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The theorem of protonic acidity and catalytic activity of zeolites in acid-catalyzed reactions was
evaluated. This theorem enables one to calculate from the known chemical composition of a zeolite
its protonic activity, and to evaluate quantitatively the average acidity strength through the use of
the average partial hydrogen charge. In general acid-catalyzed reactions the average partial
hydrogen charges on zeolites are linearly correlated with their catalytic activities.

1. INTRODUCTION

One may prepare an unlimited number of
homologues with only one structural type
of zeolite, for instance, faujasite (FAU), by
varying the number of Al atoms in the ele-
mentary cell, the degree of ion exchange,
and the type of exchange cation. The exper-
imental limits of the Al content in the ele-
mentary cell of faujasite have presently
reached the point that is predicted by the-
ory (1), namely, the Si: Al ratio of 1:1 on
the one hand (2) and on the other practi-
cally pure SiO, having the structure of fau-
jasite and obtained by dealumination (3, 4).
The reaction of cation exchange in zeolites
is controllable (5), and almost all metals in
the periodic system can be built into the
zeolite as cations. Therefore, we have at
our disposal an unlimited number of homo-
logues, which fundamentally facilitates our
study and determination of the laws con-
cerning the physicochemical properties of
the zeolite of a given structural type.

The acidity of zeolites rightly belongs
among the most extensively investigated
properties of zeolites (6). Three re-
searchers stand out from the others on ac-
count of their thorough treatment of the
problems relating to the acidity and correla-
tion between acidity and catalytic activity
of zeolites, namely, Ward (7), Topchieva
(8), and Barthomeuf (9). The work of
Barthomeuf on the acidic properties of fau-

jasite-type zeolites and the derivation of the
“*structural parameter of acidity’” (a,) (10)
is especially important for the development
of concepts concerning the physicochemi-
cal properties of zeolites in general.

II. THEORETICAL ANALYSIS

1. Quantum-Chemical Bases of the
Activity Coefficient of Protons in the
Homologous Series of Faujasites

Sanderson’s model of electronegativity
(11-15) at the moment represents the only
quantum-chemical method whereby it is
possible to investigate quantitatively and to
interpret a considerable number of physico-
chemical properties of zeolites including
their acidity (/6, 17). According to this
model the intermediate electronegativity of
a compound is defined as a geometrical
mean of the atomic electronegativities of
elements. For the compound with an over-
all formula

(E)p1(E2)p2(Es)ps . . . (E)py,

where E; is a gramme-atom of the element
E,; and p, is its stoichiometric coeflicient,
the intermediate electronegativity would be

sw-(sA)T @

where S, is the atomic electronegativity of
the element E;. The average partial charge
on atoms of an element E, in the compound
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TABLE 1

Atomic Electronegativities of
Elements

Element Electronegativity
H 3.55¢
Na 0.70°
Mg 1.56%
Al 2.220
Si 2.84
Ca 1.22¢
Sc 1.88°
Ti 2.27°
Zn 2.98¢
Sr 1.06°
Y 1.75°
La 1.90°
* From Ref. (15).

b From Ref. (14).
is defined as
Sint — St .

Tt = 2.08(5)" 2
We will now attempt to evaluate the
changes of the intermediate electronegativ-
ity and the changes of the average partial
atomic charges as functions of isomorphous
exchange of Si for Al in a faujasite structure
whose chemical formula is

Na.t(Al.r Si192—.r 0384)

for the values 0 = x = 96.

Using atomic electronegativity values
given in Table 1 we calculated the interme-
diate electronegativities S, (N ,;) which are
given in Table 2. The function S,(N4,) is
nonlinear even though we can fit it by linear
regression and obtain a determination
coefficient r2 = 0.994.

