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On the Changes of Rate Constants and Activation 
Energies during Catalytic Reactions. 
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L. Kreja 

Faculty of Chemistry, Nicolaus Copernicus University, Torufi, Poland 

Summary. It has been observed that catalytic reactions can proceed according to several rate constants 
and Arrhenius activation energies. Changes of rate constants occurs periodically with increasing 
numbers of moles of substrate, especially when the number of moles of substrate at the initial state is 
high compared with the amount of catalyst. It has been suggested that the difference in the mole number 
between two consecutive changes of a rate constant can be used as a measure of the effective catalyst 
concentration in homogeneous systems or of the number of active sites on the surface of a catalyst in 
heterogeneous systems. 
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Zu den Anderungen yon Geschwindigkeitskonstante und Aktivierungsenergie bei katalytischen 
Reaktionen. Zersetzung yon NaOC! und H202 

Zusammenfassung. Es wurde gefunden, dab katalytische Reaktionen mit verschiedenen Geschwindig- 
keitskonstanten und Aktivierungsenergien verlaufen k6nnen. Der Wechsel der Geschwindigkeitskon- 
stante tritt periodisch bei bestimmten Substratmengen auf, besonders wenn zu Beginn der Reaktion die 
Substratmenge gegentiber der Katalysatormenge hoch ist. Der Unterschied in der Molzahl zwischen 
aufeinanderfolgenden ,~nderungen der Geschwindigkeitskonstante wurde als Mal3 f/Jr die effektive 
Katalysatorkonzentration (in homogenen Systemen) oder f/Jr die Zahl der aktiven Zentren an der 
Katalysatoroberfliiche (in heterogenen Systemen) vorgeschlagen. 

Introduction 

Recently,  Larsson has shown tha t  the exper imental ly  de termined Arrehenius activa- 
t ion energy (Ea) is a mult iple  of a cons tan t  value of energy (AE) equal  to 1-2 kca l /mol  
I-1-3]. He suggests tha t  the act ivat ion energy changes stepwise by cons tan t  values of 
AE. As a consequence,  the rate cons tan t  should,  also change stepwise. In 1989, the 
same p h e n o m e n o n  has been observed with the decompos i t ion  of hydrogen  peroxide 
in the presence of iron po lyph tha locyan ine  as a heterogeneous  catalyst  [4]. 

As has been shown the free en tha lpy  of active complexe fo rmat ion  is the sum of 
the react ion en tha lpy  and  of a cont r ibu t ion  fi'om the act ivat ion en t ropy  of an active 
complex [5]. The en tha lpy  of active complex fo rmat ion  has a cons tan t  value under  
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defined experimental conditions. However, the value of entropy depends on its 
environment and concentration. The aim of this work is to show - on the basis of 
sodium hypochlorite [-6] and hydrogen peroxide decomposi t ion- that  catalytic 
reactions can proceed according to several rate constants and that the stepwise 
character of the catalysis is caused by the periodical action of the active sites under 
the initial conditions when the number moles of substrate is high compared to the 
amount of catalyst. 

Results and Discussion 

Figure 1 presents the dependence of the logarithm of the initial substrate mole 
number (n) upon time for the decomposition of sodium hypochlorite for different 
values of n and constant catalyst mass. 

It can be seen from Fig. 1 that the reaction proceeds a s  1 st order reaction [-71 at 
different rate constants depending on n: The higher the initial number of moles of 
a substrate, the greater the number of rate constants. The change of rate constant 
occurs at constant intervals An. At the final range of An the rate constant reaches 
a maximum value, but the turnover frequency in the consecutive ranges of An 
decreases, indicating that the catalytic activity decreases during the reaction. 

The main characteristic feature of this reaction is that the differences of substrate 
mole numbers (marked in Fig. 1 and 2 as An) corresponding to two consecutive 
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Fig. 1. Dependence of lgn upon 
time for sodium hypochlorite 
decomposition with different in- 
itial concentrations; pH = 11.8, 
T=333K 
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Fig. 2. Dependence of Inn 
upon time for hydrogen per- 
oxide decomposition with dif- 
ferent initial concentrations; 
T = 323 K 

changes of rate constants are constant for given catalyst mass and independent of 
temperature. 

Figure 2 presents the dependence of lnn vs. t for the decomposition of H20 2 in 
the presence of Pt. It follows from Fig. 2 that in this case the reaction also proceeds 
stepwise according to several rate constants with constant An for consecutive 
changes. 

As can be seen from Figs. 1 and 2, the direction of changes of rate constants in 
both reaction is opposite. In the case of NaOC1 decomposition, the consecutive 
rate constants increase, whereas in the reaction of H20 2 decomposition they 
decreases. This results from the change of entropy of active complexes formation. 

