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Thermodynamic and kinetic parameters relating to the sorption-diffusion of benzene and meth-
ylbenzenes in zeolites Y and ZSM-5 were determined at 613-713 K by the gas chromatographic
pulse method. The effects of the various phenomena involved have been separated and the relative
energy parameters determined. In NaY zeolite, the thermodynamic parameter was found to grow
rapidly with increase in the number of methyl groups carried by the aromatic ring, while the kinetic
parameter, relating to the intracrystalline process, decreases. In ZSM-5, no substantial change was
noted in the thermodynamic parameter on increasing the number of methyl groups, but the intra-
crystalline mass-transfer rate was much higher for p-xylene than for benzene or toluene. The major
resistance to intracrystalline mass transfer in ZSM-5 seems to be connected with the gas—solid
interphase-crossing process, sorption—desorption playing a minor role. Partial extraction of lattice
Al, with formation of cationic species, was also observed to take place during ion exchange and

calcination of zeolite sampies.

INTRODUCTION

The so-called decationated (protonated)
forms of Y and ZSM-5 zeolites are very ac-
tive catalysts for a number of reactions of
practical interest, among which isomeriza-
tion, disproportionation, and transalkyl-
ation of methylbenzenes and alkylation of
aromatics with methanol may be cited (/—
5). Mass-transfer and sorption—desorption
phenomena of methylbenzenes in such cat-
alysts play an important role in determining
activity and selectivity, due to the particu-
lar structure of these solids.

The present work deals with the determi-
nation of thermodynamic and kinetic pa-
rameters relating to the sorption-diffusion
of benzene and of some methylbenzenes in
porous pellets made from zeolitic powder
cake, at temperatures (613—-713 K) typical
for the above-mentioned reactions.

NOMENCLATURE

A Contribution to peak spreading
due to axial eddy diffusion,
cm
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Gy, Gy
&Py
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Contribution to peak spreading
duc to molecular diffusion,
cm? s7!

Contributions to the van
Deemter  parameter C,
connected with molecular
diffusivity, intracrystalline
“diffusion,”” and Knudsen
diffusion in macropores, re-
spectively, s

Bulk and Knudsen diffusion
coefficients, cm? s™!

Diameters of zeolite crystal
and peliet, cm

Constants for evaluation of Cy
and Cy, respectively

Correction factor for pressure
drop along the column

Height equivalent to a theoret-
ical plate, cm

Severity index during ion ex-
change

Thermodynamic parameter for
adsorption process

Equilibrium constant for sorp-
tion—desorption, cm? g™!

Rate constant for desorption,
S—l
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k_ Rate constant for interphase-
crossing process, cm s~

L Bed length, cm

M Adsorbate molecular weight, g
mol !

R, Radius of pellet, cm

u; Superficial rate of carrier gas,
cm s™!

w Bed weight, g

Greek Symbols

Sint Kinetic parameter relative to
intracrystalline process, s

> External void fraction of the
bed of particles

0 Internal void fraction of pellet

Pp Density of pellet, g cm™3

M, L2 First absolute and second cen-

tral moment of the peak
T Tortuosity factor for diffusion
in pellet macropores

METHOD

The gas chromatographic (GC) pulse
method adopted is described and discussed
extensively in Part 1 (6), together with the
apparatus employed. The most interesting
parameters for the present study are the
thermodynamic constant K,y relating to the
sorption-desorption process and the ki-
netic parameter 1/6;,,, connected with the
time constant relating to the intracrystalline
process. These parameters may be deter-
mined from the values of the moments u]
and u, of the GC peak, the latter being con-
nected with the height equivalent to a theo-
retical plate (HETP) of the GC column. K4,
can be calculated directly from the values
of i and of the geometric parameters of the
column, such as the external void fraction ¢
and length L. The evaluation of 1/8;,, may
be achieved from the dependence of HETP
on carrier gas flow rate 2, after separating
the contributions due to diffusion in the gas
film surrounding the particle and within the
macropores of the pellet. The values of two
constants, Gy, and Gy, connected with bulk
and Knudsen diffusion effects, respec-
tively, may then be determined. Such val-
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ues are obtainable from the dependence of
the behavior of the GC column on the na-
ture of the carrier gas and on the dimen-
sions of solid particles, respectively.

EXPERIMENTAL

Adsorbates. Analytical grade chemicals
(C. Erba or Merck) were employed as ad-
sorptives (adsorbates). They were carefully
dried on precalcined SA zeolite spheres and
then stored over SA as desiccant, which
was frequently renewed.

