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The layered lithium sodium silicate silinaite exchanges alkylammonium ions for interlayer lithium and sodium

ions. This exchange increases the disorder of the structure and leads to transformation of many Q3 silicon

oxygen groups into Q4 groups. Owing to their large size the alkylammonium ions displace only a part of the

inorganic interlayer cations. The remaining lithium and sodium ions are replaced by protons, and the silanol

groups (Q3 Si) can condense to siloxane groups (Q4 Si). Calcination of the alkylammonium derivatives at 350±

550 ³C yields mesoporous materials with mesopore volumes of between 130 and 390 mL g21 and micropore

volumes of between 25 and 110 mL g21. The diameters of the mesopores lie between 1.7 and 2.9 nm (from

mesopore volumes and surface areas). In the same way, porous materials with similar properties were prepared

from other silica sources like sodium metasilicalite, d-Na2Si2O5 (SKS-6), and even water glass solutions. A

mechanism is proposed based on the aggregation of alkylammonium ions carrying caps of the fragmented

layers.

Introduction

Layered compounds are becoming of increasing interest as
active inorganic ®llers in polymer nanocomposites. Clay
minerals are often used1 but encouraging results have also
been obtained with alkali silicates and crystalline silicic acids.1±

3 Compatibility with the polymer often requires hydrophobiza-
tion of the inorganic material. Cation exchange with alkylam-
monium ions is an important reaction to make the mineral
hydrophobic. Another ®eld of potential applications has been
developed by the transformation of layered alkali silicates into
porous materials.4±12

Different applications require different types of layered
alkali silicates. Zweier single-layer phyllosilicates (classi®cation
of Liebau13,14) like Na2Si2O5,15±17 kanemite NaHSi2O5?
3H2O,18±28 KHSi2O5?2H2O,29±31 silinaite NaLiSi2O5?
2H2O,32±34 makatite Na2Si4O8(OH)2?4H2O,19,20,24,35±37 and
octosilicate Na2Si8O17?10H2O20,21,38±40 consist of folded
sheets of silicon±oxygen tetrahedra. The sheets are highly
¯exible, and the silicates are less suitable as inorganic
®llers. Silicates with condensed tetrahedral sheets like maga-
diite19±21,24,38,39,41±47 and kenyaite19,20,24,38,39,42,47,48 are more
effective ®llers for polymers. On the other hand, the ¯exibility
of single layer silicates enables the preparation of mesoporous
silica. Kanemite was dispersed in an alkaline aqueous solution
of hexadecyltrimethylammonium chloride. After lowering the
pH to 8.5 the product was ®ltered, washed with water, and
calcined at 700 ³C or 1000 ³C.4±12 It was assumed that the
¯exible silicate layers wind around the aggregated surfactants.
Condensation of the silanol groups during calcination resulted
in an almost hexagonal honeycomb pattern of hollow silica
tubes. This material was called a folded sheets mesoporous
material, FSM. This reaction is not restricted to kanemite as
starting material, but can also be performed with other single-
layer silicates and even water glass solutions as reported in this
paper.

Experimental

Silicates

Silinaite, NaLiSi2O5?2H2O, was prepared by heating a disper-
sion of silica (Kieselgel, Merck, Germany) in an aqueous
solution of lithium hydroxide and sodium hydroxide at 125 ³C
for 4 days. Molar ratios used: LiOH/SiO2~0.5; NaOH/
SiO2~0.5; H2O/SiO2~10.34 We used thick-walled Te¯on
¯asks with nearly gas-tight screw-on-type caps. The precipitate
was washed with small amounts of water and air-dried. The
product corresponded to sample 89X described before.34

Kanemite, NaHSi2O5?3H2O, was prepared from a NaOH±
SiO2 mixture (molar ratio 1 : 1). NaOH was dissolved in a small
amount of water. This solution was diluted with ethanol (or
methanol) so that the required amount of silica could easily be
dispersed forming a homogeneous slurry which was dried at
100 ³C, then heated to 700 ³C for 5.5 h. Rehydration in water
yielded kanemite.18 d-Na2Si2O5 (SKS-6) was obtained from
Hoechst Comp. (Germany) and sodium metasilicate (Na2SiO3)
from Condea Chemie (Germany). These silicates are produced
as detergent additives (builder).15 Water glass was from Merck
(Germany).