Experimental values of the number of Al
atoms in the elementary cell of the faujasite
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type usually range in the interval between
N, = 86 (for the Na-X, FAU type of zeo-
lite) and N, = 28 (for the dealuminized
Na-Y, FAU type of zeolite) (/0). Linear
regression of intermediate electronegativi-
ties in this interval yields

Slnt(NAl) = -0.01041 x NAI + 4.1445. (3)

Inserting this regression into Eq. (2) the
regressions for average partial charges are
obtained:

o a(Na) = —0.00336 X N, + 0.62097,
os(Na) = —0.00297 x Ny, + 0.37215,
Oo(Na) = —0.00219 x Ng, — 0.22443,

ona(Ny) = —0.00598 x N, + 1.97931.
(4

At this point we must emphasize that we
are not interested in the absolute values of
the partial charges on different atoms in the
zeolite structure but in the tendency of the
sum of regressions for the average partial
charges of the elements that constitute the
zeolite as a function of N, which illustrates
best the tendency of changes occurring in
the interaction of the atoms of zeolite-form-
ing elements:

Y di(Ny) = —0.01450 X Ny, + 2.748

i

(i = Al, §8i, O, Na). (5

According to Loewenstein’s rule (/) the iso-
morphous exchange of Si for Al can be
carried out only up to the ratio Si: Al =
1: 1. Thus for the homologous series of fau-
jasites, the maximum number of Al atoms
in the elementary cell N,, equals 96. If we
use this number as a reference state (2, 9),
we can write the tendency of the sum of

TABLE 2

Intermediate Electronegativities as a Function of the Number of Al Atoms (N )
in the Elementary Cell of Faujasite

Nu 9 88 78 68 58
See 3075 3243 3333 3427  3.528

48 38 28 18 8 0
3.635 3.748 3.869 3.999 4.137 4.256
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regressions for average partial charges of
faujasite-forming elements as a function of
N Al &S

S oiNa) = (S o)

[ 4 A1=98

=-145%X 102X N, + 1.4. (6)
Equations (4) reveal the fact that the ionic
character of individual chemical bonds in
the zeolite decreases with each new Al
atom in the elementary cell of faujasite se-
ries homologues. In other words, delocal-
ization of electron density increases, and
this brings about a diminution in the effec-
tiveness of inductive influence upon the O-
H bond of all Al atoms in the elementary
cell of faujasite. All the O—-H bonds gain in
strength with each new Al atom in the ele-
mentary cell of faujasite, while the protonic
acidity decreases.

These conclusions are in concordance
with conclusions derived on the basis of
other semiempirical quantum-chemical cal-
culations on model zeolite clusters (/18-21).

Equation (6) represents a quantum-chem-
ical elucidation of the ‘‘structural parame-
ter of acidity” (a,) that Barthomeuf has
established experimentally and for which
she has supplied the equation (10):

a,=—-145%X 102X Ny, + 1.4. (7
It follows from Egs. (6) and (7) that
Qy = 2 oi(Nyy) — (2 O’i(NAl))
i i N A1=96
(i = Al Si, O, Na). (8

The “‘structural parameter of acidity’’ (ay)
has been given a quantum-chemical eluci-
dation and can be termed now ‘‘the activity
coefficient of the proton in faujasite-type
zeolites.”’

Weak nonlinearity of the intermediate ze-
olite electronegativity as a function of the
number of Al atoms in the elementary cell
of faujasite (N ,,) has been neglected for the
sake of an easier comparison with the ex-
perimental results reported by Barthomeuf
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in which case such nonlinearity simply
could not be ascertained owing to the mea-
surement errors.

2. Theorem of Protonic Acidity and
Catalytic Activity of Zeolites in
Acid-Catalyzed Reactions

Protons can be built into the structure of
a zeolite by means of ion exchange, thermal
decomposition of the NH,™-exchanged
form, hydrolysis of hydration water in the
exchange cations, or the reduction of cat-
ions into a lower-valence state (6). Most
often, we use for the preparation of proton-
acidic forms of zeolites the reactions of
thermal decomposition of the NH,*-ex-
changed form of the zeolite and of hydro-
lysis of hydration water at the exchange
cations (22). The two reactions may be ex-
pressed in the following form:

+ H

~ ./O\T“/O\ - ~ 0. 0

A LG 4.,—3,(>Nrc31+/5i/\;'m< >ss<
9

1,
Me™*(OHg)n-1y = Me(OH)$,—y,
+ (n = DH* 3 Me(OH)E,,
+ (n - 2)H* + H,0; (T, <Ty). (10)

The number of protonic centers produced
will depend, in addition to the stoichiome-
try of reactions (9) and (10), upon the theo-
retical cation exchange capacity, the stoi-
chiometry of the ion-exchange reactions,
the degree of ion exchange, and the struc-
ture of the zeolitic framework (spatial ob-
stacles to the diffusion of exchange cations
on the exchange sites in zeolite).

Axiom 1. Provided that

(a) ion exchange has occurred in an equil-
ibrated and stoichiometric manner,

(b) the degree of ion exchange has
reached a = 1.0, and

(c) the stoichiometry of hydrolysis of hy-
dration water in exchange cations is in
agreement with Eq. (10), we can derive the
following conclusions from Eq. (10):

1. In the process of heating, monoionic
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TABLE 3

Theoretical Values of the Activity of Protons of
Monoionic Forms of Y-Type Faujasite (N, = 56)

Ionic form A Number of Al atoms
(mol/el.c.) neutralized with
one cation
Valence of cation
HY(T,) 32.93 1
LaY(Ty) 10.98 2/3
LaY(T,) 21.95 1/3
CaY(T,) 16.46 1/2
Note. T, > T,.

forms of zeolites of univalent exchange cat-
ions (e.g., alkali metals) (n = 1) will not
generate any protons and will thus show no
protonic acidity.

2. Monoionic forms of zeolites of diva-
lent metals (e.g., alkaline-earth metals) (n
= 2) will have one optimum temperature
point (each type of cation a different one!),
at which one proton is generated on each
exchanged cation and the concentration of
protons equals one-half of the theoretical
cation exchange capacity of a given zeolite.

3. Monoionic forms of zeolites of triva-
lent metals (e.g., rare earth) (n = 3) will
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have two optimum temperature points, at
one of which (namely, the lower tempera-
ture T,), two protons are generated on each
exchanged cation and the concentration of
protons equals two-thirds of the concentra-
tion of protons of the monoionic H* zeolite
form. At the other temperature point
(namely, the higher temperature 7T,) one
proton is generated on each exchanged cat-
ion and the concentration of protons equals
one-third of the concentration of protons of
the monoionic H* zeolite form.

The concentration of protons which have
been formed, given as the number of pro-
tons in the elementary cell of the zeolite,
can then be computed from

[H*] = nH+aNAl/anta an

where ny+ is the number of protons gener-
ated per exchanged cation, Z,; is the va-
lence of the exchange cation, « is the de-
gree of ion exchange, and N ,, stands for the
number of Al atoms in the elementary cell
of the zeolite.

Axiom 2. The concentration of protons
can be calculated for various structural
types of zeolites as the molar concentra-
tions of protons. We will establish that mo-

TABLE 4

Theoretical Values of the Activity of Protons of Ionic Forms of Y-Type Faujasite (N,, = 56) as a Function
of the Degree of Ion Exchange (a)

a n" A (mol/el.c.)
NaY — HY(T,) LaY — HY(T,) LaY — HY(T,) CaY — HY(T,)
0.0 0.0 0.00 10.98 21.95 16.46
0.2 11.2 6.59 15.37 24.15 19.76
0.4 22.4 13.17 19.76 26.34 23.05
0.6 33.6 19.76 24.15 28.54 26.34
0.8 44.8 26.34 28.54 30.73 29.63
1.0 56.0 3293 32.93 32.93 32.93
Slope of the 0.588 0.394 0.196 0.294
straight line
B
B/aifhed 1.00 0.67 0.33 0.50

Note. n" is the number of exchanged moles per elementary cell, and B is the slope of the straight line A = ¢(n).
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Proton activity A (mol/el.c.)

