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Abstract-The dissolution (corrosion) of twinned and untwinned zeolite ZSM-5 crystals by carbonate solu-
tions often produces distinctive hollow crystals with the appearance of "open sarcophagi". This phenomenon
is examined in light of the distribution of framework aluminum coupled with symmetry constraints imposed
by the point-group symmetry of the crystals. The ZSM-5 morphology and possible macroscopic twin laws
are also briefly discussed. Dissolution under highly alkaline conditions (IN Na2C03, 90 'C) is incongruent
and directional. Scanning electron micrographs show that the carbonate solution selectively attacks the pina-
coid form {OIO}, which comprises (010) and (010) crystal faces. Incongruent behavior is attributed to the
relative corrosion resistance of the {IOO} and {102} forms, which arises from AI-enrichment at the associ-
ated faces. Selective AI-enrichment in this zeolite occurs during crystallization under hydrothermal condi-
tions. The observations provide a basis for some speculations on possible mechanisms of Al incorporation
during crystal growth. It is hypothesized that the rate of dissolution is accelerated at regions of high strain en-
ergy and retarded at regions of relatively higher Al concentration. Thus, selective dissolution can be seen to
initiate at twin boundaries. In contrast, dissolution of untwinned crystals is observed to be more uniform.

1. INTRODUCTION

The synthetic zeolite ZSM-5 (Argauer and Lan-
dolt, 1972; Kokotailo et al., 1978) and its recently
discovered natural analogue, mutinaite (Galli et al.,
1997), are highly siliceous, microporous tectoalumi-
nosilicates. The ZSM-5 structure is a negatively-
charged network of four-connected tetrahedra
bridged by corner-sharing oxygen atoms charge-bal-
anced by cations situated within the zeolite pore
structure. Macroscopic twinning is frequent in syn-
thetic ZSM-5, but is not yet reported for the mineral
analog mutinaite. The synthetic material is known to
be ferroelastic. Zeolite ZSM-5 has found wide-
spread industrial application due to a unique suite of
catalytic and sorptive properties combined with high
thermal and hydrothermal stability (Olson et al.,
1981).

The dissolution of ZSM-5 in alkaline solutions is
incongruent (Cizmek et al., 1994) and directionally
non-uniform, often producing hollow crystals with
the characteristic appearance of "open sarcophagi",
as exemplified in Fig. lb. This distinctive phenome-
non, along with incongruent dissolution, has been
linked to "aluminum zoning" (von Ballmoos and
Meier, 1981; Derouane et al., 1981; Althoff et al.,
1993) in the zeolite crystal. The preferential removal
of framework Si was attributed to kinetically-favored
base-catalyzed hydrolysis of siloxy bridges, whereas

negatively-charged Al centers were assumed to be
more resistant to hydroxyl attack (Dessau et al., 1993;
Cizmek et al., 1995).

This can be compared to the dissolution behavior
of feldspars, a group of commonly-occurring alumi-
nosilicate minerals. Taking albite feldspar as an ex-
ample, the initial stages of dissolution at 25 'c and at
basic pH are characterized by essentially congruent
dissolution (Holdren and Speyer, 1985; Chou and
Wollast, 1984; Casey et al., 1989). On the other hand,
at elevated temperatures (100-300 0c), there is evi-
dence of incongruent dissolution at moderately basic
conditions (rAI > rSi); this trend is amplified (rAI »
rs;) at extremely basic pH conditions and tempera-
tures >200 'c (r = rate of release; see details in Hell-
mann et al., 1990; Hellmann, 1995).

The present study provides further elaboration of
the selective dissolution phenomenon in ZSM-5 zeo-
lite in a crystallographic-morphological context. Sev-
eral possible reasons for the observed differences in
the dissolution behavior of twinned and untwinned
ZSM-5 crystals are discussed.

