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4 i reactor or stopping the stirrer for a few 
minutes (the rate of deactivation of the 
catalyst after resuming the experiment, 
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is accomplished by reducing compounds in 
the reaction mixture which reactivate the 
deactivated platinum sites at the catalyst 
surface. Using a similar procedure, regen-
eration or a platinum catalyst was acnievea 
in the case of the oxidation of other com-
nounds such as ethvlene elvcol (3. 4). am-

FIG. 5. Deactivation constant as a function of partial 
monia (2), and sugar acids (8-10). This 
regeneration process at the platinum sur-
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face will also occur during normal oxidation 
experiments. However, deactivation then 
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decrease in the catalyst activity. 
Equation (1) can also be derived starting 

platinum catalysts during the oxidation of 
D-gluconate can be ascribed entirely to the 

from the three elementary processes that 
take place on the catalyst surface, namely, 

have been performed using a constant con­
centration of D-gluconate and different oxy-

ation. Because of these general starting 
points the proposed model does not have to 

gen pressures. The deactivation constants refer only to the oxidation of D-gluconate. 
belonging to these experiments are given in It may possibly also hold for other oxida-
tig. J as a runction or tne oxygen pressure 
and the D-gluconate concentration. It is 
striking that the deactivation constant de-

iion processes using precious meiai caia-
lysts under comparable reaction condi­
tions, during which (weak) reducing 

pends on both parameters and decreases 
using a lower oxygen pressure or a higher 

compounds are converted to their ac­
cessory products. The three elementary 

D-gluconate concentration, rrom this result steps will now be discussed in some detail, 
the assumption arises that the coverage of The oxidation reaction. As reported by 
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dominant factor for the deactivation pro­
cess. Lowering the oxygen pressure and 

by an abstraction of a proton of a hydroxyl 
group of the sixth carbon atom in the chain 

increasing the D-gluconate concentration 
actually both decrease the part of the plati-

by an OH ion, yielding water. Alter this 
step a hydride ion is transferred to the 
r\ la t in 1 i m c i i r f u r p a i v i n o thp r p u r t i n n intf*r-

This is also supported by the results in Fig. mediate, L-guluronate. An O H " ion is ob-
4. Although the pH of this solution is of tained by reaction of the hydride ion with 
great importance for the rate of reaction an adsorbed oxygen atom. The reaction 
(10) there is no relation between the pH path of the consecutive reaction of L-gulu-

confirms our assumption because the pH is 
only of minor influence on the part of the 

way. It appears (27) that the rate of oxida­
tion is proportional to the fractions of the 

platinum surface covered by oxygen. platinum surface which are covered by oxy-
In the case of a deactivated catalyst the gen,/0> and the organic reactant,/A- If the 

interruption of the oxygen supply to the the catalyst surface which is still not deac-
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FIG. 5. Deactivation constant as a function of partial 
pressure of oxygen and sodium-D-gluconate concen- 
tration. Sodium-D-ghconate concentrations: (0) 0.25 
mole/liter, (X) 0.5 mole/liter, (0) = I .O mole/liter, (+) 
1.67 mole/liter. 

platinum catalysts during the oxidation of 
D-gluconate can be ascribed entirely to the 
presence of oxygen. Series of experiments 
have been performed using a constant con- 
centration of D-gluconate and different oxy- 
gen pressures. The deactivation constants 
belonging to these experiments are given in 
Fig. 5 as a function of the oxygen pressure 
and the D-gluconate concentration. It is 
striking that the deactivation constant de- 
pends on both parameters and decreases 
using a lower oxygen pressure or a higher 
D-gluconate concentration. From this result 
the assumption arises that the coverage of 
the platinum surface with oxygen is a pre- 
dominant factor for the deactivation pro- 
cess. Lowering the oxygen pressure and 
increasing the D-gluconate concentration 
actually both decrease the part of the plati- 
num surface which is covered by oxygen. 
This is also supported by the results in Fig. 
4. Although the pH of this solution is of 
great importance for the rate of reaction 
(20) there is no relation between the pH 
applied and the deactivation constant. This 
confirms our assumption because the pH is 
only of minor influence on the part of the 
platinum surface covered by oxygen. 

