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On the External and Intracrystalline Surface Catalytic Activity of
Pentasil Zeolites

Molecular  shape-selective  catalysis
arises from the presence of active sites
within the intracrystalline free volume of
zeolites. Because of the constraints which
may be imposed on the reagents and/or the
products, at any time along their reaction
pathways, certain conversions can be fa-
vored and deviations from equilibrium
product distribution are sometime ob-
served. Several recent and comprehensive
reviews describe and discuss these effects
(1-4).

A formal distinction should be made be-
tween the above intracrystalline catalytic
sites and those present on the outer surface
of the crystallites which will not cause mo-
lecular shape-selective effects. For pentasil
materials, such as ZSM-5 and ZSM-11, the
percentage of external surface tetrahedral
sites, Ts (%), either Si or Al, can be esti-
mated to be given approximately by

Ts(%) = 181-(1/D)

where D is the mean crystallite size (in nm),
i.e., a nonnegligible amount for catalyst
particles with size of 100 nm or less. It is
also known that aluminum distribution gra-
dients can be found in such materials, de-
pending on either their synthesis conditions
(5, 6) or their subsequent modifications (7).
Therefore, their outer surface composition
often differs from the bulk composition. It
has been shown that XPS was a suitable
technique to estimate the external surface
aluminum content (7) whereas prompt nu-
clear and atomic reactions were ideal tools
to obtain bulk compositions (8).

n-Hexane (n-C6) is a molecule which is
known to diffuse freely within the pentasil
frameworks, thereby having access to all
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the active sites (9). In contrast, 1,3,5-tri-
methylbenzene (TMB) has a van der Waals
diameter of 0.86 nm which should render it
too bulky for probing the intracrystalline
catalytic sites. The present note shows that
the conversions of #-C6 and TMB can be
used to probe, respectively, the overall and
the outer surface activities, by drawing the
attention to the direct proportionality
which exists between aluminum content,
surface or bulk, and catalytic activity.

Table 1 lists the samples used in the
present study and the respective acidifica-
tion or other pretreatments which apply.
No significant amount of Na was present in
their protonated forms. All the ZSM-5 cata-
lysts had a mean crystal size of 1500-2000
nm whereas the ZSM-11 particles (ca. 1000
nm) were aggregates of smaller crystallites
(100 nm or less) as reported elsewhere (10).
Table 2 summarizes the reaction condi-
tions. The catalysts were first calcined in
situ at 773 K for 2 h in dry air before adjust-
ing the microreactor reaction temperature.
Dry air was replaced by dry nitrogen for
sample C-ZSM-5(A) (used catalyst). The
reactor was purged with dry nitrogen be-
fore introduction of the reagents. On-line
gas chromatographic analysis was used to
separate and identify the products. Other
experimental details are described else-
where (11, 18).

Table 3 lists the measured specific cata-
lytic activities (SCA), i.e., the number of
moles of reagent (n-C6 or TMB) converted
per hour and per mole of aluminum, calcu-
lated assuming first-order Kinetics. The per-
centage of external surface sites, Ts(%),
evaluated from the aforementioned crystal-
lite sizes was used in the evaluation of the
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TABLE 1

Catalyst Descriptions

Sample [Al/(Al + Si)] [Al/(A]l + Si)] Remarks
(Bulk)“ (Surface)®

ZSM-5(A) 3.72 2.49 H-Form from ion-exchange with HC1 0.5 N

ZSM-5(B1) 6.45 5.08 H-Form from NH,NO; 1 N ion-exchange,
calcined at 773 K in air

ZSM-5(B2) 6.53 4.59 H-Form from pretreatment with NH; gas fol-
lowed by NH,NO; 1 N ion-exchange,
calcined at 773 K in air

B-ZSM-5(A) 3.50 2.39 H-Form from HCI 0.5 N ion-exchange, impreg-
nated with aqueous H;BO; (0.3 wt% B (8))

P-ZSM-5(C) 7.35 5.26 H-Form from ammonium exchange and calcina-
tion treated with P(OCHj;); as described in
Ref. (11) 2.06 wt% P(8))

C-ZSM-5(A) 3.72 4.76 ZSM-5(A) after 16 h on stream in CH;OH
conversion (643 K, WHSV =2 h-!,ca. 3
wt% C)

ZSM-11 2.65 4.00 H-Form from NH,NO; 1 N ion-exchange,

calcined at 773 K

4 Mean T-site Al atomic fraction (X 100) measured by prompt nuclear analysis (8).
5 Surface T-site Al atomic fraction (x 100) measured by XPS (7).

specific activities for the conversion of
TMB. A range of SCA is given for ZSM-11
for which the crystallite size cannot be
specified as particles are aggregates.