i L i

0 u ] n A0

50 56 60
No. of moles of exchanged cations perel.c n*

FiG. 1. Activity of protons as a function of the
number of exchanged moles of cations per elementary
cell. 1—NaY — HY(T,); 2—LaY — HY(Ty); 3—CayY
— HY(T,); 4—LaY — HY(T,).

lar concentrations are very high, ranging
from 4.76 mol/liter for the L-type zeolite to
9.5 mol/liter for the X-type zeolite (23). In
the theory of solutions, we employ at such
concentrations of protons only the activity
(‘‘effective concentration’’) (24). It has
been observed that within a given homolo-
gous series acidity decreases in the zeolites
that have a larger number of Al atoms in the
elementary cell. For example, the faujasite
X-type zeolite is less acidic than the fauja-
site Y-type zeolite (10). Hence it is possible
to assume also for zeolites that the activity
of protons equals

age = [H*] - fo+, (12)

where a g+ is the activity of protons, and fi+
the activity coefficient of protons contained
in zeolite.

In the general hypothesis concerning the
physicochemical properties of zeolites
given by Barthomeuf (9), the author sug-
gests that the properties of zeolites be de-
termined by the changes in the chemical
potential of framework ions and framework

209

atoms, much in a similar way as in the
treatment of solutions. The importance of
zeolite interactions calls for the definition
of the activity coefficients of framework
ions or framework atoms not only with re-
spect to the investigation of ion-exchange
properties, but also with regard to the study
of other properties of framework ions or
framework atoms. High concentration of
protons in zeolites results from the content
of the [AlO,]~ tetrahedra in them. The lat-
ter entails high density of charges, and
thereby strong electrostatic interactions
which diminish the effectiveness of pro-
tons. We can take these very interactions
into consideration when dealing with the
activity coefficients, just as they are treated
by the Debye—-Hiickel theory of solutions
of electrolytes. What we presently lack is a
thermodynamic definition of the activity
coeflicients of framework ions and frame-
work atoms in zeolites. We have indicated
earlier (Section II.1) how it is possible to
define the activity coefficient of protons on
a nonthermodynamic basis for the homolo-
gous series of faujasites. In this particular
homologous series, we may equalize fyu+
with ag.

Axiom 3. The catalytic activity of zeolites
in acid-catalyzed reactions correlates either
with the number of acidic centers or with
their strength depending on the type of cat-
alyzed reaction (8, 25). Both properties are
structurally sensitive and cannot be treated
separately whenever the correlation with

TABLE 5

Acidity of Monoionic Forms of Y-Type Faujasite
(N4 = 56)

Cation Brgnsted acidity in  Activity of protons in
arbitrary units® arbitrary units?

Na 0.0 0.0

Mg 6.9 8.2

La 11.3 11.0

H 15.8 16.5

e Ref. (7)

® Theoretical.
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the catalytic activity of a certain type of
catalyzed reaction is involved (26). The
available literature of an experimental na-
ture enables us to assume (8) that strong
acidic centers catalyze also the reactions
which occur on weaker acidic centers,
whereas the reverse is not true.

The catalytic activity of zeolites in acid-
catalyzed reactions is subordinated either
to the laws of general acidity catalysis
(when the catalytic activity depends on the
acidity strength), in which case it is subject
to the linear free energy relationships
(LFER), or to the laws of specific acidity
catalysis (when the catalytic activity de-
pends on the proton activity). In the former
case, the Brgnsted—Polanyi relation and
compensation rule (26, 27) are applied to
the catalytic activity of zeolites in acid-cat-
alyzed reactions.

III. APPLICATIONS

The theorem enables us to calculate from
the known chemical composition of a zeo-
lite its protonic activity, and to evaluate
quantitatively the average acidity strength
by the agency of the average partial hydro-
gen charge. Let us now examine the practi-
cal applicability of our theorem in the case
of the homologous series of faujasites.
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and (12)), we can calculate from the known
chemical composition of any homologue in
the series of faujasites the activity of pro-
tons, that is, the effective number of acidic
sites per elementary cell in a homologue.
Let us compute the activity of protons with
various ionic forms and with a varying de-
gree of ion exchange (a) for the Y-type
faujasite having the composition of a dehy-
drated elementary cell:

NaggAlseSiyz O34

We will employ linear regression for the
calculation of the activity coefficient of pro-
tons (ay):

afe” = —1.45 X 1072 x N,, + 1.4.

