Reviews in Mineralogy & Geochemistry 3
Vol. 57, pp. 69-104, 2005
Copyright © Mineralogical Society of America

Polysomatic Aspects of Microporous Minerals —
Heterophyllosilicates, Palysepioles and
Rhodesite-Related Structures

Giovanni Ferraris'? and Angela Gula?

Dipartimento di Scienze Mineralogiche e Petrologiche
Universita di Torino
10125 Torino, Italy

?Istituto di Geoscienze e Georisorse
Consiglio Nazionale delle Ricerche
10125 Torino, Italy

giovanni.ferraris@unito.it  angela.gula@uito.it

INTRODUCTION

Several structural families reported in this book can be described by using concepts of
modular crystallography (Thompson 1978; Veblen 1991; Merlino 1997; Ferraris et al. 2004).
This chapter presents three groups of microporous minerals emphasizing the modular aspects
of their crystal structures and the role that modularity plays in correlating different structures
as well as structure and properties, namely aspects aimed at an engineering of microporous
materials (cf. Rocha and Lin 2005).

The description of a crystal structure as an edifice consisting of complex building modules
that occur also in other structures implicitly leads to identify features that are common to a
group of compounds. This kind of group can often be expressed as a series of structures that
are collinear in composition and cell parameters, information that may be crucial to model
unknown structures related to the series, as illustrated by some examples in this chapter.

Biopyriboles (Fig. 1) represent a first and now classical example of modular structures
established by Thompson (1978). He showed that the structures of micas, pyroxenes and
amphiboles share, according to different ratios,
the same modules of mica (M) and pyroxene
(P) and are members of a polysomatic series
M,,P,. The ideal chemical composition and
cell parameters of the members of the series
are linear functions of the ratio m/p. The
classification of biopyriboles as members of a
polysomatic series, a type of series belonging
to the wider category of the homologous series
(cf. Ferraris et al. 2004), and the consequent
discovery of the multiple-chain-width
biopyriboles jimthompsonite and chesterite
(Veblen and Buseck 1979) dramatically
P roved the predictive power of j[hes,e series Figure 1. Projection along [100] of the crystal
in terms of structure characterization and structure of an amphibole showing its slicing as
modeling. The modeling of carlosturanite modules of mica and pyroxene.
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(Mellini et al. 1985) and of other modular structures reviewed by Veblen (1991) represents
some of the earlier successes of polysomatism. These successful examples opened a prolific
route as shown by comprehensive reviews in Merlino (1997) and Ferraris et al. (2004). Among
other purposes, some microporous structures described in this chapter further clarify the
mechanism that is behind the definition of polysomatic and related series.

All the structures described in this chapter contain silicate tetrahedra, which are grouped
in sheets and/or strips, and condensed or isolated octahedra. Thus, these structures belong to
the larger category of the heterosilicates described in this volume by Chukanov and Pekov
(2005) and Rocha and Lin (2005).

The porous properties of the structures here presented are well documented and
technologically applied in same cases (e.g., palygorskite and sepiolite); they are instead to
some extent speculative in other cases (e.g., members of the heterophyllosilicate series).
In the latter case, the structures are discussed with the aim of attracting the attention of
those materials scientists who are looking for novel potentially useful porous structures. In
particular, the structural parallelism between the 2:1 layer silicates, like micas, and members
of the heterophyllosilicate polysomatic series leads to speculate on the possible use of some
of these compounds as starting material to produce pillared porous structures analogous to
the technologically important pillared clays (cf. Corma 1997). A main problem to be solved
on this route is the synthesis of the mineral analogues, not only to have simple and defined
chemical compositions, but also because most heterophyllosilicates are quite rare in nature
(cf. Khomyakov 1995). Exceptions are astrophyllite, lamprophyllite and, to a minor extent,
lomonosovite and murmanite. In the Khibina and Lovozero massifs, lamprophyllite reaches 1—
4% as component of lujavrites and is a common accessory mineral in khibinites; lomonosovite
and murmanite can be locally considered rock-forming minerals in some formations of the
Lovozero massif (N.V. Chukanov, personal communication).

HETEROPHYLLOSILICATES

Octahedral O close-packing sheets with full (brucite-type) or partial (e.g., gibbsite-,
spinel-, and corundum-type) occupancy of the octahedral sites are recurrent in modular
structures. In particular, coupling of a tetrahedral silicate 7 sheet with a dioctahedral (gibbsite)
or trioctahedral (brucite) O sheet constitutes the building blocks of TO (or 1:1) and TOT
(or 2:1) layer silicates (or phyllosilicates; Fig. 2). For example, the 2:1 layer silicates can
be grouped in an A4,B,, merotype series' where the TOT module (A) is the fixed building
module and B is an interlayer variable module. Talc is representative of n=1 and m = 0;
micas (B = alkaline or alkaline-earth cation), chlorites (B = octahedral sheet), and smectites
(B = alkaline or alkaline-earth cation, H,O, [J) are well known members of the series with
n=1landm=1.

Strips (modules) of TOT layers occur in several silicate structures: biopyriboles (Fig. 1),
heterophyllosicates and palysepioles (see below for the definition of the two latter groups). This
section reports the description of a wide family of layer titanosilicates (heterophyllosilicates)
that bear features very close to the TOT-based phyllosilicates from which they can be formally
derived. In Russian literature, heterophyllosilicates are often referred to as titanosilicate micas
and, more generally, as amphoterosilicates (cf. Khomyakov 1995 and Chukanov and Pekov

! According to Makovicky (1997), in a merotype series, whereas one building module is kept constant, a
second (third, etc.) module is peculiar of each member. A series is said to be plesiotype when all members share
modules that, however, may still slightly differ in chemistry and configuration: see the mero-plesiotype series
of bafertisite and rhodesite described later in this chapter and other examples in Ferraris et al. (2004).
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2005). This term alludes to the fact that the cation Ti** participates?, together with Si, in building
a mixed tetrahedral/octahedral framework (or just layers), which acts as a complex anion. In
its turn, this complex anion hosts in its cavities a variety of cations, including the octahedral
ones already present in the anionic part; thus, these cations are said to be “amphoteric.”

Polysomatism in the heterophyllosilicates

The characterization of nafertisite, a rare titanosilicate first reported from the Khibina
hyperalkaline massif (Kola Peninsula, Russia; Khomyakov et al. 1995) and later from the
Igaliko nepheline syenite complex (South Greenland; Petersen et al. 1999)3, prompted Ferraris
etal. (1996, 1997) to correlate a group of titanium silicates whose structures are based on 707~
like layers and to introduce the term heterophyllosilicate. This correlation has been established
via the definition of the polysomatic series of the heterophyllosilicates. In the members of this
series, a row of Ti polyhedra (or substituting cations, see footnote 2) periodically substitutes a
row of disilicate tetrahedra (silicate diorthogroups) in the T tetrahedral sheet that is typical of
the layer silicates; the octahedral O sheet is instead maintained (Fig. 3). HOH layers are thus

2 Ti*" is the main central cation in these polyhedra, but often it is partially substituted by Nb**, Zr*" and Fe*
(Tables 1 and 2). Sometimes the latter cations are dominating on Ti, like Zr in seidozerite, Fe in orthoericssonite
and Nb in vuonnemite. In the text, for short, only Ti is indicated as centering the relevant polyhedra.

3 According to N.V. Chukanov (pers. comm.), the IR spectra of samples from the two localities quoted in the
text show some differences likely related to cation ordering and other details of the crystal structure.
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Figure 3. TOT layer of a phyllosilicate (a) as transformed, by periodic substitution of rows of octahedra
(dark grey) for tetrahedra, to HOH heterophyllosilicate layers typical of bafertisite (b), astrophyllite (c) and
nafertisite (d). B bafertisite-type and M mica-type modules are shown in (c).

obtained where H stands for ketero to indicate the presence of rows of 5- or 6-coordinated
Ti in a sheet corresponding to the T sheet of the layer silicates. The length of the O--O edges
(~2.7 A) of the substituting polyhedra is very close to that of the same edges in the substituted
tetrahedra, thus the insertion of the polyhedra in a 7 sheet does not produce strain.

As summarized by Ferraris (1997), depending on the periodicity of the Ti substitution and
ignoring some minor topological features, three types of HOH layers (Fig. 3) are known so far.
The slice of HOH layer containing rows of Ti polyhedra in its A sheet is conventionally called
bafertisite-type module and has composition B = I, Y,[X5(0),S1,0,4](0,0H),; this module may
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be intercalated with a mica-type module M = 7Y3[Si,0,0](O,0H),. In the two formulae, / and ¥
represent interlayer and octahedral cations, respectively; X corresponds to Ti and its vicariant
elements as stated in footnote 2.

(HOH) bafertisite-type layer. In this layer, a bafertisite-type module alone is periodically
repeated (Fig. 3). The heterophyllosilicates based on the resulting (HOH)g layer are some tens
and are described in a subsequent section as the mero-plesiotype bafertisite series. We shall see,
however, that in this series the so-called bafertisite-type layer does actually correspond to two
topologically different modules. Anyway, if it is not necessary to specify, the undifferentiated
layer is indicated as (HOH)g. As discussed in the section on the rhodesite group of structures,
a H bafertisite-type sheet occurs also in the structure of jonesite (Krivovichev and Armbruster
2004).

