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The silica-pillared H-kenvaites were prepared by interlamellar base-catalyzed reaction of tetraethylorthosili-
cate |TEOS. Si(OC-Hs)4) intercalated into the interlaver of H-kenyaite. The intercalation of TEOS was con-
ducted by the octylamine preswelling process. resulting in a dramatic increasc in gallery height to 24.7 A, The
interlamellar hydrolysis of octylamine-TEOQS/H-kenvaite paste were conducted between 10 min and 40 min in
0.00%. 0.03% and 0.10% NHz-walcr solution respectively. and resulting in siloxane-pillared H-kenyaite with
gallery height of 28.2-31.8 A. The calcination of samples at 538 °C resulted in silica-pillared H-kenyaites with
a large surface arcas between 411 m*/g and 883 m+/g. depending on the aging time and NHi concentration,
Samples with optimum specific surface arcas and well ordered-basal spacing were obtained by reaction be-
tween 10 min and 40 min in pure water and 0.05% NHs-water solution. Mesoporous samples with narrow pore
size distribution were also prepared by reaction for 10-40 min in 0.05% NH; solution. Rapid interlamellar re-
action of TEOS in pure water showed that intercalated octylamine itself could act as a base catalyst during in-
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terlamellar polycondensation of TEOS.

Introduction

Lavered silicates such as makatite. magadiite and kenyaite
have attracted interest due to their catalytic, adsorptive and
ion-exchange properties.' In recent vears, silica-pillaring
into the interlaver of these materials has been introduced by
a few researchers.™" The pillaring procedures developed for
the smectite clay are not generally applicable to the wide
variety of laminar metal oxides that do not spontaneously
delaminate in water.

Recently. Landis et a/." found that the pillaring could be
facilitated by utilizing a preswelling step in which the inter-
laver is exposed to organoammoniwum ion or amine and a
partial exchange of interlaver octylamine by TEOS. Daily
and Pinnavaia® synthesized supergallery derivatives from
TEOS intercalation accompanied by preswelling procedures
of H-magadiite. They derived interlamellar hyvdrolysis of
TEOS in pure EtOH suspension. In the sol-gel process. a
solvent such as EtOH was added to prevent the liquid-liquid
separation during the initial stage of the hyvdrolysis reaction
and to control the concentration of precursor species and
water that influenced the gelation kinetics.'= The hyvdrolysis
reaction of TEOS by the pure EtOH suspension occurs very
slowly due to the shortage of water, which may be required
in interlamellar hydrolyvsis of TEOS. Therefore. TEOS can
be released outside the lavered phase during a long hyvdroly -
sis because it dissolves well in EfOH. bringing on the forma-
tion of extra-gallery silica.

Jeong et a/®"" showed that the acid- or base-catalyzed
interlamellar polycondensation of TEOS in EtOH-water sus-
pension could minimize the formation of extra-gallery silica.
Recently, Pinnavaia ef ¢/.'* also reported that the TEOS
intercalated clay could be obtained easily by applying

amines as an additional swelling agent to the Li -fluorohec-
torite clay ion-exchanged with quaternary-amumonium cat-
ions. with base-catalysed reaction of TEOS resulting in
supergallery derivatives. They suggested that the interlamel-
lar gquaternary-ammonium and co-template amines could act
as micelle templates during the polvcondensation of TEOS
within the gallery of an ionic lamellar solid.

We report that the base-catalyzed interlamellar hydrolysis
of TEOS in water without alcohol is quite effective in the
preparation of siilica-pillared molecular sieves from layvered
silicates. Also. we show that the octylamine in intersurface
like NH; can act as a base catalyst during interlamellar poly-
condensation of TEOS.

Experimental Scction

S¥nthesis of Na-kenyaite and H-kenyaite. Materials used
were silica gel (Wakogel. Q-63) and analytical reagent
grades of NaOH, Na-CQs, ammonia water and HCI. Tetra-
ethylorthosilicate and octvlamine were special grades (Ald-
rich. USA).

Svnthetic Na-kenvaite was prepared by the reaction of
NaOH/Na-COs-510- system under hydrothermal conditions.
The experiment was carried out in a stainless steel autoclave
without stirring for 72 h at 170 “C under antogenous pres-
sure. using molar ratios of SiO- : NaOH : Na-CO; : H.0=30
©1: 2600 The product was filtered and washed with
deionized water in order to remove excess NaOH or
Na-COs. and dried at 40 °C. H-kenvaite was prepared by the
ion exchange of Na-kenvaite for H' in 0.1 & HCI solution
using the method of Beneke and Lagalv.'" The suspension
composed of Na-kenvaite (100 g) and deionized water (300
mL) was titrated slowly with 0.1 N HCI solution to a final
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pH 1.8 and then maintained at the same value for an addi-
tional 24 h. H-kenyaite was recovered by filtering, washed
with deionized water until Cl-free, and then dried in air at 40
°oC.