2. COMPOSITION AND STRUCTURE OF ZSM-5
ZEOLITE: EXPERIMENTAL METHODS

The ZSM-5 (MF! framework) structure is charac-
terized by a 10-ring system of interpenetrating chan-
nels. A sinusoidal channel parallel to the a-axis has
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Fig. 1: Scanning electron micrographs of macroscopi-
cally twinned ZSM -5 crystals (SilAI = 110) before and after
alkaline treatment

Ohr 64hr

20hr 112hr

Fig. 2: Scanning electron micrographs of untwinned
ZSM-5 crystals (SilAI = 1500) during alkaline treatment

dimensions S.l x s.s A and a second linear channel,
parallel to the b-axis, is S.3 x S.6 A (Olson et al.,
1981). The crystal structure (framework topology) of
ZSM-S is characterized by a large number of five-
membered rings, but there is also a small fraction of
four-membered rings. The ideal unit cell formula is
represented by Mx/n(Al02)x(Si02)96_x·zH20, where
M is a cation of valence n. Occluded water may be re-
placed by various organic substances. The composi-
tion is highly variable, but ZSM-S with end-member
composition (x = 0) Si960192 is readily synthesized.

Crystals of zeolite ZSM-S were synthesized with

Si/Al 110 and lS00 following published procedures
(Argauer and Landolt, 1972). The as-synthesized zeo-
lite crystals were air-calcined to remove the
tetrapropylammonium directing agent, and digested
(in stainless steel Parr® autoclaves under static condi-
tions) with excess aqueous IN Na2C03 at 90 'c for
varying lengths of time up to 112 hr. Samples of the
crystals were periodically removed, washed with
deionized water, dried, and examined with a scanning
electron microscope (SEM).

3. RESULTS

Scanning electron micrographs of zeolite crystals
before and after alkali treatment (up to 112 hr) are
shown in Figs. 1 and 2. Figure 1 shows results for
twinned crystals, whereas Fig. 2 shows results for un-
twinned crystals. Selective etching -dissolution is most
prominent in the macroscopically twinned crystals
(Fig. lb). These samples also show evidence of accel-
erated, possibly discontinuous, dissolution along the
twin boundary. In contrast, the results of alkaline treat-
ment of the untwinned crystals, displayed in Fig. 2,
show their progressive dissolution at 0, 20, 64, and
112 hr. Here the process appears somewhat slower and
more uniform, though incipient selective etching-dis-
solution is visible at 20 hr. There is also evidence of
secondary nucleation on the crystal surface at 64-112
hr. The morphology of these exterior crystals, coupled
with their generation presumably by a seeding mecha-
nism (Ostwald ripening) or epitaxy, indicate that they
are ZSM-S zeolite, though their compositions were
not directly analyzed.

4. DISCUSSION

4.1. Mechanism of Alkaline Dissolution

On the basis of kinetic studies, GZmek et al. (1994)
concluded that the alkaline dissolution of ZSM-S in-
volves at least three main steps: (i) breaking of Si-O-
Si and Si-O-Al bonds, with production of silicate
and aluminate monomers in solution; (ii) formation
of an amorphous Si02layer on the crystal surface by
reaction of silicate anions; (iii) dissolution of the
amorphous Si02. We assume that the reaction initi-
ates at the silanols on the crystal surface. These can
be terminal (non-acidic) I, or bridging (acidic) II:
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For a working model of the initiation reaction, the
mechanism of Dove and Crerar (1990) for quartz dis-
solution appears reasonable (see also Xiao and
Lasaga, 1996, for a quantum mechanical treatment).
Dove and Crerar observed dramatic enhancement of
the dissolution rate upon addition of small concentra-
tions of alkali cations, even at near-neutral pH condi-
tions. A transition state interpretation (Lasaga, 1981)
was invoked, where the activation entropy is in-
creased by surface-coordinated cations, which in turn
increases the frequency of species crossing the acti-
vated barrier associated with Si-O bond breakage.
Given the elevated pH, IN NazC03 solutions used in
the present study, zeolitic protons (those associated
with the bridging siloxyl groups II) will be essentially
completely exchanged for Na" at equilibrium.