Alkylammonium derivates

The alkylammonium derivatives were prepared by dispersing
1.5 g of silinaite in 50 mL of an aqueous solution of
alkylammonium chloride at 65 ³C for 48 h. The alkylammo-
nium chloride solutions were obtained by adding 2 M
hydrochloric acid to an aqueous solutions of the alkylamine
CnH2nz1NH2 (n~1, 2, ..., 10) until pH~7 was reached.

Silinaite was also reacted with several quaternary alkyl-
ammonium halogenides: dodecyltrimethylammonium bromide
(DDTMA), tetradecyltrimethylammonium bromide
(TDTMA), hexadecyltrimethylammonium bromide
(HDTMA), and N-cetylpyridinium chloride (CP). In addition,
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a mixture of tetraethylammonium bromide (TEA) and
HDTMA was used. To prepare 0.1 M aqueous solutions of
the surfactants the required amounts (3.08 g DDTMA, 3.36 g
TDTMA, 3.64 g HDTMA, 3.39 g CP, and 3.5 g TEAz3.64 g
HDTMA) were dispersed in 100 mL water and heated to 65 ³C
until the surfactant was dissolved. 5 g silinaite were dispersed
(Ultra Turrax) in 50 mL water before 100 mL of the surfactant
solution were added. Following the procedure described by
Kuroda et al.,5,7 the pH was adjusted to 12.5, and the
dispersion was held at 70 ³C for 3 h. After cooling to room
temperature, 2 M hydrochloric acid was added dropwise to
decrease the pH to 8.5. The dispersion was heated again to
70 ³C for 3 h, then ®ltered. The product was washed with
100 mL water and dried at 65 ³C. Amounts of 1 g of these
samples were calcined at 350 ³C, 450 ³C, 550 ³C, and 700 ³C for
6 h.

In the same way, kanemite, d-Na2Si2O5, and sodium
metasilicate were reacted with the quaternary alkylammonium
salts and calcined at 550 ³C. Also, 20 mL water glass were
reacted with the same amounts of surfactants.

The 29Si-MAS-NMR spectra were obtained with a Bruker
AM 400 instrument at 293 K (spinning rate 5 kHz, frequency
79.496 MHz; aquisition time 17 ms, pulse repetition time 60 s,
high power decoupling). Accumulations amounted to 700
scans. Chemical shifts are reported relative to gaseous
tetramethylsilane.

Gas adsorption measurements

The nitrogen adsorption at 77 K was measured in a home-made
volumetric instrument.49,50 The relative pressure p/p0 was
increased in steps of 0.04 from 0 to 0.965 (adsorption branch),
then decreased to 0.005 (desorption branch). Equilibration was
achieved within 1 min. The apparent speci®c surface area was
calculated by the BET equation (surface area of the nitrogen
molecule:51±53 0.162 nm2). The calculated speci®c surface area
does not correspond to the real surface area when micropores
(pores with diameters v2 nm) are present. The presence of
micropores was tested with t-plots.50±52 In these diagrams the
amount of nitrogen adsorbed at every relative pressure is
plotted against the statistical thickness t of the adsorbed layer
at the same pressure. The values of t are obtained from
standard curves.

In the ideal case the t-curve is linear; the speci®c surface area
and the micropore volume are obtained from the intercept and
the slope, respectively. A problem consists of the correct choice
of the standard isotherm. As discussed below, we used
theoretical standard isotherms54 calculated for BET C-values
of 20±30.

