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Abstract 

The hydrogenation of olefins in acidic aqueous solutions was studied on platinum catalysts under potential control. This control 
was achieved by an external device or was spontaneously established in the presence of the reactants. It is found that the catalytic 
activity does not depend on the way of potential control, or on the source of hydrogen (gaseous hydrogen or reduced protons). 
This result implies the same mechanism in the case of catalytic and electrocatatytic hydrogenation of olefins. Moreover the same 
type of active hydrogen species is involved in these reactions, identified as a weakly bound one. In competitive hydrogenations 
of methyl substituted olefins, high selectivities can be obtained by control of the potential of the catalyst at rather positive values. 

1. Introduction 

Platinum catalysts are largely used in catalytic 
hydrogenation reactions. This metal activates 
molecular hydrogen by dissociative chemisorp- 
tion (reaction 1 ), which is an elementary step in 
the mechanism of catalytic hydrogenations [ 1 ]. 
This reaction occurs also in the process of electro- 
catalytic oxidation and evolution of hydrogen 
(reaction 2), [2,3]. 

H2 ~ 2Had (reaction 1 ) 

H2~2H ÷ +2e-  (in acidic media) (reaction 2) 

Reaction 2 is fast on platinum and in presence 
of H ÷ and H2 an equilibrium potential is reached. 
This potential can be calculated by the Nernst's 
law: 

E = 0.058. log(H30) + - 0.029 • 1og(pH2) 
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So, at a constant pH, the potential depends on 
the effective pressure of hydrogen in the vicinity 
of the catalyst surface, which determines the 
hydrogen coverage, OH. 

Otherwise, the control of the catalyst potential 
by an external device, allowing the control of OH, 
would influence the catalytic activity and selectiv- 
ity in hydrogenation reactions. In this work the 
effect of the potential of platinum catalysts on 
their catalytic activity and selectivity for the 
hydrogenation of unsaturated diacids (maleic, 
methylmaleic and dimethylmaleic acids) in aque- 
ous acid media was investigated. This test-reac- 
tion was largely studied as a model in liquid phase 
catalytic hydrogenations [4-12].  

The potential of the catalyst was either con- 
trolled by an external device (in presence or in 
absence of gaseous hydrogen) or spontaneously 
set by the fast equilibrated reaction 2. The results, 
obtained by these three different experimental 
processes, were compared, to allow a definition of 
the role of the catalyst's potential and eventually 
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to point out a possible 'non-Faradaic electrochem- 
ical modification of catalytic activity' (NEMCA 
effect) discovered by C. Vayenas et al. [ 13,14] 
in the case of organic compounds' oxidation. 

2. Experimental 

A platinized platinum wire (Lyon-Alemand- 
Louyot, 99.995%) was used as a model catalyst. 
A large active platinum area, equal to about 800 
cm 2, was obtained by electrochemical deposition 
of platinum [ 8]. 

The solvent was an aqueous n 2 s o  4 0.5 M solu- 
tion prepared with suprapure Merck sulphuric acid 
and ultrapure water (of a resistivity equal to 18 
M/2.cm).  Maleic, methylmaleic and dimethyl- 
maleic acids were analytical grade (Merck-Schu- 
chardt). The progress of reactions was followed 
by HPLC analysis with a Biorad Aminex 87H 
column and a UV detector. 

Before each experiment, the platinum surface 
was cleaned by electrochemical potential cycling 
between 0 and 1.5 V/RHE. Then the effective 
surface area of the platinum catalyst was evaluated 

'in situ' by linear potential sweep cyclic voltam- 
metry (LPSCV) [15]. This evaluation is based 
on the measure of electricity, Q~, exchanged dur- 
ing the underpotential adsorption or the desorption 
of a monolayer of hydrogen (Fig. 1 ), following 
the reaction: 

H + + e - ~ Had s (reaction 3 ) 

A classical three-electrode reaction cell is used 
for the characterization of platinum surface. For 
catalytic hydrogenations at controlled potentials 
the counter-electrode compartment was separated 
from the reaction-compartment by a Nation 
membrane (type 417 Aldrich) in order to avoid 
the migration and the electrochemical reaction of 
the organic compound on the counter electrode. 

2.1. Determination of the diffusion rate of 
hydrogen 

The catalytic hydrogenations in liquid media 
are known to be often limited by the diffusion of 
gaseous hydrogen to the catalyst surface. 

