% 
Carbowax 1540 over Chromosorb GAW 
column. 

III. Reactants 

Hydrogen was purified passing it through 
a molecular sieve and commerical Deoxo 
traps to remove water and oxygen traces. 
n-Butane was Matheson 99.9% and showed 
no chromatographic imputities. Benzene 
was BDH reagent grade and was distilled 
prior to the reaction, gas chromatography 
showed no impurities. 

IV. Data Treatment for the Catalytic 
Conversions 

For the hydrogenation of benzene the 
catalytic activity was obtained by extrapo- 
lation at zero conversion and is given in 
moles of benzene converted per hour per 
gram of surface platinum. The activation 
energies were calculated using these cata- 
lytic activities and the corresponding Ar- 
rhenius plots. 

For the hydrogenolisis of n-butane the to- 
tal catalytic activity was defined as the sum 
of the activities for the different reactions 
observed: hydrogenolysis (production of 
CH4 + CzH,j + C3Hg), isomerization (pro- 
duction of isobutane), and dehydrogenation 
(production of cis- and trans-2-butene). For 
every possible reaction the amount of each 
product was expressed in terms of the 

amount of converted reactant. The differ- 
ent catalytic activities were obtained by ex- 
trapolation at zero conversion and are 
given in moles of n-butane converted per 
hour per gram of surface platinum. For 
both test reactions the measured conver- 
sions were always less than 5%. 

RESULTS 

A. Dispersion 

Table 2 shows the results for the plati- 
num dispersion for both series of catalysts. 

In Series A there is a mild drop of the 
platinum dispersion when the amount of 
germanium is increased, while in Series B 
the dispersion remains basically constant 
throughout the addition of germanium. 

B. TPR 

Figures 1 and 2 show the TPR profiles 
(hydrogen consumption vs. T) for the O.OA, 
0.3A and l.OA catalysts. The curve for the 
O.OA catalyst shows that at 550 K the 

TABLE 2 

Platinum Percentage Dispersion 

Catalyst Percentage 
dispersion 

(% D) 

O.OA 70 
O.IA 67 
0.3A 69 
OSA 60 
0.6A 59 
l.OA 56 
O.OB 65 
O.lB 68 
0.3B 70 
OSB 70 
0.6B 66 
l.OB 67 

Note. The percentage dispersion (% D) is 

defined as % D = 
surface Pt atoms 

total Pt atoms x loo. 

It was calculated assuming a 1 : I surface stoi- 
chiometry (Pt : H). For experimental details see 
text, for calculation details see Ref. (14). 
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TEMP/ K 

FIG. I. TPR profile of the O.OA (0) and 0.3 (LI) cata- 
lysts. 

platinum(IV) is totally reduced to Pt(0) 
since the volume of hydrogen consumed is 
almost the same as the expected theoretical 
value (2.30 cm3(NTP)/g catalyst for a 1% Pt/ 
A1203 catalyst). The temperature of maxi- 
mum hydrogen uptake which is shown in 
Fig. 3 for this catalyst is 523 K. The curve 
for the 0.3A catalyst is identical (within ex- 
perimental error) to the O.OA catalyst. 
There is no sign of germanium(IV) reduc- 
tion since the total hydrogen uptake, which 
is shown in Table 3, corresponds to the re- 
duction of Pt(IV) to Pt(0). The temperature 
of maximum hydrogen uptake (Fig. 3) is 
basically the same as the O.OA catalyst. 

The 1.OA curve shows several distinct 
features compared to the above-mentioned 
catalysts. Two well-defined temperature re- 
gions are present, 298-623 and 740-973 K. 
The first one corresponds to a hydrogen up- 
take of 2.36 cm3(NTP)/g (Table 3) which 
corresponds to the reduction of Pt(IV) to 
Pt(O), while the second region corresponds 
to an uptake of hydrogen of 2.20 cm3(NTP)/ 
g. If the reduction of germanium is assumed 

no&. 1 . 1 . I 0 I 

TEMP/r 
so0 tcm 

FIG. 2. TPR profile of the I .OA catalyst. 

I. I. I * 0 I. I ‘% 02 
x GFthuwYk 

as LD 

FIG. 3. Temperature of maximum hydrogen uptake 
vs percentage Ge: Series A (XL Series B (~9. 

to take place by the following equation: 
GeOz + 2H2 + Ge + 2H20 the amount of 
hydrogen consumed will correspond to a 
38% of the total needed for complete reduc- 
tion. The temperature of maximum hydro- 
gen uptake (for the first region) is 580 K 
which is significantly higher that the value 
obtained for the O.OA catalyst (523 K). 

