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The kinetics of acetic acid esterification with ethyl alcohol, in vapor phase, have been studied in 
the presence of decationized Y zeolite catalysts. Two kinetic models have been considered: a 
Rideal model and a bimolecular surface reaction model. Both of these models satisfactorily fit the 
experimental data. The choice of the better model has been made on the basis of the physical 
significance of the parameters obtained by nonlinear regression analysis of the data. Suggestions 
are given on the mechanism of the reaction, which appears to be similar to that occurring under 
homogeneous liquid-phase conditions. 

INTRODUCTION 

The esterification of ethyl alcohol by ace- 
tic acid is a well-known reversible reaction, 
catalyzed by an acid environment and usu- 
ally performed in liquid phase (1, 2). Equi- 
librium for the stoichiometric mixture is 
reached at about 66% of conversion to ethyl 
acetate (2). In order to obtain higher yields, 
the reaction must be forced to completion 
by removing the water produced and by op- 
erating with an excess of one of the re- 
agents (2). The low conversions obtainable 
in liquid phase are due to the low values of 
equilibrium constants ( I, 3). 

It is known (1, 4), and can easily be cal- 
culated (5), that the same reaction is ther- 
modynamically favored when performed in 
vapor phase. For this reason the catalytic 
esterification, performed in vapor phase, 
has in the past received considerable atten- 
tion (I). Several materials such as silica gel, 
zirconia, vanadium pentoxide, cobalt ox- 
ide, etc., have been proven to be catalysts. 

Some publications have sought to deter- 
mine the equilibrium constants for the reac- 
tion performed in vapor phase. More reli- 
able data have recently been collected and 
reinterpreted by Hawes and Kabel (4). 

The kinetics of the esterification reaction 
of both ethanol and propanol by acetic acid, 
catalyzed by silica gel, have been described 

(6-9). Until recently, however, little atten- 
tion had been given to the possibility of em- 
ploying zeolites for promoting this reaction. 

The use of large-pore zeolites such as X 
and Y for catalyzing the esterification has 
recently been suggested by Bergk (10) and 
no relationship between the activity and its 
surface acidity was observed. 

A recently published patent (II) reported 
that decationized Y zeolites are very active 
and selective catalysts for esterification re- 
actions, and that catalytic activity is 
strongly related to the surface acidity. Ac- 
cording to this patent, energy can be saved 
by producing ethyl acetate, in vapor phase, 
in the presence of decationized Y zeolite 
catalysts. 

In the present paper, we will study the 
kinetic behavior of the esterification reac- 
tion between ethyl alcohol and acetic acid, 
in the presence of decationized Y zeolite. 
We will also study the influence of surface 
acidity on the reaction rate. Finally we will 
evaluate the number of active sites, by poi- 
soning the catalyst. 

Thermodynamic Aspects of the Reaction 
Several authors have experimentally 

measured the equilibrium constants of the 
esterification of acetic acid by ethanol, in 
vapor phase, but the data reported are 
rather scattered (1). In some cases the data 
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are wrong or unreliable, probably because 
they were collected during the transient pe- 
riod of the reaction. In other cases, the au- 
thors overlooked the influence of the for- 
mation of small amounts of by-products 
and that of the equilibrium of dimerization 
of the acid. 

By reinterpreting the data of many other 
authors, Hawes and Kabel(4) obtained the 
following relationships for the equilibrium 
constants of the reaction: 

log K, = y + 0.042, (1) 

log K, = 7 + 0.127. (2) 

The first relation should be employed to- 
gether with that suggested by Potter et al. 
(22) for the dimerization constants, 

In Kd = (y) 

- 10.149 (mm Hg-I), (3) 

while the second should be used together 
with the relation suggested by Taylor (13), 

3347 
In Kd = T 

- 10.931 (mm Hg-I). (4) 

In the present paper Eq. (1) has been 
adopted together with Eq. (3), to calculate 
the composition of the reaction mixtures. 

EXPERIMENTAL 

Apparatus and Methods 

The kinetic runs were performed in a 
stainless-steel tube reactor with a l-cm in- 
ternal diameter and 1.25cm external 
diameter and 36-cm length. The reactor was 
placed inside a thermostated chamber. A 
sampling valve was connected to the outlet 
of the reactor and to the gas chromatograph 
employed for the analysis. This valve was 
particularly useful for following the tran- 
sient period of the reaction. 