The amounts of nitrogen adsorbed are given in volumes of
gaseous nitrogen (in cm3 g21 at STP). The micropore volume is
expressed by the volume of liquid nitrogen (in mL g21). With a
molar volume of gaseous nitrogen at STP (22414 cm3) and of
liquid nitrogen at 77 K (34.67 cm3) one obtains

V�mL g{1�~ 34:67

22414
|103 V�cm3 g{1�~1:5468 V�cm3 g{1�

(1)

The lower density of the nitrogen molecules in ultramicropores
(diameter v0.7 nm) in comparison with the bulk was con-
sidered by the factor 1.091.50,53

Results

Alkylammonium silinaites

Silinaite consists of silicate layers of unbranched zweier single
chains. The layers are connected by [LiO4] tetrahedra and
[Na(H2O)4O2] octahedra33 (Fig. 1). When the lithium and
sodium interlayer cations are replaced by alkylammonium ions,

the structure must be distorted. The broad re¯ections in the X-
ray diagrams (Fig. 2) indicate a high degree of disorder. The
peak at 2h#9³ probably indicates the stacking distance of the
disordered layers and reveals an average basal spacing of 1 nm.
Surprisingly, the powder diagrams of silinaite with longer
alkylammonium ions showed an additional sharp low-angle
re¯ection (2h~3.51³, d~25 nm for heptylammonium ions;
2h~2.77³, d~32 nm for decylammonium ions).

Structural changes during the alkylammonium exchange
were also evident from the IR spectra. The alkylammonium
derivatives showed similar spectra which differed strongly from
the spectrum of the original silinaite (Fig. 3). The group of
absorption bands between 1200 cm21 and 960 cm21 in silinaite
were assigned as asymmetric stretching vibrations of Si±O±Si
groups and stretching vibrations of Si±O2.27,55,56 The sym-
metric Si±O±Si stretching vibrations yielded bands between 800
and 600 cm21. Bending vibrations and M±O stretching modes
were indicated below 500 cm21; for details see ref. 56. After
alkylammonium exchange the bands were broadened and were
not resolved. Also, the stretching vibrations of OH and H2O at
3200±3550 cm21 (ref. 56) were no longer resolved. The three
signals at 2964, 2924, and 2859 cm21 were attributed to
stretching vibrations of the methyl and methylene groups of the
alkyl chains.

The 29Si-MAS-NMR spectra (Fig. 4) also revealed the
structural changes. Silinaite showed a strong signal at

Fig. 1 The layer structure of silinaite:33 a) the silicate layers, b) the
[LiO4] tetrahedra and [Na(H2O)4O2] octahedra between the layers (#
oxygen, . protons of H2O, $ lithium ions).

Fig. 2 X-Ray diffractograms (Cu-Ka) of alkylammonium silinaites
after drying at 65 ³C. n~number of carbon atoms in the alkylammo-
nium ion.
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d 292.46 (with rotational side bands at d 229.33 and
2155.43)34 which indicates the presence of Q3 groups as
expected from the crystal structure. Signals of Q4 and Q2

groups were absent. The corresponding crystalline acid
(obtained by exchanging the sodium and lithium ions by
protons34) revealed two broad peaks at d 2101.8 and 2111.6
corresponding to Q3 and Q4 groups. The alkylammonium
derivatives also showed Q3 peaks and two broad peaks at d ca.
2110 (Q4 groups) (Fig. 4, Table 1). The chemical shift related
to the Q3 groups decreased with increasing alkyl chain length
from d 299.79 (methylammonium ions) to 2100.50 (hexylam-
monium ions) and then increased to d 298.6 for the longest
chains. The chemical shift for the Q4 groups also decreased
from the methylammonium to the hexylammonium derivative
but changed in an unregular manner for longer alkyl chains.
The peak area of the Q3 groups occupied 20±32% of the total
area of the Q3zQ4 groups (calculated by deconvolution in
terms of overlapping Gaussian peaks). The nonylammonium
derivative showed an exceptionally high Q3 peak. Because of
very long relaxation times for silicates (of the order of hours;
D. Heidemann (Berlin), personal communication, see also
ref. 47) the molar ratio of Q3 and Q4 groups cannot be simply
obtained from the peak intensity or areas.