(HOH), astrophyllite-type layer. Relative to the (HOH)g layer, in a (HOH),
astrophyllite-type layer a one-chain-wide mica-like module M is present between two
bafertisite-type modules (Fig. 3). As recently discussed by Piilonen et al. (2003a,b), the
known heterophyllosilicates based on a (HOH), layer form a complex isomorphous series
(Table 1) and mineral species are defined by the chemical nature of 7, Y and X cations in the
formula given above; some polytypes are known. As mentioned above, astrophyllite is one of
the few non-rare heterophyllosilicates. Except in magnesium astrophyllite (Shi et al. 1998), in
these structures the layers are locked together by sharing an oxygen atom between two Ti (X
cation) octahedra belonging to adjacent layers (Fig. 4). Thus, [100] channels are realized with
windows characterized by a small (~ 1.5 A) minimum effective width*. Chelishchev (1972,
1973) has proved that under supercritical conditions (400—-600°C; pressure of 1000 kg/cm?)
astrophyllite exchanges K with Na, Rb and Cs; anyway, this group of heterophyllosilicates
will no longer be considered in this chapter.

Eveslogite.  {(Ca,K,Na,Sr,Ba)s[(Ti,Nb,Fe,Mn),»,(OH),,Si4;3014](F,OH,Cl),4;  P2/m,
a=14.069, b=24.937, c=44.31 A, y=95.02°} is a titanosilicate recently described from
Khibina massif (Men’shikov et al. 2003). It shows an ab base 6-times larger than that of
astrophyllite and 3-times larger than that of magnesium astrophyllite (Table 1). Its ¢ parameter
corresponds to the thickness of four (HOH), astrophyllite-type layers. On this basis, it was
suggested (cf. Ferraris et al. 2004) that the crystal structure of eveslogite is based on a [001]
stacking of four (HOH), layers. That supports a fitting of the eveslogite chemical data to an
astrophyllite-like chemical formula. However, according to IR data (N.V. Chukanov, personal
communication) the crystal structure of eveslogite is likely close to that of yuksporite [(Sr,Ba),
K4(Ca,Na),4,(LJ,Mn,Fe) {(Ti,Nb)4(O,0H),[Sis0:7],[S1,07]5} (H,O,0H),;; a = 7.126,b = 24.913,
c=17.075 A, B =101.89°; P2,/m], a mineral from Khibina massif to which Men’shikov et al.
(2003) tentatively assigned a layer structure, together with eveslogite. Recently, Krivovichev
et al. (2004) have instead shown that yuksporite has a microporous structure based on [100]
channels delimited by Si tetrahedra and Ti octahedra.

(HOH)y, nafertisite-type layer. Relative to the (HOH)g layer, in a (HOH)y nafertisite-
type layer two one-chain-wide mica-like modules M are present between two bafertisite-type
modules [Fig. 3; alternatively, one can say that a second M module is intercalated in the
(HOH) astrophyllite-type layer].

Nafertisite {nfi; (Na,K,O),(Fe** ,Fe’*,[),0[Ti,03S1,,034](0,0H)s; A2/m, a=15.353,
b=16.176,c=21.95 A, B = 94.6°} is the only compound known to be based on a (HOH)y
layer. No single crystals suitable for X-ray diffraction analysis are available; a model of the

4 The minimum effective width is calculated as the minimum O--O distance across the interlayer minus the
ionic diameter of 02~ (2.7 A; McCusker et al. 2003).
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Table 1. Members of the astrophyllite group. Space groups are shown in agreement with the
following choice of axes: @ ~ 5.4 and b ~ 11.9 A (or multiples) in the HOH layer; ¢ ~ 11.7 A (or
multiple) outside the layer.

Name Chemical Formula Space group
Niobokupletskite K,Na{(Mn,Zn,Fe);[(Nb,Zr,Ti),0;Si30,,](0,0H,F),} P1
Kupletskite-14 K;Na{(Mn,Fe?");[(Ti,Nb),(O,F)Siz0,4](OH),} P1
Kupletskite-Ma2b2c K,Na{(Mn,Fe?*),[Tiy(0,F)Sig0,4](OH),} C2/c
Kupletskite-(Cs) © (Cs,K),Na{(Mn,Fe,Li);[(Ti,Nb),(O,F)SigO»,](OH)4} ?
Astrophyllite K;Na{(Fe?",Mn);[Tiy(0,F)Siz0,6](OH),} AT
Magnesium astrophyllite * K;Na{[Na(Fe,Mn);Mg,][Ti,0,Sig0,,](OH),} 2
Niobophyllite KoNa{(Fe?*, Mn),[(Nb,Ti),(F,0)3Si504(OH)4} P1
Zircophyllite ¢ K,(Na,Ca) {(Mn,Fe?");[(Zr,Nb),(0,F)Siz0,4](OH),} ?
Fe-dominant zircophyllite »¢ K,(Na,Ca){(Fe?*,Mn);[(Zr,Nb),(0,F)SigO4,](OH),} ?
“Hydroastrophyllite” ¢ (H30,K),Ca{(Fe**,Mn)s.¢[ Ti,(O,F)SigO044](OH),} ?

2 Tiis 5 coordinated (see Fig. 4b).
® Not approved as mineral species.
¢ Structure unknown.

Figure 4. Structure of astrophyllite
(a) and magnesium astrophyllite (b)
seen along [100]. The connection of
two adjacent HOH layers by sharing
a corner between two Ti (X cation)
polyhedra (dark grey) occurs in the
majority of minerals reported in
Table 1 and in some of Table 2: [100]
channels are thus formed (a). In (b), Ti
has coordination number 5 according
to a tetragonal pyramid (dark grey).
Circles represent interlayer cations.
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crystal structure of nafertisite was obtained (Ferraris et al. 1996) by comparing its chemical
composition and cell parameters with those of:

— Dbafertisite {bft; Ba,(Fe,Mn),[Ti,0,4S1,014](0,0H),; P2y/m, a=5.36, b=06.80,
c=1098 A, B = 94° Pen and Shen (1963); see a discussion in the section
‘Pseudosymmetries’ };

— astrophyllite {ast; (K,Na);(Fe,Mn);[Ti,05Sig02,](0,0H)y; P1,a=536, b=11.63,
c=11.76 A, a. = 112.1, B=103.1, y = 94.6°; P, instead of the 4 cell of Woodrow
(1967), is here adopted}.

The following observations allowed to build a model of the structure of nafertisite by
inserting a further M mica-type module in the HOH layer of astrophyllite (Fig. 5).

a. The difference in composition between
astrophyllite and nafertisite is about
(L,E)(Y,1)3[Si404](OH,0),; it is com-
parable to the composition of an M mica-
type module and corresponds to half the
difference between the compositions of
nafertisite and bafertisite.

b. Bafertisite, astrophyllite and nafertisite
have a common value of a ~ 5.4 A,
which matches the a value of mica.

c. Thevalue ofthe differences (b, — bpg) ~
1/2(bng — byi) ~4.7 A corresponds to the
value of /2 in mica; (dyp)nr = 10.94 A . Ty
matches the thickness of one HOH R X _
layer in bafertisite and astrophyllite. _ Q >

In the structure of nafertisite, the layers ‘ "er\V\\vv‘

are locked together via sharing an oxygen

atom between two Ti octahedra that belong to Figure 5. View along [100] of the crystal

adjacent layers (Fig. 5). Thus, the interlayer structure of nafertisite. Pairs of Ti polyhedra

space is subdivided in [100] channels with a (dark grey) share a corner across the interlayer

small effective width like that mentioned for space, thus forming [100] channels. Circles as
. in Figure 4.

astrophyllite.

The heterophyllosilicate polysomatic series. Following the description given above,
bafertisite, astrophyllite and nafertisite are members of a B, M, polysomatic series with
general formula 11,Y4:3,[X2(0)24,S14141014410,](0”)212,. In this formula, atoms belonging,
even in part, to the H sheet are shown in square brackets. / represents large (alkali) interlayer
cations and Y octahedral cations; O’ (bonded to X) and O (belonging to the octahedral sheet
only) can be an oxygen atom, OH, F or H,O; the 14+10n oxygen atoms are bonded to Si. The X
cation is 5- or 6-coordinated according to polyhedra that share one corner with the octahedral
sheet and four corners with four Si tetrahedra of the T sheet. The value of p (0, 1, 2) depends
on the configuration around X. In case of octahedral coordination, the sixth corner can be (i)
unshared (p = 2), (ii) shared with an octahedron of the adjacent layer (p = 1) or (iii) with an
interlayer anion (p = 0); p = 0 holds also when (iv) an edge is shared between two octahedra or
(v) the coordination number of X is 5 (see below figures with examples). In the cases (ii) and
(iv) a “layered” framework structure is actually formed.

The heterophyllosilicates have also been described by using differently defined modules
(Christiansen et al. 1999), a possibility which is not rare in modular crystallography.
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Heterophyllosilicates vs. porosity. Layer structures like heterophyllosilicates cannot be
included in the definition of “ordered microporous and mesoporous materials” adopted by
TUPAC (McCusker et al. 2003; McCusker 2005). That because, even if wide enough to allow
exchange of at least water molecules, in these structures the interlayer space extends in two
dimensions, namely microporosity does not develop according to specific ordered spaces
corresponding to channels, cages and cavities.

Actually, as mentioned above, some heterophyllosilicates show the interlayer space subdi-
vided in channels by bridges established via polyhedra that share corners, thus locking together
the layers; however, the minimum effective width of these channels is below or at the bot-
tom scale of porosity. Subdivision of the interlayer space is observed also in several so-called
modulated phyllosilicates (cf. Guggenheim and Eggleton 1988), namely those silicates where a
periodic perturbation to the basic layer structure occurs (see Section on Palysepioles below).

Both the heterophyllosicates with locked layers and the mentioned modulated
phyllosilicates actually show a framework structure, although usually they are considered
“layered structures” because condensation of polyhedra in layers is an outstanding structural
feature. In particular, the heterophyllosilicates with locked layers can be considered a transition
structural type between true layer titanosilicates and framework titanosilicates extensively
described in this volume by Chukanov and Pekov (2005) and Pekov and Chukanov (2005).