The reaction products, together with the 
unreacted reagents, were condensed at the 

outlet of the reactor in a frozen trap. The 
mixtures obtained were then analyzed for 
further control when steady-state condi- 
tions were reached. 

The analyses were performed by a 
Perkin-Elmer Sigma 3 gas chromatograph 
using a column filled with Chromosorb 102 
containing 15% by weight of Carbowax 20 
(loo-120 mesh) and a hot-wire detector. 
Helium was employed as the carrier gas. 
Reagents were fed by a micrometric pump 
in a heated worm and evaporated before 
entering the reactor. Small stainless-steel 
balls with a 0.3-cm diameter were placed in 
front of the catalytic bed in order to obtain 
plug flow conditions. No catalytic activity 
was revealed by these nonporous balls. 

A schematic diagram of the apparatus is 
shown in Fig. 1. Decationized Y zeolite, in 
cylindrical pellets of about 0.13 cm of 
equivalent diameter, was used as a catalyst. 
The decationized form of zeolite was ob- 
tained by ion exchange of the Na-Y zeolite 
of Union Carbide, commercial-type LZY- 
52, with ammonium chloride four times at 
lOO”C, for 2 h. The exchanged zeolite was 
filtered, dried at 12O”C, and heated at 500°C 
for 4 h. 

Kinetic runs on decationized Y zeolite 
were performed at atmospheric pressure 
and at three temperature levels in the range 
of 150-2OO”C, while the feed ratio between 
acetic acid and ethanol was widely 
changed. Runs performed at several feed 
rates, and using pellets of different sizes, 
showed that external and internal mass 
transfer effects were negligible under these 
experimental conditions. It is also possible 
to exclude the influence of intracrystalline 
diffusion effects by applying the criterion 
suggested by Dogu and Dogu (14) with the 
value of the intracrystalline diffusion coeffi- 
cient reported by Ruthven and Keng Lee 
(15). 

Then, in order to verify the influence of 
surface acidity on the reaction rate, Y zeo- 
lite was exchanged with various ions and 
the surface acidity was determined by titra- 
tion with n-butylamine dissolved in anhy- 



VAPOR-PHASE ESTERIFICATION 429 

FIG. 1. Schematic diagram of the apparatus employed for the kinetic runs. A = Mixture of reagents: 
B = micropump; C = preheater; D = thermostated chamber: E = reactor; F = frozen trap. 

drous benzene, in the presence of indica- 
tors as described in the literature (16-18). 

Table 1 shows the employed indicators 
together with the pK values for their color 
change. The number of active sites, on Y 
decationized zeolite, was determined by 
poisoning the catalyst with pyridine dis- 
solved in the reagents. 

TABLE 1 

Indicators Employed in the 
Measurements of Surface Acidity of 

Zeolites 

Type of indicator PK 

Anthraquinone -8.2 
Benzolacetophenone -5.6 
Thymol blue 1.5 
Methyl yellow 3.3 
Methyl red 4.8 
Neutral red 6.8 
Bromothymol blue 7.1 
2,4-Dinitroaniline 9.0 
Phenolphthalein 9.3 

RESULTS AND DISCUSSION 

The esterification reaction occurs on Y 
decationized zeolite with a long transient 
period. Separation of the components by 
the zeolite also occurs during this time, as 
shown in Fig. 2, in which the molar frac- 
tions of the compounds, analyzed at the 
outlet of the reactor, are reported as a func- 
tion of time. The run to which this figure is 
related, was performed on 20 g of decat- 
ionized Y zeolite, at atmospheric pressure 
and 150°C by feeding acetic acid and etha- 
nol with a molar ratio of 2 at a feed rate of 
0.28 cm3/min. 

As can be seen, acetic acid is the most 
strongly adsorbed component, because, 
though it is present in excess, its break- 
through curve is the last to appear. On the 
contrary, ethyl acetate appears as the first 
component at concentrations that are much 
higher than those expected for the complete 
conversion of the reagents. This behavior, 
similar to that which can be seen in dis- 
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FIG. 2. Transient effects in the esterification reac- 
tion catalyzed by Y decationized zeolite. (0) = Ethyl 
acetate; (x) = water; (0) = acetic acid; (A) ethyl 
alcohol; (0) ethyl ether. 

placement chromatography, had been al- 
ready observed and explained with regard 
to xylene separation by adsorption on Y ze- 
olite (19). 

