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A kinetic study was made of the reesterification of ethyl acetate by methanol at 120°C and the 
dehydration of tert-butanol at 95°C in gaseous phase on macroreticular ion exchanger catalysts 
of styrene-divinylbenzene type containing different combinations of the acidic groups -S03H, 
-PO(OH)2' or -P(OHh. Also studied was the kinetics on the pure components of these cata
lysts which were subjected to the same mechanical treatment as was employed in preparing the 
mixtures. It was verified that the kinetics of the reaction on the catalysts containing different 
active groups can be expressed by the summation of rate expressions for the pure components. 
From the obtained dependence of kinetic constants on acid strenght of the ion exchangers used, 
the distribution of catalytic activity has been calculated for the surface of a catalyst which would 
possess continuous distribution of the acid strength of active sites on the surface. The results 
of this work rendered it possible to estimate the possibility of approximating the kinetics on non
uniform surfaces by means of rate equations not considering the non-equivalency of active 
centers. 

In the kinetics of heterogeneous catalytic reactions a question which still remains to be solved 
is whether in deriving the rate equations the non-equivalency of active centers of the catalysts 
should be taken into account or not. In the earlier papers of this series1 ,2 we demonstrated for 
a catalyst containing equivalent active centers (a sulphonated macroreticular ion exchanger) 
that the use of Langmuir-Hinshelwood kinetics is justified and that the so called kinetic adsorp
tion coefficients may have physical meaning. In a later study3 we analysed the equations of Lang
muir-Hinshelwood type, varying the strength and number of acidic active groups of ion exchanger 
catalysts. In contrast to these, intentionally simple catalysts, in most of the catalysts so far em
ployed in practice the catalytically active centers cannot be identified and hence one cannot 
decide whether they are or are not equivalent. On attempting to obtain data on whether the cata
lyst posessess several types of active centers as well as to estimate the contribution of each to over
-all kinetics, some authors used indirect methods4 - 6 . Thus, for example, Yoneda6 has found 
by using mathematical method of "regional analysis" that of several regions of acidic centers 
of ni~kel sulphate, which were determined by titration with amine, only the two are catalytically 
active in oligomerisation of propylene and in depolymerisation of paraacetaldehyde; at the same 

For Part V see Proceedings of the Fifth International Congress on Catalysis, West Palm 
Beach, Florida, U.S.A. 1972, Vol. 2, p. 1193. 
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time, the difference in their activity, particularly in oligomerisation of propylene, was insignificant. 
Kolboe4 concluded on the intervention of several types of active centers from the better agree
ment of experimental kinetic curves with the curves calculated according to the equations as
suming participation of two types of active centers than with those derived under the assumption 
of the centers of one type. In another workS the author made an attempt to describe thermal de
sorption curves of isopropanol on zinc oxide and the kinetics of its dehydrogenation under the 
assumption that the adsorption and catalytic reaction proceed on five kinds of active sites. 
He achieved a rather good agreement between the calculation and the experiment. Its significance 
cannot be however overvalued because of a great number of the constants having been simultane
ously determined by regression analysis. 

The aim of this work was to prepare a catalyst which would contain active centers 
of several kinds, the kinetic characteristics of which could be determined separately 
and directly beforehand. On this catalyst it would be then possible to verify by kinetic 
study of a suitable reaction whether the contributions of individual kinds of active 
sites to the over-all catalytic activity are additive, and at what difference in their 
activity the contribution of some of them could be neglected and therefore the 
surface of such a catalyst could be regarded as uniform from the point of view 
of catalytic activity. From previous studies1

,3 we had at disposal kinetic data on re
esterification of organic esters by alcohols and on dehydration of tert-butanol 
in gaseous phase on macroreticular styrene-divinylbenzene copolymers containing 
one of the following groups, - S03H, - PO(OHh, and -P(OH)2, which differ 
in acid strength 7 • In this work, by pressing very fine powder of these ion exchangers, 
we prepared the catalysts containing always the two of these groups and that in dif
ferent relative proportion, and studied on them reesterification of ethyl acetate 
and dehydration of tert-butanol. 