In the case of a deactivated catalyst the 
original rate of reaction may be restored by 
interruption of the oxygen supply to the 

reactor or stopping the stirrer for a few 
minutes (the rate of deactivation of the 
catalyst after resuming the experiment, 
however, is higher (24)!). This reactivation 
is accomplished by reducing compounds in 
the reaction mixture which reactivate the 
deactivated platinum sites at the catalyst 
surface. Using a similar procedure, regen- 
eration of a platinum catalyst was achieved 
in the case of the oxidation of other com- 
pounds such as ethylene glycol (3, 4), am- 
monia (2), and sugar acids (8-10). This 
regeneration process at the platinum sur- 
face will also occur during normal oxidation 
experiments. However, deactivation then 
dominates and the net result is a gradual 
decrease in the catalyst activity. 

Equation (1) can also be derived starting 
from the three elementary processes that 
take place on the catalyst surface, namely, 
an oxidation, a deactivation, and a regener- 
ation. Because of these general starting 
points the proposed model does not have to 
refer only to the oxidation of D-gluconate. 
It may possibly also hold for other oxida- 
tion processes using precious metal cata- 
lysts under comparable reaction condi- 
tions, during which (weak) reducing 
compounds are converted to their ac- 
cessory products. The three elementary 
steps will now be discussed in some detail. 

The oxidation reaction. As reported by 
Heyns et al. (25,26) the reaction is initiated 
by an abstraction of a proton of a hydroxyl 
group of the sixth carbon atom in the chain 
by an OH- ion, yielding water. After this 
step a hydride ion is transferred to the 
platinum surface giving the reaction inter- 
mediate, L-guluronate. An OH- ion is ob- 
tained by reaction of the hydride ion with 
an adsorbed oxygen atom. The reaction 
path of the consecutive reaction of L-gulu- 
ronate to D-glucarate proceeds in a similar 
way. It appears (27) that the rate of oxida- 
tion is proportional to the fractions of the 
platinum surface which are covered by oxy- 
gen, fO, and the organic reactant, f~. If the 
oxidation reaction occurs only at the part of 
the catalyst surface which is still not deac- 
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tivated, 1 - the rate of oxidation is the platinum surface at infinite time and 
described by equals, k d f 0 / ( k d f 0 + k r f A ) , */,o is the deac­

tivated fraction of the platinum surface at / 
r„M) = A O X / A / O H - Xi(t)). (2) r\ _ 1 rs- * i i J ±: _ ^ „ A ^ 

The deactivation reaction. The deac 
tivation of the catalvst is caused by disso 

u, anu A D is ine ueaciivauun cuiisictiu 
"') and equals ( k d f 0 + k r f A ) / S . 
Wolf and Petersen (28) derived a similar 

ciative chemisorption of oxygen followed type of relation for a reaction with a self 
by penetration of oxygen atoms into the poisoning parallel reaction due to an irre-
platinum lattice, the nature ot trie deac-
tivation is described in more detail in Part 2 
(?4\ Tt is verv likelv that the rate of the 

versible interaction ot a reactant adsorbed 
on an active site. The introduction of a 
regeneration reaction as in our case. 

deactivation reaction depends on the frac­
tion of platinum sites at the surface which is 

however, does not result in a greatly differ­
ent expression. 

not yet deactivated, 1 - Xi(t), and the The total rate of reaction is obtained by 
fraction of sites which is covered with the summation of Eqs. (2) and (4). Equation 

reaction also contributes to the conversion 
of the organic reactant into products: 

The regeneration reaction. The interac­
tion between a reducing compound A and a 
deactivated site may result in a regenera­
tion of this site. The rate of regeneration 
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the initial rate of reaction, Rq, and Eq. (6). 
In this way a relation similar to Eq. (1) is 
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platinum sites which are deactivated, Xj(t), 
and the fraction of the surface covered by 

obtained. Thus the theoretical result fits the 
experimental results very well. 