Small amounts of ethyl ether are pro- 
duced in the initial part of the transient 
period. This is probably due to the fact 
that ethanol molecules remain in con- 
tact with acid sites for a long time when 
the separating action of the zeolite takes 
place. 

Table 2 shows the operating conditions 
and the results for kinetic runs performed 
under steady-state conditions. 

In order to elaborate the kinetic data of 
Table 2, it is necessary to express the molar 
fractions of the components of the reaction 
mixture as a function of the conversion, 
and to take into account the dimerization 
equilibrium. 

If we assume the stoichiometric number 
of moles of acetic acid in the liquid mixture 
of reagents to be 

TABLE 2 

Conversions Obtained for the Esterification Reaction by Changing Temperature, Residence Time, and Initial 
Molar Ratio of the Reagents” 

Run 
no. 

W 
(9) 

1 150 2:l 5.04 0.71 47.94 15.18 16.42 
2 150 2:1 5.08 0.41 27.68 22.75 26.20 
3 1.50 2:l 5.08 1.50 101.28 8.50 8.28 
4 151 2:1 14.00 1.00 24.52 28.10 29.92 
5 151 2:l 14.00 2.00 4.90 79.50 17.45 
6 151 3:l 14.00 1.00 18.39 32.00 32.74 
7 151 1:1 14.00 1.00 36.78 24.83 24.20 
8 152 2:l 5.04 0.67 44.22 17.33 19.06 
9 152 1O:l 5.04 0.67 12.43 22.80 23.99 

10 152 29:l 5.04 0.67 4.56 31.43 25.39 
11 152 1:3 5.04 0.71 108.70 9.87 8.58 
12 152 1:5 5.04 0.71 120.77 6.54 6.25 
13 153 1 : 10 5.04 0.67 124.33 6.51 4.04 
14 153 1:5 5.04 0.67 128.21 4.09 2.88 
15 153 1: 29 5.04 0.67 132.20 2.49 1.60 
16 182 1O:l 5.04 0.67 12.43 58.95 59.14 
17 182 1:3 5.04 0.71 108.70 22.46 20.13 
18 182 1:5 5.04 0.67 113.97 14.94 13.92 
19 184 2:l 5.08 0.41 27.68 63.59 65.34 
20 201 10: 1 5.04 0.67 12.43 82.69 81.75 
21 201 1:5 5.04 0.67 113.97 17.37 17.90 
22 201 1:3 5.04 0.67 102.57 26.72 27.60 

F tot 
(cm3/min) 

FIW 
mole of alcohol 

h ’ kg 

Experimental Calculated 
conversion conversion 

@J) c% 

0 The calculated conversions are those obtained from the Rideal model. 
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VI 4 W,O = n,O + 2&O = - (5) K,, = 
n*“(n,o + n2O + n3O) 

Ml (n to)’ 
3 (6) 

and consider the following relationship for the initial composition of the reagents, in 
the dimerization equilibrium: vapor phase, will thus be 

rz,O = 
-nj” + d(nj”)? + (4Kd + 1)(2n3O + Wl”) WI0 

(‘=d + 1) 3 (7) 

nzo = 
Wl” - nlo 

2 ’ 

V3 & n30 = -. 
M3 

(8) 
the effect of the reaction; accordingly the 
equilibrium relation becomes 

(9) & = n2(n1 + n2 ;,I;; + 124 + 4)) (1o) 

The composition obviously changes due to where 

-n30(1 + A) + v/l~~(l + A)]* + W,[ WI + 2n30( l + h)](4Kd + 1) 
rzl = (4& + 1) 3 (11) 

Wl - 121 WI0 - njOh - nl 
n2 = 2 = 2 ’ 

n3 = n3O(l - A), 

n4 = n5 = njOh, 

(12) 

(13) 

(14) 

A being the degree of advancement of the 
reaction. 

For each value of A, therefore, the com- 
position of the reaction mixture is known. 
It is reasonable to assume that acetic acid 
can react only in the monomeric form. 