Carrier gas. Ultrapure helium (SIAD
UP, =99.9999 mol%) was used as carrier. It
was further purified by means of a double-
wall glass trap, filled with precalcined (823
K) 13X zeolite, and cooled in liquid nitro-
gen. A few runs were also performed with
high-purity nitrogen (SAPIO PPL, =99.999
mol%).

Zeolites. NaY zeolite (SK40) was kindly
supplied by Union Carbide as cake, i.e., as
binderless, crystalline powder. ZSM-5 was
prepared in a single, relatively large (ca. 30
g) batch, in our laboratory, by the hydro-
thermal method, in a PTFE-lined auto-
clave. The procedure suggested in the Mo-
bil patent (7) was slightly modified, in order
to obtain zeolite crystals of larger diame-
ters. X-Ray diffractometric analysis (Debye
method) on the ‘‘as prepared” powder
showed a practically complete crystalliza-
tion of the zeolite, whose diffractometric
pattern was identical to that reported in the
literature. A portion of the ZSM-5 cake was
subjected to separation by elutriation in dis-
tilled water, collecting fractions of differ-
ent-size crystals. The Al content of the zeo-
lite was determined by chemical analysis,
through standard procedure (8), and con-
firmed by atomic absorption spectroscopy.
The size of the zeolite crystals was mea-
sured on several micrographs obtained by
scanning electron microscopy. X-Ray dif-
fractograms of the samples separated by
elutriation showed that all such fractions
were fully crystalline, except the finest one
(average crystal size 1 um), in which some
amorphous material was observed.
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Preparation of GC column and proce-
dure. Both the ‘‘as supplied”” NaY and the
‘‘as prepared’’ NaZSM-5 zeolites showed a
marked residual catalytic activity, due to
the presence of acidic centers. An ion-ex-
change treatment was therefore needed,
and this was effected by means of saturated
NaCl solution, the pH of which was kept at
the desired value by adding the proper
amount of NaOH. The solid was then
washed chloride free (AgCl test) with water
to which some drops of NaOH soiution
were added to keep the pH constant. A final
rapid rinsing in distilled water followed. An
acidic form of the zeolite was also pre-
pared, by repeatedly treating the powder at
363 K with saturated NH,CI solution (9).
After drying (423 K) and calcination (823 K
overnight in dry air) the powder was
pressed (maximum pressure 200 MPa) into
1- to 2-mm thick wafers. The wafers were
then gently crushed and sieved, collecting
the desired mesh fraction, usually 0.18-
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0.25 mm (60-80 mesh). The latter proved to
be a good compromise between excessive
pressure drop and the risk of bypass of the
carrier gas through the column. After pack-
ing, the column was pretreated in situ at 773
K for 12 h in a slow flow of dry air, followed
by the carrier gas (793 K, 24 h). Tempera-
ture was then lowered to the desired value
and the injection of adsorbate pulses
started. The principal characteristics of the
GC columns employed are summarized in
Table 1.

The procedure followed for data collec-
tion and processing is given in detail in Part
I (6). To summarize, after checking the va-
lidity of the assumptions upon which the
method relies, the steps were as follows:

(i) Evaluation of the geometric parame-
ters (g, L, W, etc.) of the column.

(ii) Evaluation of the moments u; and u,
of the peak.

(iii) Evaluation of the van Deemter pa-
rameters B and C, and of the thermody-

TABLE 1

Characteristics of the GC Columns Employed

Column Zeolite pH Average Average Column Bed External Al

No. during particle zeolite  length, L  weight, W void content
ion exchange diam, d, crystal (cm) (g) fraction, as ALO;
(cm) diam, d_ £ (wt%)
(pum)

L1 NaY 7 0.020 i 22.6 0.800 0.46 23.5
L30 NaY 11-12 0.040 1 22.6 0.899 0.23
L31 NaY 11-12 0.017 1 14.0 0.495 0.31
L32 NaY 11-12 0.020 1 16.0 0.586 0.34
L28 HY 5.5 0.020 1 17.1 0.703
L33 NaZSM-5 11-12 0.020 7.5 14.6 0.618 0.31 2.19
L14 NaZSM-5 H-12 0.020 7.5 12.0 0.472 0.37
L15 NaZSM-5 12-13 0.020 4 15.0 0.550 0.36 3.17
L17 HNaZSM-5 a 0.020 4 9.55 0.379 0.37 5.04
L21 NaZSM-5 7 0.020 4 9.70 0.407 0.39
L24 NaZSM-5 11-12 0.020 4 8.60 0.386 0.34 2.20
L19 NaZSM-5 11-12 0.020 2.5 15.0 0.606 0.39 3.11
L16 HZSM-5 5.5 0.020 2.5 12.3 0.561
L25 NaZSM-5 b 0.020 2.5 10.3 0.443 0.36 2.65
L26 NaZSM-5 11-12 0.020 1 8.50 0.330 0.32 3.25
L18 HZSM-5 c 0.020 ~5 13.2 0.620

% From the “‘as prepared’’ cake, elutriated, but not subjected to ion exchange.

b From L16 zeolite, by back exchange (pH 11-12).