In this work, the diffusion rate of hydrogen was 
evaluated by the measure of the limiting current, 
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Fig. 1. Voltammogram of pladnizcd Pt in the potential region of under-potential adsorption of hydrogen (reaction: H + + e -  ~ Haa,). v =50 

mY/s, 0.5 M H2SO4, 299 K. 
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Fig. 2, Evolution of the catalytic activity of platinized Pt as a function of potential, spontaneously set by different partial pressures of hydrogen, 
( • ), or controlled by a potentiostat, (©) .  CM.A. = 2" 10-- 2M, H2SO4 = 0.5 M, PH2 = 1 atm. 

ie, corresponding to the electrocatalytic oxidation 
of hydrogen (reaction 2, in the oxidation sense). 

In the case of a rough platinum surface, iL is 
equal to the maximum diffusion current 
( i  L ----- idiff.max, [ 16] ), allowing the determination 
of the diffusion rate of hydrogen: vdiff = idiff.max/ 

(n.  F.  S) (n = 2, F =  96500 C and S = real surface 
area of platinum). 

The diffusion rate of hydrogen, Vdiff, measured 
in the experimental conditions used in this work 
is always higher than the hydrogenation rate, a, 
by a factor of 4 to 9 (for example, with PI~2 = 1 
atm, Vdiff=8.6"lO -9 m o l . m i n - l . c m  -2 and 
a--  1.7. lO -9 mol-min -1 "cm-2) .  

tiostat). The catalytic activity decreases with 
increasing potentials and becomes equal to zero 
at a potential value near + 180 mV/RHE.  

On the other hand, during a conventional cata- 
lytic hydrogenation of maleic acid, with different 
hydrogen pressures, the potential of the catalyst is 
spontaneously set at different values (third col- 
umn, Table 1 ). 

The comparison of the catalytic activities 
obtained by catalytic hydrogenations (Table 1) 
with those obtained by an external control of the 
potential points out that the activities are equal for 
the same values of the potential of the catalyst 
(Fig. 2). 

3. Results 

3.1. Hydrogenation of maleic acid at different 
potentials of platinum catalysts and at different 
hydrogen pressures 

In Fig. 2 is presented the evolution of the cata- 
lytic activity of platinum, for the hydrogenation 
of maleic acid, in function of the potential of the 
catalyst controlled by an external device (poten- 

3.2. Electrocatalytic reduction of maleic acid 

Maleic acid can be electrochemically reduced 
(in absence of gaseous hydrogen) following the 
global reaction: 

HOOCCH=CHCOOH + 2H ÷ + 2e -  

HOOCCHzCH2COOH. 
(reaction 4) 

The intrinsic catalytic activity of platinum can 
be calculated either from the current-potential sta- 
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Table 1 
Hydrogenation rates obtained at different potential values sponta- 
neously set with different PH2 (reaction: H 2 ~ 2H + + 2e-  ) 

pH2/atm E(H2)/mV/RHE E(H2+M.A.)  
mV/RHE 

Activity. 10 9 
mol / (min .cm 2) 

1.00 0 12 1.70 
0.63 6 24 1.50 
0.11 34 128 0.50 
0.01 59 184 0.11 

tionary curve, associated to the electroreduction 
of maleic acid, or by the decrease of the concen- 
tration of this compound. 

The obtained catalytic activities were compared 
with those of hydrogenation at controlled poten- 
tials in the presence of gaseous hydrogen (Fig. 
3). It can be remarked that the same activities are 
obtained for the same values of the potential of 
the catalyst (Fig. 3). 

3.3. Effect of the nature of  the olefin on the 
catalytic hydrogenations at controlled potentials 
of the catalyst 

In order to investigate the influence of the 
nature of the olefin in catalytic hydrogenations at 

controlled potential, methylmaleic acid was 
hydrogenated at different hydrogen pressures and 
at different potentials and the obtained curve A 
(Fig. 4) is compared to curve B, corresponding 
to the hydrogenation of maleic acid. It appears 
that, for the same potential of the catalyst, higher 
activities are obtained for maleic acid than for 
methylmaleic acid. This result is confirmed by the 
rates of electrocatalytic reduction of maleic 
(M.A.), methylmaleic (M.M.A.) and dimethyl- 
maleic (DM.M.A.) acids (Table 2), which 
decrease with increasing methyl substitution: 

aM.A. > aM.M.A. > aDM.M.A" 

Moreover, the starting reduction potential is 
more negative for more substituted olefins (Table 
2). This remark permits to control the selectivity, 
SM.A./M.M.A., in competitive hydrogenations of 
maleic and methylmaleic acid by imposition of 
different potentials (SM.A./M.M.A. = aM.A./aM.M.A.) 
(Table 3). Indeed, at + 170 mV/RHE the selec- 
tivity, SM.A/M.M.A. is equal to 50, whereas it is equal 
to 2 at 0 mV/RHE, pointing out that the selective 
hydrogenation of maleic acid, in a mixture of mal- 
eic and methylmaleic acid, is possible. 
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Pig. 3. Comparison of the catalytic activity of platinized Pt as a function of potential, for the electroreduction (absence of gaseous H2), ( • ,ZI) 
and the hydrogenation of maleic acid at different controlled potentials (presence of gaseous H2, PH2 = I arm), ( • ) .  CM.A. = 2" l 0 -  2 M. ( A ) 
activity calculated from the values of electroreduction currents (/t-o); ( • ) activity calculated from the decrease of CM.A.. 