The 0.5A and 0.9A catalysts behave in a 
similar fashion as the l.OA catalyst since 
they show two temperature regions (Table 
3) and the percentage germanium reduced 
is similar to the 1 .OA catalyst. The tempera- 
ture of maximum hydrogen uptake (for the 
first region) which is shown in Fig. 3 in- 
creases after the 0.3A catalyst with the per- 
centage germanium. 

For Series B the results are different. 
Figure 4 and Table 3 show no reduction of 
germanium for the catalysts of this series 
up to 973 K. The temperature of maximum 
hydrogen uptake increases mildly with the 
germanium content (Fig. 3). 

TEMP/ K 

FIG. 4. TPR Profile of the O.OB (0) and I.OB (x) 
catalysts. 
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TABLE 3 

Volume of H2 Consumed at the Equilibrium H2 Pressure 
of 0.9 Torr” 

Catalyst VH? (cm’(NTP)/g catalyst)” 

298-623 K 740-973 K 

O.OA 2.28 0 0 
O.lA 2.28 0 0 
0.2A 2.27 0 0 
0.3A 2.39 0 0 
0.5A 2.35 I.15 40 
0.6A 2.33 1.52 39 
0.9A 2.38 1.88 38 
I .OA 2.36 2.22 38 

O.OB 2.35 0 0 
O.lB 2.29 0 0 
0.2B 2.30 0 0 
0.3B 2.39 0 0 
OSB 2.35 0 I 
0.6B 2.38 0 I 
0.9B 2.31 0 0 
I .OB 2.32 0 0 

Percentage 
germanium 
reduced’ 

U See experimental details in text. 
’ The hydrogen consumption is presented in two temperature re- 

gions, 298-623 and 740-973 K. The calculated hydrogen volume for 
the Pt(IV) -+ Pt(0) conversion is 2.30 cmJ(NTP)/g for a 1% in weight 
of platinum catalyst. 

’ Percentage germanium reduced calculated as the difference be- 
tween the hydrogen consumed in reducing Pt-Ge catalysts and the 
hydrogen consumed in reducing the Pt/A120, catalyst divided by the 
total amount of hydrogen needed for the stoichiometric reaction 
GeOz + 2H2 -+ Ge + 2Hz0. 

C. Reduction at Atmospheric Pressure 

The reduction conditions used in the TPR 
experiments (P = 0.9 Tot-r) do not repro- 
duce the experimental conditions used in 
the pretreatment of a catalyst prior to a re- 
action. In order to check whether a more 
complete reduction could occur during the 
pretreatment, some experiments were per- 
formed using 760 Torr of hydrogen at 773 
K. Table 4 summarizes the results. For the 
O.OA, 0.2A, and 0.3A catalysts the volume 
of hydrogen consumed at 773 K is almost 
constant and basically the one needed for 
complete reduction of Pt(IV) to Pt(0). For 
the catalysts of Series A with higher con- 
tent of germanium the situation is different 

since the volume of hydrogen consumed is 
in each case larger than the expected for 
total reduction of platinum. As in the TPR 
experiments the percentage germanium re- 
duced (assuming the same stoichiometric 
reaction) is almost constant for the men- 
tioned catalysts. For Series B the results 
are different; there is no reduction of ger- 
manium observed (Table 4). 

D. Catalytic Activity Measurements 

The test reactions employed were the hy- 
drogenation of benzene and the hydrogen- 
olysis of n-butane. Checking experiments 
were performed with the alumina support 
as well as with a 1% germanium/alumina 
system. No catalytic activity (for either re- 
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TABLE 4 

Volume of Hz Consumed at 760 Torr 

and 773 K’ 

Catalyst V 
(cm&P)/g 

catalyst)b 

Percentage 

germanium 

reduced 

O.OA 2.40 0 

0.2A 2.42 3 

0.3A 2.43 2 

OSA 3.15 24 
0.6A 3.26 23 

0.9A 3.50 22 

1 .OA 3.17 23 

O.OB 2.39 0 

0.2B 2.38 0 

0.38 2.38 0 

O.SB 2.51 2 

0.6B 2.40 0 

0.9B 2.39 0 

I.OB 2.41 0 

0 Recirculation system, PHZ = 760 Torr, T = 

773 K. 

h The calculated hydrogen volume for the 

PttIV) + Pt(0) conversion is 2.30 cmj(NTP)/g 

for a 1% in weight of platinum catalyst. 