Let us now consider the runs performed 
at about lSo”C, reported in Table 2, and 
initially apply to these a kinetic law of a 
pseudo second order, that is, 

r=k2 x,x3- L x4x5 - P2. K 1 (15) e 

The values of the kinetic constant k2 calcu- 
lated for the mentioned runs are reported in 
Fig. 3 as a function of the initial molar feed 
ratio between the reagents. Calculations 
were made by numerical integration of Eq. 
(15). By observing the trend of Fig. 3, we 
find that a pseudo-second-order kinetic 
model can be adopted satisfactorily only at 
high values of the ratio nac/nal . According to 

Fig. 3 acetic acid shows a considerable de- 

On the contrary, the depressing effect of 
pressing effect on reaction rates. 

alcohol is negligible. The effect of the reac- 
tion products has also been neglected. 
Therefore, experimental data have been in- 
terpreted by adopting a bimolecular surface 
(B.S.) model of the type 

ka,,b, P4P5 
’ = (1 + prbr)2 PI!‘3 - K, 3 (16) i 

and a Rideal (R) model of the type 

kh 
r = (1 + p,bl) i 

Both of these models have been subjected 
to statistical analysis using the method de- 
scribed in (20). The objective function was 

‘W) = $ &xp - Acad2r (18) 1’ 
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k 
(mote/h kg atm’) 

2@Jr 

FIG. 3. The kinetic constants obtained by interpreting data with second-order kinetics with an 
equilibrium, as a function of the initial volume ratio of the reagents. 

where p signifies the set of parameters of 
the model considered. 

The kinetic parameters obtained for the 
two models are reported in Table 3 together 
with the results of the statistical analysis. 
According to these results, both models 
satisfactorily describe the experimental 
data. The choice of the better model should 
be made on the physical reliability of the 
kinetic parameters obtained. 

Let us consider, first, the adsorption con- 
stant: 

b,, = &sad&. (19) 

The values obtained for this parameter for 
the two models are similar. They lead to the 

OH 

following values of the entropy change of 
acetic acid: -12.85 e.u. for the (R) model 
and -12.8 e.u. for the (B.S.) model. The 
translational entropy of acetic acid mole- 
cules in vapor phase is about 40.0 e.u. Ac- 
cording to these data, the acetic acid mole- 
cules, involved in the reaction, would have 
high residual mobility. These results, as it 
will be seen, are not contrasting with the 
observation that acetic acid is the most 
strongly adsorbed component. Moreover, 
the enthalpy changes for acetic acid adsorp- 
tion reveal moderately exothermic effects. 
All these facts can be justified on the basis 
of a reaction mechanism similar to the one 
suggested for the liquid-phase reaction (3): 

OH 
/ 

CH3COOH + H+ 9 CH$(() 
C$I+3H 

+ CH3-+-O&H5 G 

‘OH 6H 
OH OH 

H+ + CH+--O&H5 $ CH+-OC2HS & H30+ + CH3--C-OC2H5. (20) 

The protonation of the acetic acid mole- both the apparent mobility of the acetic acid 
cules, which is usually considered to be the molecules involved in the reaction, and the 
rate-determining step, is reported as an en- low enthalpy changes in their adsorption. 
dothermic process (3). This would explain In fact, the acetic acid molecules, strongly 
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TABLE 3 TABLE 4 

Statistical Comparison of the Two Models” Catalytic Activities for Y Zeolites Exchanged in 
Various Ways 

I II 
B.S. R 

k,, (mole/h kg atm2) 3.08 x 10” 2.314 x 10” 
AE (cal/mole) 17,990 18,540 
b. (atm-‘) 1.588 x IO-3 1.557 x IO-3 
AH (calimole) -4,817 -5,686 
Correlation index 0.9968 0.9969 
Standard deviation 0.0221 0.0216 
Mean of error 10.86 10.15 

(% on the conversion) 

0 Model I is the bimolecular surface model (B.S.), 
while Model II is the Rideal model (R). 

adsorbed on zeolite are not necessarily in- 
volved in the reaction. Only the molecules 
adsorbed on the acidic sites, with a less fa- 
vored thermodynamic process, can react. 

Finally let us consider the preexponential 
factors. As we can see, the values obtained 
are high, if compared with other heteroge- 
neous catalyzed reactions. 

This fact suggests that reagents and prod- 
ucts can be considered as being in a con- 
densed phase within the zeolite cavities. 
The only difference with respect to the re- 
action performed in liquid phase, seems to 
be the immobility of the acidic sites. But 
these suggestions are reliable only for the 
(R) model in which the kinetic constant is 
not apparent. In fact, in the case of the 
(B.S.) model, the calculated kinetic con- 
stant is the product of the true kinetic con- 
stant times the adsorption constant of alco- 
hol. This is consistent with a very high 
value for the rate constant, which is diffi- 
cult to justify on a physical basis. 