At N, = 56, aff"® equals 0.588.

Table 3 gives the calculated values of the
activity of protons in various monoionic
forms of the Y-type zeolite, and the propor-
tion of the number of neutralized (A1O,)~
tetrahedra in the framework with one ex-
change cation to the valence of that ex-
change cation.

Table 4 presents the values of the activity
of protons, calculated from Egs. (11) and
(12), as a function of the degree of ion ex-
change () for the systems

1. The Dependence of the Activity of NaY — HY, (1
Protons upon the Type of Exchange LaY — HY (ii)
Cation and upon the Degree of Ion ’ B
Exchange LaY(T,) - HY, (iii)
On the basis of Axioms 1 and 2 (Egs. (11) CaY — HY. (iv)

TABLE 6

Intermediate Electronegativity and Hydrogen Charge as a Function of the Degree of Ion Exchange (a)

] NaY — HY(T,) LaY — HY(T,) LaY — HY(T,) CaY — HY(T,)

Sime OH Sint Oq Sine Ty Sint Oy
0.0 3.548 0.001 4.038 0.125 4.023 0.121 3.908 0.091
0.2 3.651 0.026 4.050 0.128 4.037 0.124 3.945 0.101
0.4 3.759 0.053 4.062 0.131 4.053 0.128 3.982 0.110
0.6 3.868 0.081 4.074 0.134 4.067 0.132 4.021 0.120
0.8 3.982 0.110 4.086 0.137 4.083 0.136 4.059 0.130
1.0 4.098 0.140 4.098 0.140 4.098 0.140 4.098 0.140
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The data from Table 4 are shown graphi-
cally in Fig. 1. The comparison between the
theoretical values of the activity of protons
as presented in Tables 3 and 4 and indicated
in Fig. 1, and the experimental results re-
ported by Beaumont and Barthomeuf (10),
which were obtained for the zeolite of the
same type (type Y, N, = 56), yields a very
good agreement.

The calculated activity of protons of mo-
noionic forms of Y-type zeolite (N, = 56),
expressed in arbitrary units, is in very good
agreement with the acidity which has been
determined experimentally by ir absorption
spectra of pyridine on the zeolite and ex-
pressed in arbitrary units (7). The compari-
son is given in Table S.

2. The Dependence of Acidity Strength
(of Hydrogen Charge) upon the Type of
Exchange Cation and upon the Degree
of Ion Exchange

The notion of * ‘the activity of protons’’ in
a zeolite is not directly related to the notion
of “‘the acid strength.”” ‘‘Brgnsted acidity
is a dynamic concept and depends mainly
upon the rate at which energy and matter
can be exchanged between in casu the zeo-
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lite and a molecule with lower electronega-
tivity’’ (16). The acid strength is a relative
notion in terms of the comparative proton-
acceptor molecule used. The strength of
Brgnsted acidity can be comparatively de-
scribed by means of any physicochemical
quantity that relates to the strength of the
O-H bond, for instance, protonic charge,
frequency of stretching vibrations of this
bond, etc.

We will exemplify the evaluation of the
relative acid strength in the homologous se-
ries of faujasite by making use of the pro-
tonic charge, because it can be calculated
from the chemical composition of a zeolite
according to Sanderson (/6, 17). What we
obtain here is only the average protonic
charge of the elementary cell of the zeolite,
which has a larger number of acidic func-
tions:

St — §
Tu = 308 (S (13)
where oy is the average partial hydrogen
charge, S, intermediate electronegativity
of the zeolite, and Sy electronegativity of
hydrogen.
Table 6 presents the calculated values of

TABLE 7

Dependence of Acidity on the Number of Al Atoms (N ) in the Elementary Cell
of the Homologous Series of Faujasites