The main interest to consider heterophyllosilicates here is however related to a hypothesis
of using their layers as starting modules to build pillared materials, another kind of porous
structures defined (Schoonheydt et al. 1999) separately from the ordered porous structures
mentioned above.

The bafertisite series

The (HOH)g bafertisite-type layer is the most versatile of the three heterophyllosilicate
layers defined above, being able to sandwich a large variety of interlayer contents. The number
of crystal structures containing this layer is comparable to that known for structures containing
the TOT phyllosilicate layer. However, the latter appears in important rock-forming minerals,
like micas and clay minerals, while the titanosilicates we are dealing with occur only in rare
hyperalkaline rocks (Table 2; Khomyakov 1995).

Two main groups of (HOH)g-bearing compounds are known: the gétzenite group, where
Ca is at the centre of the hetero-octahedra and is not of interest in this chapter (cf. Christiansen
and Rensbo 2000; Ferraris et al. 2004), and the complex bafertisite series (Ferraris et al. 1997)
where the (HOH)g layer alternates with a large variety of interlayer contents [cf. Egorov-
Tismenko and Sokolova (1990) and Egorov-Tismenko (1998) for earlier crystal-chemical
analyses of part of the series and quotation of former Russian papers on layer titanosilicates].
The members of this series are related by merotypy to the B;M, member (i.e., bafertisite)
of the heterophyllosilicate polysomatic series, in the sense (cf. footnote 1) that whereas
the (HOH)p layer appears in all members, the interlayer content is characteristic of each
member. For the members of the bafertisite series the general formula given above becomes
A {Y4[X5(0),4,814014](07),} W; the interlayer content labeled / in the general formula is here
split into 4 (alkaline and alkaline-earth large cations) and W (H,O molecules and complex
anions). In this formula:

1. [X(0),8140,4]" is a complex anion representing the heterophyllosilicate / sheet
alone;

2. {Y4[X5(0)115814014](07),}™ is a larger complex anion representing the whole
(HOH)g layer; it is within braces that leave outside the interlayer contents 4 and W
(Table 2).
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Structural aspects in the bafertisite series

In the known members of the bafertisite series (Table 2), both the H sheet and the whole
(HOH)jg layer are negatively charged, thus the more or less complex interlayer content acts as
a cation. In some cases, e.g., epistolite, murmanite, M72 and M73, the charge of the layer is
very weak, an aspect discussed later. Fixing as ¢ the cell parameter outside the (HOH)g layer,
all the heterophyllosilicates listed in Table 2 are characterized by similar values of a ~ 5.4 A
and b ~ 7.1 A (or multiples), i.e., of the periodicities within the layer.

The HOH layer. In terms of merotypy and plesiotypy (see footnote 1), the
heterophyllosilicates of Table 2 form a mero-plesiotype series (Ferraris et al. 2001b). This
series is merotype because the HOH module is constantly present in the crystal structure of
all members, whereas a second module, namely the interlayer content, is peculiar to each
member. At the same time, the series has a plesiotype character because chemical nature and
coordination number of the X and Y cations and the linkage between the H and O sheets may
be modified. In fact, as discussed by Sokolova and Hawthorne (2004) (cf. also Christiansen
et al. 1999), the two H sheets sandwiching an O sheet are either facing each other via the
same type of polyhedra (i.e., heteropolyhedra face each other) or showing a relative shift
(i.e., a heteropolyhedron faces a tetrahedron), thus realizing two different topologies. The
two kinds of HOH layer occurring in vuonnemite, (HOH)y, and in bafertisite, (HOH)g, are
here considered typical examples of the two topologies (Fig. 6). Besides, the coordination
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Figure 6. View along [100] of the crystal
structure of bafertisite (a), vuonnemite (b)
and surkhobite (c). Whereas in bafertisite
and surkhobite the two H sheets of a HOH
layer have a relative shift along [010],
in vuonnemite this shift is absent. When
a discrimination between the two types
of topology is necessary, in the text the
corresponding HOH layers are labeled
(HOH)g (bafertisite type) and (HOH)y
(vuonnemite type), respectively. Circles
as in Figure 4; the dark-grey tetrahedra in
the interlayer represent PO, groups.
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number of the X cations can be either 5 (square pyramid) or 6 (octahedron); the two types of
coordination occur even in the same structure (Figs. 7 and 8). Note that the configuration with
coordination 5 is a way to decrease the total negative charge of the HOH layer; the same result
can be obtained via a higher charge of the X cation (e.g., Nb** instead of Ti*") or presence of
high-charge Y cations (e.g., Fe*" and Ti*").

The (HOH)g layer is more common (see footnotes a and b in Table 2). Nemeth et al.
(2005) inferred that the different topology observed for the HOH layer in the pair epistolite,
(HOH)y, and murmanite, (HOH)sg, in spite of their similar chemical composition (Table 2),
is likely related to the Na/Ti ratio in the O sheet and to the different charge of the X cation
(either Nb>* of Ti**). The following reasons, that likely are valid for other members of Table 2,
were given. An oxygen atom shared between H and O sheets is bonded to four cations: three
belonging to the O sheet and one to the H sheet. Because of bond-valence balance, even an O?~
anion cannot be bonded at the same time to four high-charge cations like Si*" and Ti*" or Nb>";
consequently, constraints are derived not only to the composition, but also to the topology
of the HOH layer. Thus, to reach a suitable bond-valence balance, Na octahedra share edges
between them in epistolite but not in murmanite and a different connectivity between the A
and O sheets is established.

Theinterlayer. Asdoesthe TOTlayerinthe 2:1 phyllosilicates, in the heterophyllosilicates
two adjacent HOH modules delimit an interlayer space that contains (Table 2) either a single
cation or a complex composition which may even correspond to that of a known mineral,
like nacaphite, Na,Ca[PO4]F (Sokolova et al. 1989a) occurring in quadruphite, polyphite

(b)
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Figure 7. View along [100] of the crystal structure of two M73 polytypes. Smaller and larger circles
represent cations and H,O molecules, respectively. Note that the X cation shows either octahedral or
pyramidal coordination (dark grey polyhedra).
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G (b) (©

Figure 8. View along [100] of the crystal structure of bornemanite (a) and two polytypes of M72 (b and c).
Circles and X cation as in Figure 7; dark-grey tetrahedra as in Figure 6.

(Khomyakov et al. 1992) and sobolevite (Sokolova et al. 1988). Besides nacaphite, other
stoichiometric compositions may correspond to interlayer contents: BaSO, in innelite (Chernov
et al. 1971); Na;PO, in lomonosovite (Belov et al. 1978), vuonnemite (Ercit et al. 1998) and
bornemanite (Ferraris et al. 2001a); Na; VO, in Nag{(NaTi),[Ti,0,Si4014]0,}(VO,), (Massa et
al. 2000).

The interlayer content determines the value of the ¢ parameter, which necessarily
increases with the complexity of the sandwiched module (Table 2). On its own, the thickness
of the HOH layer is about 10 A from apex to apex of the X coordination polyhedra belonging
to two facing H sheets. In the structures where the interlayer is simple, the ¢ parameter is
close to n x 10 A, with n indicating the number of HOH layers in the cell. Typical separations
between the bases of the Si tetrahedra belonging to two facing layers are 4.2 A in bafertisite,
about 8 A in lomonosovite and vuonnemite, 13.5 A in quadruphite and sobolevite. However,
in the minerals with the larger separation, the interlayer, besides cations, contains also complex
anions even if, on the whole, behaves as a complex cation.

In some cases, more than one type of interlayer occurs in the same member of the
bafertisite series. That happens in bornemanite (Fig. 8; a =5.498, h=7.120, c =47.95 A,
vy = 88.4°, I11b; Ferraris et al. 2001a) and the two related minerals labeled M72 and M73
in Khomyakov (1995). By transmission electron microscopy (TEM), Németh (2004) and
Németh et al. (2004a) have found two polytypes for both the latter two minerals and modeled
their structures (Figs. 7 and 8). The following crystal data have been obtained by electron
diffraction and refined from powder diffraction data:
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M72: a=5.552, b=17.179, c=2547A, y=91.10°, Pllm; a=5.552, b=7.179,
c=50.94 A, y=91.10°, I11m.

M73: a=5.40, b=6.88, c =24.01 A, p=91.3°, P2/m; a=>5.40, b= 6.88, c = 48.02 A,
B=91.3°, A2/m.

The structure of bornemanite can be described as a [001] stack of (HOH)g layers: a
lomonosovite-like content alternates with a seidozerite-like one®. A similar situation with two
different interlayer contents occurs in the structures of M72 and M73 that shall be further
discussed later.

In some members [bornemanite (in part; Fig. 8), perraultite, surkhobite (Fig. 6), and likely
jinshajiangite (see footnote p in Table 2)] of the bafertisite series the layers are locked together
by sharing an oxygen atom between two X octahedra belonging to adjacent layers. Thus, even
if the HOH layer remains an outstanding feature of the structure, these members of the series
with locked layers become framework heterosilicates and the interlayer space is divided in
[100] channels with a small window like those observed in astrophyllite and nafertisite. The
height of these windows corresponds to the separation between the bases of the Si tetrahedra
mentioned above. Likely the “framework” members form in a later stage during the evolution
of the hyperalkaline massifs; in fact, Pekov and Chukanov (2005) describe epitactic crystals
with composition jinshajiangite-perraultite overgrowing true layer members with composition
bafertisite-hejtmanite. These authors note that in the hyperalkaline complexes early pegmatitic
titanosilicates show mainly chain- and layer-based structures, which are replaced by framework
phases at a later hydrothermal stage.