TEOS-intercalated H-kenyvaite. Air-dried H-kenyaite
(0.86 2. 0.57 mmol} was reacted with excess octylamine {2.0
g. 15 mmol) for 2 h at 25 ¢C. During octylamine addition, H-
kenyaite absorbed the liquid amine, immediatly forming a
gray gelatinous mixture that does not flow. The gel was sus-
pended with stirring in a large excess TEOS (15 g, 72 mmol)
for 24 h at 25 °C, and unreacted TEOS decanted atter cen-
trifugal separation. These procedures resulted in TEOS-
intercalated H-kenyaite gel by the exchange of octylamine
intercalated from the preswelling step for TEOS.

Interlamellar polycondensation of TEOS. Polyconden-
sation of intercalated-TEOS was conducted in NHs-water
solution without alcohol. NHi-water solutions were pre-
pared. containing 0.00%, 0.05% and 0.10% NH; in deion-
ized water. The reaction was conducted by dispersing
TEOS-intercalated H-kenvaite paste in 10 mL of each NH;
water solution with stirring at 25 *C for 10 min, 20 min and
40 min, respectively. Viscous gray gels changed to white
solid after 5 min, exothermic reactions causing a bubble.
Each sample of white solid was filtered at various intervals
of soaking time, washed three times with EtOH. and oven
dried at 90 °C. Dried powders were calcined at 538 °C for 4
h in air to remove water, amine and organic byproducts from
TEOS hydrolysis. The resultant samples afforded silica-pil-
lared H-kenyaites.

X-ray ditfraction data were recorded using a Rigaku dif-
fractometer with CuKe radiation. The samples of octy-
lamine-intercalated H-kenyaite and TEOS-intercalated H-
kenyaite were prepared by smearing a thin film across a
microscope slide, after which recorded the diftraction pat-
terns of the wet samples were recorded. X-ray diffraction
data for the uncalcined and calcined solid samples from the
interlamellar hydrolysis reaction of TEQS were recorded by
the conventional procedures. Nitrogen adsorption/desorption
isotherms were determined by Micromeritics ASAP 2000 at
77 K. All samples were outgassed at 300 °C under a vacuum
for 4 h. The surface arcas were determined by the BET equa-
tion, and the pore size distributions of silica-pillared [1-ken-
yaite were determined by the method of Horvath and
Kawazoe equation.'® The scanning clectron micrographs
(SEM) were obtained from a JEOL JSM-840A scanning
clectron microscope. Thermogravimetric analysis (TGA)
wete performed in air by using a Dupont 9900 thermogravi-
metric analyzer. All samples were heated to 900 °C at a heat-
ing rate of 10 °C/min.

Results and Discussion

Synthesis of Na-kenyaite and H-kenyaite. The hydro-
thermal reaction for 72 h at 170 °C in molar ratios of S10» :
NaOIl : Na-CO; : H-0-30 : 1 : 2 : 600 afforded well-crystal-
ized Na-kenyaite. The X-ray powder dilfraction pattern of
an air-dried product shown in Figure la exhibits several 00/
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Figure 1. X-ray diffraction patterns of Na-kenyaite (a) and 11-
Kenyaite (b).

reflections corresponding to a basal spacing of 20.3 A. The
peak positions for this synthetic product agree closely with
the values reported previously.! The slow titration of Na-
kenyaite with 0.1 & HCI resulted in the exchange of sodium
ions for protons in the layer structure. The X-ray powder dif-
fraction pattern of air-dried H-kenyaite. as shown in Figure
1b, exhibited 00/ reflections corresponding with a basal
spacing of 17.8 A, in agreement with earlier work." The
decrease in basal spacing indicates a loss of interlayer H-O

T R, . X6, 000 Y m
Figure 2. The scanning clectron micrographs of Na-kenyvaite (a)
and [1-kenyaite (b).
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Figure 3. Thermogravimetric analvsis curves of Na-kenyaite (a)
and H-kenvaite (b).

upon replacement of Na' by H'. The replacement of Na“ by
H' in layered silicates give rise to organophilic properties in
interlayer surfaces. because the silanol groups produce
hydrogen bonding sites.