( Same as in Table 3. 

action) was observed even at the highest 
temperature used in the present work. 

For the hydrogenation of benzene the 
only product observed throughout the en- 
tire temperature range (343-413 K) was cy- 
clohexane. Previous studies (18) show that 
in our experimental conditions (see experi- 
mental section) the reaction is zero-order 
with respect to benzene and first-order with 
respect to hydrogen. 

Table 5 summarizes the catalytic activity 
in moles converted/h * g of surface platinum 
as well as the different activation energies. 
For the O.OA and O.OB catalyst the catalytic 
activity as well as the activation energy 
agree with other authors (19). For both se- 
ries the catalytic activity drops with the 
percentage germanium. The activation en- 
ergies for Series B remain basically con- 
stant throughout the series. For Series A 
there is a mild increase as the germanium 
content is increased. 

The hydrogenolysis of n-butane was per- 

% GERMANIUM 

FIG. 5. Catalytic activity for hydrogenolysis and 

isomerization of n-butane vs percentage germanium. 

t X ) Hydrogenolysis activity for Series A. (0) Isomeri- 

zation activity for Series A. (a) Hydrogenolysis activ- 

ity for Series B. (0) lsomerization activity for Series 
B. 

formed in the range 573-723 K. The prod- 
ucts observed were: methane, ethane, pro- 
pane, and isobutane (isomerization). cis- 
and truns-2-butene were observed only 
above 673 K. The hydrogenolysis and the 
isomerization activity measured at 673 K 
for both series are plotted in Fig. 5 as a 
function of germanium content. For Series 

TABLE 5 

Catalytic Activity and Activation Energy for 

the Hydrogenation of Benzene 

Catalyst Activity” 

(mol/h . g 

surface platinum) 

Activation 

energy1 

(kcal/mol) 

O.OA 5.1 
0.3A 5.0 
0.5A 1.3 
0.6A 1.2 
0.9A 0.4 
I.OA 0.1 
O.OB 5.0 
0.3B 5.0 
0.5B 0.9 
0.6B 0.8 
0.9B 1.0 

IO + I 
IO-+ I 

II 2 I 

II 2 I 

I2 + I 

I3 + I 

IO + I 

IOk I 

II * I 

II 2 I 

II + I 

” Reaction temperature = 373 K, C6H6 partial 

pressure = 40 Tot-r. Other experimental details 
are described in the text. 

h Catalytic activity obtained by extrapolation 

at zero conversion in mol/h . g surface plati- 
num. 

c Activation energies calculated from the Ar- 
rhenius plots obtained from the activity mea- 

surements at different temperatures. 



82 GOLDWASSER ET AL. 

A the hydrogenolysis activity decreases for 
the catalysts with higher germanium con- 
tent. For Series B there is a drop in the 
activity as soon as germanium is introduced 
on the catalyst. The isomerization activity 
is much less influenced by the addition of 
germanium in both series. 

Finally, Table 6 summarizes the selectiv- 
ity ratios obtained in the n-butane hydro- 
genolysis at 673 K. For Series A the C3/CI 
(propane/methane) ratio stays unchanged 
(within experimental error) throughout the 
series. The C& (ethanelmethane) ratio 
decreases while the C& (propane/ethane) 
ratio increases when the germanium con- 
tent is increased. For Series B the ratios do 
not change appreciably with the germanium 
loading. 

DISCUSSION 

The results obtained for the two series of 
catalysts are definitively different. For the 
catalysts of Series A with a percentage ger- 

TABLE 6 

Selectivity Ratios for the Hydrogenolysis of 
n-Butane Reaction at 673 K” 

Catalyst C,IClb C,/C,~ C,IC/ 

O.OA 5.5 3.5 1.6 
O.IA 5.6 3.2 1.9 
0.2A 5.6 3.2 1.9 
0.3A 5.7 3.1 1.9 
0.5A 5.7 2.4 2.4 
0.6A 5.7 1.7 3.1 
0.9A 5.0 1.6 4.1 
O.OB 5.4 2.9 2.0 
O.lB 5.2 2.8 2.0 
0.2B 5.1 2.7 2.0 
0.3B 5.1 2.5 2.0 
OSB 5.5 2.6 2.2 
0.6B 5.6 2.5 2.5 
0.9B 5.8 2.4 2.5 