Pseudosymmetries. Most of the compounds in Table 2 are either monoclinic or triclinic.
As noted by Ferraris and Néemeth (2003) and further discussed by Ferraris et al. (2004), often
the values of the third periodicity and § angle are such that csin(f — 90) ~ a/n (n=3, 4, ...)
holds. This relation implies that a [uvw] row with periodicity ¢, = ncsinf and normal to the ab
plane does exist. The supercell with parameters a, b and ¢, is (pseudo)orthorhombic if o = 90°
(monoclinic members) and (pseudo)monoclinic (angle o, # 90°) in the triclinic members with
v ~90°.

The occurrence of supercells favors twinning (Ferraris et al. 2004); besides, if the same
supercell is shared by different members of the series, phenomena of syntactic intergrowth
can occur, as reported by Németh et al. (2005) for vuonnemite + epistolite + shkatulkalite and
lomonosovite + murmanite. Note that, as described by Khomyakov (1995) and Pekov and
Chukanov (2005), epitactic overgrowths are widespread among the minerals of Table 2, being
favored by the common periodicities of their HOH layers.

Syntaxy and likely twinning are a main source of problems in solving and, at least,
properly refining the structures of members of the bafertisite series, as discussed by Németh
et al. (2005) for epistolite and murmanite. In particular, these authors within a matrix of
epistolite (a = 5.455,b=7.16,c=12.14 A, a.= 104.01, B = 95.89, y = 90.03°) have observed
syntaxy of murmanite (¢ =5.387, b=7.079, c=11.74 A, a.=93.80, B =97.93, y = 90.00°)
and shkatulkalite (a = 5.468, b=17.18, c=31.1 A, p = 94.0°). The following closely related
supercells favor the syntaxy. Epistolite: a =5.455, b=7.160, c¢=93.728 A, o=288.75,
B=90.57, y =90.03°; murmanite: a = 5.387, b = 7.079, c =92.843 A, oo =89.47, B =91.35,
¥ = 90.01°; shkatulkalite: a = 5.468, b =7.18, ¢ = 93.079 A, o. = 90, B = 90.64, y = 90°.

An interesting case of intergrowth has been reported by Rastsvetaeva et al. (1991) for a
sample of hejtmanite (Table 2), a species defined later by Vrana et al. (1992) with cell parameters

5 Ferraris et al. (2001b), followed by Ferraris et al. (2004), called seidozerite-like the module of bornemanite
with a seidozerite-like interlayer content. Note, instead, that in this module the topology of the HOH layer is
that of (HOH)g and not of (HOH)y as in seidozerite (see also footnote 8).
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(a and c exchanged): a =10.698, b =13.768, c=11.748 A, B = 112.27°. Rastsvetaeva et al.
(1991) suggested that Sokolova et al. (1989b) failed in properly solving the structure of
hejtmanite because the “single crystals” consisted of a syntaxy between two phases differing
in their structures mainly for the position of Ba and the doubling of the a and b parameters.
To justify the syntaxy Rastsvetaeva et al. (1991) used the following non-reduced cells: Phase
(D) P2y/m, a=15.361, b=6.906, c =12.556 A, B = 119.8° (the corresponding reduced cell is
obtained by the transformation 100/010/101: a = 5.361, b = 6.906, c = 10.931 A, B = 94.61°);
Phase (II) Cm, a=10.723, b=13.812, ¢ = 12.563 A, B = 119.9° [the corresponding reduced

cell used by Vrana et al. (1992) is obtained by the transformation 100/010/101].

The same type of syntaxy described for hejtmanite likely occurs also in bafertisite, the
Fe-equivalent of hejtmanite, whose crystal structure has been approximately solved both in
space group P2,/m (a=5.36, b=6.80, c=10.98 A, B =94°; Pen and Shen 1963) and Cm
(a=10.60, b=13.64, c=12.47 A, p = 119.5°; the reduced cell obtained by 100/010/101 is
a=10.60, b=13.64, c=11.73 A, p=112.3° Guan et al. 1963). On the basis of a single-
crystal diffraction pattern Yang et al. (1999) proposed that the cells of bafertisite P2,/m (Pen
and Shen 1963) and Cm (Guan et al. 1963) correspond to a sub and true cell, respectively.
The intergrowth of two phases proposed by Rastsvetaeva et al. (1991) is supported by the
impossibility of properly refining the crystal structures of bafertisite and hejtmanite even in the
supposed “true” cell (space group Cm). In fact, according to the hypothesis of the intergrowth,
a proper refinement is hindered in this cell because a part of the measured reflections are
contributed by different intergrown individuals.

Porous features in heterophyllosilicates

As shown above, the crystal structures of the members of the bafertisite mero-plesiotype
series are based on the alternating stacking of a HOH layer with an interlayer module, a
situation to be compared with that occurring in the 2:1 phyllosilicates. The swelling capacity
of the layer silicates, normally via adsorption of H,O molecules, depends mainly from the
negative charge of the TOT layer. If the charge is zero (talc, pyrophyllite) or higher than
about 0.6 (vermiculites, micas), swelling is not possible or can be obtained only by special
procedures; smectites (e.g., montmorillonite, saponite), which have a low (0.25-0.60) charge,
typically swell. The capacity to swell of the smectites is the property that promotes the use of
these clay minerals to prepare pillared clays (cf. Cool et al. 2002).

Pillaring. According to the [UPAC nomenclature (Schoonheydt et al. 1999), “pillaring is
the process by which a layered compound is transformed into a thermally stable micro- and/or
mesoporous material with retention of the layer structure. A pillared derivative is distinguished
from an ordinary intercalate by virtue of intracrystalline porosity made possible by the lateral
separation of the intercalated guest.” A pillared material differs from an ordered porous
material by having disordered channels. In fact, whereas pillared materials have periodically
stacked layers, let say along [001], and their diffraction patterns show sharp 00/ maxima, the
interlayer pillared content is not stacked coherently.

The process of pillaring of a layered material includes the following steps (Fig. 9) whose
details are not yet completely understood (Cool et al. 2002): swelling in a polar solvent
(usually water); substitution of the original interlayer cations by bulky (inorganic/organic)
cations (pillaring agent); washing (further chemical reactions occur at this step); calcination
(pillars are formed).

Pillaring materials (e.g., pillared clays) show the following basic characteristics.
—  The interlayer spacing increases from the original value of ~ 5 A to at least ~15 A.

—  The layers do not collapse under calcination.



84 Ferraris & Gula

(b)

(d)

Figure 9. Scheme of the pillaring process
leading from a smectite structure (a) to a
structure where adjacent 7OT layers are
widely separated by pillars (d). Large
filled circles represent water molecules;
ellipses in (c) and (d) generically indicate
a pillaring agent.

—  The pillaring agent (inorganic/organic) is laterally spaced.

— The interlayer space is porous: at least N, molecules can go through, namely the pore
has a window of about 3.2 A.

—  Not necessarily, pores and pillars are ordered; in fact, in a pillared material usually
only the 00/ reflections are sharp.

Leaching and solid state transformations®

As documented in this volume by Chukanov and Pekov (2005) and Pekov and Chukanov
(2005), leaching of cations in natural conditions is quite common for the microporous

¢ Note that the wording “solid-state transformation” widely used in this chapter does not exclude the
intervention of local dissolution and re-crystallization processes. “Solid state transformation” intends to
emphasize that primary and secondary phases differ mainly for the interlayer contents in a way that, at least
formally, is amenable to leaching/exchange processes. On the other side, the real nature of the processes of
mineral substitutions in “solid state” at atomic level is currently matter of debate (cf. Putnis 2002).
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framework heterosilicates that often occur with the heterophyllosilicates. As we shall see
in this section, the phenomenon is documented also for the latter minerals. The mentioned
authors affirm that ion exchange with the circulating solutions, during the post-crystallization
steps in the course of the evolution of the hyperalkaline massifs, is the easiest way to adequate
the stability of the crystal structure to the changing geological conditions (see also the Section
“Transformation Minerals” below).

In a layered structure like those of the heterophyllosilicates of Table 2, deficiency of
interlayer cations, in particular Na*, can be expected and is not uncommon even in micas’. Such
deficiency not necessarily is due to leaching; it can be there since the original crystallization
process. A later loss of cations (decationization) by leaching must involve a re-adjustment in
the structure and requires some exchange capacity with the surrounding medium. Whereas
in phyllosilicates the non-tetrahedral cations of the TOT layer are tightly locked within the
octahedral O sheet and typical leachable cations, like Na*, are normally absent there (but see
the recently described mica shirokshinite containing octahedral Na; Pekov et al. 2003), in
the heterophyllosilicates the presence of Na* in the O sheet is common. Because of its large
ionic radius, the introduction of this cation leads usually to some deformation of the O sheet,
a feature that may favor leaching as exemplified below by delindeite.

Delindeite. The structure of delindeite (Fig.
10) offers an example of a solid-state modification
involving leaching of Na from the O sheet. Ferraris et

al. (2001b) proved that an Na deficiency affects sites
in the O sheet of the HOH layer in delindeite (Table 2;
a=5327,b=6.856, c =21.51 A, B=93.80°, 42/m),
a quite unusual situation for a layer structure where the
more weakly bonded cations reside in the interlayer.
Unlike most compounds of Table 2, where the O sheet
is occupied by typical octahedral cations as Fe, Mn and
Mg, two independent Na sites occur in the O sheet of
delindeite. One Na atom incorporates in its large and
disordered coordination sphere also a bridging Si-O-Si
oxygen atom that, in heterophyllosilicates, normally
belongs to the H sheet only. In other words, in
delindeite a basal oxygen atom of a silicon tetrahedron
is captured within the large coordination sphere of Na.
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Thus, the Na* cation “sees” directly the interlayer space
through a window of the H sheet and some exchange

i %h ' ok ] gA Figure 10. View along [100] of the
Wi o ¢ su..lrro.un .lng medium becomes  feasible. crystal structure of delindeite. The
statistical distribution of the captured oxygen on two black circles represent the disordered
independent positions avoids the strain of an O--O bridging oxygen atom that is within

edge shared between H and O sheets. the coordination sphere of a Na* cation
(blank circles) belonging to the O

A similar coordination to a bridging oxygen atom sheet (see text). Grey circles represent
belonging to the H sheet has been reported in the interlayer cations.
structure of seidozerite (Pushcharovsky et al. 2002)8

7 A murmanite-related phase that is almost devoid of interlayer content has been found in Lovozero massif by
N.V. Chukanov (personal communication).