EXPERIMENTAL 

Starting compounds were the same as in previous studies 1.3. The catalysts were prepared from 
ion exchangers containing -S03H, -PO(OHh or -P(OHh groups, whose provenience, 
preparation and properties were also described earIier1

•
3

,8. The ion exchangers were powdered 
(particle size around 40 Il), mixed in appropriate ratio and pressed to pellets, using the pressure 
of around 200 atm. The pellets were then ground to the particles of the size 0,16-0,32 mm which 
were used in kinetic experiments. The composition of the prepared catalysts is recorded in Table I. 

Kinetic measurements were carried out in a glass flow reactor heated by circulating silicone 
oil bath. In the case of dehydration of tert-butanol the reactor was connected directly with gas 
chromatograph via six-way valve with sample loop, .in the reesterification of ethyl acetate the 
products were first condensed in the trap cooled by dry ice and then analysed separately. The ap
paratus and procedure used in kinetic measurements, along with analytical methods were de
scribed in detail in previous papers1,3 . 

RESULTS 

The kinetics of dehydration oftert-butanol was studied at 95°C on catalysts PO - P 50, 
PO - P 10, and S - PO 50. On preparing these mixed catalysts by pressing, the tex-

Colledion Czechoslov. Chern. Cornmun. /Vol. 38/ (1973) 



3792 Setinek, Beranek: 

ture and catalytic properties of some of them were found to undergo changes due 
to this mechanical treatment9

. For this reason not only the mixed catalysts, but also 
the pure components S, PO, and P, were converted to the form of pressed particles, 
using the same treatment in both cases. With all these catalysts the kinetic was mea
sured in the same way as in a previous work3 and was interpreted by rate equation (1), 
which turned out to be the best one for all primary ion exchangers. The constants 
of Eq. (1) for pressed ion exchangers S, PO, and P are presented in Table II, along 
with the analogous data for primary ion exchangers reported previously3. 

(1) 

Fig. 1 illustrates how experimental dependence of the reaction rates of dehydration 
of tert-butanol, obtained for the PO - P 50 mixed catalyst, on the partial pressure 
of the alcohol agrees with the curve calculated under the assumption of the additivity 
of the contributions of both components, using Eq. (1) and the values of the constants 
for pure pressed components PO and P from Table II. For comparison purposes 
the curves for pure pressed components PO and P are also presented in this figure. 
It is seen that experimental points are close to the curve calculated for the mixed 
catalysts, the majority of them lie however slightly above the curve. Although, as 
was shown in our previous work9

, in contrast to catalyst PO - P 10, much better 
agreement with the assumption of the additivity of the effect of mechanical treatment 
on the textural properties of individual components has been achieved with the cata
lyst just discussed, a certain deviation from this assumption is obviously the reason 
of small shift of the experimental from the calculated data. 

FIG. 1 

Dependence of Initial Reaction Rate of De
hydration of tert-Butanol on Its Initial Partial 
Pressure 

Curve PO-P 50 was calculated by means 
oflinear combination of the equations of type 
(1) for mixed catalyst, using the values of the 
constant from Table II (right-hand side). 
Points are experimental values for the same 
catalyst. The curves PO and P correspond 
to the data for pure pressed components. 
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Further catalyst studied, S - PO 50, consists of components whose catalytic 
activity for the reaction under study differs by more than two orders of magnitude 
(Table II). As it can. readily be calculated, the contribution of the less active com
ponent PO to the reaction rate, irrespective of whether we consider the primary 
or the pressed component, amounts to Jess than 1 per cent. This value is lower than 
the reproducibility of the method of kinetic analysis, and we did not find in fact 
the contribution of ion exchanger PO when carrying out kinetic measurements with 
this catalyst. 