In the above experimental conditions,
SCAs for the nonmodified (ZSM-5(A,B1,
B2)) and the boric acid impregnated (B-
ZSM-5(A)) ZSM-5 catalysts are found to be
nearly constant for both the n-C6 and TMB
conversions, relative to the mean bulk and
surface aluminum concentrations, respec-
tively. Whereas the correlation of the spe-
cific activities is good (within 10%) for the
cracking of n-C6, a somewhat larger scat-
tering (=25%) is observed for the conver-
sion of TMB. It is attributed to the fact that

TABLE 2

Reaction Conditions

Variable n-Cé TMB
Temperature (K) 588 723
Pressure (atm) 1.0 1.0
WHSV (b 1) 0.185 0.100
Time-on-stream (h) 1.0 0.33

TABLE 3

Specific Catalytic Activities®

Sample kcgb kTMBc
Z8SM-5(A) 3.39 718
ZSM-5(B1) 2.67 485
ZSM-5(B2) 3.07 475
B-ZSM-5(A) 3.00 437
P-ZSM-5(C) 1.12 68
C-ZSM-5(A) 0.89 68
Z5M-11 0.30 65-646

¢ Assuming first-order kinetics.

5 Moles n-hexane/(mole bulk Al X h)
at a WHSV of 0.185 h~!. Product distri-
butions were characteristic of those ob-
served in the alpha-test (12, 20) and
were essentially identical for all cata-
lysts.

¢ Moles 1,3,5-trimethylbenzene/(mole
surface Al X h) at a WHSV of 0.1 h—L.
For all catalysts, the isomerization of
TMB was the prevailing reaction (>80%)
with some contribution of transalkyla-
tion to the total conversion. The TMB
isomers distribution was close to equilib-
rium.
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XPS measures a surface Al concentration
averaged over the outer layer (ca. 2—4 nm)
of the crystallites rather than the Al con-
centration on the very external surface. In
addition, the TMB isomers distribution was
close to equilibrium for all catalysts. These
results indicate that catalytic activity is di-
rectly proportional to the number of acces-
sible aluminum acidic sites, in agreement
with earlier data (12). It also demonstrates
that the conversion of TMB is a suitable
reaction to probe the external catalytic ac-
tivity of pentasil (medium pore) catalysts.

ZSM-5(A) acidified by HCI has for both
reactions a SCA somewhat higher than ob-
served for the catalysts acidified through
ammonium-exchange. Its surface alumi-
num content is also severely depleted (67%
only of the mean bulk content). Both obser-
vations concur to support earlier views,
namely that acidification by HCI can cause
partial dealumination and impart a higher
acid activity to the zeolite (/3). Impregna-
tion with boric acid (B-ZSM-5(A)) barely
affects the catalyst activity at low boron
content (0.3 wt%), only reducing slightly
the SCA for the conversion of TMB. Pre-
treating the zeolite by gaseous ammonia
prior to NH,NO; ion-exchange does not ap-
pear to modify extensively its intrinsic cata-
Iytic activity contrarily to earlier thoughts
(18).

In contrast, the catalyst modified by
phosphorus (P-ZSM-5(C)) shows a de-
crease in SCA by a factor of about 3 in the
conversion of n-Cé6 and of about 7 in that of
TMB. It indicates that phosphorus which
may be present in the zeolite channels (/4)
deactivates to an even larger extent the ex-
ternal surface of the catalyst. Comparing
the SCAs of P-ZSM-5(C) to those of the
used coked catalyst C-ZSM-5(A) confirms
this point. Indeed, similar specific catalytic
activities are observed and it is known that
the deposition of carbonaceous residues on
ZSM-5 is essentially restricted to the exter-
nal surface and pore mouths of the crystal-
lites (15, 16). The present catalytic data
hence support the proposal that phos-
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phorus poisons primarily acidic sites at the
crystallite pore mouths, based on microcal-
orimetry (13, 17) and XPS (I7) results.