Sample Experimental® Theoretical
no.
Na Degree of ion Quantity of Activity Proton Molar Proton
exchange adsorbed NH, coefficient activity mass activity a;p
a {mmol/g) (atg) (mol/el.c.) (g/el.c.) (mmol/g)
A M

5 66.2 0.65 0.98 0.440 18.9 12,044 1.57

4 60.3 0.65 1.18 0.526 20.6 11,187 1.84

7 56.0 0.62 1.10 0.588 20.4 12,001 1.70

6 52.6 0.49 1.41 0.637 16.4 11,299 1.45
11 46.4 0.82 1.62 0.727 27.7 11,260 2.46

8 42.8 0.74 2.21 0.779 24.7 10,978 2.25
10 40.7 0.76 1.90 0.810 25.0 9757 2.57

9 349 0.95 2.53 0.894 29.6 10,307 2.88
13 30.6 0.62 1.83 0.956 18.1 10,384 1.75
12 270 0.64 2.02 1.009 17.4 8932 1.95

@ Refs. (29, 30).
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the intermediate electronegativity and of
the average partial hydrogen charge as a
function of the degree of ion exchange for
the same systems as those treated in Sec-
tion III. 1.

Figure 2 shows the interdependence of
the calculated values of the hydrogen
charge (and indirectly, of the acid strength)
and of the activity of protons for various
ion-exchanged forms of the Y-type faujasite
with N4, = 56. We observe that it is the H
form that has the strongest activity of pro-
tons and the largest average hydrogen
charge. The activity of protons in di-, tri-,
and tetravalent elements is in inverse pro-
portion to their valence. Forms exchanged
with alkaline-earth ions have the same ac-
tivity of protons, but they differ markedly
as to their acid strength (hydrogen charge)

181

14

-—
~>
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-
=
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(- )
T

Hydrogen charge 7 x 102
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which decreases in the sequence MgY >
CaY > SrY.

Experimental data obtained quite some
time ago point to the fact that the catalytic
activity of the Y-type zeolite with alkaline-
earth ions at the same degree of ion ex-
change and under the same activation con-
ditions decreases in the sequence MgY >
CaY > BaY. This activity scale is valid,
e.g., for isomerization and transalkylation
of 1-methyl-2-ethyl benzene (473-723 K),
for isomerization of ortho-xylene (523-753
K), and for the cracking of isopropylben-
zene (533 and 723 K) (28). However, the
interdependence between the number of
acid centers and their strength has not yet
been (adequately) defined in terms of
whether such a sequence of the catalytic
activity is determined by the acidity

Il 1 1 A 1 L ) -

0 I A 1 1 L 1 A

0 10

20 30 ‘0

Proton activity A (mol/el.c.)

FiG. 2. Interdependence of the calculated values of hydrogen charge and of the activity of protons
for various ion-exchanged forms of Y-type faujasite with N = 56.
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FiGg. 3. Activity of protons as a function of the
number of Al atoms in the elementary cell of fauja-

sites. 1—LaY(T,); 2—CaY(T,); 3—LaY(T,); 4—
HY(T,).

ju—y — ~
~ o (—3

Hydrogen charge oy, x 102

0 20 L0 50 80 100

FiG. 4. Hydrogen charge as a function of the number
of Al atoms in the elementary cell of faujasites. 1—
HY(T,); 2—LaY(T,); 3—La¥Y(T,); 4—CaY(Ty).

a,p Immol/g)

Nal

F1G. 5. Activity of protons as a function of the
number of Al atoms in the elementary cell of fauja-
sites. 1—Experimental values; 2—calculated values.
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FiG. 6. Hydrogen charge and conversion in the reac-
tion of disproportionation of toluene as a function of
the number of Al atoms in the elementary cell of
faujasites. ®---@, conversion; O——0O, hydrogen
charge.

strength or by the number of acidic centers.
In such cases we deal, in conformity with
Axiom 3, with the reactions of general
acidic catalysis, which depend upon the
acidic strength of individual ion-exchanged
forms of the Y zeolite.