8 The inclusion of a bridging oxygen atom within the coordination sphere of Na belonging to the O sheet
introduces a further peculiarity in the HOH layer of seidozerite. Consequently, contrary to what reported in
previous literature, in this chapter statements like “seidozerite derivatives” or “seidozerite-like HOH layer” for
the heterophyllosilicates of Table 2 are avoided (see also footnotes 5 in the text and g in Table 2).]
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and can be compared with situations found in members of the rhodesite group described
below. Na* vacancies in the O sheet require a charge balance that is provided by the O~ —
OH substitution, like in steenstrupine-(Ce) (Makovicky and Karup-Meller 1981).

Transformation minerals. There are consistent evidences of solid-state transformation
from one to another member of Table 2 via leaching/substitution of the interlayer composition.
In some cases, swelling processes become evident by comparing the structures of the parent and
daughter phases (see below). As summarized by Khomyakov (1995) on the basis of his previous
work (cf. also Chukanov and Pekov 2005 and Pekov and Chukanov 2005), an active interaction
with water is a characteristic of many highly alkaline titanosilicates like the heterophyllosilicates
of Table 2. Several stage-by-stage replacements of anhydrous titanosilicates by their hydrated
and decationated analogues are described in the quoted literature, including the following two
reactions that are of interest in this chapter: lomonosovite + H,O — murmanite + Na;POy;
vuonnemite + H,O — epistolite + Na;POy (+shkatulkalite?).

Often the transformation is topotactic as witnessed by the occurrence of oriented
intergrowths and pseudomorphs after the parent phase. Based on electron and X-ray diffraction
studies, intergrowths of epistolite and shkatulkalite (transformation phases) with murmanite
(primary phase) are reported by Nemeth et al. (2005); Sokolova and Hawthorne (2001) report
intergrowths of lomonosovite (primary phase) with the transformation phases quadruphite,
polyphite and sobolevite, all containing PO,4 groups that share a corner with the octahedron
of the X cation (Table 2). Pekov and Chukanov (2005) report the following pseudomorphs of
framework heterosilicates after members of the bafertisite series: labuntsovite-group minerals
after lomonosovite, vuonnemite, astrophyllite and lamprophyllite; zorite and Na-komarovite
after vuonnemite; sitinatikite and narsarsukite after lomonosovite; vinogradovite and
kukisvumite after lamprophyllite. According to Khomyakov (1995), the new phases, that have
been called transformation minerals, can be formed only by transforming primary minerals
that instead crystallize from melts or fluids.

Khomyakov (1995) wrote that for some phases the transformation is active at atmospheric
conditions (“Under natural atmospheric conditions anhydrous peralkaline titanosilicates
undergo a spontaneous transition to their low-alkaline hydrogen-bearing analogues. This
transition may be described as a reaction between the sodium-supersaturated solid phase and
the atmospheric water.””). Other phases, as it happens for the mentioned transformations of
lomonosovite and vuonnemite, “which are stable under atmospheric conditions, are readily
hydrated in the epithermal and hypergene processes.”

Following Khomyakov’s suggestion (cf. Khomyakov 1995), in Russian literature, the
often-observed preservation of structure modules through the transformation from primary
to secondary phases (usually via a topotactic reaction) is known as inheritance principle; the
minerals involved in the steps of a transformation are said to form an evolutionary series, a
concept useful in understanding the mineral associations and the geological evolution of the
hyperalkaline formations (cf. Pekov and Chukanov 2005). For example, in the Ilimaussaq
peralkaline massif the secondary phases epistolite and murmanite have been first discovered,
only later, following the hypothesis on transformations reported above, the corresponding
primary phases vuonnemite and lomonosovite have been identified.

Transformation minerals after vuonnemite and lomonosovite. Vuonnemite (Fig. 6)
and lomonosovite (Fig. 11; Table 2) are primary (parent) minerals that, as written above,
by leaching of their PO, groups and hydration transform into secondary (daughter) phases
(Figs. 11 and 12). The solid-state nature of these transformations (but see footnote 6) is
supported by abundant findings of pseudomorphs of the secondary phases after the primary
ones and a wide occurrence of oriented intergrowths between them, as recently proved
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(a) (b) Figure 12. View along [100] of

the crystal structure of epistolite,

Figure 11. View along [100] of the crystal structure of the primary a secondary phases derived from

phase lomonosovite (a) that is transformed into the secondary phase vuonnemite (Fig. 6b) via leaching

murmanite (b) via leaching of PO, groups (dark grey tetrahedra) and of PO, groups and hydration (large
hydration. Circles as in Figure 7. grey circles).

by electron and single-crystal X-ray diffraction studies (Németh et al. 2005). Note that
the occurrence of intergrowths involving primary and secondary phases and, if the case,
other phases is considered a main source of difficulties in properly solving and refining the
corresponding structures [cf. vuonnemite + epistolite + shkatulkalite in Nemeth et al. (2005)].
Because of the loosing of POy, the width of the interlayer is smaller in the secondary phases,
but the swelling contribution of hydration is evident.

Transformation minerals after bornemanite. Khomyakov (1995) reported that the
mineral labeled M72 is pseudomorph after bornemanite (Table 2). Khomyakov (2004) showed
that bornemanite exchange Na3(PO,) for H,O when treated with boiling water.

As mentioned above, by electron (SAED) and X-ray (powder) diffraction, Németh et al.
(2004a) have shown that M72 consists of two polytypes and modeled their structures (Fig. 8).
The swelling action of the transformation is evident in the separation of the two X octahedra,
which in bornemanite share an edge, and by the overall increase of the ¢ parameter (Table 2)
in spite of the fact that PO, groups are leached.

A similar transformation is observed for M73 (Németh 2004); the parent phase of M73
is not exactly identified but likely is a bornemanite-type phase. Again, two polytypes have
been identified and their structure modeled. The two polytypes of M73 differ from those
of M72 mainly for a different arrangement of the two interlayer contents (Fig. 7). The X
cation is present with coordination numbers 5 and 6 both in M72 and M73. Interesting to
note that, contrary to M72, M73 shows the widest interlayer between two H sheets with X in
coordination 5.

Note that in some cases the coordination number of the X cation decreases from six in
the parent phase to five in the daughter phase (Figs. 8, 12). That may be related either to the
removal of PO, groups that share an oxygen atom with the X cation, or to the separation of X
octahedra that were locked together in the primary phase.
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Pillared derivatives?

We have mentioned that the TOT layers of smectites, which bear an intermediate negative
charge, are the best starting material to prepare pillared clays because of their easy swelling,
a property observed in nature and exploited in laboratory. Above it has been shown that
processes able to modify the interlayer content of the heterophyllosilicates via solid-state
reactions are active in nature. In particular, as recently discussed by Ferraris (2004) and
Neémeth et al. (2004b), the secondary phases that are formed via the following transformation
seem to be suitable candidates for investigating swelling properties in view of preparing
pillared materials based on HOH layers: vuonnemite — epistolite (plus shkatulkalite?);
lomonosovite — murmanite plus an unidentified phase reported by Semenov et al. (1962);
bornemanite — M72; bornemanite-type — M73.

So far, there is no record in the literature of the use of heterophyllosilicates for obtaining
pillaring porous materials. Even the knowledge on the exchange capacity of these minerals
leading to secondary phases is acquired mainly from field observations, being experimental
investigation still scarce (but see Chelishchev 1972).

Reasons of the limited experimental investigation can be a limited knowledge of the
heterophyllosilicates among materials scientists, and difficulties in synthesizing these
compounds; a step, this one, which for sure is needed because the minerals listed in Table
2 are generally rare and show a complex chemical composition. The only ab initio synthetic
bafertisite-type compound reported in the literature is an anhydrous vanadate, Nag{(Na,Ti),
[Ti,0,51,014]0,}(VO,),, that corresponds to the phosphate lomonosovite and has been
prepared by crystallization from a melt (Massa et al. 2000). It can be mentioned also that
by heating a mixture of natural lamprophyllite and nepheline at about 900°C, Zaitsev et al.
(2004) have obtained new formed lamprophyllite with a composition different from that of the
starting sample. However, by analogy with the 2:1 phyllosilicate smectites, one may conclude
that the hydrated phases of heterophyllosilicates look as the best candidates to attempt
swelling in these titanosilicates.

According to Khomyakov (1995) (cf. Pekov and Chukanov 2005), the secondary hydrated
phases of heterophyllosilicates are likely to be obtained only via solid-state transformation,
for sure an obstacle towards synthesis. An alternative is finding conditions to swell directly
primary anhydrous phases as it has been possible with micas (cf. Cool et al. 2002). Recently,
Ustinov and Ul’yanov (1999) have obtained murmanite by hydrothermal transformation of
lomonosovite at 100°C. Khomyakov (2004) obtained murmanite and epistolite from, in the
order, lomonosovite and vuonnemite treated with boiling water; as mentioned above, under
the same conditions he showed also that “beta-lomonosovite” and bornemanite exchange
Na;(PO,) and Na for H,O.