0 Atmosferic flow system, 7’ = 673 K, n-butane par- 
tial pressure: 60 Torr, total flow rate = 60 cm’(STP)/ 
min. 

b Propane/methane ratio obtained from the corre- 
sponding amount of each product expressed in terms 
of converted reactant. 

r Ethane/methane ratio obtained as in (b). 
d Propane/ethane ratio obtained as in (b). 

manium above 0.3 wt% the TPR results as 
well as the hydrogen consumption at 773 K 
and 760 Torr agree with the work of McNi- 
co1 and co-workers (20). They worked with 
a 0.375 wt% Pt/O.25 wt% Ge on AlzOj 
calcined catalyst. A peak at 553 K corre- 
sponding to the reduction of the platinum 
component and a second peak at 873 K 
which was assigned to the reduction of ger- 
manium were reported. The hydrogen con- 
sumption for the second peak was 40% less 
than the amount of required for the reduc- 
tion of Ge4+ to GeO. 

In our case, two well-defined tempera- 
ture regions exist and the percentage ger- 
manium reduced is around 40% of the total 
needed for complete reduction (Ge(IV) + 
Ge(0)). The temperature of maximum hy- 
drogen uptake (Fig. 2) for the second tem- 
perature region is 850 K which is fairly 
close to the one reported by McNicol and 
co-workers (20). 

The reduction experiments carried out at 
760 Torr and 773 K agree with the TPR ex- 
periments since the catalysts where there is 
a measurable reduction of germanium (Ta- 
ble 4) are the same which yielded the two 
temperature regions in the TPR experi- 
ments. 

In order to discuss the oxidation state of 
the germanium in the catalysts of Series A 
it is worthwhile to divide the series into two 
subseries. The first from 0% Ge up to 0.3% 
Ge and the second from 0.3% Ge up to 
1 .O% Ge. For the first subseries TPR exper- 
iments (Table 3) as well as hydrogen con- 
sumption at 760 Torr (Table 4) indicate that 
there is no reduction of the germanium so it 
stays as Ge(IV). For the second subseries 
TPR experiments (Table 3) indicate an ap- 
proximate 40% reduction (average oxida- 
tion state close to Ge(I1)) while Table 4 
shows an approximate 23% reduction (av- 
erage oxidation state between IV and II). 
The difference might be the temperature 
range covered in TPR experiments (298- 
973 K) compared with the temperature used 
for reduction prior a catalytic reaction (773 
K). 



A STUDY OF THE Pt-Ge SYSTEM 83 

Evidently, the amount of hydrogen con- 
sumed in the reduction studies, over and 
above that needed for reducing platinum, 
can be interpreted either in assuming that a 
certain amount of germanium is reduced 
from Ge(IV) to Ge(O), or that a quantity 
twice as large is reduced from Ge(IV) to 
Ge(I1). To shed some light into this matter 
XPS experiments were carried out in the 
reduced 1 .OA catalyst. Preliminary results 
(23) show that the germanium 2p3,* photo- 
line is centered at 1221.0 eV (this line posi- 
tion is referred to C 1s = 284.6 eV). The 
photoline positions (24) for Ge(I1) (GeO), 
Ge(IV) (Ge02), and Ge(0) are 1221.2, 
1220.2, and 1217.2 eV, respectively. This 
result strongly suggests the absence of 
Ge(0) in the I.OA catalyst reduced with HZ 
at 500°C and 760 Torr. 

It is worth comparing our results with the 
work of Burch (20) who studied the oxida- 
tion state of tin in the related Pt-Sn/A120j 
catalyst. For a series of catalysts with dif- 
ferent tin loadings a constant percentage re- 
duction close to 45-50% was reported 
based on the reaction Sn4+ + 2H2 = Sn” + 
4H+. Our results for the second subseries 
coincide since the average oxidation state 
of germanium is independent of the per- 
centage Ge on the catalyst. This makes an 
ensemble (or dilution) effect unlikely be- 
cause the fraction of germanium reduced 
should depend on the germanium content if 
a small amount of Ge(0) is formed. Similar 
effects have been reported by other authors 
(18). 