¢ From the ‘‘as prepared’’ cake, by ion exchange with NH,Cl (pH 5.5).
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namic parameter K relating to sorption-de-
sorption equilibrium. The latter parameter
is related to the equilibrium constant K,y
by the equation K,4s = K/p,, p, being the
density of the zeolite pellet.

(iv) Calculation of the curve, fitting the
HETP vs u{ data (Fig. 1), and evaluation of
van Deemter parameters A and C;,.

(v) Evaluation of the contribution to
Ci; of parameter C,, connected with
Knudsen diffusion in macropores.

(vi) Evaluation of kinetic parameter
1/8i (s71), relative to the intracrystalline
process.

(vii) Calculation of the van’t Hoff and Ar-
rhenius parameters relating to K,qs and to
1/8;, respectively.

RESULTS AND DISCUSSION

Contribution of Bulk Diffusivity to
Mass-Transfer Resistance

This contribution has been evaluated by
determining the effect of changing the car-
rier gas on the value of the van Deemter
parameter C, for a given column under
identical experimental conditions, employ-
ing the equation (6)

(HETP _ S_B) _ (HETP B SB)
&2 us/N, &2 u3/He

——Da’N2 - 1) us
Da.He :

(1

in which the diffusion coefficients D, n, and
D, y. were calculated by the standard pro-
cedure (10).

Runs were performed on column L.30
(see Table 1) with benzene as adsorbate and
He or N, as carrier gas. From the parame-
ters of the straight lines (least-squares) ob-
tained by plotting the first member of Eq.
(1) vs u, the following values of Cy, y. were
calculated: 1.13 x 1074, 0.99 x 1074, and
0.85 x 10~*s at 633, 653, and 673 K, respec-
tively. From these values and by means of
the equation

1
~ (An, — And) + = Colue (

dy Gy

Co =300 — o) Das

2
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HETP (cm)

1 L 1

ulem s

FiG. 1. Typical fitting of the calculated HETP vs &}
curve with respect to experimental points. Column,
L19; adsorbate, benzene. (A) 673, (@) 633 K.

the average value G, = 8.08 = 0.72 was
calculated for the mentioned temperature
range. As a first approximation, this value
was employed for both Y and ZSM-5 zeo-
lites. In fact, the particles packing the
columns were prepared by the same proce-
dure, i.e., by pressing the zeolite cake un-
der identical conditions.

Zeolite Y

Separation of the effect of Knudsen dif-
fusion and of the intracrystalline mass-
transfer process. The separation is made
possible by the different influence of parti-
cle size on the two processes. The equation
employed is

ed?
Cine = Ci + 3.44 X 107G 7—— VMIT
3)
where
_ 2 B
C=1=5% @
Experimental data were collected on

columns L30, L31, and L32, of particle
sizes 0.017, 0.020, and 0.04 cm, on the aver-
age, respectively. From Eq. (3) one obtains

_ 8im
y =G+ x X %)
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where
(1 - g)Cisx /M
T 3.44 % 10‘6sd§
2VTIM

Tl x 10
so that, by plotting y vs x, a straight line
(least-squares) was obtained at each tem-
perature (Fig. 2), the slope of which gave
the following values of (8;,/K): 3.94 x 1074,
3.13 X 1074, and 3.02 X 10~* s at 633, 653
and 673 K, respectively. The intercepts of
the three straight lines practically converge
to the same value, as expected, so that an
average value of (8.32 + 0.25) X 10° cm™!
was calculated for the constant G, = 7/6R,,.
It may be noted that, by assuming /6 = 4,
as usually suggested (/0) for similar sys-
tems, one obtains R, = 4.8 X 1072 um. This
is a reasonable value for the average size of
macropores in particles obtained by press-
ing, at relatively low pressure, crystals with
diameters of the order of ca. 1 pum.
Influence of methyl groups present on the
aromatic ring. Experimental problems
grow rapidly with increase in the number of

1%y cm™h

0 I 1

2 4 ]
]

10 % (em 15N
FI1G. 2. Plot of y vs x (Eq. (5)). Adsorbate, benzene;
columns, L30, L31, and L32. (a) 633, (b) 653, (c)
673 K.
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FiG. 3. Van’t Hoff and Arrhenius plots, for equilib-
rium constant relative to sorption of methylbenzenes,
and for kinetic parameter relative to intracrystalline
process, respectively, in NaY zeolite. Column, L1.
(®) Benzene, (A) toluene, (0J) p-xylene, (¢) m-
xylene, (A) o-xylene, (O) mesitylene.