E. Lamy-Pitara et al. /Catalysis Today 24 (1995) 151-156 155 

Activity.109/mol.(min -1.e m-2) 

6 

5-  

4 '  

3- 

2- 

o 
o,oo 

\ 
A 

I-I 

I I w 

0 ,05  0 ,10  0 ,15  0 , 2 0  ] ~ / R H E  

Fig. 4. Evolution of the catalytic activity of platinum in hydrogenations of maleic (curve B ) and methylmaleic (curve A) acids, in function of 
the potential: ( I ,  • ) imposed potential; (lq,A) spontaneously set potential. CM.A. = CM.M.A. = 2' 10--2 M. 

Table 2 
Comparison of activities of platinum catalysts at different potentials, 
in electrocatalytic reduction of  maleic (M.A.) ,  methylmaleic 
(M.M.A.) and dimethylmaleic (DM.M.A.) acids (c = 10 -3 M/l)  

Potential mV/RHE Activity. 109/mol/(min- cm 2) 

M.A M.M.A. DM.M.A. 

254 0.00 0.00 0.00 
204 0.00 0.00 0.00 
184 0.06 0.00 0.00 
154 0.09 0.07 0.00 
124 0.21 0.16 0.06 
103 0.23 0.19 0.16 
93 0.29 0.22 0.19 

Table 3 
Variation of the selectivity, SM.A./M.M.A. = aM.A./aM.M.A., in compet- 
itive hydrogenation of maleic and methylmaleic acid as a function 
of potential (CM.A. = CMM.A. = 10- 3 M) 

Potential/mV/RHE Selectivity (SM.A./M.M.A.) 

9 1.7 
69 3.1 

150 7.0 
171 50.0 

3.4. Active hydrogen in catalytic hydrogenation 
of olefins 

The changes of catalytic activities as a function 
of the potential of platinum catalyst (Figs. 2-4, 
Tables 1-2) can be compared with the voltam- 
mogram associated to the adsorption of hydrogen 
(Fig. 1 ) (reaction 3). 

It can be remarked that, for the three studied 
olefins, the hydrogenation reaction occurs only at 
potentials lower than 200 mV/RHE,  in the range 
of 'weakly' adsorbed hydrogen (peak B in Fig. 
1). However, as it is obvious on the voltammo- 
gram (Fig. 1 ), at this potential, about 35% of 
platinum surface is still occupied by the 'strongly' 
adsorbed hydrogen (peak A). So, it can be con- 
cluded that only 'weakly' adsorbed hydrogen spe- 
cies are active in catalytic hydrogenation ofolefins 
[17]. 

4. Conclusion 

The obtained results allow to conclude that: 
- -  In liquid phase catalytic hydrogenation of 

olefins the activity of platinum catalyst depends 
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mainly on the value of the potential of these cat- 
alysts. It doesn't depend on the way of potential 
control: by a potentiostat or by different hydrogen 
pressures following the equilibrium reaction 2. 

- -  The same catalytic activities of platinum are 
obtained in electrocatalytic and in catalytic reduc- 
tion of olefins, at the same potential values of the 
catalyst. This result points out that the same mech- 
anism occurs in both processes and it proves that 
the nature of the active adsorbed hydrogen is the 
same, independently of its origin: gaseous hydro- 
gen or reduced protons of the acid solution in 
agreement with the literature [ 5 ]. No promotion 
of the activity of platinum by electrochemical con- 
trol of its potential is found in our experiment 
conditions, unlike in the case of the catalytic oxi- 
dation of hydrogen by oxygen, reported recently 
by S.G. Neophytides et al. [ 14]. 

- -  Only weakly adsorbed hydrogen species are 
involved in the catalytic hydrogenation of olefinic 
compounds on platinum catalysts. Similar expla- 
nations were proposed in the literature by P. Mar6- 
cot et al. and P. Fouilloux et al. [ 18,19] in the 
case of Ni catalysts and also by I. Willner et al., 
P.C. Aben etal. [20,21] and J. Barbier et al. [22] 
in the case of Pt catalysts. 

- -  High selectivities in competitive hydrogen- 
ations of methyl substituted olefins can be reached 
by control of the potential of the catalyst at values 
between 0.15 V and 0.2 V/RHE.  
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