For a study of the kinetics of reesterification we have chosen an ethyl acetate( A)-me
thanol(B) system at 120°C and catalysts S-P 50 and S- P 10. The procedure em
ployed was the same as in our previous work 1 from which we took also the results 

TABLE I 

Components of Catalysts Used (wt. %) 

D enotation 

S-P 50 
S-P 10 
S-PO 50 
PO-P 50 
PO-P 10 

50 
10 
50 50 

50 
10 

50 
90 

50 
90 

a Ion exchanger S contained 2·4 mequiv.j g - S03H groups; b ion exchanger PO 3·9 mequiv. jg 
PO(OHh groups; C ion exchanger P 4·0 mequiv. jg - P(OHh groups. 

TABLE II 
The Values of Constants of Kinetic Equation (1) for Dehydration of Tert-butanol at 95°C, the 
Relative Acid Strengths and Surface Area of the Catalysts Used 

Primary ion After mechanical treatment 

Catalyst AjA~ exchanger3 
surface 

k kA k KA m 2 jg 

46080 0·12 46080 0·12 70 

PO 0·023 186 0·31 832 0·24 33 

P 0·0031 25·6 1·00 23'5 0·34 87 

a Parameter A is the value of the adsorption coefficient of dimethyl ether as a weak base, deter
mined by measuring its irreversible adsorption on the ion exchanger used

7
. 
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for the pure catalyst S, i.e. kinetic equation (2) and the values of constants k = 2625 
mol h- 1 kg-l, KA = 1·35 aCt, and KB = 0·34 aC 1. For catalyst P and the same 
equation (2) we found in this work k = 43·2 mol h- 1 kg-l, .K A = 2·3 aCt, and 
KB = 10·3 aC 1

. The effect of pressing was not considered here, due to its lesser 
importance9 for ion' exchanger P and the negligible effect for ion exchanger S. As 
follows from these data for the pure components, similarly to the dehydration 
of tert-butanoJ3, the values of adsorption coefficients, in particular of the alcohol, 
increase with decreasing acid strength of the catalyst. 

(2) 

With mixed catalysts S - P 50 and S - P 10, we measured the values of initial reaction 
rates of the reesterification at different partial pressures of the alcohol and of the 
ester and compared them with the values calculated by means of linear combination 
of the equations of type (2), using the corresponding values for the pure components. 
The results' are graphically ' represented in Fig. 2. Apart from usual dispersion, 
the data are in good agreement. 

DISCUSSION 

In the kinetics of heterogeneous catalytic reactions, in most cases the non-equivalency 
of active centers is not taken into account. One of the approaches not neglecting 
the non-uniformity of the surface assumes the presence of several types of active sites 
and sums up the respective reaction ratesS,lO. On the basis of our experimental data 
we will show what practical difference exists between these two approaches. 

In the case of dehydration of tert-butanol on a catalyst containing several types 
of active centers, the reaction rate should be given by the summation (3) of Langmuir
Hinshelwood expressions (1) 

(3) 

The relation (3) is valid in case that no interactions between individual types of active 
sites or no other complicating phenomena occur, and that the mechanism does not 
differ on the sites of different type. We have found that with the mixed ion exchanger 
catalysts used such complications do not arise (except for a certain effect of pressing 
on the texture of some ion exchangers, which could be largely eliminated). The results 
shown in Figs 1 and 2 demonstrate that on acid catalysts with different sorts of active 
centers the summation of rate equations for the pure components can be success
fully applied. 
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In Fig. 3 the curve 1 represents the dependence r = f(p A) for n = 2 and the values 
of the constants from Table II. If we attempt to describe this dependence by simple 
equation (1), by non-linear regression we get the constants listed in Table III. The 

TABLE III 

The Values of Constants of Kinetic Equation (1) for Approximative Expression of Composite 
Rate Function (3) 

Method of calculation k 

According to Eq. (3) 83·2a 

23'5b 

Linear regression to curve 1 
(Fig. 3) 52-86 

Mean values of the constants 
for components PO and P 53·35 

According to approximative 
expresions (4) and (5) 52·4 

a For component PO; b for component P. 
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Relationship between Experimental Initial Reaction Rates of Reesterification of Ethyl Acetate 
by Methanol and the Values Calculated by Means of Linear Combination of the Equations 
of Type (2) for Pure Components Sand P 

a For catalyst S-P 50, b for catalyst S-P 10. 