methyl groups carried by the aromatic ring.
The simultaneous increasing of sorbate re-
activity and of retention time quickly re-
duces the range of experimental conditions
within which the effect of chemical reactiv-
ity on the second moment u, is negligible, as
requested by the assumptions on which the
present method relies. As a consequence,
sound data could be collected only for ben-
zene, toluene, and o-xylene. Kinetic data
for m- and p-xylene could be obtained at
only two temperatures, differing by 25 K,
due to a progressive slow fouling of the zeo-
lite. As for mesitylene, only thermody-
namic data were found to be reliable. The
results are shown as van’t Hoff or Arrhe-
nius plots in Fig. 3. In Table 2 (upper part)
the values for enthalpy and entropy
changes connected with the sorption pro-
cess are reported, together with the values
for the apparent activation energy and the
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TABLE 2

Enthalpy and Entropy of Sorption and Apparent
Activation Energy and Arrhenius Preexponential
Factor of Intracrystalline Process

Adsorbate —AHy4 —ASags E, InA
(kcal mol™1) (e.u.) (kcal mol™1)
NaY zeolite
Benzene 13.1 £ 0.1 9.5+ 0.2 109 = 0.2 11.5 0.2
Toluene 15.0 £ 0.6 104 = 1.0 51+07 64 * 0.6
o-Xylene 18.2 + 0.01 133 + 0.02 103+ 1.3 95+ 1.0
m-Xylene 19.3 + 04 14.9 = 0.7 (3437 27.9)
p-Xylene (14.9) 8.7) (30.5) (25.6)
Mesitylene 18.8 + 0.2 132+ 03 — —
NaZSM-5 zeolite

Benzene 22.1 03 21.8 £ 0.5 21.5+125 16.6 + 1.9
Toluene 224 0.6 22.0*09 19.7 + 1.1 15.1 0.8
p-Xylene 242 + 0.05 25.1 £ 0.08 159 +25 13.1 £ 1.9

¢ In parentheses are those data collected at only two temperatures (648
and 673 K), due to slow, progressive fouling of the zeolite.

Arrhenius preexponential factor relating to
the intracrystalline process. These values
have been calculated from the parameters
of the straight lines (least-squares) fitting
the experimental data in Fig. 3. The follow-
ing observations may be made:

(i) The value of the thermodynamic con-
stant K4, grows rapidly on increasing the
number of methyl groups present on the ar-
omatic ring. Such an increase is connected
mainly with the rapid increase of the en-
thalpic term, while the entropic one does
not change remarkably (Table 2).

(ii) Although no reliable kinetic results
could be obtained for mesitylene and only
incomplete data for m- and p-xylene, the
rate of the intracrystalline mass-transfer
process, as expressed by the parameter 1/
dit, appears to decrease on increasing the
number of methyl groups. In any case, the
mass-transfer process seems to be much
faster for p-xylene than for o- or m-xylene.

(iii) The kinetic parameter changes more
slowly than the thermodynamic one. As a
consequence, the overall resistance to mass
transfer, expressed as 8;,/K, decreases on
increasing the number of methyl groups.

Zeolite ZSM-5

Influence of zeolite crystal size. Experi-
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ments have been performed on columns
L26, L19, L24, and L33, made from sam-
ples obtained by elutriating the same batch
of ZSM-5 zeolite. The entire set of columns
was prepared under exactly identical condi-
tions. The columns differed only by the size
of the zeolite crystals in the pellets (see Ta-
ble 1). Only benzene was used as sorbate.
As reported in detail in Part I (6), the de-
pendence of &, on the diameter d. of the
zeolite crystals is expressed by three differ-
ent equations, namely,

dz

6int = m

(6)
if the rate-determining step (rds) of the in-
tracrystalline process is Fickian diffusion
within the micropores,

d

6int = 6k_c_

(7
if the resistance is localized at the external
surface of the crystal, and

8int = l/kdes (8)

if the rds is sorption—-desorption on the mi-
cropore walls. In Eqs. (6)-(8), D, is the ef-
fective diffusion coefficient of adsorbate in
the zeolite micropores, k_, is the rate con-
stant, referred to the unit external surface
area of the crystal, for the interphase-cross-
ing process of sorbate leaving the crystal,
and kg, is the rate constant, referred to unit
volume of the crystal, for the sorbate de-
sorption process. As regards the thermody-
namic parameter K4, no dependence on d,
is expected. The experimental data have
been treated by taking G, = 8.08 and Gy =
8.32 X 10° cm™!, i.e., the values previously
obtained for NaY zeolite. Experimental
results are given in Fig. 4. One may observe
that the K4, values are practically indepen-
dent of d., except for the finest crystals
(L26 column, average crystal diameter d, =
I um). This was probably connected with
the above-mentioned presence of amor-
phous material, as revealed by X-ray dif-
fractograms, since the value of K, de-
pends on the mass of zeolite packed in the
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FiG. 4. Dependence of K 4 and of (1/8;,) on zeolite
crystal diameter for benzene on NaZSM-5. d, (um) =
1@, 2.5 (4), 4(A), 7.5 (O).