This fact, together with the high residual 
mobility and the low enthalpy changes ob- 
served for the acetic acid molecules in- 
volved in the reaction, suggests that the Ri- 
deal model is more reliable. On the other 
hand, given that acetic acid is the more 
strongly adsorbed component, and that its 
protonation is the first step of the reaction, 
it is reasonable to assume that ethanol re- 
acts without adsorption. 

Zeolite Acidity at pK = 4.8 
(mmoleig) 

ko x 10’0 
(mole/h kg atm’) 

KY 0.00 0.70 
NaY 0.06 2.74 
LiY 0.73 3.46 
CaY 0.89 5.82 
HY 1.76 23.14 

The absence of ethyl ether in the reaction 
products under steady-state conditions 
confirms these suggestions. In Table 2, the 
conversions calculated for the Rideal model, 
with the parameters reported in Table 3, are 
reported and compared with the experi- 
mental data. 

The influence of surface acidity on cata- 
lytic activity has been examined. To this 
end Y zeolite was exchanged with different 
cations and the surface acidity was mea- 
sured by titration with n-butylamine in the 
presence of the indicators summarized in 
Table 1. Catalytic activities were measured 
by using 5 g of the exchanged zeolite, at 

Acidity 
Cm mole/g) 

Acid z&s 

I \ 

1t -A--,-\ CaY \ 

0 -5.0 pk, -10.0 

FIG. 4. Distribution of the acid sites for variously 
exchanged Y zeolites. 
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FIG. 5. The behavior of the catalytic activity as a function of surface acidity. 

150°C and atmospheric pressure, a feed rate 
of 1 cm3/min, and a volumetric initial ratio 
of acid/alcohol = 2. 

Table 4 presents the activities obtained 
for the variously exchanged zeolites, to- 
gether with the corresponding surface acid- 
ities. Figure 4 shows the distribution of the 
acidic sites for the catalysts employed. For 
decationized Y zeolite, also the basic sites, 
as shown in Fig. 4, have been determined 
by titration with benzoic acid dissolved in 
anhydrous benzene and in the presence of 
indicators having pK > 7 (21). Data ob- 
tained are in agreement with the findings of 
Morita et al. (22). The basic sites are re- 
sponsible for the strong adsorption of acetic 

acid observed in the transient period of the 
reaction. 

By plotting the kinetic constants of the 
reaction as a function of acidity, we obtain 
the curve shown in Fig. 5. The trend of the 
curve suggests that the rate law should con- 
tain two contributions: one depends on the 
surface acidity while the other does not. 

This finding is confirmed by poisoning 
the catalyst with pyridine. In fact, the cata- 
lyst cannot be completely poisoned and a 
residual activity remains, as can be seen in 
Fig. 6. 

This residual activity is less than 10% of 
the overall activity which is within an order 
of magnitude of experimental error. There- 

Kmmim %.) 

0- 
0 100 200 300 400 p1 d pyidinc 

FIG. 6. The effect of pyridine poisoning on decationized Y zeolites. This run was performed at 
202”C, on 5.67 g of catalyst, with a feed rate of 0.67 cmVmin, and an initial volumetric ratio between 
acetic acid and ethanol of 2. 
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fore, the presence of a different mecha- 
nism, not dependent upon acidity, does not 
seriously affect the evaluated kinetic pa- 
rameter and, in agreement with the trend of 
Fig. 5, the preexponential factor can be 
roughly arranged as follows: 

ko = k,$ + kd’da = 2.314 
x 1010 + 1.183 x lO”a, (21) 

P = Total pressure 
Y = Reaction rate 

ASads = Entropy change in adsorption 
T = Absolute temperature 
ui = Volume of i in liquid phase 

WY = Stoichiometric number of moles of 
i in liquid phase 

W = Weight of catalyst 
Xi = Molar fraction of i component 

where a is the acidity of the surface as ex- 
pressed in Table 4. 

From the amount of pyridine adsorbed 
for poisoning the catalyst, it is possible to 
evaluate the number of active sites on the 
decationized zeolite employed, that is, 5.3 
X 10zo sites/g. 