Surfactant-templated porous materials from silinaite

Silinaite was reacted with several quaternary alkylammonium
halogenides. The X-ray diagrams of the dried derivatives

showed broad peaks (Fig. 5) like the derivatives with primary
alkylammonium ions, and an intense sharp re¯ection between
2h~2³ and 2h~3³ (Fig. 2; please note the different scale of the
2h axis!).

The 29Si-MAS-NMR spectra showed two broad peaks
(Fig. 6) which again indicated the presence of Q3 and Q4

groups. Heating to 550 ³C greatly increased the proportion of
Q4 groups (the presence of Q3 was only indicated by a shoulder
on the Q4 peak). Thus, a considerable portion of the silanol
groups (Q3) were condensed to siloxane groups. At 700 ³C the
samples transformed into quartz which was indicated by a
sharp peak at d 2107.1.

The adsorption isotherms of silinaite, its TDTMA deriva-
tive, and this derivative heated to 550 ³C (Fig. 7) illustrate the
enormous increase of nitrogen adsorption after calcination.
The adsorption isotherm of the calcined organic derivative
showed a very small hysteresis loop at p/p0w0.4. The t-plots of
silinaite and the TDTMA derivative were linear and passed
through the origin (Fig. 8); micropores were absent. In
contrast, the t-curve of the calcined organic derivative revealed

Fig. 3 IR spectra of silinaite (a) and the alkylammonium derivatives
with n carbon atoms in the alkyl chain (b).

Fig. 4 29Si-MAS-NMR spectra of silinaite, sample 89X, and the
alkylammonium derivatives with n carbon atoms in the alkyl chain
(n~0: ammonium derivative).

Table 1 Chemical shifts in the 29Si-MAS-NMR spectra of silinaite and
the alkylammonium derivatives with n carbon atoms in the alkyl chain
(n~0: ammonium derivative), deconvolution in terms of overlapping
Gaussian peaks

n d d

NaLi 292.47 Ð
0 2100.50 2110.32
1 299.79 2109.98
2 2100.01 2110.15
3 2100.04 2110.22
4 2100.16 2110.32
5 2100.59 2110.61
6 2100.50 2110.63
7 2100.20 2110.23
8 298.61 2110.95
9 299.33 2110.13

10 298.45 2111.17
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two linear sections. The micropore volume and the surface area
were calculated from the linear section at smaller t-values
(Table 2).

The amount of nitrogen adsorbed by TDTMA±silinaite
reached a maximum after calcination at 450 ³C (Fig. 9,
Table 2). Formation of quartz at 700 ³C reduced the speci®c
surface area to 5 m2 g21. The micropore volume was highest
after calcination at 350 ³C.

The nitrogen adsorption isotherms for the other alkylam-
monium derivatives (DDTMA, HDTMA, CP, HDTMAz
TEA) showed the same behavior. The typical shape of type IV
isotherms was more pronounced for the longer surfactants. The
t-curves were similar to those shown in Fig. 8. The speci®c
surface area and the micropore volume increased with the alkyl
chain length of the alkyltrimethylammonium derivatives
(Tables 2, 3). The values of the calcined cetylpyridinium
silinaite were distinctly smaller, even below those of the
DDTMA derivative (Table 2). The effect of tetraethylammo-
nium ions to restrict the interlayer expansion58 is also evident.
The presence of these ions reduced the speci®c surface area and
the pore volume of the HDTMA derivative (Table 2).

Porous materials from other silicate sources

Porous materials very similar to those described above were
obtained from d-Na2Si2O5 (SKS-6), Na2SiO3 (metasilicate) and
even water glass solutions.