The influence of Al centers in the selective dissolu-
tion ofZSM-S may be given two functionally equiva-
lent interpretations: (i) Al centers may be regarded as
strongly adsorbed "impurities" (a particularly apt
model for the highly siliceous zeolites of this study),
which may serve as rate inhibitors (Lasaga, 1997) by
virtue of their low reactivity; (ii) Al centers (T-sites,
II) have higher surface energy due to steric and elec-
tronic differences with respect to their neighboring Si
T-sites, and serve therefore as "active sites" for initi-
ating silica dissolution. The selective dissolution of
minerals at active sites has been extensively investi-
gated (for examples in the geochemistry literature,
see e.g., Blum and Lasaga, 1987; Schott et al., 1989).

The marked difference in dissolution behavior be-
tween the twinned and untwinned crystals may be at-
tributed to a number of factors, including surface area
and Al content. A further consideration is based on
differences in surface strain energy. According to
Schott et al. (1989), the net surface reaction-limited
rate of dissolution r of a flat crystal may be expressed
as follows:

[ { (-t..G+Jr= I1a~i v L, exp -_P +
i perfect surface sites kT

L (-AG1))]
dislocation surface sites exp ~

Here ai and ni are the activity and reaction order of the
ith species, v is a frequency factor, and k is the Boltz-
mann constant. The difference between AG;, the ac-
tivation energy for dissolution of the perfect crystal
surface, and that of a surface with dislocations, AG1,
is the strain energy u associated dislocations. Thus,
for a single dislocation, the ratio of the dissolution
rate constants for a perfect crystal kp and a crystal
with dislocations kd can be written:
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Referring to the selective dissolution of twinned
crystals shown in Fig. 1b, it appears that twinning
makes the twin plane surfaces more susceptible to
dissolution. Theoretically, a perfectly coherent
boundary associated with twinning should not be the
locus of any additional strain. However, in reality, it is
commonly observed that twin boundaries are areas
that are preferentially attacked in solutions; in fact,
preferential etching of twin boundaries is a well
known method for delimiting twin boundaries (see
examples in Heiman et al., 1975; and references
therein). Thus, it remains an open question as to
whether twinning itself results in elevated strain at the
twin boundaries in ZSM-S crystals.
If twinning is not directly responsible, it is possible

that elevated impurity concentrations at twin bound-
aries are a possible mechanism for increasing the
strain energy. Studies on the incorporation of trace el-
ements on mineral surfaces have revealed the com-
plex nature of how surface structure and the kinetic
behavior of surface processes strongly affect elemen-
tal partitioning (e.g., Paquette and Reeder, 1995;
Rakovan and Reeder, 1994; Reeder, 1996). In the case
of ZSM-S, Al may play the role of an impurity which
is preferentially incorporated at the twin boundary,
thereby increasing the strain energy.

Even though Al is known for its role as a dissolu-
tion-inhibitor, this effect may be offset by the subse-
quent increase in the strain energy due to preferential
Al incorporation. The net effect would be a higher
rate of dissolution along the twin boundaries. In view
of Eqns. 1 and 2, the more "perfect" untwinned crys-
tals would be expected to dissolve at a relatively
slower rate.

Because the exact nature of the twin boundary in
ZSM-S is not known, another possible reason (E.
Dowty, private communication) for the increased
rates of dissolution of twinned ZSM-S crystals may
be due to an irregular contact surface associated with
interpenetrative twins (in contrast to contact twins,
such as albite feldspar twins). Thus, the twin contact
surface may be composed of multiple reentrants (al-
ternating {100} and {O1O} surfaces), which are not
present on single crystals. Multiple reentrants have
been implicated in influencing crystal growth rates,
and therefore, it is possible that they also influence
dissolution rates.