Collection Czechoslov. Chern. Cornrnun. IVol. 381 (1973\ 



3796 Setinek, Beranek: 

curve 2 calculated by using these constants is practically identical with the curve 1 
calculated by means of expression (3) for the two kinds of active centers, which con
tains four constants. The values of the rate constant and adsorption coefficient 
obtained from simple equation (1)Jie between the values for components PO and P 
(Table III), but they do not represent the mean values. The curve 3 calculated by 
means of the mean values differs somewhat from the curve 1. 

It can be hence said that the kinetics of a reaction on a catalyst containing more 
kinds of active centers (in our case their activity and acid strength differed by about 
one order of magnitude) can very well be described even by simple expression of Lang
muir- Hinshelwood type. This approximation will be obviously valid only within 
limited region of pressures (in our case the pressure region used was from 0·1 to 
0·9 atm). The constants of the simple equation can be approximately determined 
beforhand from the constants for individual kinds .pf active centers: by developping 
the individual expressions in Eq. (3) into series, summing up the terms with the same 
power of partial pressure and by comparing the first two members of the series 
with the first members of the expression (1) developed into series in the same way. 
One obtains relations (4) and (5). 

1.5 

1.0 

0.2 01. 

FIG. 3 

Calculated Dependences of Initial Reaction Rate of Dehydration or Tert-butanol on Its Ini
tial Partial Pressure on Catalyst PO-P 50 

Curve 1 was calculated according to relation (3), curves 2- 4 according to simple equa
tion (1); the values of the constants are listed in Table III. 
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k = (slk1K A ,l + S2 k2KA,2? 

(slklKl~i + s2k2Kl~~f' 

3797 

(4) 

(5) 

The curve 4 in Fig. 3 was calculated using the values of k and KA obtained by this 
procedure (Table III). As it is seen it agrees better with the curve 1 than the curve 3 
which was obtained on the basis of mean values. 

On the example when the activity of individual kinds of active sites differs more 
than in the pre~eding case (e.g. for ion exchangers S and PO by more than two orders 
of magnitude), we will show how great is the contribution of the less active com
ponent. In Fig. 4 are shown the courses of the r-PA dependence. The curve for 
catalyst S - PO 50 (related for comparison to the weighted amount of the pure com
ponent S, similarly as the other curves in Fig. 4) cannot be distinguished at all from 
the curve for pure S (the deviations are about 0'3%). If the ratio of the components 

12 

FIG. 4 
Calculated Dependences of Initial Reaction Rates of Dehydration of Tert-butanpl (Related to 
the Weighted Amount of Pure Component S) on Its Initial Partial Pressure 

Calculations were performed by means of an equation of type (3), using experimental 
values of .the constants for the pure substances from Table Il (right-hand side). 1 Catalyst S, 
2 catalyst S-PO 10, 3 catalyst containing 1 wt.% of component Sand 99 wt.% of component 
PO, 4 catalyst containing 1 wt. % of components S, 9 wt.% of component PO and 90 wt.% of 
component P. 
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is 1 : 9 in favour of the less active component PO (curve 2)) the course of the r-PA 
plot does not practically differ from curve 1. Only when the distribution of the acidic 
components is extreme (1 : 99 ratio) the contribution of the less active sites cannot be 
neglected (curve 3). We made further an attempt to simulate the course of the r-PA 
dependence for the three-component catalyst S - PO - P. If the distribution of these 
types of active sites were linear (all components present in equal amounts) the course 
of the r-PA dependence would not be different from curve 1, since the contribution 
of component PO, and more so of component P, is negligible with regard to the highly 
active component S. Only if one assumes the distribution of sites to be roughly 
logarithmic (catalyst S-PO-P in the ratio of 1 : 9: 90), one would obtain the rate 
values represented by the curve 4, which, nevertheless, differ from the values of the 
curve 1 for the catalyst with equivalent active sites by only 10 per cent. 