3. The Dependence of Proton Activity
and of Hydrogen Charge (Acidity
Strength) upon the Number of Al
Atoms (N ) in the Elementary Cell of
the Homologous Series of Faujasites,
and Their Correlation with Acidity and
Catalytic Activity

Acidity and catalytic activity of zeolites
are most strongly affected by the
Si0,/Al, O, ratio, that is, by the number of
Al atoms in the elementary cell of the zeo-
lite of a certain structural type (6-
8,10, 16, 17, 19, 28). 1t follows from Ax-
ioms 1 and 2 that the dependence of proton
activity upon N, is a function that has an
extremum, while it follows from the calcu-
lation of intermediate electronegativity and
of hydrogen charge that the acid strength
(hydrogen charge) increases as a function
of the decrease in the number of Al atoms
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TABLE 8

Dependence of Catalytic Activity in the Reaction of Isopropyl Alcohol Dehydration and of Proton Activity
upon the Number of Al Atoms in the Elementary Cell of Faujasites

Experimental® Theoretical
Ratio Si0,/Al,04 Degree of Catalytic Na g A Hydrogen
in the samples ion-exchange a activity (mol/el.c.) charge
(La%*, H**, Na)-Y La3* (kK x 10%) oy
(mol/g s atm)
37 0.83 295 65.6 0.449 13.2 0.090
4.5 0.85 340 57.4 0.568 14.1 0.102
5.6 0.80 460 49.0 0.690 15.8 0.107
7.7 0.83 350 38.3 0.845 14.5 0.125
9.2 0.95 242 33.1 0.920 11.2 0.141
a Ref. (8).

in the zeolitic framework. Figure 3 indi-
cates the dependence of the activity of pro-
tons (A) (mol/el.c.), while Fig. 4 shows the
dependence of hydrogen charge on the
number of Al atoms (N ;) in the elementary
cell of the homologous series of faujasites.

Table 7 presents the experimentally de-
termined composition of partially deca-
tionized faujasites and the acidity of these
samples, which was established by high-
temperature adsorption of ammonia (29,
30), in comparison with the theoretical
values of the activity of protons (expressed
in mmol/g). Figure 5 indicates both experi-
mental and calculated values graphically.
The agreement between the measured and
the calculated values is satisfactory.

In conformity with Axiom 3 we may ex-
pect in the matter of whether we deal with
specific or general acid catalysis that the
catalytic activity will correlate either with
the proton activity or with the hydrogen
charge (i.e., acid strength). In the case of
the reaction of isopropyl alcohol dehydra-
tion (8), the catalytic activity correlates
with the proton activity rather than with the
acid strength, which is seen in Table 8. It is
likely that this reaction is an example of
specific hydrogen ion catalysis (37). In the
reaction of disproportionation of toluene
(29, 30), however, the catalytic activity

correlates with the hydrogen charge, and
this is shown in Figs. 6 and 7.

IV. CONCLUSIONS

The entire theorem of the acidity and cat-
alytic activity is based on a highly limited
input, namely, on the chemical formula of
the compound. It is nevertheless by way of
such a limited input that we are able to
elucidate quantitatively the dependence of
the acidity and of the catalytic activity of

Conversion} (%)
s = =N
o]
[e]

~
[—]
T

-
[ —J
T

[«]
1 °l

L 1 1 1

1 1 1 S
100 120 160 160
Hydrogen charge 77,x10°
FiG. 7. Conversion in the reaction of disproportion-
ation of toluene as a function of hydrogen charge.
(Coefficient of determination 72 = 0.93).
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zeolites in a given series of homologues
upon the Al content, and upon the content
and type of exchange cations in the elemen-
tary cell.

Intermediate  electronegativity  and
atomic charges represent the average prop-
erties of a compound and can therefore be
applied only in the interpretation of the
overall properties of the compound.

Within the framework of heterogeneous
acid-base catalysis with zeolites, the theo-
rem presented above is of fundamental
significance for the prediction of catalytic
activity and for other overall physicochemi-
cal properties of zeolites within each homo-
logue series.
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