Some inspiration on the synthesis of the secondary hydrated phases of heterophyllosilicates
might be found in the variety of methods utilized for the synthesis of smectites (cf. Giiven
1988).

PALYSEPIOLES
Sepiolite, palygorskite and related structures

Sepiolite, ideally Mgg[Si;,030](OH), 12H,0, and palygorskite (also known as attapulgite),
ideally Mg;s[SigO,0](OH),'8H,0, are important clay minerals. Their crystal structures are
known only through powder diffraction data. Sepiolite is orthorhombic, Pncn, with cell
parameters a = 13.40, b = 26.80, ¢ = 5.28 A (Brauner and Preisinger 1956). For palygorskite
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two polytypes are known (Artioli and Galli 1994); Chiari et al. (2003) report the following
crystal data for the two polytypes: C2/m, a =13.337, b=17.879, c=5.264 A, B =105.27°;
Pbmn,a=12.672,b=17.875,c=5.236 A.

The structures of sepiolite and palygorskite are based on a framework of chessboard
connected TOT ribbons. These ribbons develop along [001] and correspond to cuts with
different width of a phyllosilicate 2:1 layer; they delimit [001] channels (Fig. 13). In the [010]
direction, the (TOT)s ribbon of sepiolite is one chain wider than that, (TOT)p, of palygorskite.
This feature requires for sepiolite a » value about 9 A longer than that of palygorskite,
i.e., about 4.5 A per added T chain. The minimum effective width of the channel windows
in palygorskite and sepiolite is the same (about 4.5 A). The frameworks of sepiolite and
palygorskite can be seen also as modulated 70T silicate layers showing a waving 7 sheet and
a discontinuous O sheet (Guggenheim and Eggleton 1988).

By refinement carried out with neutron-diffraction data collected on a deuterated powder
sample of palygorskite, Giustetto and Chiari (2004) showed that only highly disordered
zeolitic H,O is present in the channels of the structure. The same evidence is obtained by 'H
NMR investigation on dehydrated and rehydrated palygorskite (Kuang et al. 2004). Based
on a critical review of compositional data available in literature, Galan and Carretero (1999)
proved that whereas sepiolite is a true trioctahedral mineral, palygorskite is intermediate
between di- and trioctahedral composition because some trivalent cations (e.g., Al) always
occur in the octahedral sites. The intermediate di- trioctahedral character of palygorskite is
confirmed by IR spectroscopy (Chahi et al. 2002). A recent IR investigation (Garcia Romero
et al. 2004) reveals absence of trioctahedral Mg in the Mg-richest (3.11 apfu) sample of
palygorskite so far known.
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Figure 13. View along [001] of the crystal structure of sepiolite (a), palygorskite (b), kalifersite (c) and
intersilite (d); a vertical axis. The content of the [001] channels is not drawn.



90 Ferraris & Gula

Kalifersite — a hybrid between sepiolite and palygorskite. Kalifersite, (K,Na)s(Fe*"),
[Siy050](OH)s 12H,0, is a rare [001] fibrous silicate found in a hydrothermally altered
pegmatite at Mt. Kukisvumchorr (Khibina alkaline massif, Kola Peninsula, Russia). It is
triclinic (a = 14.86, h=20.54, c =529 A, 0. =95.6, B =92.3, y=94.4°, p1); Ferraris et al.
(1998) succeeded to model its crystal structure (Fig. 13) after realizing a modular relationship
with sepiolite and palygorskite as follows.

(i) Kalifersite, sepiolite and palygorskite have close values of their a and ¢ parameters;
the latter corresponds to the fibrous direction of these silicates and to the periodicity
of a pyroxene chain.

(i) The b value of kalifersite is intermediate between that of palygorskite and sepiolite.

(ii1) The [SiOs50](OH); silicate anion of kalifersite corresponds to the sum of those of
sepiolite, [Si;,039](OH),, and palygorskite, [SigO,0](OH),.

(iv) Martin-Vivaldi and Linares-Gonzales (1962) have interpreted X-ray powder
diffraction patterns intermediate between those of palygorskite and sepiolite as
random intergrowths of (TOT)g and (TOT)p ribbons.

Taking into account the above chemical and crystallographic aspects, a structure model
for kalifersite based on a 1:1 chessboard arrangement of (7OT)p and (TOT)s [001] ribbons
and the filling of the channels with alkalis and water molecules was obtained (Fig. 13). Due
to the longer a parameter, the minimum effective widths (~ 5.4 and ~ 6.2 A) of the two types
of channels in kalifersite are larger than the corresponding ones in palygorskite and sepiolite

(~4.5A).

The polysomatic series of palysepioles. Palygorskite (P), and sepiolite (S) are the
end members of the palysepiole (palygorskite + sepiolite) polysomatic series P,S; defined
by Ferraris et al. (1998); kalifersite is the P;S; member. Falcondoite (Springer 1976) and
loughlinite (Fahey et al. 1960) differ from sepiolite only in the composition of the octahedral
part; the same situation is valid for yofortierite (Perrault et al. 1975) and tuperssuatsiaite
(Camara et al. 2002) in comparison to palygorskite. Chukanova et al. (2002) have described
an orthorhombic unnamed mineral from Mt. Flora (Lovozero massif) with composition
(Fe,Mn),Si0,5(OH),,nH,0 and cell parameters a=13.53, »=26.70, c=5.13A; it
corresponds to a Fe-dominant sepiolite.

Merotypes and plesiotypes of palysepioles

Raite — a structure based on a palygorskite framework. The titanosilicate raite, Na;Mn;
Tig25[Sig0,50](OH), 10H,0, is a rare silicate found in the Yubileinaya pegmatite at Mt.
Karnasurt (Lovozero alkaline massif, Kola Peninsula, Russia). Raite is monoclinic (C2/m,
a=15.1,b=17.6,c = 5.290 A, B = 100.5°; Pushcharovsky et al. 1999) and its crystal structure
consists of a palygorskite-like framework, but the channel content differs substantially from
that of palygorskite both in chemistry and structure. Practically, in raite the O sheet is not
interrupted even if a part of the octahedra that reside in the channels are 3/4 vacant and only
1/4 occupied by Ti. Thus, raite and palygorskite share only the 7OT building module and are
therefore in merotypic relationship.

Intersilite. This rare titanosilicate occurs at Mt. Alluaiv (Lovozero alkaline massif,
Kola Peninsula, Russia) and has chemical composition (Na,K)Mn(Ti,Nb)Nas(O,0H)
(OH),[Si;¢043(0,0H),]-4H,0. In its structure (a=13.033, b=18.717, c=12.264 A,
B=99.62°, I2/m; Yamnova et al. 1996), sepiolite-like ribbons partially overlap along [010]
because of tetrahedral inversions within the same ribbon (Fig. 13). Due to the substantial
modification of the sepiolite framework, intersilite is in plesiotype relationship with the
palysepiole polysomatic series. The minimum effective width of the channels is ~ 3.5 A.



Polysomatic Aspects of Microprous Minerals 91

Microporous features of palysepioles

Modern chemical (Galan and Carretero 1999) and structural (Giustetto and Chiari 2004)
analyses prove that only H,O molecules reside in the structural channels of the clay minerals
sepiolite and palygorskite. The recent finding of kalifersite and raite shows that in nature,
under appropriate conditions, the channels of sepiolite- and palygorskite-like frameworks
can be almost fully filled with M"* cations (n =1 to 4), including Ti; in these structures the
“octahedral” O sheet is no longer discontinuous. The occurrence of Ti in raite realizes a bridge
between palysepioles and titanosilicates.

In nature, interactions at nanoscale between the clay minerals palygorskite and sepiolite
and the surrounding medium are well known, even if not always it is clear if they are related to
adsorption via the wide free surface of the particles, to absorption in the interlayer or to both
mechanisms (cf. Velde 1992). This is the case, for example, of the adsorption of humic acid
by palygorskite and sepiolite (Singer and Huang 1989) and the curious association of quinone
pigments with Eocene sepiolite known as quincyte (Louis et al. 1968; Prowse et al. 1991).

Pre-tech era applications. As summarized by Chiari et al. (2003) in the introduction of
their paper on the interaction between the host palygorskite framework and the guest indigo,
Maya Blue is a characteristic pigment produced by the Mayas around the VIII century AD; its
color ranges from a bright turquoise to a dark greenish blue. It has been shown that the pigment
contains palygorskite (in some cases, minor sepiolite) and its color is due to the presence of
indigo that the Mayas obtained from a vegetable. Experimentally, it has been shown that the
simple technique required to prepare the pigment, namely mixing palygorskite and Indigofera
suffruticosa then filtering after heating at about 100°C, was accessible to the Mayas.

Sepiolite has been used for hundreds of years in southern Spain for the purification of
wine (Galan and Ferrero 1982).

Modern technological applications. The exploitation of the capacity of palygorskite and
sepiolite to absorb organic molecules already known to Mayas is a wide practice in modern
technology. However, not always the structural channels are the only sites active in sorption,
surface mechanisms being active (cf. Shariatmadari et al. 1999). To the list of applications
reviewed by Jones and Galan (1988) and Galan (1996), only some quotations of recent results
are here added. These include: sorption of heavy metals from industrial waste water (cf.
Garcia Sanchez et al. 1999); removal of dyes from tannery waste waters (cf. Espantaléon et al.
2003); stabilization of dyes and pesticides (cf. Casal et al. 2001; Rytwo et al. 2002); template
synthesis of carbon nanofibers (Fernandez-Saavedra et al. 2004); preparation of Ni and Pd
catalysts (Anderson and Galan-Fereres 1999; Corma et al. 2004).