4.2. Symmetry and Morphology ofZSM-5 Crystals

ZSM-S is ferroelastic with a high temperature or-
thorhombic, o-form, and a low temperature mono-
clinic, m-form. The ferroelastic transition temperature
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Table 1. Symmetry distinct morphological forms of the orthorhombic bipyramidal class (21m 21m 21m)
Form Designation Designation Number of Faces Present on ZSM·5 ZSM·5form
bipyramid {hkl} 8 no
a-dome {hOI} 4 yes {102}
b-dome {Ok!} 4 yes {Ol2}
prism {hkO} 4 no
front-pinacoid {lOO} 2 yes {IOO}
side-pinacoid {01O} 2 yes {01O}
basal pinacoid {OOI} 2 no

is near room temperature and is influenced by both the
SiiAl ratio and by applied mechanical stress.

The space group symmetry of o-ZSM-S is P 2/n
211m 2/a. The real symmetry of the high temperature
or o-form of ZSM-S coincides with the maximum
topological symmetry (MTS) of the aluminosilicate
framework. Space group P 2/n 2/m 2/a is isogonal
with the centrosymmetric point group 21m 21m 21m.
This is a point group of the orthorhombic crystal sys-
tem traditionally designated the orthorhombic bipyra-
rnidal class. A tabulation of forms for this point group
symmetry is given in Table 1.

The general {hkl} form (bipyramid) of the or-
thorhombic bipyramidal crystal class has never been
observed with ZSM-S crystals. For ZSM-S, the domi-
nant morphological forms are the front- and side-pina-
coids: {l00} and {OlO}, and the dome {102}. The
typical ZSM-S crystal habit is illustrated in Fig. 3. The
ZSM-S crystal morphology is a result of the appear-
ance of three distinct (symmetrically non-equivalent)
forms. These forms appear in combination, because
no one form has sufficient faces to enclose space.
Symmetrically equivalent faces belonging to each of
the three forms are stippled in Fig. 3. The habit of
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Fig. 3: Crystal habit of ZSM-5 typically exhibits three morphological forms; these are, from left to
right, the front-pinacoid, the side-pinacoid, and the a-dome.
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(010)
/. (102) /

(100)

, .....

(100)

Fig. 4: Typical appearance of a macroscopically-twinned
crystal of ZSM-5

ZSM-S is not always the same since the relative devel-
opment of the symmetrically distinct morphological
forms is variable within limits and can be influenced
by the conditions prevailing during crystal growth.

4.3. Macroscopic Twinning and
the Twin Law in ZSM-5

In macroscopic twinning, the individuals constitut-
ing the twin are related by symmetry transformation
operators not formally present in the point group
symmetry of the crystaL This form of twinning is fa-
vored by the presence of pseudo-symmetry axes and
pseudo-mirror planes, and the presence of such
pseudo-symmetry axes and pseudo-mirror planes is
often indicated by the near equality of two or more
symmetry-independent cell parameters of a material.
In ZSM-S: a = 20.022 A and b = 19.899 A.

In ZSM-S, individual macroscopic twins appear to
be related by a 1800 rotation about [110]. The usual
appearance of such twins is illustrated in Fig. 4. The
precise nature of the twin boundary is unclear. Scan-
ning electron micrographs demonstrate that macro-
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scopic twinning is ubiquitous in many, but by no
means all, ZSM-S preparations. Some preparations
contain relatively few macroscopically twinned crys-
tals, as untwinned ZSM-S crystals are not a rarity. Al-
though the ferroelastic transition is immediately
detectable using x-ray powder diffraction, there is no
obvious difference between powder diffraction pat-
terns of ZSM-S preparations consisting primarily of
macroscopically twinned crystallites and batches
where this macroscopic twinning is relatively infre-
quent. Macroscopic twinning, of course, has presented
difficulties for single crystal x-ray diffraction studies.