The X-ray diagrams corresponded to those of the silinaite
derivatives (Fig. 5) and showed the intense sharp re¯ection at
2h~2±3³. The d-value of this re¯ection was 3.89 nm (HDTMA
silinaite), 4.04 nm (HDTMA metasilicate), and 4.10 nm
(HDTMA derivative of water glass). The 29Si-MAS-NMR

spectra also consisted of the broad peaks attributed to Q3 and
Q4 groups. After calcination at 550 ³C one peak with a shoulder
corresponding to Q3 groups indicated the increased proportion
of Q4 groups.

Also, the nitrogen adsorption isotherms and the t-curves
were of the same type, and large amounts of nitrogen were
adsorbed (Fig. 10). Only the isotherm of the Na2Si2O5

derivative was of different shape and opened to a hysteresis
loop at a relative pressure of 0.8 (Fig. 11). The t-curve of the
calcined SKS-6 derivative showed linear sections at low and
high t-values like the other samples. Because of the presence of
micropores, the speci®c BET surface area calculated from the
adsorption isotherm (Table 2) exceeded 800 m2 g21 for cal-
cined HDTMA silinaite and metasilicate; the water glass
derivative yielded a value of 688 m2 g21 and the SKS-6
463 m2 g21. However, these are apparent values. The surface
areas derived from the t-plots (adsorption branches) were 521±
529 m2 g21 (for silinaite, metasilicate, water glass) and
346 m2 g21 (for SKS-6). The micropore volume varied between
55 and 113 mL g21 (Table 4).

Discussion

Alkylammonium exchange

The structure of the silicate sheet (Fig. 1), in particular the
degree of folding, will not remain unchanged when the sodium

Fig. 6 29Si-MAS-NMR spectra of the TDTMA derivative of a,d)
silinaite, b,e) metasilicate, c,f) water glass solution; a±c) air-dried, d±f)
calcined at 550 ³C.

Fig. 7 N2 adsorption isotherms (e adsorption, r desorption, cm3 N2

(STP) g21, 77 K): a) silinaite, b) TDTMA derivative dried at 65 ³C, c)
TDTMA derivative calcined at 550 ³C.

Fig. 5 X-Ray diffractograms (Cu-Ka) of alkylammonium silicates
dried at 65 ³C: a) TDTMA derivative of silinaite, b) HDTMA
derivative of silinaite, c) HDTMA and metasilicate, d) HDTMA and
water glass solution.

Fig. 8 t-Plots of silinaite (%), TDTMA silinaite dried at 65 ³C (#),
TDTMA silinaite calcined at 550 ³C (©).

1180 J. Mater. Chem., 2000, 10, 1177±1184



and lithium ions are displaced by large alkylammonium ions.
The pronounced broadening of the X-ray re¯ections indicates
the structure to be highly disordered when the alkylammonium
ions have penetrated between the layers. The d-value of the ®rst
broadened re¯ection at 2h#9³ indicates an average basal
spacing of 1 nm which is independent of the alkyl chain length.
This is expected when the alkyl chains lie parallel to the layers.
The smallest spacing of this structure comprises the height of
an alkyl chain (0.48 nm)58 and that of the [SiO4] tetrahedron
(edge length O±O~0.264 nm, h~0.264d(2/3)~0.216 nm)9,13

increased by the van der Waals diameter of an oxygen atom
(0.28 nm).59 The sum 0.48z0.22z0.28~0.98 nm agrees with
the observed average basal spacing.