the reducin reactant f ' o u r a e a c t l v a t I o n e x P e n _ 

e re u ing r , A - merits the catalyst deactivates faster than 
nredicted bv the theoretical model. Khan et 

As a first approach it is assumed that no 
a/, (3) obtained curves similar to those in 
Fig. 4 when oxidizing ethylene glycol in an 

dilierence exists between tne adsorption 
equilibria of a reactant on active or deac­
tivated nlatimim sites. As the reaction is 

aqueous slurry or a Pt/C catalyst. Sarkany 
and Gonzalez (29) observed this phenome­
n o n w/hf^n r\YiHi*7ino f ^ O cit Inw t n m n p n . 

performed under steady-state conditions 
(i.e., a constant composition of the reaction 

tures and explained it by a rapid adsorption 
of unreactive oxygen on Pt sites of low 

mixture) f A a n d / 0 will remain constant in surface coordination. Until now, however, 
time. no satisfactory evidence was available for 
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num sites per unit of time is given by the 
difference of the rates of the deactivation 

The rates of reaction attained are rather 
low. When D-glucose was oxidized, higher 

r e a c t i o n a n d the r e g e n e r a t i o n r e a c t i o n : r a t e s o f r e a c t i o n w e r e o b t a i n e d w i t h r e s p e c t 
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Substitution of Eqs. (3) and (4) in (5) results 

conaie was oxiaizea unaer me same reac­
tion conditions. With regard to the molecu­
lar structure both compounds are rather 

after integration in 

x;(t) = x / x 4- U / n - x i x ) exp(-AW) (6) 

similar. Accordingly, limitation of the rate 
of reaction by mass transfer of either reac-
tan t , D - g i u c o n a t e o r o x y g e n , i r o m tne 
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tivated, 1 - xi(t), the rate of oxidation is 
described by 

The deactivation reaction. The deac- 
tivation of the catalyst is caused by disso- 
ciative chemisorption of oxygen followed 
by penetration of oxygen atoms into the 
platinum lattice. The nature of the deac- 
tivation is described in more detail in Part 2 
(24). It is very likely that the rate of the 
deactivation reaction depends on the frac- 
tion of platinum sites at the surface which is 
not yet deactivated, 1 - xi(t), and the 
fraction of sites which is covered with 
oxygen, h : 

rd(t) = kd.h(l - .x,(f)). (3) 

The regeneration reaction. The interac- 
tion between a reducing compound A and a 
deactivated site may result in a regenera- 
tion of this site. The rate of regeneration 
will probably depend on the fraction of 
platinum sites which are deactivated, x;(t), 
and the fraction of the surface covered by 
the reducing reactant, f~ : 

r&l = kfAXi(t)* (4) 

As a first approach it is assumed that no 
difference exists between the adsorption 
equilibria of a reactant on active or deac- 
tivated platinum sites. As the reaction is 
performed under steady-state conditions 
(i.e., a constant composition of the reaction 
mixture) fA and f. will remain constant in 
time. 

The change of the amount of active plati- 
num sites per unit of time is given by the 
difference of the rates of the deactivation 
reaction and the regeneration reaction: 

(5) 

Substitution of Eqs. (3) and (4) in (5) results 
after integration in 

x;(t) = x,,, + (x,,,, - xiJ exp(-Ki,t) (6) 

in which x;,~ is the deactivated fraction of 

the platinum surface at infinite time and 
equals, k&/(k& + krfA), Xi,0 is the deac- 
tivated fraction of the platinum surface at t 
= 0, and Kn is the deactivation constant 
(s-l) and equals (k&o + krfA)/S. 

Wolf and Petersen (28) derived a similar 
type of relation for a reaction with a self- 
poisoning parallel reaction due to an irre- 
versible interaction of a reactant adsorbed 
on an active site. The introduction of a 
regeneration reaction as in our case, 
however, does not result in a greatly differ- 
ent expression. 