Our ZSM-11 catalyst shows when com-
pared to nonmodified ZSM-5 materials, a
lower SCA for the n-C6 conversion. It is
attributed tentatively to the fact that ZSM-
11 appears to have a lower acid strength
than ZSM-5, as discussed by several au-
thors (13, 18, 19).

To conclude, we have shown that the
conversion of 1,3,5-trimethylbénzene is a
suitable reaction to probe the outer surface
activity of pentasil, and probably other me-
dium pore size, zeolites. Their acid cata-
lytic activity, in appropriate conditions, is
directly proportional to the number of ac-
cessible acidic aluminum sites. The com-
parison of specific catalytic activities for
the n-hexane and 1,3,5-trimethylbenzene
conversions enables the evaluation of the
relative roles played by the intracrystalline
and external surface sites.

ACKNOWLEDGMENTS

One of us (JPG) thanks Haldor Topsge A/S for sup-
porting his doctoral research work.

REFERENCES

1. Csicsery, S. M., in “‘Zeolite Chemistry and Catal-
ysis’’ (Rabo, J. A., Ed.), ACS Monograph 171, p.
680. Amer. Chem. Soc., Washington, D.C., 1976.

. Weisz, P. B., Pure Appl. Chem. 52, 2091 (1980).

3. Derouane, E. G., Stud. Surf. Sci. Catal. 5, 5
(1980).

4. Derouane, E. G., in “‘Intercalation Chemistry”’
(M. S. Whittingham and A. J. Jacobson, Eds.), p.
101. Academic Press, New York, 1982,

5. von Ballmoos, R., and Meier, W. M., Nature
(London) 289, 782 (1981).

6. Derouane, E. G., Detremmerie, S., Gabelica, Z.,
and Blom, N., Appl. Catal. 1 201 (1981).

7. Derouane, E. G., Gilson, J. P., Gabelica, Z.,
Mousty-Desbuquoit, C., and Verbist, J., J. Catal.
71, 447 (1981).

8. Debras, G., Derouane, E. G., Gilson, J. P., and
Gabelica, Z., Zeolites 3, 37 (1983).

9. Haag, W. O., Lago, R. M., and Weisz, P. B.,
Faraday Discuss. Chem. Soc. 72, 317 (1981).

10. Auroux, A., Dexpert, H., Leclercq, C., and Ve-

drine, J. C., Appl. Catal. 6, 95 (1983).
11. Gilson, J. P., Dr. Sc. thesis, Facultes Universi-
taires de Namur, 1982.

N



12.

13.

4.

15.

I6.

17.

18.

19.

NOTES 541

Olson, D. H., Haag, W. O., and Lago, R. M., J.
Catal. 61, 390 (1980).

Auroux, A., Vedrine, J. C., and Gravelle, P. C.,
Stud. Surf. Sci. Catal. 10, 305 (1982).

Kaeding, W. W_, and Butter, S. A., J. Catal. 61,
155 (1980).

Rollmann, L. D., and Walsh, D. E., J. Catal. 56,
139 (1979).

Dejaifve, P., Auroux, A., Gravelle, P. C., Ve-
drine, J. C., Gabelica, Z., and Derouane, E. G., J.
Catal. 70, 123 (1981).

Vedrine, J. C., Auroux, A., Dejaifve, P., Du-
carme, V., Hoser, H., and Zhou, S., J. Catal. 73,
147 (1982).

Derouane, E. G., Dejaifve, P., Gabelica, Z., and
Vedrine, J. C., Faraday Discuss. Chem. Soc. 72,
331 (1981).

Jacobs, P. A., Martens, J. A., Weitkamp, J., and
Beyer, H. K., Faraday Discuss. Chem. Soc. 72,
353 (1981).

20. Miale, J. N., Chen, N. Y., and Weisz, P. B., J.
Catal. 6, 278 (1966).

J. P. GiLsoN!
E. G. DEROUANE?

Facultes Universitaires de Namur
Laboratoire de Catalyse

Rue de Bruxelles, 61

B-5000 Namur, Belgium

Received December 29, 1983

1 Present address: Signal-UOP Research Center,
Ten UOP Plaza, Des Plaines, Ill. 60016.

2 Present address: Mobil Research and Develop-
ment Corporation, Central Research Division, P.O.
Box 1025, Princeton, N.J. 08540.