A further point must be considered when the alkyl chains lie
¯at between the layers. The unit cell (a~0.506 nm,
b~0.833 nm, c~260.719 nm, b~96.6³, Z~4)33 (Fig. 1)
contains 8 cations. The area occupied by one cation (equivalent
area) is 0.50660.833/4~0.10 nm2 cation21. An alkylammo-
nium ion with 4 carbon atoms requires an area of
0.5764z1.4~0.368 nm2.58 Thus, only a part of the inorganic
cations can be replaced by ¯at-lying alkylammonium ions. The
remaining lithium and sodium ions are exchanged by protons
because all inorganic cations were displaced. As a consequence
a large number of silanol groups (Q3 groups) are formed which
promote disintegration of the structure when they condense to
siloxane groups (Q4 groups). Formation of Q4 groups is clearly
seen in the 29Si-MAS-NMR spectra. The slight variation of the
chemical shift of the Q4 and also Q3 groups (Table 3) with the
chain length indicates that the structural rearrangements are
chain length dependent. The smaller alkylammonium ions can
adapt to the ¯exible tetrahedral layers more easily than longer
chains. The decrease of the chemical shift of the Q3 groups
from d 299.8 (methylammonium ions) to 2100.5 (hexylam-
monium ions) is related to the changing environment of the
silanol groups. The increase of the chemical shift at longer
chain lengths indicates a different type of rearrangement. In
addition, neoformation of a second phase with a sharp low-
angle re¯ection is observed in the X-ray diagrams.

Formation of a large proportion of Q4 groups also
accompanies the transformation of silinaite into the crystalline
silicic acid.34 The corresponding 29Si-MAS-NMR spectrum is
very similar to the spectra of the alkylammonium derivatives.
However, the pronounced disintegration of the structure which
accompanies the alkylammonium ion exchange is not
observed. The X-ray powder diagram of the crystalline acid
shows relatively sharp re¯ections34 in contrast to the largely
broadened re¯ections of the alkylammonium derivatives. It is
evident that the bulky alkylammonium ions render dif®cult an
orderly condensation of silanol groups between adjacent layers,

Table 2 Speci®c surface area and micropore volume of trimethylalkylammonium silinaites calcined at 350±700 ³C (from the adsorption branch of
the isotherms)

Sample

Speci®c surface area/m2 g21

Micropore volume/mL g21bApparenta From t-plotb

NH4
z 30 6.6

DDTMA, 550 ³C 317 274 25.7
TDTMA, 65 ³C 28 27 1
TDTMA, 350 ³C 526 331 75.2
TDTMA, 450 ³C 610 443 59.6
TDTMA, 550 ³C 461 338 50.2
TDTMA, 700 ³C 7 5 1
HDTMA, 550 ³C 817 529 109.7
CP, 550 ³C 267 181 38.0
HDTMAzTEA, 550 ³C 247 0197 30.9
aFrom the BET equation. bFrom the linear t-plot at low p/p0.

Fig. 9 N2 adsorption isotherms (e adsorption, r desorption, cm3 N2

(STP) g21, 77 K). TDTMA silinaite calcined at a) 350 ³C, b) 450 ³C, c)
550 ³C, d) 700 ³C.

Table 3 Mesopore and micropore volumes and diameters of the trimethylalkylammonium derivatives of silinaite

Sample Total amount N2 ads./mL g21a Micropore volume/mL g21b Mesopore volume/mL g21c Diameter/nmd

DDTMA, 550 ³C 154.7 25.7 129.0 1.9
TDTMA, 350 ³C 289.3 75.2 214.1 2.6
TDTMA, 450 ³C 317.2 59.6 257.6 2.3
TDTMA, 550 ³C 191.9 50.2 141.7 1.7
HDTMA, 550 ³C 498.2 109.7 388.5 2.9
HDTMAzTEA, 550 ³C 170.2 30.9 139.2 2.8
CP, 550 ³C 170.2 38.0 132.2 2.9
aFrom the isotherm at p/p0#0.5. bFrom t-plot, see Table 2. cTotal amount adsorbed minus micropore volume. dFrom eqn. (2).
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instead condensation causes a pronounced disintegration of the
structure.