The effect of inequality of active sites on the kine~ics of acid-catalysed dehydration 
of tert-butanol is therefore weak. In our previous paper3 we have shown what 
distribution of reaction rate of dehydration of tert-butanol would likely be on the 
catalyst which would possess continuous linear distribution of the centers within 
the range of the acid strength of functional groups of the ion exchangers employed 

de 
(is 

--~r-- j 15 

dr 
CiS 

~10 

1 
I 

I 

- log (A/A,) 

FIG. 5 

Distribution of Reaction Rate on Surface Acid of Catalyst with Continuous Linear Distri
bution of Centers According to Acid Strength 

Curve 1 was calculated3 for dehydration of tert-butanol at 95°C, P A = 0·5 at; curve 2 repre
sents reesterification of ethyl acetate by methanol at 120°C, PA = 0·25, PB = 0·25; points are 
experimental values. 
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(from -S03H to -P(OH)z). In Fig. 5 is the so obtained dependence represented 
by curve 1. Kinetic results of the reesterification of ethyl acetate by methanol on cata
lysts Sand P, presented in this work, enabled us to make an approximate estimation 
of the distribution of reaction rate of this reaction on the same model of linearly 
nonuniform surface. The calculation was performed in the same way as in the earlier 
treatment of kinetic data on dehydration oftert-butanol3 and it was assumed, similarly 
that also the rate constants and adsorption coefficients of the reesterification are 
linearly dependent (in logarithmic coordinates) on relative acid strength of active 
centers. The calculation yielded the curve 2 shown in Fig. 5. From its course it follows 
that the distribution of the reaction rate of the reesterification with regard to dif
ferent acid centers is more even than in the dehydration of tert-butanol. The region 
of acid strength, log (AjAo), from 0 to -1, which in the dehydration of tert-butanol 
represents over 90 per cent of the catalyst activity, contributes in the reesterification 
to the over-all activity only by somewhat more than by one half. If we express the 
contributions of centers within the region of log (AjAo) from 0 to -4, which signifi
cantly contribute to over-all reaction rate, we obtain the following percentual pro
portions: for the region of log (Aj Ao) from 0 to -1 it is 59·6%; from -1 to - 2 it is 
27·5%; from -2 to-3 it is 10·0%, and from -3 to -4 it is 2'9%. 

Contrarily to hypothetical distributions reported in literature (e.g. 11) with postulat
ed values of the coefficients of linear relations, the distributions in Fig. 5 are based 
on the values obtained experimentally, even though in the case of the reesterification 
only the data for two ion exchangers of different acid strengths were available. While 
in the dehydration of tert-butanol the over-all activity was practically determined 
by the most acidic centers within the region of one order of magnitude of acid 
strength, and the catalytically active surface could then be assumed to be approxi
mately uniform, the centers which participate in the reesterification lie within a broa
der acidity region, this being apparently associated with the character of the ad
sorption of reactants and with the detailed mechanism of the reaction. In this case 
the catalytically active surface cannot be regarded as uniform. However, similarly 
to the dehydration of tert-butanol, also here it can be demonstrated by calculation 
that the kinetics · of reesterification (which is more complicated, since we deal here 
with bimolecular reaction) on this nonuniform surface can be well approximated 
by simple equations of Langmuir-Hinshelwood type (for the partial pressures of from 
0·025 to 0·9 atm the deviations are about 1-2%, exceptionally over 3 per cent). 

LIST OF SYMBOLS 

A acid strength, expressed by means of the adsorption coefficient of dimethyl ether as 
a weak base chemisorbed on ion exchangers 7 (at -1) 

k rate constant (mol h - 1 kg -1) 

KA, KB adsorption coefficients of reactants (at -1) 
n number of different types of active sites 
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P A' PB initial partial pressures of reactants (at) 
initial reaction rate (mol h- I kg-I) 
relative representation of a given kind of active sites 

Indices 

i, 1,2 denote corresponding type of active sites 
o denotes values corresponding to the most acidic active sites 
calc calculated values 
exp experimental values 
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