The scanning electron micrographs of Na-kenyaite and H-
kenyaite are shown in Figure 2. Na-kenyaite shows a particle
morphology composed of silicate layers intergrown to form
spherical nodules resembling rosettes. H-kenyaite also
exhibits the particle morphology characteristic of Na-ken-
yaite.

The chemical compositions of Na-kenyaite and H-ken-
yaite were obtained by combining the results of thermo-
gravimetric analysis and the EDS analysis (the content of
silica and sodium). The TGA data and the chemical compo-
sitions of Na-kenyaite and Fl-kenyaite are illustrated in Fig-
urce 3 and Table 1. As shown by the thermogravimetric curve
in Figure 3a. air-dried Na-kenyaite loses 11% of its total
weight as water below 300 °C. An additional 1.5% by
weight is lost between 300 °C and 900 °C. The weight loss
above 300 °C is altributed to the dehydration of silanol
groups. By combining the composition of NaxO (4.2 wi%).
Si0: {83.0 wi%) and weight loss. we obtained an empirical
composition for synthetic Na-kenyaite ol Naj; 958120040810
11:0. which compares well with approximate composition of
Na:Si20041-101 O supported by the carlicr work ol Lagaly

Table 1. Composition of Synthetic Na-kenyaite and H-kenyaite

Weight percent Atomic ratio

Samples Total

NaxO¢ SiOx 0 Na® St 1O
Na-kenyaite 42 830 125 997 196 20 108
H-kenvaite - 94.0 6.0 100 - 20 42
“EDS data
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ef o.M The thermal analysis of H-kenyaite, as shown by the
curve in Figure 3b. indicates an initial weight loss of 4.0%
below 300 °C due to the desorption of H.O. The 2.0%
weight loss above 300 °C was attributed to the elimination of
OH groups from the structure. From the water loss together
with the absense of sodium. we obtained an empirical unit
cell composition of H» 8100y, -4H-0 for the H-kenyaite .

Octylamine-intercalated H-kenyaite gel. Recently,
Jeong et al"' reported that H-kenyaite, like H-magadiite,
reacted with octhylamine to form ordered bilayers of alky-
lammeonium ions and alkylamine molecules between silicate
layers. In our experiment, air-dried H-kenyaite reacted
directly with excess octylamine. The X-ray diffraction pat-
tern of octylamine/H-kenyaite gel, as shown in Figure 4a,
was indicative of 38.2 A in basal spacing. Since the layer
thickness of H-kenyaite was no more than the basal spacing
of air-dried H-kenvaite (17.8 A), the corresponding gallery
height could be calculated to be 20.4 A. This value is similar
to the gallery height (21.5 A) of amine-solvated H-kenyaite
in the literature."" The large increase of gallery height in lay-
ered phase is reflective of the formation of lamellar bilayers
of octylammonium ions and octylamine molecules between
the silicate layers because the critical length of octylamine is
123 A.

Reaction between octylamine-intercalated H-kenyaite
and TEOS. The reaction of octyamine-intercalated H-ken-
vaite gel with TEOS afforded TEOS-intercalated H-kenyaite
gel with well-ordered basal spacing. Figure 4b shows the X-
ray diffraction pattern for TEOS-intercalated H-kenyaite gel.
The product exhibits reflections corresponding to the basal
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Figure 4. X-ray diftiaction pattcrns for the octylamine-intercalated
H-kenyaite gel (a) and TEOS/octyvlamine H-kenvaite gel (b) from
solvation of interlayer octylamine by TLEOS.
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spacing of 42.5 (gallery height of 24.7) A. The gallery height
for the TEOS-intercalated H-kenvaite gel is about 4.3 A
larger than the gallery height (23.7 A) of H-kenyaite gel
treated with amine only. Kwon er a/.'* showed that the gal-
lery height of octvlamine-intercalated H-magadiite could be
additionally increased by introducing organic solvents. The
additional increase in gallery height is attributed to the sol-
vation of organophilic intersurface octylamine by the solvent
molecules as well as the steric effect such as an arrangement
and size of solvated molecules itself. During the reaction of
octylamine-intercalated H-kenyaite gel with excess TEOS,
TEOS could be exchanged with free amine molecules in
interlayer. resulting in additional increase of gallery height.
This indicates that the interlayer solvation and the bulky
structure of TEOS molecules is accompanied by an increase
of gallery height.