Porous materials

Nitrogen adsorption of the calcined products (Figs. 7, 9, 10)
gives isotherms like the calcined kanemite derivatives6±9,11 and
other mesoporous materials.52,60±63 This type of isotherm is
now called type IVc.52 Characteristic is the absence of a
hysteresis loop because of the pores being open at both ends
and of the narrow pore size distribution. The amount of
nitrogen adsorbed at the plateau corresponds to the mesopore
volume vp. The mean pore radius can be calculated from the
mesopore volume and the speci®c surface area:

rp~2vp=S (2)

S is the speci®c surface area con®ned to the cylindrical pore

walls.52,64 If micropores are also present, the value of the
speci®c area has to be calculated from the t-plot. This diagram
gives the micropore volume and the speci®c area of the outside
of the particles. If mesopores are present (in addition to
micropores) the area comprises the external area together with
the area of the mesopore walls.51 We assume that the
contribution of the external area is small compared with the
area of the mesopore walls. The value of S required in eqn. (2)
then corresponds to the surface area calculated from the slope
of the linear branch of the t-plots. The amount of gas adsorbed
at the plateau consists of the micropore volume and the
mesopore volume (Table 3). To calculate the average pore
diameter using eqn. (2) we used the plateau value minus the
micropore volume.

The pore diameters (Table 3) are in the range of values
reported for other mesoporous materials.6,8,52,62,64 The average
pore diameter of the trimethylalkylammonium silinaites
calcined at 550 ³C decreases from the DDTMA derivative
(d~1.9 nm) to the TDTMA derivative (d~1.7 nm, then
increases to d~3.0 nm (HDTMA). Higher calcination
temperatures decrease the average diameter.

The t-plots of the calcined samples are typical of mesoporous
materials which also contain micropores.51 They are linear at
low relative pressures and show an upward deviation at
p/p0~0.3±0.4. The linear section gives micropore volumes of
25±110 mL g21 (Table 2). The micropore volumes of the
HDTMA derivatives of d-Na2Si2O5, metasilicate and water
glass are 56, 113, and 85 mL g21 (Table 4).

The upward deviation of the t-curves commences at the
relative pressure at which the mesopores are just being ®lled.
The apparent diameter of these pores can be estimated from the
Kelvin equation:51

rc~4:078= log�p0=p� (3)

with rc~core radius, rp~rczt, rp~pore radius and t~statis-
tical thickness of the adsorbed ®lm. The relative pressures at
the beginning upward deviation are 0.29±0.32 and indicate core
diameters of 1.5±1.7 nm. With t#0.5 nm the apparent diameter
of the pores is 2.5±2.7 nm and is comparable to the mesopore
diameters calculated from eqn. (2) (Tables 3, 4).

Mechanism

In previously reported studies4±11 kanemite was treated with
trimethyl alkylammonium ions under somewhat severe condi-
tions (primary alkylammonium ions are less suited because
they are deprotonated at the initial high pH) and the formation
of a new phase characterized by a sharp low-angle re¯ection
was observed. However, such re¯ections are also observed
when silinaite is simply reacted with primary alkylammonium
ions at 65 ³C for a few hours. Mesoporous materials obtained
by templating rod-shaped micelles showed similar sharp low-
angle re¯ections.61,62,64,65 The re¯ection is considered as the
(100) re¯ection of the hexagonal honeycomb structure. The
lattice parameter (distance between the tubes) is then a~2d100/
d3.8,64

Folding of the silicate layers around cylindric aggregates of
alkylammonium ions was assumed.4±11 Since different parent
silicates (kanemite, silinaite, Na2SiO3, d-Na2Si2O5) and even

Fig. 10 N2 adsorption isotherms (e adsorption, r desorption, cm3 N2

(STP) g21, 77 K) of the HDTMA derivative (calcined at 550 ³C) of a)
silinaite, b) metasilicate, c) water glass solution.

Fig. 11 N2 adsorption isotherm (e adsorption, r desorption, cm3 N2

(STP) g21, 77 K) of the TDTMA derivative of d-Na2Si2O5 (SKS-6)
calcined at 550 ³C.