column. A similar dependence is not ex-
pected for the values of 1/8;,.. In any case,
the parameters of the best straight lines
(least-squares), drawn through the experi-
mental points of Fig. 4, permitted the val-
ues of —AH4, = 20.6 = 0.4, 22.0 = 0.5,
21.6 = 0.1, and 21.8 = 0.4 kcal mol~! and
—AS,4s=19.3+0.6,20.3 +0.7,19.8 = 0.1,
and 20.0 = 0.6 e.u. to be calculated for d, =
1, 2.5, 4, and 7.5 um, respectively. This
confirms that, in all cases, adsorption cen-
ters of the same type are involved for all the
fractions, with average —AH, 4, = 21.5 kcal
mol~! and —AS,4 = 19.9 e.u.

As regards the 1/8,, data, unfortunately
experimental points could not be collected
over the whole range of temperature (613-
713 K) for every column, due to the above-
mentioned limits for useful experimental
conditions. As a consequence, a more com-
plete representation (Fig. 5) of the depen-
dence of &, on d. could be obtained only
after calculating two lacking points (re-
ported in parentheses in the figure) by
means of the Arrhenius parameters evalu-
ated from the plots of Fig. 4. One may note
that the Fig. 5 data lie satisfactorily along

FORNI AND VISCARDI

straight lines at every temperature. This
permits us to eliminate Fickian diffusion
(Eq. (6)) as the rds of the intracrystalline
mass-transfer process. Furthermore, the
best straight lines (least-squares), drawn
through the data of Fig. 5, present a posi-
tive intercept value, so that, in principle,
neither mechanism (Eqs. (7) and (8)) repre-
senting the rds should be discarded. How-
ever, as the value of the intercept is rela-
tively small, the major resistance to mass
transfer is very probably connected with
the interphase-crossing process (Eq. (7)),
the sorption-desorption effect (Eq. (8))
playing a minor role. The intercept, i.e., the
value of &;,, at d. = 0, represents the contri-
bution to mass-transfer resistance, con-
nected only with the sorption-desorption
process from the zeolite surface. As a con-
sequence, the value of k ., was evaluated
from such intercept values and by Eq. (8),
obtaining the data shown as an Arrhenius
plot in Fig. 6 (upper line). From this plot, an
apparent activation energy for the adsorp-
tion—desorption process E, = 7.5 = 0.8 kcal
mol~! was calculated, together withIn A =
8.1 = 0.6 for the corresponding preex-
ponential factor.

On the other hand, the slope of the
straight lines of Fig. 5 was uvsed, together
with Eq. (7), for evaluating the rate con-
stant k_; of the interphase-crossing pro-

()]

1 1 |

de (um}

Fi1G. 5. Evaluation of k4 and k_; (see text) for ben-
zene on NaZSM-5. (O) 633, (A) 653, (O) 673, (0)
693 K.
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cess. The Arrhenius plot shown in the same
Fig. 6 (lower line) was thereby obtained,
from which the values of E, = 18.3 = 0.1
kcal mol 'and In A = 13.4 + 0.1 were cal-
culated for the energy parameters con-
nected with the process. The present data
then indicate that the intracrystalline pro-
cess probably involves two subsequent
steps: desorption from the micropore walls
and the overcoming of a barrier localized at
the crystal—gas interphase, i.e., at the pore
mouth. By taking into account all our data,
a semiquantitative picture of the overall
process can be represented as shown in
Fig. 7 (solid lines). In such a scheme, both
steps require an activation energy lower
than the enthalpy gap between the initial
and final states. This is in agreement with
many published data (//-13) reporting acti-
vation energy values for the mass-transfer
process lower than the enthalpy of adsorp-
tion. In other words, the ratio 8;,/Kaqs, i.€.,
the energy parameter connected with the
resistance to the intracrystalline process, is
always found to increase with increasing
temperature.