From the dependence oflnk upon 1/T, the activation energy in each range of An 
can be determined. The analysis of experimental data concerning the activation 
energy point out that the difference of activation energy corresponding to two 
consecutive changes of rate constant is constant within the bounds of experimental 
error. For the decomposition of NaOC1 it amounts to 1.38 kcal/mole. For the initial 
period of NaOC1 decomposition, the highest activation energy is observed (E~); at 
the final stage, the activation energy is the lowest one (E5). 

Figure 3 presents the dependence of activation energy on An scale for NaOC1 
decomposition. The changes are in the line with the suggestion of Larsson and in the 
same range as those presented by him [1]. 
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Fig. 3. Dependence of activation 
energy on the substrate concentration 
(expressed in An) for sodium hypo- 
chlorite decomposition 
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Fig. 4. Dependence of activation energy on the 
substrate concentration (expressed in An) for 
hydrogen peroxide decomposition 

In the case of the decomposition of the H2O 2 the direction of change of 
activation energy is opposite to that observed in the case of NaOC1 decomposition. 
The differences of AE, however, are constant, too. 

Figure 4 presents the dependence of activation energy on An for HzO 2 decompo- 
sition. In this case, the lowest activation energy is observed within the first range of 
An, i.e. in the initial period of reaction. 

In order to explain the course of reaction according to several rate constants, the 
catalytic reaction in the case of homogeneous systems can be described as 

mA + K*-*(AK)* + (m - 1)A ~ ( m  - 1)A + P + K (1) 

where A=subs t ra te ,  K=cata lys t ,  (AK)* =act ive complex, P = p r o d u c t ,  and 
m = current excess of moles of substrate regarding the number of moles of catalyst. 

In a heterogeneous catalytic system, where N = Avogadro's constant, the reac- 
tion can be represented by Eq. (2): 

m(An .N)A  + (N.An)K~-+(AK)* + (m - 1)(An.N)A-- , (m - 1)(An.N)A + P + K (2) 

The product  N ' A n  determines the number of active sites on the surface of 
a catalyst used in the reaction. 

In case of the reaction described in Eq. (1), the reaction from substrate to product 
proceeds by "portions" because the catalyst can be bound into the active complex 
only by the limited number of moles of substrate. A "portion" therefore determines 
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a quantity of substrate which can be bound stoichiometrically by the catalyst into 
the active complex. Since the change of a rate constant occurs periodically at every 
constant values of An, it can be assumed that the active complex is always created by 
the same quantity of An substrate moles and active sites. This points to c~ strong 
stoichiometry of the catalytic processes. 

Assuming that the considered active complex arises from a substrate molecule 
and a catalyst active site in the ratio of 1:1, the consecutive reaction of"portions" on 
the way from substrate to a product according to Eq. (1) can be writen as follows: 

mA + K,--,(AK)* + (m - 1 ) A ~ P  + K + (m - 1)A 

(m - 1)A + K*-->(AK)* + (m - 2)A --, P + K + (m - 2)A 

(m - 2)A + K,->(AK)* + (m - 3)A ---> P + K + (m - 3)A 

(3) 

(4) 

(5) 

2A + K,-+(AK)* + A - - > P + K + A  (6) 

A + K, - , (AK)*  ---,P + K (7) 

From a statistic thermodynamics point of view, reactions (3)-(7) proceed under 
different conditions of thermodynamic probability. Therefore, consecutive active 
complexes are characterized by different values of activation entropy. The entropy of 
activation is determined by parameters which characterize structures of substrate 
molecules and activated complexes, i.e. by vibrational frequencies, interatomic 
distances, atomic masses etc. Taking into consideration the theory of absolute 
reaction rate in which the rate constant is described as 

= ~ - e x p ( A S * / R ) e x p (  - A H * / R  T), (8) k 

it is evident that not only the enthalpy of an active complex but also its entropy 
decide about the value of the rate constant. This entropy depends on the structure of 
reacted molecules and that of the activated complex. 

From Eq. (8), Eqs. (9a) and (gb) may be derived for m and m -  1, respectively 

l n k  m = in G + AS~ /R  - A H * / R  T (9a) 

lnk,,_ 1 = lnG + ASm- a/R - A H * / R  T (gb) 

Substraction of Eq. (9a) from Eq. (9b) affords 

1 __ a S m - 1  aSm (10) 

In the case of the decomposition of NaOC1 it follows from the experimental data that 

k ~ - i  > km and l n ~ > 0  (11) 

Therefore, 

IAS~_ 1/R[ > IASURI (12) 
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The last relation demonstrates that during the reaction the absolute value of entropy 
increases. 

For the decomposition of H202 we have 

IAS _ 1~el < IAS~/R[, (13) 

indicating that the absolute value of entropy decreases as the reaction proceeds. 
The periodical changes of rate constants at every constant An suggests that the 

catalyst binds a number of moles of substrate equivalent to the number of active 
sites. For this reason, An can be a measure of effective catalyst concentration in the 
homogeneous system or a measure for the number of active sites on the catalyst 
surface in case of heterogeneous catalytic systems. 