Future directions of research. No technological uses are known for the other palysepioles
and related structures mentioned above. Actually, all of them are rare minerals and have been
discovered only recently. To test their properties it would be necessary to have some quantity
of synthetic material. Presumably, the synthesis is feasible by hydrothermal method as done
for sepiolite (Mizutani et al. 1991).

Actually, only kalifersite is based on a guest framework substantially differing from those
of both palygorskite and sepiolite. In fact, kalifersite incorporates in its structure the two types
of channels that occur singly in sepiolite and palygorskite; thus, in principle, the composite
silicate framework of kalifersite could display at the same time the absorption features of the
two clay minerals. Other structures described in this section incorporate the high-charge cation
Ti*", an element well known for its catalytic activity. Likely, palysepiole frameworks based on
ribbons wider than those occurring in sepiolite could be synthesized, thus realizing pores with
at least one larger dimension of the window. In fact, the bridges that connect the segments of
inverted tetrahedra limit the second dimension of the window.
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Some porous structures related to palysepioles

Ferraris et al. (2004) pointed out that the crystal structure of the lithium silicate silinaite
(NaLiSi,052H,0; C2/c, a=14.383, b=8.334, c=5.061 A, B =96.6°; Grice 1991) shows a
chessboard arrangement of narrow 7OT-like ribbons comparable to those of palysepioles such
that ten-membered channels filled by Na and H,O are formed (Fig. 14). Whereas in palygorskite
and sepiolite the inversion of the tetrahedral sheet is every four and six tetrahedra, respectively,
in silinaite the same inversion is every two tetrahedra. Besides, the O part of the silinaite 7O7-
like ribbon consists of Li tetrahedra instead of octahedra as in palysepioles and, in general, in
the phyllosilicates. The ten-membered channels are delimited by eight Si tetrahedra and two Li
tetrahedra. The minimum effective width of these channels is about 5.5 A.

Ten-membered channels (Fig. 14) occur also in lintisite [Na;LiTiy(Si1,04),0,2H,0;
Merlino et al. 1990], a mineral mentioned in this volume by Chukanov and Pekov (2005)
together with other titanosilicates, which Ferraris et al. (2004) reported as members of a
merotype series based on three structural modules that are typical of the following phases:
silinaite, lorenzenite, NayTiy(S1,04),0,, and a hypothetic Z zeolite, (Na,K)Si;AlO5-2H,0.
Whereas the channels of silinaite consist of eight Si tetrahedra and two Li tetrahedra, those of
lintisite have four Si tetrahedra replaced by Ti octahedra. The minimum effective width of the
channels in lintisite is slightly smaller than in silinaite.

SEIDITE-(Ce) AND RELATED STRUCTURES

The silicate double layer with eight-membered channels that occurs in the crystal
structure of the titanosilicate seidite-(Ce) (Fig. 15) is present also in a group of well known
microporous structures reported in this volume by Rocha and Lin (2005). In this chapter we
refer to the frameworks of these heterosilicates as the rhodesite-type structure; this structure
type is compared with the structure of seidite-(Ce) and their modular aspects are emphasized
(cf. Ferraris et al. 2004).
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Figure 14. View of the crystal structure of silinaite, along [100] (a), and lintisite along [001] (b; @ vertical
axis). The dark grey tetrahedra are centered by Li. The content of the channels is not shown.
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Figure 15. Crystal structure of
miserite (a) seen along [001] and
seidite-(Ce) seen both along [010]
(b) and [001] (c); a axis vertical.
Cations and water molecules
occurring in the channels are not
shown.
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Modeling the structure of seidite-(Ce)

Seidite-(Ce), Nay(Ce,Sr),{Ti(OH),(Sis0;5)}(0,0H,F),-5H,0, is a titanosilicate found
in the Yubileynaya pegmatite at Mt. Karnasurt (Lovozero alkaline massif, Kola Peninsula,
Russia) and first described by Khomyakov et al. (1998). Because of its disordered [010]
fibrous morphology, single crystals suitable for X-ray crystallography are not available and its
crystal structure (a =24.61, b="7.23, c=14.53 A, B = 94.6°; C2/c; Fig. 15) was modeled by
Ferraris et al. (2003) on the basis of electron (SAED) and X-ray powder diffraction data. Even
if finally the structure of seidite-(Ce) turned out to share its silicate module with rhodesite
{K,Ca,[Sig0,3(OH)],-12H,0; a = 23.416, b = 6.555, ¢ = 7.050 A, Pmam; Hesse et al. 1992}
and related structures (see below), Ferraris et al. (2003) have got the key for its modeling
after comparison with the structure of miserite (Scott 1976). The latter structure shows
microporous features (Fig. 15), being about 2.8 A the minimum effective width of its isolated
eight-membered channels.

Ferraris et al. (2003) noted that the cell parameters of miserite (m) [KCas(Si,O)
(SigO;5)(OH)F; a = 10.100, 5 = 16.014,c¢ = 7.377 A, 0.=96.41, B = 111.15,y=76.57°; P1] and
seidite-(Ce) (s) are related as follows: a, = 2ap, ¢, = by, bs = ¢, Furthermore, the oblique (010)
lattice net of miserite can be described as based on a centered rectangular cell with parameters
very close to those of the centered (001) net of seidite-(Ce). It was also noted that formally
the same (Sig0,,)'? silicate anion occurs in both minerals; instead, the number of non-silicate
cations is 6 in miserite and 7 in seidite-(Ce), the chemically most important difference being the
presence of the high-charge Ti*' cation in the latter mineral. By rotation of the isolated Si,O,
groups that alternate with [001] eight-membered silicate channels in the structure of miserite,
the (100) silicate layer consisting of interconnected channels typical of seidite-(Ce) is obtained
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(Fig. 15). In their turn, the (100) silicate layers are connected by isolated Ti octahedra, thus
obtaining a three-dimensional mixed tetrahedral/octahedral framework.

The (100) layer of the eight-membered channels corresponds to the double silicate layer
that occurs in the microporous mineral rhodesite (Hesse et al. 1992) and related compounds. A
xonotlite-like [CagSicO7(OH),; P2/a, a=17.032, b=17.363, c=7.012 A, B =90.36°; Hejny
and Armbruster 2001] chain, i.e., a double wollastonite-like chain, delimits the (010) front
windows of the double layer. As discussed below, both the upper and lower (100) walls of the
silicate double layer consist of an apophyllite-type [KCay(SigO,0)F-8H,0; P4/mnc, a = 8.965,
b=8.965, c=15.768 A; Colville et al. 1971] net that includes eight- and four-membered
rings. Being the upper (100) wall staggered by b/2 relative to the lower wall, the window rings
of the two walls are not aligned, and the [100] direction does not show pores. A second type of
eight-membered channels crosses the structure of seidite-(Ce) along [010]; in these channels,
two out of eight polyhedra forming the window are Ti octahedra.

A further double system of channels extends along [001] (Fig. 15). One set of channels
of this system consists of ten-membered pores with two Ti octahedra as ring members; the
second set corresponds to five-membered channels delimited by tetrahedra only. Each set
forms alternating (100) layers. The front windows of the five-membered channels correspond
to the (001) wall of the [010] eight-membered silicate channels.

The wollastonite chains that develop along [010] and [001] determine the periodicity of
both sets of channels. Note that the [001] five-membered rings of seidite-(Ce) correspond to
the eight-membered [010] rings in rhodesite (Fig. 16), the different cross-section being related
to the b/2 stagger of the (100) apophyllite-type sheets mentioned above.

Microporous properties

The first experimental evidence of microporous features in seidite-(Ce) was the high
value of its measured density, 3.21 g/cm? as determined by Clerici liquid [an aqueous solution
of CH,(COO0),Tl,HCOOTI] vs. the calculated value of 2.75 g/cm?. This high value was due
to absorption of Tl, as confirmed by an electron microprobe analysis of grains of the mineral

Figure 16. Crystal structure of rhodesite seen along [010] (a) and [001] (b). Cations and water molecules
occurring in the channels are not shown; a axis vertical.
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that had been kept in aqueous solution of TI*, K*, Rb*, Cs* and Ba®* at room temperature for
periods of 6-8 weeks: Na was substituted by the shown cations (Khomyakov et al. 1998).

The presence of channels in the structure and weak bonding of guest Na to the host
framework clearly support the ion-exchange properties of seidite-(Ce). Presumably, all the
extra-framework ions and H,O groups are guests that can be removed from the host structure
through the described system of pores. The minimum and maximum effective widths of the
two types of eight-membered channels described above are about 3 and 5 A, respectively; the
same widths are about 1 and 6.5 A in the ten-membered channels, the bottleneck corresponding
to two facing Ti octahedra (Fig. 15).

Modular aspects

The (100) layer consisting of eight-membered channels that occur in seidite-(Ce) (Fig. 15)
is well known as a double layer of corner-sharing Si tetrahedra, and is present in the structures
listed in Table 3 (cf. Rocha and Lin 2005). In all these compounds, the silicate double layer
alternates with a sheet of cations that mainly show an octahedral coordination.

Variety of tetrahedral and “octahedral” sheets. The tetrahedral sheets forming the double
layers are comparable with the so-called apophyllite sheet, which consists of a net of four-
membered rings connected to form eight-membered rings. However, taking into account the
orientation of the tetrahedra in the four-membered rings, three types of tetrahedral sheets can
be distinguished (Fig. 17): all tetrahedra pointing either upwards or downwards (apophyllite);
three tetrahedra pointing upwards and one downwards [all the compounds of Table 3 except
seidite-(Ce)]; two tetrahedra pointing upwards and two downwards [seidite-(Ce)]. Cavansite
[Ca(VO)Si,0,y4H,0; Pcmn, a=9.792, b= 13.644, ¢ =9.629 A; Evans 1973] has a seidite-
(Ce)-like tetrahedral sheet but the two tetrahedra pointing in the same direction share a corner
instead of occupying opposite sides of a four-membered ring.