However, these results cannot be consid-
ered as definitive, since our zeolite frac-
tions, although coming from the same batch
of cake, did not show the same chemical
composition. As reported in Table 1, the Al
content rises from 2.19 to 3.25 (wt%, ex-
pressed as Al,O;) with decreasing crystal
diameter. This is probably connected with
the method of preparation of our zeolite.
When ZSM-5 is formed by crystallization

425

In k_g

o
L
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Fic. 6. Arrhenius plot for ku, (O) and &_, (@). Sys-
tem: benzene—-NaZSM-5.
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BHygs . E, (keal moih

reaction coordinate

FiG. 7. Scheme of the energy changes involved in
the intracrystalline process for benzene (solid lines) or
p-xylene (dashed lines) in NaZSM-5. T.S. = transition
state intermediate; A,.,, Am, Aws = sorbate A, in gas
phase, in micropores, adsorbed on pore walls.

under hydrothermal conditions, with silica
gel as the source of silica as in the present
case, a progressive decrease of the Al con-
tent is observed from the core to the exter-
nal shell of the crystal. This effect has been
attributed (/4) to the progressive decrease
of the AI** concentration in the mother gel,
with formation of an Al-deficient outer shell
of ZSM-5 or of isostructural silicalite. Addi-
tional causes of radial gradients in the Al
concentration could be connected with the
procedure followed during ion exchange
and/or calcination. In Table 1 one may ob-
serve that the Al content of all the elu-
triated fractions is lower than that mea-
sured for the precursor cake. In the present
case, dealumination seems not to be con-
nected with processes taking place during
ion exchange. In fact, when considering
columns L15 and L24, prepared from the
same fraction of elutriated zeolite, one can
see that the Al concentration is higher in
L15, which was subjected to ion exchange
under more severe conditions. The phe-
nomenon seems to be better explained by
assuming that, during calcination to elimi-
nate the alkylammonium or ammonium
ions, a part of the Al migrates out of the
zeolite lattice, with formation of cationic di-
hydroxyaluminum species, which are sub-
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sequently leached out during ion exchange.
Such an interpretation, also proposed by
others (3, 15) in similar cases, is confirmed
by a comparison between the behavior of
the L19 and L25 columns: both come from
the same fraction of elutriated ZSM-5 and
both were Na-exchanged and subsequently
calcined under identical conditions. How-
ever, L25, which presents a lower concen-
tration of Al, was subjected to NH; ex-
change and calcination before the final Na*
exchange. The process is summarized in
some detail in Fig. 8. Finally, it cannot be
excluded that a linear increase of §;, with
d?, as expected for a Fickian diffusion pro-
cess, could have been masked by the pro-
gressive decrease of the Al content. This
would lead to a corresponding decrease in
the number of relatively cumbersome Na*
ions, thereby increasing the width of the
zeolite channels.

Decationated zeolite. Owing to the very
effective catalytic properties of the acidic
form of both Y and ZSM-5 zeolites, ben-
zene is the only aromatic useful as adsor-

ZSM5
Synthesis
ALO;wt%

in the

solid n \3, + o TPA®
LN

calcination
823 K)

.,

+ m AI(OHE* n-2m) H© J
N

N
x5 [ l(n—m)/

[]

+ +
NH, or Na —~ maAa
ion-exchange (leaching}

)
‘ (n—m)\A( + tn-m) [Na* or NH,] J
el
]

calcination
(793K}

Na - form
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bate, in that it is the least reactive one.
However, with both zeolites in the acidic
form (columns L.28, 116, and L18) the ad-
sorption isotherms were found to be nonlin-
ear, even at the lowest concentration of
adsorptive (adsorbate) in the carrier gas
detectable by our flame ionization detector,
at any column temperature (523-723 K). In
any case, from a qualitative point of view, a
much lower retention time was observed,
for both zeolites, with respect to their Na
form. This corresponds to a lower value of
adsorption equilibrium constant, as if ad-
sorption centers were ‘‘weaker’ in the
acidic than in the sodium form.

Effect of ion-exchange conditions for
NaZSM-5. Two series of comparative runs
were conducted, benzene being the adsor-
bate for both series. The entire set of
columns employed was prepared from the
same fraction of elutriated zeolite, but the
pH of the Na-exchanging solution was pro-
gressively increased up to 12-13, going
from LL17 to L21, 124, and L15 columns, in
that order (see Table 1). A severity index I
= pH — pNa = log(Cna.+/Cy+) was intro-
duced, referred to the ion-exchanging solu-
tion. Results are shown in Fig. 9.

Acidic centers being ‘‘weaker”’ than so-
dium ones, the value of equilibrium con-
stant should grow with an increase in the
severity of the ion-exchange treatment.
Such behavior is verified only for I from 2
to 7, K,4s values decreasing by further in-
creases in I, up to 11 and 13. The phenome-
non could be due to nonfacile access to the
adsorption centers, because of the increas-
ing blocking of zeolite pores by Na* ions.
This hypothesis is supported by the value
of the enthalpy change —AH 4, = 21.8 £ 0.3
kcal mol~!, which is found to be indepen-
dent of severity, indicating that adsorption
sites of the same type are involved in all
samples.