This value is about one-third less than 
that reported by Turkevic (23) for the 
cracking of cumene at much higher temper- 
atures. It is also about two-thirds of the 
acid sites determined by titration. It can be 
concluded that, in our case, only two-thirds 
of the acid sites present on decationized ze- 
olite are able to protonate acetic acid mole- 
cules. 

Greek Symbols 

A = Conversion expressed as moles of 
alcohol reacted per mole of alcohol 
fed 

Subscripts 

i = Component 
1 = Acetic acid monomer 
2 = Acetic acid dimer 
3 = Alcohol 
4 = Water 
5 = Ethyl acetate 

ACKNOWLEDGMENT 

Thanks are due to SISAS S.p.A. for their financial 
support. 

APPENDIX: LIST OF SYMBOLS 

Italic Symbols REFERENCES 

bo; = Preexponential factor for adsorp- 
tion of i component 

bi = Adsorption constant of i compo- 
nent 

1. 

2. 

di = Density of the reagent i in liquid 
phase 

3. 

AE = Activation energy 
F = Molar flow rate of alcohol 

AH = Enthalpy change 
k. = Preexponential factor in kinetic 

law 

4. 

5. 

k2 = Pseudo-second-order kinetic con- 
stant 

k aPP = Kinetic constant in B.S. model 
& = Dimerization equilibrium constant 
Mi = Molecular weight of i component 
ni” = Initial number of moles for i com- 

ponent 
IEi = Number of moles of i component 
pi = Partial pressure of i 

6. 

7. 

8. 

9. 

10. 
Il. 

Othmer, K., “Encyclopedia of Chemical Technol- 
ogy.” Wiley, New York, 1958. 
Lowenheim, F. A., and Moran, M. K., “Indus- 
trial Chemicals.” Wiley-Interscience, New York, 
1975. 
Euranto, E. K., in “The Chemistry of Carboxylic 
Acids and Esters” (S. Patai, Ed.). Interscience, 
New York, 1969. 
Hawes, R. W., and Kabel, R. L., AIChE J. 14(4), 
606 (1968). 
Stull, D. R., Westrum, E. F., and Sinke, G. C., 
“The Chemical Thermodynamics of Organic 
Compounds.” Wiley, New York, 1969. 
Hoerig, H. F., Hanson, D., and Kowalke, 0. L., 
Ind. Eng. Chem. 35, 575 (1943). 
Venkateswarlu, C., Satyanarayana, M., and Nera- 
singa Rao, M., Ind. Eng. Chem. 50(6), 973 (1958). 
Fricke, A. L., and Altpeter, R. J., J. Catal. 25, 33 
(1972). 
Maatman, R., Mahaffy, P., and Mellema, R., J. 
Catal. 35, 44 (1974). 
Bergk, K. H., Z. Chem. 18, 22 (1978). 
Santacesaria, E., Can-a, S., Caleffi, G., and Co- 
dignola, F., Italian Patent 23795 A/80. 



436 SANTACESARIA ET AL. 

12. Potter, A. E., Bender, P., and Ritter, H. L., J. 
Phys. Chem. 59, 250 (195.5). 

13. Taylor, M. D., J. Amer. Chem. Sot. 73, 315 
(1951). 

14. Dogu, G., and Dogu, T., AIChE J. 25(2), 287 
(1980). 

15. Ruthven, D. M., and Keng Lee, L., AIChE J. 
27(4), 654 (1981). 

16. Tamele, H. W., Discuss. Faraday Sot. 8, 270 
(1950). 

17. Benesi, N. A., J. Phys. Chem. 61, 970 (1957). 
18. Belolaccini, R. J., Ann. Chem. 38, 17 (1966). 
19. Santacesaria, E., Morbidelli, M., Servida, A., 

Storti, G., and Car&, S., Ind. Eng. Chem. Process 
Des. Deu. 21, 446 (1982). 

20. Buzzi Ferraris, G., Simposio Europe0 sull’im- 
piego dei calcolatori nelle fasi di ricerca precedenti 
la progettazione degli Impianti Chimici, 1970. 

21. Tanabe, K., “Solid Acids and Bases,” Chap. 3. 
Academic Press, New York, 1970. 

22. Morita, Y., Kimura, T., Kato, F., and Tamagawa, 
M., Bull. Japan. Pet. Inst. 14, 192 (1972). 

23. Turkevic, J., in “Catalysis Reviews” (H. Heine- 
mann, Ed.), Vol. 1, No. 1, pp. l-35. Dekker, New 
York, 1967. 