Interlamellar hydrolysis reaction of TEOS. The base-
catalyzed interlamellar hydrolysis reaction of TEOS pro-
duced silica-pillared H-kenyaite with supergallery. The X-
ray diffraction patterns for the uncalcined samples treated
with pure water and NHz-water solution for 40 min at 25 °C
were shown in Figure 5. The samples treated with pure water
(Figure 5a) and 0.05% NH; (Figure 5b) exhibit well ordered-
basal spacings. Actually, the interlamellar hydrolysis reac-
tion of TEOS happens within § min in pure water, indicating
that the interlayer amines can act as base catalysts during
interlamellar hydrolysis of TEOS, because the basicity of
octylamine is no less than ammonia. The octylamine may
draw in the water needed in the hydrolysis of TEOS because
of their water-soluble property. helping maintain a homoge-
neous water concentration in interlayers. This process has
the advantage of preventing the outflow of TEOS from the
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Figure 5. X-ray ditfraction pattcrns for the uncaleined silica-
pillared H-kenyaites prepared by the interlamellar hydrolysis of
TLOS/octylamine |1-kenyaite gel in warter solution with varying
NII3 content at room temperature: a=0.00% NIy {pure water).
b=0L05% NH; and ¢=0.10% NI1;.
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Figure 6. X-ray dillraction patlems for the calcined silica-pillared
H-kenyaites preparcd by the interlamellar hydrolysis of TEQS/
oct lamine H-kenyaite gel in water solution with varving NHa
content at room temperature: a=0.00% N1 15 (pure water). b=0.05%
NHz and ¢=0.10% NHa.

interlayer because TEOS is water-insoluble, and it minimize
the formation of extra-gallery silica, allowing effectively sil-
ica-pillared H-kenyaites.

Figure 5b also exhibits that the silica-pillared H-kenyaites
form with well-ordered basal spacing in 0.05% NH;. In the
sol-gel process, it is known that the shapes and the formation
kinetics of siloxane precursor are greatly influenced by the
basicity of medium.'™ The X-ray diffraction patterns in
Figure Sc show, however, that the higher concentration of
NHz results in poorly ordered-basal spacing. Figure 6 shows
X-ray diffraction patterns for the calcined silica-pillared H-
kenyaites. Upon removal of organic byproducts by calcina-
tion, the basal spacing decrcased by 3-5. and the scattering
intensity substantially increased. This suggests that the calci-
nation process can increase the scattering contrast between
the walls and the pores due to the climination of the pore
filling materials. Marler et «f.'7 reported that the intensity of
X-ray peaks depend on the existence or absence of pore [ill-
ing materials. Figure 7 exhibits scanning eclectron micro-
graphs for the caleined silica-pillared 1l-kenyaites, which are
aged for 10 min in 0.00%. 0.05% and 0.10% NIIx solution.
The samples treated with 0.00% NH; (Figure 7a) and 0.05%
NH3 solution (Figure 7b) maintained the original plate
structures ol 1l-kenyaites without broken plates or cxtra-
allery silica, but the sample treated with 0.1% NI solution
(Figure 7c¢} showed a severe destruction of plate structures.
As the concentration of Nz increases [rom 0.00% to 0.10%,
the interlamellar hydrolysis of TEOS may proceed more
rapidly. and then the precursor size and shape may become
larger and bulky, resulting in an increase in gallery height
(Table 2). [n 0.10% NH; and above. the gallery height may
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Figure 7. The scanning clectron micropraphs tor the caleined
silica-pillared [T-kenyaites, hydrolvzed lor 10 min in 0.00 (A). 0.03
(13Y and (.10 (CY %NI [3 solution.

be too large 1o maintain their structure. being replaced by
ncarly amorphous phasc characteristics of the exfoliated
siloxanc composites. Figure 8 cxhibits scanning electron
micro graphs for the calcined silica-pillared H-kenyaites.
which arc produced at various aging times in (0.03% NH;

Table 2. Physical Properties of Silica-Pillared H-kenvaites Prepar-
ed at Various Aging Thmes and NIz Coneentrations

NII: aging time
(%) (mm)

Gallery Specilic surface
ieht( A) arcas (m-/a)

13asal spacing (A)

wealcined  caleined C

0.00 10) 40.0 43.0 252 788
0.03 ] 301 47.0 292 772
20 518 48.2 304 740
40 32.3 49.2 314 885
0.10 10) 52.0 40.0 282 411

Gallery height basal spacing-17.8 A (Thickness of T1-kenvaite)
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E L *
Figure 8. The scanning clectron micrographs (or the caleined
sihea-pillared H-kenvantes, hvrolvzed For 10/ (A), 20 (13) and 40 (A)
min m 0.03 %Nz solution.

solution. At varving aging times. ranging [rom 10 to 40 min.
a partial destruction of plates happened. The increase in
aging time may happen too before interlamellar polyconden-
sation of TEOS. causing a partial collapsc of lavered struc-
tures. Previous results show that the basicity of medium and
the aging time can be an important factor in successful prep-
aration ol silica-pillared H-kenyaites with well ordered-basal
spacing from the interlamellar hydrolytic polycondensation
of TEOS.