4.4. Symmetry Informationfrom Dissolution Forms
ofZSM-5

The mode of dissolution of ZSM-S allows us to
make certain inferences regarding its habit. The dis-
solution forms observed here definitely establish that
the faces of the principle zone of ZSM-S cannot be-
long to a single prismatic {llO} form, for, if such
were the case, all four faces in this zone should be
symmetrically equivalent and react at an equivalent
rate. The implication is that the four faces of this
prism-like zone are equivalent in pairs and belong to
two distinct morphological (pinacoidal) forms, the
front-pinacoid {100} and the side pinacoid {OlO}. It
is the faces of the {OlO} form, that is faces (010) and
(0I0), that are rapidly attacked during dissolution in
the Na2C03 solution. These are the faces opening on
the straight zeolite channeL Symmetry theory tells us
that because faces (010) and (010) belong to the
same form, they must interact with the solvent in an
equivalent way. The two faces of the {I OO} form,
(100) and (100), are observed to be corrosion-resist-
ant. The {I 02} form is also resistant to corrosion. Be-
cause three distinct forms commonly appear on
ZSM-S crystals, three different dissolution rates must
be involved; however symmetry theory makes no
statement regarding the extent to which these rates
should differ. An idealized depiction of the effect of
selective dissolution appears in Fig. S.

The observed habit of ZSM-S is frequently slightly
platy with predominant development of the {OlO}
pinacoid. This habit suggests that after a certain point
in their crystallization history ZSM-S crystals grow
primarily by accretion of material to the {100} side-
pinacoid and {102} dome faces. Addition of material
to the faces of the {OlO} pinacoid seems to slow or
cease. This development may be connected to Si de-
pletion of the surrounding solution and could consti-
tute a clue as to the way in which Al is incorporated
into ZSM -S during growth. As a result of this mode of
growth, the {I OO} and {I 02} faces should be uni-
forrnly Al-enriched (presumably to different extents,
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Fig. 5: Idealized depiction of a macroscopically-twinned crystal of ZSM-5 before (on right) and after
dissolution (on left) in Na2C03 solution. The aluminum enriched rim is stippled in the left portion of
the figure.
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Fig. 6: AI-zoning in a ZSM-5 crystal as revealed through electron microprobe scan (von Ballmoos and
Meier, 1981). Reprinted by permission from Nature 1998, Macmillan Magazines, Ltd.
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since they are symmetrically nonequivalent) and evi-
dently corrosion-resistant. Corrosion resistance is
clearly associated with elevated Al concentration. The
aluminum incorporation on the crystal faces of the
{ 100} and {102} forms appears compositionally uni-
form. Corrosion rates must differ for the {lOO} and
{ 102} forms, but this difference is evidently small.

As demonstrated in Fig. 6 (von Ballmoos and
Meier, 1981), the mode of crystal growth described
above causes faces of the slowly accreting {OlO}
pinacoidal form to exhibit Al zoning, where the
{OlO} pinacoid faces have a Si-enriched and reactive
inner core and an Al-enriched and corrosion resistant
outer rim. Curiously, in certain instances the compo-
sition change at the corelrim composition boundary
appears rather sharp and possibly discontinuous.

5. CONCLUSIONS

The dissolution of macroscopically twinned and
untwinned ZSM-S crystals in Na2C03 solutions
shows a directional dependence. In addition, dissolu-
tion proceeds more rapidly in macroscopically
twinned crystals. A consequence of this behavior is
the production of distinctive hollow crystals shaped
like "open sarcophagi". This directional solubility is
tied to symmetry constraints imposed by the point-
group symmetry of the crystals. Scanning electron
micrographs demonstrate that the carbonate solution
selectively attacks the pinacoid form {OlO}, which
comprises (010) and (0"10) faces, of the ZSM-S crys-
tals. The relative corrosion resistance of the {I OO}
and {I 02} forms is associated with Al-enrichment of
these faces during their hydrothermal synthesis. In
some crystals, dissolution reveals a sharp corelrim
boundary suggesting that the difference in solubility
rates is discontinuous. It is hypothesized that dissolu-
tion is governed by the interplay of opposing factors,
namely surface strain energy, local Al concentration,
and dissolution rate retardation by AI. The rate of dis-
solution is accelerated at regions of high strain energy
at twin boundaries, and retarded at regions of rela-
tively higher Al concentration. In contrast, dissolution
of untwinned crystals is seen to be more uniform.
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