The total rate of reaction is obtained by 
the summation of Eqs. (2) and (4). Equation 
(4) is included because the regeneration 
reaction also contributes to the conversion 
of the organic reactant into products: 

R(t) = r,,(t) + r,(t). (7) 

R(t) is also obtained by the multiplication of 
the initial rate of reaction, Ro, and Eq. (6). 
In this way a relation similar to Eq. (1) is 
obtained. Thus the theoretical result fits the 
experimental results very well. 

At the start of our deactivation experi- 
ments the catalyst deactivates faster than 
predicted by the theoretical model. Khan et 
al. (3) obtained curves similar to those in 
Fig. 4 when oxidizing ethylene glycol in an 
aqueous slurry of a PtiC catalyst. Sarkany 
and Gonzalez (29) observed this phenome- 
non when oxidizing CO at low tempera- 
tures and explained it by a rapid adsorption 
of unreactive oxygen on Pt sites of low 
surface coordination. Until now, however, 
no satisfactory evidence was available for 
this assumption. 

The rates of reaction attained are rather 
low. When o-glucose was oxidized, higher 
rates of reaction were obtained with respect 
to the oxidation rate when sodium-D-glu- 
conate was oxidized under the same reac- 
tion conditions. With regard to the molecu- 
lar structure both compounds are rather 
similar. Accordingly, limitation of the rate 
of reaction by mass transfer of either reac- 
tant, D-gluconate or oxygen, from the 
aqueous phase to the catalyst surface is not 
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very likely. As regards the equilibrium con-
dition for adsorption, it is very likely that 
the Langmuir theory is applicable. CA 

i n e ucacuvciiiuii uuiisuuu can nuvv uc 
written as O 4 

S(l + (KnCn.)05 + KACA + ZKXCX) n 

(8) 
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The oxygen concentration in the slurry is 
proportional to the partial pressure of oxy-

FIG. 7. Deactivation constant as a iunction or tem­
perature (P0l = 1 bar, C G 0 Z = 0.5 mole/liter). 

gen m trie reaction mixture ^Co2 may oe 
obtained by multiplication of Po2 with the 
Henrv coefficient which is determined as a 

£d(^o,C 0 ,) 0 , 5 . From Eqs. (3) and (4) it then 
follows that the regeneration reaction is 

function of the concentration of several 
compounds). Hence the deactivation con-

much less signmcant than the deactivation 
reaction. All together Kb may be simplified 
to 

stant is proportional to (Po2) as long as it 
holds that 

0.5 

c /1 _i_ ir r< (10) 

(K0lCof -5 < 1 + KACA + ZKXCX. (9) 
From Eq. (9) it follows that the fraction of 

According 10 tne resuus in rig. d 11 was 
found that a linear relationship exists be­
tween and CPn.)05. Aooarentlv the con-

uie piaimiun suiiciL-c uuvcicu uy uAygcn 
atoms must be rather low. This means that 
in view of the high rates of deactivation of 

dition as given by Eq. (9) is fulfilled. In Fig. 
5 the interception of all lines with the KD 

the catalyst observed during our experi­
ments, the reaction rate constant k& in Eq. 

axis is located m the origin, lhis means that (3) is quite mgn. 
the term ^ / A C A in the numerator of Eq. (8) In Fig. 6 the deactivation constant is 
ic vprv Qmall rnmnarprl tn the other term nlotted as a function of the sodium-D-elu-

conate concentration (all these experiments 
were performed using a reaction mixture 
saturated with oxygen at 1 bar). I he path 01 
the curve corresponds with the general 
formula oivf»n hv P n (\(W Thp Hftar-

tivation constant at a zero concentration of 
D-gluconate in Fig. 6 was obtained by batch 
experiments as described under Experi­
mental. 
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constant appears to decrease linearly with 
increasing temperature (all experiments 
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very likely. As regards the equilibrium con- 
dition for adsorption, it is very likely that 
the Langmuir theory is applicable. 