Other experimental data show that in homogeneous system in which the catalyst 
concentration is known An corresponds to the concentration of the catalyst [11]. 
This fact confirms well the suggestion mentioned above. 

The above conclusion is going well with the observation that the value of An in 
the NaOC1 as well as in the H202 decompositions depends linearly on the catalyst 
mass. 

In Tables 1 and 2, the values of activation energy for the decomposition of 
NaOC1 and H202, respectively, are given. According to these data and Figs. 3 and 4, 
we can write 

Eex p = E ° -}- a A E  (14) 

Table 1. NaOC1 decomposition (303-333K, pH = 11.8): acti- 

vation energy differences for different ranges of concentration; 

An = 0.018; AEex p = 1.38 kcal/mol 

E ~xp A E ~p 
(kcal/mol) (kcal/mol) 

5 A n ~ 4 A n  11.64 
1.45 

4 A n ~ 3 A n  10.19 
1.36 

3An~2An  8.83 
1.31 

2An--* 1An 7.52 
1.43 

1A n -~ 0 6.09 

Table 2. H20 2 decomposition (303-333 K): activation energy 
differences for different ranges of concentration; An=0.1;  

AEex ~ = 1.56 kcal/mol 

E exp A E exp 

(kcal/mol) (kcal/mol) 

4A n ~ 3A n 7.92 
1.53 

3An ~ 2An 9.45 
1.63 

2An--* 1An 11.08 
1.52 

1An--*0 12.60 
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where  Eex p = expe r i m en t a l l y  d e t e r m i n e d  ac t i va t i on  ene rgy  a c c o r d i n g  to the Ar-  
rhenius equa t ion ,  E ° = indivisible p a r t  of  ac t iva t ion  energy,  a = n u m b e r  of  ac t iva-  

t ion  ene rgy  change ,  a n d  AE = difference of  ac t iva t ion  ene rgy  be tween  two  
consecu t ive  values.  

Experimental 

The catalyst for the decomposition ofH20 2 was obtained by impregnation of active carbon "Carbopol 
N" with chloroplatinic acid: 1 g of active carbon (880 m2/g) was immersed in chloroplatinic acid to get 
5% w/w surface concentration of Pt. After evaporation of water, Pt ions were reduced in a hydrogen 
atmosphere. Depending on the temperature of this process, the final platinum crystallites exhibit 
different sizes which were estimated applying the WAXS method by means of a DRON 1 apparatus 
using CuKc~ radiation [123. Crystallite sizes were within the range of 8 to 30 rim. 

The decomposition of sodium hypochlorite in the presence of Co30 4 as a catalyst was studied. The 
catalyst was obtained by impregnating a carrier (aluminum magnesium spinell) with a 2 M cobalt 
nitrate solution during 24 h, drying, and annealing at 480 K [73. The covering by Co304 amounted to 
4.5% w/w. 

Catalytic activity 

The decomposition of hydrogen peroxide was performed at concentrations ranging from 0.005 to 
0.2 tool/din 3 at 288 to 323 K. The concentration changes of H20 2 during the reaction were determined 
manganometrically. Within the whole range of H20 2 concentration, the reaction order was equal to 
1 [8-10]. The decomposition of NaOC1 was carried out at different initial concentrations and 
temperatures at pH = 11.8. Samples were taken at defined time intervals, and the content of active 
chlorine was determied iodometrically. 

References 

[1] Larsson R (1986) J Mol Cata 38:71 
[2] Larsson R (1989) Catal Today 4:235 
[3] Larsson R (1989) Catal Lett 11:55 
[4] Kreja L (1989) B Electrochem 5:55 
[5] Eyring H, Eyring EM (1963) Modern chemical kinetics. Chapman and Hall, New York 
[6] Kreja L (1955) Monatsh Chem 126:281 
[7] Dejewska B (1986) Przemysl Chemiczny 65:372 
~8] Kreja L (1984) Z Phys Chem NF 140:247 
[9] Meier H, Zimmerhackl E, Albrecht W, Tschirwitz U (1972) In: Kropf H, Steinbach F (Hrsg) 

Katalyse an Phthalocyaninen, Symposium am 10. Mai 1972, Hamburg. Georg Thieme Verlag, 
Stuttgart, s 104 

[10] Baumgartner HJ, Hood GC, Monger JM, Roberts RM, Sanborn CE (1963) J Catal 2:405 
[11] Kreja L (unpublished data) 
[12] Cullity BD (1959) Elements of X-ray Diffraction. Addison-Wesley, London, chapter IX 

Received October 16, 1995. Accepted May 2, 1996 