On the other hand, the kinetic parameter
1/8, is practically independent of severity,
for I, = 2-7, but decreases on further in-
creasing I;. This behavior as well is easily
explained by the progressive reduction of
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F1G. 9. Effect of severity of ion-exchange treatment.
System, benzene-NaZSM-5. I, = (O) 2, (A) 7, (0) 11,
(<) 13.

pore width with increasing number of Na*
ions in zeolite channels. The apparent acti-
vation energy and the corresponding Arrhe-
nius preexponential factor, connected with
the 1/8;,, parameter relating to the gas—solid
process, were calculated by considering to-
gether the data relating to I, = 2 and 7. The
results are E, = 15.3 = 2.5, 18.8 = 1.2, and
21.5+2.4kcalmol~'andInA = 12.6 = 1.1,
14.8 = 0.9, and 16.6 = 1.9, for I, = 2-7, 11,
and 13, respectively.

Effect of ion back exchange in NaZSM-
5. This study was carried out by means of
columns L25 and L19 (Table 1), prepared
from the same fraction of elutriated zeolite.
The ion-exchange steps were the following.
A part of the decationated zeolite employed
for column L16 was Na-back-exchanged at
pH = 11-12 to obtain the zeolite for column
L25. Column L19 was prepared from the
zeolite ‘‘as obtained’’ from elutriation, by
Na-exchanging at the same pH. Experi-
mental runs were made with benzene as ad-
sorbate and results are shown in Fig. 10.
The severity index being the same for both
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columns, the marked difference in both the
thermodynamic and Kinetic parameters de-
pends only on some irreversible change
taking place on decationated sites during
the preparation of the protonated form. The
Na-back-exchange procedure restores only
in part the original adsorption capacity of
the zeolite, the value of K4 for the L19
column being ca. 1.6 times higher than that
for .25 column at any temperature.

On the other hand, both enthalpy and en-
tropy changes (—AH,y = 21.7 = 0.5 and
22.0 = 0.5 kcal mol~! and —AS,4 = 20.8 =
0.7 and 20.3 = 0.7 e.u., respectively) are
practically the same for the two columns.
The difference in the values of the thermo-
dynamic constant seems then to be con-
nected with a decrease in the number of
adsorption sites rather than with a decrease
of their strength. This confirms that a part
of the original sites is lost during prepara-
tion of the decationated form, as previously
reported (Fig. 8). In the present case, for
the zeolite of column L25, a decrease of Al
content by ca. 15% has been measured (Ta-
ble 1), with respect to the L19 sample, ac-
companied by a decrease of the K, 4, value
of ca. 35%. It may be concluded that the
HZSM-5 obtained through NH; exchange,
followed by calcination at 793 K, has been
dehydroxylated by ca. 20%. In such a zeo-
lite, ca. 15% Al is present in cationic form

In(1/8j0)

15 16
Wil

FiG. 10. Effect of Na back exchange. Sorbate, ben-
zene. (O) NaZSM-5, (A) back-exchanged NaZSM-5. I
= 11 in final Na exhange for both samples.
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and occupies ca. 15% of the adsorption
sites.

As regards the kinetic parameters, the
data of Fig. 10 show that in back-exchanged
zeolite the mass-transfer process is much
more rapid. This is very likely to be due to
increased opening of the zeolite pores be-
cause of the lower number of Al atoms in
the lattice, leading to a smaller number of
Na™ ions. The apparent activation energy
of the process remains practically un-
changed (16.0 = 1.9 and 15.9 + 1.0 kcal
mol~!, withln A = 13.7 + 1.5 and 12.7 =
0.8, respectively, for the L25 and L19
columns), indicating that the mechanism of
the process is probably the same for both
zeolites. The present data then confirm that
both ion-exchange and calcination condi-
tions can strongly modify the structure of
zeolitic material, thereby affecting consid-
erably the sorption—diffusion (and cata-
lytic) properties of these solids.

Effect of activation temperature. Col-
umns L.14 and L33 were prepared from
the same fraction of elutriated and Na-ex-
changed ZSM-5 (Table 1), the only differ-
ence being the temperature (713 and 793 K,
respectively) of the activation performed in
situ just before starting adsorbate (benzene)
injections. The behavior of such columns
shows that the increasing of the pretreat-
ment temperature leads to an increase in
K4 (by ca. 40%) and to a decrease in 1/8;y
(by ca. 10%) at any temperature. However,
only a small decrease (from 23.7 + 0.2 to
21.8 = 0.4 kcal mol™! and from 23.5 = 0.3 to
20.0 = 0.6 e.u.) was noted in —AH_ 4, and in
—AS.4s, respectively, the apparent activa-
tion energy remaining practically un-
changed (17.6 = 0.4 and 17.1 = 3.3 kcal
mol™!, withln A = 13.3 =+ 0.3 and 12.8 =
2.5, respectively).