Interestingly enough, the temperature of 
maximum hydrogen uptake (Fig. 3) for the 
first temperature region for the second sub- 
series increases with the percent germa- 
nium. For the first subseries it remains basi- 
cally constant. Seemingly, there is a 
minimum amount of germanium at which 
the reduction starts to show up and at 
which the activation energy for the hydro- 
genation of benzene starts to increase. 

The hydrogenation of benzene is known 
to be a structure insensitive reaction (21), 
so the catalytic specific activity should not 

depend on such parameters as dispersion, 
preparation of the catalyst, geometric ef- 
fects, etc. A drop in the specific activity 
due to an increase in activation energy is 
very likely to be related to an electronic 
effect. In our case this is supported by the 
following: (a) The selectivity ratios summa- 
rized in Table 6 show a decrease of the CZ/ 
Ci ratio, an increase of the C3/Cz ratio and a 
approximate constant value for the C3/C1 
ratio for the catalysts of Series A with more 
than 0.3 wt% Ge. Levitskii et al. (22) sum- 
marizing early data has shown that on going 
from Pt-SiO, to Pt-Al,03 a decrease of the 
relative rates of hydrogenolysis of the 
bonds between C atoms with a minimum 
electron density occurs. It was suggested 
that the higher electron-donating properties 
of Pt in Pt-SiO, compared to Pt in Pt-AlO, 
catalysts were responsible for this behav- 
ior. In the case of n-butane the carbon at- 
oms with lower electron density are the in- 
ternal so the production of ethane will be 
decreased if the platinum in the platinum- 
germanium catalysts of Series A is more 
electron deficient than in the monometallic 
catalyst. (b) Bouwman and Biloen (12) 
working with Pt-Ge/A1203 catalysts pre- 
pared in a similar fashion as our Series A 
catalysts concluded by XPS that platinum 
was more electron deficient in the bimetal- 
lic catalyst than in the monometallic sys- 
tem, consequently an interaction between 
platinum and germanium was suggested. (c) 
Preliminary experiments (23) on the ad- 
sorption of CO followed by infrared spec- 
troscopy showed a shift to higher frequency 
for the catalysts of Series A with a percent 
germanium above 0.3 wt%. These results 
agree with early data on fluorided catalysts 
(14) and can be interpreted in terms of elec- 
tron donation from the platinum to the ger- 
manium entity (14). 

From the above discussion it follows that 
our results (high loading germanium cata- 
lysts of Series A) seem to be well explained 
by the electronic surface model (ZO), where 
the special catalytic properties of the bime- 
tallic catalyst are due to a change in the 
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electronic properties of the platinum, pre- 
sumably via electron withdrawal by the re- 
duced germanium ions. 

The results for Series B indicate that the 
germanium after the calcination at 873 K is 
stabilized in the alumina support in such a 
way that its reduction does not occur under 
our experimental conditions; there is no ca- 
talysis for the reduction of germanium(N) 
by the metallic platinum. Evidently a dilu- 
tion or geometric effect would be almost 
impossible under these circumstances. A 
legitimate question that arises for Series B 
is why the catalytic activity for the reac- 
tions studied drop with the percentage ger- 
manium? The dispersion as well as the re- 
duction studies exclude a dilution effect 
and the catalytic experiments showed no 
changes in the activation energy (C6H6 hy- 
drogenation) as well as in the selectivity 
ratios (n-butane hydrogenolysis) which 
presumably would neglect a localized 
electronic effect. XPS and infrared studies 
are now underway to try to shed more light 
on this subject. 

CONCLUSIONS 

1. There is a correlation between reduc- 
tion and catalytic studies for the higher 
loading germanium catalyst of Series A. 

2. The percentage germanium reduced 
under normal experimental conditions is 
approximately constant for the catalysts 
mentioned in 1. There are no signs of ger- 
manium(0) present in these catalysts. 

3. For the catalysts calcined at 873 K 
prior to the addition of platinum and after 
the addition of germanium (Series B) there 
is no reduction of the germanium(IV). 

4. The special properties of Pt-Ge cata- 
lysts are not due to a dilution effect in 
which germanium atoms divide the surface 
up into small ensembles of platinum. 

5. Changes in the electronic properties of 
small platinum crystallites are probably re- 
sponsible for the behavior observed for the 
bimetallic catalysts (Series A). 
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