Five types of “octahedral” sheets occur in the compounds of Table 3 (Fig. 18).
— Isolated Ti octahedra in seidite-(Ce) (Fig. 15).

—  Chains of edge-sharing Ca octahedra in rhodesite (Figs. 16, 18a), macdonaldite and
hydrodelhayelite. This sheet corresponds to a trioctahedral sheet where one out of
two chains of octahedra is missing.

Table 3. Members of the rhodesite mero-plesiotype series.

Name Chemical formula a,b,c(A),B () S.G.  Ref.
Seidite-(Ce) Na,(Ce,Sr),{Ti(OH),(SigOs)t  24.61,7.23,14.53,94.6 e (1)
(0,0H,F),5H,0
Rhodesite K,Cay[Sig0,s(OH)],-12H,0 23.416, 6.555, 7.050 Pmam  (2)
Macdonaldite BaCa,[Sis0,5(OH)],:10H,0 14.081, 13.109, 23.560 Cmem  (3)
Delhayelite K;Na;Cas[Si;AlO049],F,4Cl, 24.86,7.07, 6.53 Pmmn  (4)
Hydrodelhayelite K,Cay[Si;Al0,,(OH),1,-6H,0  6.648, 23.846, 7.073 Pam2,  (5)
Monteregianite-(Y)  K,Na,Y,[SigO1o]» 10,0 * 9.512, 23.956, 9.617, 93.85 P2/n (6)
AV-9 K;NayEu,[Sig0,9],. 10H,O ** 23.973, 14.040, 6.567, 90.35 C2/m 7)

* K,Na,Ce,[SigOy9],' 10H,0 (AV-5 in Rocha et al. 2000) is isostructural with monteregianite-(Y).

** Jsostructural compounds with Tb (Ananias et al. 2001), Er (Ananias et al. 2004) and Nd (Rocha et al. 2004) substituting
Eu are known.

References: (1) Ferraris et al. 2003; (2) Hesse et al. 1992; (3) Cannillo et al. 1968; (4) Cannillo et al. 1970; (5) Ragimov
et al. 1980; (6) Ghose et al. 1987; (7) Ananias et al. 2001
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—  Chains of alternating Y and Na octahedra
connected by pairs of further Na
octahedra, to form a trioctahedral sheet
with vacancies, in monteregianite-(Y)
and its isostructural compound with Ce
substituting Y (Fig. 18b).

— A trioctahedral-like sheet in delhayelite
(Fig. 18c), where edge-sharing chains like
those of rhodesite alternate with chains of
eight-coordinated Na-polyhedra.

— A modification of the sheet of
monteregianite-(Y) in the AV-9 compounds
(Fig. 18d), where the coordination number
of the inter-chain Na-polyhedra is 9.
This type of sheet requires that two H,O
molecules per formula unit, which in
other structures of the group reside in the
channels, move to the coordination sphere
of Na within the “octahedral” sheet.

The Na atoms that belong to the “octahedral”
sheet and have coordination number higher than
six also bind to bridging oxygen atoms of the
silicate double layer. Thus, these Na atoms are
in contact with the channels and leaching can be
favored, as it has been described above for the
heterophyllosilicate delindeite.

The rhodesite  mero-plesiotype  series.
According to the categorization of modular series
given by Makovicky (1997) (cf. Ferraris et al.
2004), the compounds of Table 3 form a mero-
plesiotype series (cf. footnote 1). In fact, nearly the
same double silicate layer occurs in all members and
alternates with a variable module (merotype aspect).
The series is also plesiotypic because, as seen above,
the silicate double layer may show a different
ratio between upwards and downwards pointing

tetrahedra. This aspect is related to the number, Figure 17. Tetrahedral sheets in
charge and coordination number of the cations in apophyllite (a), rhodesite (b) and
the interlayer sheet and to the Si/Al ratio within the seidite-(Ce) (c).

layer. Most of the compounds in Table 3 have a T:O

ratio of 8:19 (T'= Si, Al), corresponding to a 3:1 ratio between the tetrahedra sharing three and
four corners, respectively. In seidite-(Ce), the ratio between the two types of tetrahedra is 1:1,
consequently 7:0 = 8:18; the different connectivity of the tetrahedra is related to the relative
shift between the two apophyllite-type sheets forming the double silicate layer. As mentioned
above, depending on this shift, the lateral view of the double layer shows either five- (Fig. 15)
or eight-membered rings (Fig. 16).

Further modular interpretation. The porous structures of the rhodesite series and those
related to this series (see next section) can be described as based on OTT layers and compared
with the 1:1 (TO) and 2:1 (TOT) layer silicates and the heterophyllosilicates. The two facing
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Figure 18. “Octahedral” sheets in rhodesite (a), monteregianite-(Y) (b), delhayelaite (c) and AV-9 (d). The
Na polyhedra (dark grey) joining parallel rows of edge-sharing octahedra (light grey) have coordination
number 6, 8, and 9 in (b), (c) and (d), respectively.

T sheets, which present two types of rings instead of one only as in the 1:1 and 2:1 silicates,
are joined by sharing apical corners of tetrahedra to form the porous 77 layer. The formal O
sheet is by far more variable than in the layer silicates and connects two adjacent 77 sheets;
thus, a three-dimensional framework is formed without weaker bonds between the formal OTT
layers.

Structures related to the rhodesite series

Reyerite and fedorite. These two minerals belong to the group of gyrolite, Ca sNaSiy;
AlO4o(OH)g 14H,0, which is extensively described in this volume by Bonaccorsi and Merlino
(2005), and are members of a merotype series (cf. Ferraris et al. 2004). A double tetrahedral
layer consisting of eight-membered rings and comparable to that described for the rhodesite
group occurs in reyerite, Ca;4(Na,K),Si,;Al,055(OH)g:6H,0, and fedorite, [K,(CasNa,)
Si16033(OH,F),'H,0, (Fig. 19). The minimum effective channel width is about 3 A in both
structures. In fedorite, the double layer alternates with a trioctahedral sheet of Ca octahedra,
thus reinforcing similarity with the rhodesite group. However, the two equivalent silicate
sheets forming the double layer do not display the apophyllite-type but consist of two types of
six-membered rings; one type is quite deformed.

A heterophyllosilicate H sheet in jonesite. The partially disordered crystal structure
of jonesite {Bay(K,Na)[Ti,(SisAl)O,5(H,0)]-(H,0),, a=8.694, b=25918, c=8.694 A,
B=104.73°, P2,/m; Krivovichev and Armbruster 2004} shows a double layer forming [100]
eight-membered channels (Fig. 20) similar to those described for the rhodesite series. However,
the (010) sheet delimiting the double layer has the same chemical composition and topology of
the H sheet typical of the HOH bafertisite-type layer (Fig. 3): some of the silicate tetrahedra are
substituted by Ti octahedra. The minimum effective width of the pores is about 3.3 A.
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Figure 19. Crystal structure of reyerite (a) seen along [010] (¢ axis vertical)
and fedorite seen along [100] (b).

(a) (b)

Figure 20. Jonesite: (010) double layer seen along [100] (a); (010) projection
of the bafertisite-type H sheet (b) delimiting the double layer.

Analogues of seidite-(Ce). Ermolaeva et al. (2005) describe a new phase from the Lovozero
and Khibina massifs that has chemical composition (Th,REE)(Ti,Nb)(Si,P)OsnH,0O and is
supposed to be an analog of seidite-(Ce) with Th > REE. This phase occurs with bitumen-like
substances whose formation from light hydrocarbons (like methane) is likely catalyzed by the
presence of microporous heterosilicates. At the same time, the transformation of metal organic
complexes occurring in the bitumen-like substances leads to the formation of microphases of
Ti- and Nb-silicates of Th, Ca, Ln, Y, Na and K (cf. Chukanov and Pekov 2005). On the basis
of the chemical formula, the latter authors suppose that also the amorphous mineral umbozerite,
Na;Sr, Th(Mn,Zn,Fe)SigO,4(OH) (Es’kova et al. 1974), is an analog of seidite-(Ce).
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CONCLUSIONS

Modularity (Ferraris et al. 2004) is a common crystallographic feature of the microporous
structures presented in this and other chapters of this volume. In itself, this aspect is not
important for the investigation of microporous properties but, as in general holds for modular
structures, can be crucial in the process of modeling the structures of new microporous phases
related to others already known. Thus, modularity may be a tool useful to solve difficult
structures.

Modularity can also inspire paths towards the synthesis of tailored microporous
compounds, for example by playing on the type and stacking of modules, according to well
established patterns widely documented in modular materials. Instructive under this aspect,
are the members of the mero-plesiotype series for which it is possible to play on a variable
module and on the specific configurations of the modules to introduce useful properties, as
described in this volume by Rocha and Lin (2005) for compounds of the rhodesite series.

In principle, as already Nature does, the HOH layer of the heterophyllosilicates can be
exploited to build materials with a variety of interlayer contents. Besides, following some
indications of swelling observed in the field, presumably pillared materials can be prepared by
using HOH layers; the presence of Ti polyhedra both in the A and O sheets might be useful
for applications in heterogeneous catalysis. However, whereas the microporous structures
described in the sections on palysepioles and rhodesite series are well known to materials
scientists and several of them are promising for technological applications, the porous
properties occurring in some heterophyllosilicates are active in nature, but still unknown and
unexploited in the world of technology.
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