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The rates and se lectivities of hydrogenation on platinum catalysts modified with monolayers 
of copper, thallium, lead, or bismuth were studied at 20°C and atmospheric pressure for the 
competitive hydrogenation of I-hexene and l -undecene in cyclohexane and for the consecutive 
hydrogenation of I ,5-cyclooctadiene in cyclohexane or ethanol. For the former system, the selec­
tivity was unaffected by the modifyin g metal and the degree of the su rface coverage with the 
metal. and the relative specific hydrogenation rate decreased only slightly with the degree of sur­
face coverage. Fo r the latter system, the selectivity of hydrogenation to eyclooctene increased 
with the content of the mOdifyin g metal. while the relative specific hydrogenation rate decreased 
marked ly. 

Hydrogenation catalysts modified with inactive metals exhibit ~9me interesting 
properties, which result not only from the partial blocking of the active surface, 
but also from changes induced by the metal in the electronic structure of its environ­
ment, hence, of the metal which acts as the carrier of the catalyst activity. Several 
papers have recently been published \ - 9 dealingwith the properties of metal-modi­

fied platinum catalyst. In the present work, the degree of coverage of the platinum 
surface with the modifying metal was related to the selectivity and rate of hydrogena­
tion of olefinic and dienic bonds. 

EXPERIMENTAL 

Substances and catalysts. I-Hexene, I-undecene. 1,5-cyclooctadiene (Koch-Light, England), 
cyclohexane p.o. (Lachema, Brno). All the substances were distilled prior to use and were 
chromatographically pure. Platinum black was prepared in the conventional mannerlO. The 
catalysts modified with thallium, bismuth, and lead were made up by feeding hydrogen into 
stirred suspensions of platinum black in aqueous solutions of thallium sulfate, lead dichloride, 
and bismuth trichloride, respectively, acidified with the corresponding acid and heated at 50°C. 
After 2· 5 h of hydrogen feeding, the catalysts were filtered out under hydrogen, washed with water, 
passivated with nitrogen, and dried at 60°C. The catalysts modified with copper were prepared4 

by decomposition of copper formate with platinum black in aqueous solution. The degree of cover-
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age of the platinum surface with the mOdifying metal was determined electrochemically by the 
potentiodynamic method II. 

Apparaflls alld procedurc. All measuremcnts were carr ied Out in a standard cquipmcnt 12 

at 20uC and atmo,pheric pressure; thc arrangcment was such as to climinatc any clrect of mass 
transport on the reaction course l3 . 101111 of solvcnt and I ml of substratc werc takcn; the amount 
o f catalyst was 5- 200 mg. Thc reaction co urse was monit o red chromatographicall y. 

For studying thc compctitivc hydrogenalion of I-hexcnc and I-undeccne, an cquimolar mixturc 
of the sub,trates was w,cd in cyclohcxa ne Solulion. Thc hydrogenation rates wcre mea surcd 
on catalysts modified with the various mctal s to dilrcrcnt extents so a s to leave differcnt fraction s 
of free platinum surface « B p ,): The sc lectivitics of the compctitivc hyd rogenations wcre calculated 
as the ratios of the rcactivities of I-hcxcne to I-ulldecene. Thc reacti on rates wcre determined 
as the slopes of the time depcndcnccs of the hydrogen uptake in time 1 = O. These values were 
related to the free platinum surface to givc the specific hydrogenation rates, which in turn were 
converted to the relative specific hydrogenation ratcs (rrsl by Iclatin g them to the hydrogenation 
rate on pure platinum black. 

For examining the dependence of the sc lcctivity in the I -hcxcnc- I-undcccnc systcm on the 
degree of coverage of the catalyst surface, catalysts with the followin g frce platinum surface 
area fractions were employed (modifying mctal, 171"): Cu: 1'00, 0' 82, (j. 52, 0'20, 0'11; Pb: 1'00, 
0'17, 0 ' 10; Bi: 1'00, 0'62, O' 34; 1'1: 1'00, O' 52,0'16. 

Analylicolmelhods. The analyses were performed on a Chrom 4 apparatus with flame ioniza­
tion detection, using a glass column 3·5 m long, i.d. 2·5 mm, packed with 15% Carbowax 20M 
on Chromaton NA W-DMCS, grain size 0'16 - 0,20 mm; temperaturc 74°C. 

RESULTS AND DISCUSSION 

Competitive Hydrogenation of I-Hexene and l-Undecene 

The dependence of the relative specific hydrogenation rates on the free platinum 
fraction of the surface area is shown in Fig. 1. The rates decrease with increasing 
occupation of the surface by the modifying metal only slightly; a marked drop is 
observed only in the series of catalysts modified with thallium. 