Table 4 Speci®c surface area, micropore, and mesopore volume of the HDTMA derivatives of silinaite, metasilicate, d-Na2Si2O5 and water glass
solution

Speci®c surface area/m2 g21a Total amount N2 ads./mg 21b Micropore volume/mL g21a Mesopore volume/mL g21c Diameter/nmd

Silinaite 529 498.2 109.7 388.5 2.9
Metasilicate 521 479.6 113 366.6 2.8
d-Na2Si2O5 346 309.4 55.6 253.8 2.9
Water glass 524 464.2 85 379.2 2.9
aFrom the linear t-plot at low p/p0. bFrom the isotherm at p/p0#0.5. cTotal amount adsorbed minus micropore volume. dFrom eqn. (2).
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water glass solutions yield nearly identical mesoporous
materials, another mechanism is more likely. As discussed
above, cation exchange with alkylammonium ions largely
disintegrates the structure. The colloidal fragments and
dissolved species then reaggregate under the in¯uence of the
alkylammonium ions (Fig. 12).

Formation of MCM-41 materials was originally proposed as
a templating process in which dissolved silica species aggregate
and condense around cylindrical micelles of surfactants.
However, it was found that the surfactants can self-assemble
into new ordered morphologies that are different from the
initial micelle structure in the precursor surfactant solution.
The inorganic phase can modify the organization of the organic
array.66±68

In the case of the disintegrated alkylammonium silicates a
direct templating process is unlikely because the alkylammo-
nium ions are tightly attached to the silicate layers. After
disintegration of the layers the alkylammonium ions carry the
fragments of the layers and then aggregate to cylindrical forms.
After calcination, the mesopore volume mainly comprises the
pores of the hollow tubes. Micropores are formed between the
tubes (cf. Fig. 12c,d). In a simple model the micropore volume
is calculated from a hexagonal arrangement of tubes with a
certain pore diameter, for instance 2.6 nm (TDTMA±silinaite
calcined at 350 ³C). Assuming a wall thickness of 0.9 nm,9 one
calculates a maximum mesopore volume of 458 cm3 g21 and a
micropore volume of 86 cm3 g21. The observed volumes are of
this order of magnitude (Table 3).

This model of micropore formation implies that the Si±OH
or Si±O2 bonds are directed to the ammonium ions whereas the
more hydrophobic siloxane groups of the silicate layer
fragments aggregate forming the walls of the micropores.
Thereofore, the use of a standard isotherm for the t-plots
calculated for smaller BET C-values is more appropriate than
the usual standard isotherm for hydrophilic silica.

The aggregation of the alkylammonium ions with caps of

fragmentated silicate layers may not be restricted to cylindrical
arrays. The situation may be similar to the aggregation of
surfactants which is directed by the size of the polar head
groups and the hydrophobic tails.69,70 The type of aggregate
depends on the ratio v/al with v~volume of the tail, a~area
of the head group, and l~full length of the tail. Spherical
micelles form when v/alv0.33 whereas cylindrical micelles
occur at 0.33vv/alv0.5 and vesicles or bimolecular layers at
0.5vv/alv1. In a similar way the size ratio of the layer
fragments and the alkyl chains may control the type of
aggregation of alkylammonium ions carrying fragments of the
silicate layer. The importance of geometric conditions and
electrostatic factors was stressed by Fu et al.71 These authors
presented a nice example of formation of a lamellar phase when
the electrostatic repulsion between the head groups was
reduced by the incorporation of deprotonated alkylammonium
ions.

Other types of organic arrays could be prepared from single
layer phyllosilicates and transformed into porous materials
when the appropriate conditions for alkylammonium exchange
and calcination procedure are identi®ed. The very structure of
the pore walls should be dependent on the type of the silicate
layer fragments the alkylammonium ions carry with them.
Probably, differences are more evident from the thermal
behavior than from the pore volumes. Inagaki et al.4,8 reported
that the mesoporous materials formed after heating the
alkylammonium kanemite at between 550 ³C and 900 ³C
whereas the silinaite derivatives transformed into quartz at
¢ 700 ³C.
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