The typical nitrogen adsorption isotherms for the calcined
silica-pillared H-kenyaites arc shown in Figure 9. The
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Figure 9. Nitrogen adsorption isotherms tor the calined silica-
pillared 1-kenyaites. hydrolyzed tor 10 min in 0.05% NI 1; solution
(a) and pure waler (b), up-curve: adsorption, down-curve: desorp-
tion

several pore characteristics from them are listed in Table 2.
The specific surface areas were calculated by BET equation
from the adsorption isotherms below 7/P;—0.1. The specific
surface areas of H-kenyaite show a low value of 76 m®/g.
The silica-pillared F-kenyaites. however, exhibit dramati-
cally larger surface arcas. between 411 mg and 885 m¥/g.
depending on the aging time and NIz concentration. Most of
the total surface arcas are duc to the presence ol micropores
(<< 20 A in diameter). The gallery heights and the speceific
surface arcas in these samples are larger than the values
previously reported (or the ethanol suspension.'! Especially.
the interlamellar hydrolysis of TEOS in purc water and
0.05% N1l solution resulted in a large increase in specilic
surface arcas This implies that interlamellar polycondensa-
tion of TEOS in purc water and lower NII[; concentration
may produces mote siloxane precursor with smaller size in
the gallerics. controling an outflow of TEOS [rom the inter-
layer. because TEOS is insoluble in these media and
siloxane precursors cannot grow adequately over a short
time. Filling up the gallery with smaller and more siloxanc
precursors can develop microporosity. Figure 10 shows a
typical type of Horvath and Kawazoc'? pore size distribution
of silica-pillared 1l-kenyaites. The sample prepared lor 10
min in 0.05% NH; solution, as shown in Figure [0a, exhibits
a natrow pore sizc distribution, resulting in a sudden
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Figure 10. The pore size distributions for the calcined silica-
pillared H-kenyaites. hydrolyzed for 10 min in 0.03% NE; solution
(a) and pure water (b),

increase in mesopore volume near ~22 A. This trend was
observed in the samples treated for 20 min and 40 min
with 0.05% NHi:. As shown in Figure 10b, the sample
treated with pure water exhibits near microporosity (dia-
meter < 20 A).

[n paticular, the silica-pillared H-kenyaites prepared by
our method are very similar in physical properties to the
mesoporous MCM 41.1%2! Generally, mesoporous silica-pil-
lared layered silicates are known to have a broad pore size
distribution compared with MCM 41. They, however. exhib-
ited more acidic property and structural stability in acid-cat-
alyzed reaction such as dehvdration of 2-methyl-3-butin-2-
ol with »99% selectivity.”* Because of their complementary
chemical tunctionality and the stable pore size distribution in
the micropore 1o small mesopore range (10-20 A), silica- pil-
lared laycred silicates may offer new opportunitics for the
rational design of heterogencous catalyst systems.

Conclusion

TEOS-intercalated 11-kenyaite with a large increase {24.7
A) in gallery height were prepared by octylamine pre-swell-
ing process without pre-treating with long-chain quaternary
ammonium cations. The rapid interlamellar hydrolysis of
octylamine/TEQS I1-kenyaite paste in pure water or 0.05%
Ni:-water solution was very elfective in the preparation of
silica-pillared I11-kenyaites with a supergallery of 25-32 A. [t
was confirmed that the intercalated octylamine itself could
act as a base catalyst during interlamellar hydrolysis of
TEOS. The silica-pillared tH-kenyaites exhibit dramatically
larger surlace arcas between 411 m¥g and 885 mi/g,
depending on the aging time and NIi; concentration. The
scanning clectron micrographs for the silica-pillared Fl-ken-
yaites show that the original plate structures are maintained
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in reaction in pure water and 0.03% NH; solution. but severe
dustruction happened in reaction in 0.10% NH;z solution.
The experimental results indicate that the basicity of the
medium and aging time in the medium could be important
factors in controling microporosity and mesoporous pore
sizc distribution.
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