The selectivity of the competitive hydrogenation was expected to increase with the 
increasing occupation of the surface, as sites sterical1y accessible to I-hexene only 
might increasingly appear. However, on all the catalysts used the selectivity was 
identical, viz. S = 1'82; hence, within the applied regions of coverage of the plati­
num surface by the metals, no such presumed active centres accessible to the lower 
olefin solely occur. Possibly, the effect under consideration could manifest itself 
at still higher degrees of modification (at which, however, the catalysts are little 
active) or if the substrates involved were sterically more different. 

Hydrogenation of 1,5-Cyclooctadiene 

1,5-Cyc100ctadiene was chosen as a su bstance in which the mutual position of the 
two double bonds is fixed to a high degree owing to the ring nature of the molecule. 
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A plot of the time dependence of the concentrations of the various components 
in the reaction mixture during the hydrogenation of 1,5-cyclooctadiene on platinum 
black in cyclohexane is shown in Fig. 2. ]t is clear that the hydrogenation can for­
mally be written as 

o o _ k_l _ o 
I t 

The data fail, of course, to provide information on the mechanism of step k2' in 
which cyclooctane can form either by a simultaneous addition of hydrogen to both 
double bonds activated by the adsorption, or consecutively, by hydrogenation 
of the primarily formed cyc100ctene that had not desorbed into the bulk phase. 
However, from the point of view of interpretation of our results this ambiguousness 
is irrelevant because both variants involve the reasonable assumption of the necessary 
activation of both dou ble bonds of the starting substance. 

o 0 '6 1'0 

FIG. I 

Dependence of the relative specific rate 
of hydrogenation of an equimolar mixture 
of I-hexene and I-undecene on the free 
platinum fraction of catalyst surface area. 
Modifying metal : 0 Pb, • Cu, e Bi, () TI 

FIG. 2 

Time dependence of the concentrations of the 
reaction components in the hydrogenation 
of 1,5-cyclooctadiene on platinum black 
in cyclohexane. Amount of catalyst 80 mg. 
Components: • 1,5-cyclooctadiene, () cyclo­
octene, 0 cyclooctane. x is the dimensionless 
concentration (instantaneous concentration 
of component divided by initial concentration 
of 1,5-cyclooctadiene), t is time (min) 
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The hydrogenation of 1 ,5-cyclooctadicne on the modified catalysts was qualitatively 
similar to that on platinum black, only the ra tios of the rates o f formation of cyclo­
octane and cyclooctene at the beginning of the reaction were different and conse­
quently, so were the max imum concentrations of cyclooctene as the intermediate 
product in the consecutive reaction . Since on the highly modified catalysts the hydro­
genation proceeded very ~ Iowly , the maximum was not det ermined in a ll experi­
ments, and the differences between the various catalysts were characterized in terms 
of the selectivity, here defined either as the ratio of the ra te o f formation of cyclo­
octene to the rate of loss of cyclooctadien e at the beginning of the reaction, S 1 = 

= kd(kl + k2)' or as the ratio of the rates of hydrogenation of cycJooctadiene 
to cycJooctane and to cyc100ctcne (S2)' ]n the region of high selectivities, changes 

in S 2 values are more marked than in S J ' 

The selectivities established are given in Table 1. Clearly, on all the catalysts the 
selectivity of hydrogenation of 1,5-cyelooctadiene to cyclooctene increases with 
increasing content of the modifying metal , especially for thallium . The selectivity 
was invariably higher in ethanol than in cyclohexane as solvent. This effect is probably 
due to the different polarity of the two solvents and seems to be of general nature l4 

TABLE I 

Selectivities of hydrogenation of I ,5-cyclooctadiene to cyclooctcne on modified platinum catalysts 
- ---_._----_ .• - --

Selectivity in 

Modifying 
metal 

Cu 
Cu 
Ph 
Ph 
Ph 
Ph 

Tl 
Tl 
Tl 
Tl 
Bi 
Bi 
Bi 

1·00 
0·68 
0·11 
0·83 
0·75 
0·60 
0·17 

0·65 
0·52 
0·42 
0·26 
0·85 
0·62 
0·39 

cycJohexanc 
- - ---- -.----

5, 52 

0·81 4·3 

0·92 11 ·6 

0·96 25·6 

0·84 5·3 
0·89 7·8 
0·96 23 ·9 

0·82 4·3 
0·92 11 ·6 
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ethanol 
-----,---

5 J S2 

0·84 5-4 
0·88 7·7 

0·96 27·0 
0·97 33'3 
0·99 81·1 

0·97 29-4 

0·98 62'5 
0·99 84·0 
0·93 13·5 
0·97 31'3 
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For monitoring the changes in the selectivity in dependence on the degree of coverage 
of the platinum surface using ethanol as solvent. catalysts with low contents of the 
modifying metals had to be employed, the se lectivity being too high at higher degrees 
of surface coverage. 