Effect of methyl groups present on the
aromatic ring. Experiments concerning this
effect could be made only on the L15
column, i.e., on the zeolite exchanged un-
der the most severe conditions (I, = 13). All
other columns showed a more or less
marked catalytic activity of the methylated
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benzenes, thus preventing the collection of
reliable data. It was also immediately ob-
served that only the behavior of toluene
and p-xylene could be analyzed in some de-
tail. o- and m-xylene and polymethyl-
benzenes showed a very short retention
time, close to that of nonadsorbed sub-
stances. The experimental results, shown
in Fig. 11 and Table 2 (lower part), are very
different from those obtained with NaY ze-
olite (Fig. 3). The strong increase in K,4; on
increasing the number of methyl groups
does not appear any longer. Equilibrium
constants for toluene are only slightly
higher and those for p-xylene are even
lower than those for benzene. —AH,4 val-
ues rise very slowly with increase in the
number of methyl groups, but the effect on
the values of K4, is balanced or more than
balanced by the corresponding increase in
—AS,s. This may be connected with the
progressive decrease in mobility of adsor-
bate molecules within the zeolite pores. As
regards the kinetic parameters, it may be
observed that the rate of the intracrystalline
process decreases slightly from benzene to
toluene, but grows considerably from tolu-

I~

in (1/diml

L
15 16

1037 h

Fic. 11. Effect of methyl groups present on the aro-
matic ring in NaZSM-5. (O) Benzene, (A) toluene, (1)
p-xylene.
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ene to p-xylene, whose values of 1/8;, are
practically twice as high as those for ben-
zene. The apparent activation energy (Ta-
ble 2) decreases regularly from benzene to
p-xylene. This quite surprising behavior
(16) has been confirmed in our laboratory
on many different ZSM-5 samples, coming
from a variety of preparations and employ-
ing different precursor gels, leading to
ZSM-5 samples with SiO,/Al,O; ratios
ranging from ca. 15 up to ca. 31.

Recalling the two-step mechanism previ-
ously mentioned for the intracrystalline
process, the present results indicate that,
on going from benzene to p-xylene, energy
levels would shift as shown by the dashed
lines in Fig. 7. It may be seen that on in-
creasing the number of methyl groups, the
energy difference A, — A, between the
intermediate within the micropore (A,,) and
the adsorbed substance (A.q), increases
more rapidly than the overall energy
change AH,4, connected with the progres-
sive change in adsorption energy.

CONCLUSIONS

The results of the present work may be
summarized as follows.

(i) In both NaY and NaZSM-5 zeolites
the resistance connected with the intracrys-
talline process provides the major contribu-
tion to the overall sorption—diffusion pro-
cess, at least for low-diameter (0.02-0.04
cm) granules.

(i) The values of the thermodynamic
and kinetic parameters and the chemical
analysis data relating to zeolite samples
treated in different ways show that there is
a marked effect on the characteristics of the
zeolite from the conditions at which both
ion exchange and calcination are per-
formed.

(iii) Acidic ZSM-5 zeolite shows a much
lower adsorption equilibrium constant and
much more rapid sorption—diffusion kinet-
ics, with respect to the sodium form.

(iv) Calcination is accompanied by some
irreversible structural transformation, even
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at temperatures usually considered well be-
low those at which the zeolite crystal lattice
becomes unstable. Such a transformation
involves mainly the decationated (proton-
ated) sites and leads to a decrease in reticu-
lar Al content. This also suggests that the
calcination treatment, usually performed to
decompose the residual alkylammonium
ions, trapped in the ‘‘as prepared”” ZSM-5
cake, should be properly controlled.

(v) The most probable rds of the intra-
crystalline process in ZSM-5 is the inter-
phase gas—crystal barrier crossing, sorp-
tion—desorption from pore walls playing a
minor, but not negligible, role. However,
some further study is needed to separate
better the effects of chemical inhomoge-
neity, present even in fractions of different
crystal size, coming from the same batch of
ZSM-5 cake.

In spite of the quite strong limitations in-
volved (6), the GC pulse method employed
in the present study has proved to be a sim-
ple, rapid, and reliable way to collect inter-
esting and useful information on the sorp-
tion—diffusion of relatively bulky molecules
in zeolite granules, particularly for the com-
parison of the behavior of different samples
within a given range of experimental condi-
tions.
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