The deactivation constant can now be 
written as 

K 
D 

= kti + krfi 
S 

kd(Ko,Co2)0~5 + k&CA 

= S(l + (Ko,Co,)O.’ + KACA + XK,G) 

(8) 

The oxygen concentration in the slurry is 
proportional to the partial pressure of oxy- 
gen in the reaction mixture (Co, may be 
obtained by multiplication of Pq with the 
Henry coefficient which is determined as a 
function of the concentration of several 
compounds). Hence the deactivation con- 
stant is proportional to (PO,)‘.’ as long as it 
holds that 

(Ko,CO,)~.~ + 1 + KACA + XK,C,. (9) 

According to the results in Fig. 5 it was 
found that a linear relationship exists be- 
tween Kn and (PO,)‘.‘. Apparently the con- 
dition as given by Eq. (9) is fulfilled. In Fig. 
5 the interception of all lines with the Kn 
axis is located in the origin. This means that 
the term krfACA in the numerator of Eq. (8) 
is very small compared to the other term 
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FIG. 6. Deactivation constant as a function of so- 
dium-D-ghconate concentration (Ps = 1 bar). 
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FIG. 7. Deactivation constant as a function of tem- 
perature (PO2 = 1 bar, Co,, = 0.5 mole/liter). 

kd(KO,CO,)o~S. From Eqs. (3) and (4) it then 
follows that the regeneration reaction is 
much less significant than the deactivation 
reaction. All together KD may be simplified 
to 

h(Ko co >O” 
KD = 

S(1 + KACy +’ XK,C,)’ (10) 

From Eq. (9) it follows that the fraction of 
the platinum surface covered by oxygen 
atoms must be rather low. This means that 
in view of the high rates of deactivation of 
the catalyst observed during our experi- 
ments, the reaction rate constant kd in Eq. 
(3) is quite high. 

In Fig. 6 the deactivation constant is 
plotted as a function of the sodium-D-glu- 
conate concentration (all these experiments 
were performed using a reaction mixture 
saturated with oxygen at 1 bar). The path of 
the curve corresponds with the general 
formula as given by Eq. (10). The deac- 
tivation constant at a zero concentration of 
D-gluconate in Fig. 6 was obtained by batch 
experiments as described under Experi- 
mental. 

As illustrated in Fig. 7, the deactivation 
constant appears to decrease linearly with 
increasing temperature (all experiments 
were performed using a reaction mixture 
saturated with oxygen at 1 bar). Ostermaier 
et al. (2), studying the low-temperature 
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oxidation of N H 3 , also noted a decreasing A C K N O W L E D G M E N T S 

extent of deactivation with increasing tem- T he authors gratefully acknowledge financial sup-
perature. They ascribed this effect to an port from the Dutch Foundation for Applied Techno-

of N H 3 at elevated temperatures. It is diffi­
cult, however, to predict in the light of Eq. 
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rate of reaction (mol g-’ s-9 
initial rate of reaction (mol g-l 
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rate of reaction at infinite time 
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deactivation constant (s-l) 
time (s) 
rate of oxidation reaction 

(mol g-’ s-l) 
rate constant of oxidation re- 

action (mol g-’ SC’) 
rate of deactivation reaction 

(mol g-’ ss’) 
rate constant of the deac- 

tivation reaction (mol g-’ 
s-l) 

rate of regeneration reaction 
(mol g-’ SC’) 

rate constant of the regenera- 
tion reaction (mol g-’ ss’) 

total amount of platinum sites 
per gram of catalyst (mol 
s-9 

the inactive fraction of the 
platinum sites 

fraction of the platinum sur- 
face covered by compound 

4. 
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6. 

7. 

8. 

9. 

10. 

II. 

12. 

13. 

14. 
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16. 

17. 

18. 
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20. 

21. 

Ko,, KA, K, adsorption constants 
PO, partial oxygen pressure in the 

22. 

slurry 23. 
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