Figs 3 a.nd 4 shows the dependences of the relative specific rates of hydrogenation 
of 1,5-cyclooctadiene to cyclooctene 1 and to cyclooctane 2, again defined as the 
initial rates related to the free platinum fraction of the surface area and to the rate 
observed on pure platinum black. In comparison with the values for the I-hexene­
-l-undecene system (Fig. 1) the relative specific hydrogenation rate of 1,5-cyclo­
octadiene decreases more markedly with increas ing degree of coverage of the catalyst 
surface. In cyclohexane this decrease is again most pronounced for thallium as the 
metal applied, in ethan01 the effect of the various modifying metals is comparable. 
The formation of cyclooctane is suppressed by the increasing modification more 
than that of cyclooctene. 

The way in which the application of the modifying metal to the catalyst surface 
affects the selectivity and relative specific rate of hydrogenation can be discussed 
based on a comparison of the results obtained for the two systems studied. In the 
I-hexene -l-undecene system the selectivity of the competitive hydrogenation does not 
vary with the degree of surface coverage, and the relative specific rate decreases 

10 

rrs 

0 ·6 

FIG . 3 

Dependence of the relative spec ific rate 
of hydrogenation of 1,5-cyclooctadiene to 
cyclooctene 1 and to cyclooctane 2 in cyclo­
hexane on the free platinum fraction of cata­
lyst surface area . Modifying metal: 0 Pb. 
• Cu, e Bi, C) Tl 

10 
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FIG. 4 

Dependence of the relative specific ra te 
of hydrogenation of 1,5-cyclooctad iene 
to cyclooctene 1 a nd to cyclooctane 2 
in ethanol on the platinum fraction of cata­
lyst surface area. Modifyin g metal: 0 Pb. 
• Cu, e Bi, C) Tl 
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only slightly with increasing content of thc m odifying meta l. This does not surprise 

if the fact is taken into accoltt that the two substrat es difrer only in the lengt h of the 

chain following the double bond; it is on ly thc double bond carbons .md not the 

remaining chain that are involvcd in the chcmisorpt ion, and so the mod ifica tion 

of the platinum surface with ad-at o ms o f o thc r mctals shou ld not affec t the hydro­

genat ion of the two substrates in a din'eren l mann e r, whatcver the nature of the 

changes induced in the platinum catal yq propc rti cs. 

In the hydrogenation of 1,5-cyclooctad icnc. o n thc ot hcr hand , the sc lectivity 

o f hydrogenati on to cyclooctene increases with increasing degree o f modifica tion 

and the relative spec ific rate o f hyd rogecltion decreases apprecia bly . Of the two 

conce ivable ways in which the ad -ato ms o f the metal s can an 'cct the catalys t proper­

ties, viz. ei ther by altering , in so me so far unspecilicd man ncr, the elcctronic pro­

perties of the surface platinum atol11s, o r by hindcring mechan ica lly the adsorption 

o f the reactants (hydrogen and substrate), the lattcr is rathcr ~upported by these 

results. The enhanced se lectivity can be ex plained so that with increas ing degree 

of modification the probability decreases of thc cocurrcnce o f frce pla tinum a toms 

in an ar rallgement such as wou ld a llow a s imultaneou s ad so rpti on of both double 

bonds in the molecule of I ,5-cyc looc tadicne, the l11utu a lm o tion of which is restrict ed 

by the ring nature of the mo lecule . AI1d na tura lly, the limited poss ibility of adsorp­

tion of substrate, in particula r in a vicinity to adso rbcd hydrogen , resu lt s al so in a lo ­

wered relative specific hydrogenation ra tc . The fac t that of the two reactions, the 

for mation of cycJooctane by a direct hydrogcnation becomes more suppressed as the 

degree of surface coverage is increased (Figs 3 and 4, curves 1, 2) is con sistent with the 

concept that the ad sorption via both double bonds is relat ively 111 0re hindered. 

The less marked decrea~e in the hydrogenation rate for l-hexcne and l-undeccne 

then is probably associated with the changes in the adsorpt ion heats of hydrogen 

and substrate on the modifi ed cata lysts and with the ability of olefinic substrates 

to adsorb also on modifi ed surfaces. 
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