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Super-microporous silicas with an ordered hexagonal structure were synthesized under dilute conditions using a
conventional alkyltrimethylammonium halide as a template. The d100 of the super-microporous silicas was approximately
23 �A. The pore diameter of one of the obtained samples, determined by an argon adsorption measurement, was 16.7 �A.
This material adsorbed water vapor with a P=P0 value higher than 0.29, while desorbing it with a P=P0 value lower than
0.14. It can be inferred that this super-microporous silica is suitable as an adsorbent for an adsorption heat-pump system.

It has become possible to synthesize mesoporous silicas,
such as the M41S family, using a surfactant as a template.1–3

Although it is possible to control the diameter of the pores by
changing the alkyl-chain length of the surfactant when the al-
kyl-chain length is shortened, a disordered material is usually
obtained because of the weakened hydrophobic interaction of
the surfactant. Therefore, in general, it is difficult to synthesize
a surfactant-templated porous silica with a pore diameter small-
er than 20 �A. Meanwhile, in the case of synthesizing a micro-
porous zeolite using an alkylamine template, the upper pore di-
ameter limit is 15 �A.4–6

In recent years, attention has been focused on the synthesis
of a super-microporous silica with a pore diameter in the range
of 10–20 �A, which is intermediate between the range for micro-
pores and mesopores. Super-microporous silica has been ex-
pected to function as a shape-selective catalyst as well as a
gas separator, for which mesoporous silica is not expected to
be suitable. In order to overcome difficulties in synthesizing
super-microporous silica by means of conventional synthesis
methods using an alkylammonium salt as a template,7–10

Serrano et al. reported the synthesis of a super-microporous sili-
ca with a d spacing of 29 �A, adopting a two-step acidic-to-basic
process with a cetyltrimethylammonium or dodecyltrimethyl-
ammonium salt as the template.5 Peng et al. synthesized a su-
per-microporous silica with a d spacing of 25.5 �A, using a di-
alkylammonium salt in which one of the methyl groups was
substituted with a benzyl group as the template.11 Also, there
has been a report on the synthesis of a super-microporous silica
with a d spacing of 30 �A, with introduced aluminum into the
skeleton using an alkylamine, in place of an alkylammonium
salt, as the template.12 Meanwhile, a super-microporous silica
has been synthesized using a bulky organic compound, in place
of a surfactant, as the template. Ying et al. synthesized a spher-
ical super-microporous silica with a d spacing of 20.4 �A using
adamantanamine as the template.13 Its pore diameter was de-
termined to fall in the range of 13–17 �A, which is almost twice
as large as that of adamantanamine, which is approximately 5.9
�A. Marquez et al. synthesized a super-microporous silica hav-

ing a d spacing of 25 �A using a dendorimer as a single-molecule
template.14 However, the super-microporous silicas synthe-
sized by the above-mentioned methods did not exhibit high or-
der diffraction peaks on XRD, indicating ordered materials
were not obtained. Bagshaw and Hayman reported the success-
ful synthesis of a super-microporous silica exhibiting high-or-
der X-ray diffraction peaks, using a �-hydroxyalkylammonium
halide as the template.15 However, the d spacing of the ob-
tained material was not less than 40 �A, and it is unlikely that
a pore with a pore wall thickness greater than the pore diameter
can be synthesized when an alkyltrimethylammonium salt is
used as the template. Therefore, it is highly likely that the pore
diameter of 16 �A obtained with the BJH method could have
been an underestimate. Ryoo et al. used short double-chain sur-
factants as templates to synthesize hexagonally ordered super-
microporous silicas with high-order X-ray diffraction peaks
with a d100 of 29 �A.6 Although a combination of short dou-
ble-chain surfactants makes super-microporous silicas remark-
ably more ordered, short double-chain surfactants have to be
synthesized separately, posing a drawback to their wide use.

Meanwhile, because of clean energy, an adsorption heat-
pump system has been attracting attention recently. In this sys-
tem, water is cooled by the evaporation heat when an adsorbent
adsorbs water. The adsorbent filled with water is next dried
with waste heat. This cycle is repeated to produce a cooled
atmosphere. A necessary condition for an adsorbent is adsorp-
tion of the greatest amount of water possible at a low relative
water pressure. It is anticipated that an ordered porous material
with a small pore size is a candidate for an adsorbent for an ad-
sorption heat-pump system.

This report describes the synthesis of a super-microporous
silica having an ordered hexagonal structure with a convention-
al alkyltrimethylammonium halide as the template. It is possi-
ble to synthesize a super-microporous silica with an ordered
hexagonal structure with a d100 of 23.1 �A (pore diameter,
16.7 �A) by optimizing the reaction conditions for decyltri-
methylammonium bromide (C10TMABr) and tetramethoxy-
silane (TMOS). The possibility of its use as an adsorbent for
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an adsorption heat-pump system is also discussed.

Experimental

Synthesis. C10TMABr and TMOS (Tokyo Kasei), and a 1 M
sodium hydroxide solution and methanol (Wako Inc.) were used
without further purification. In a typical synthesis, 1.54 g of
C10TMABr and 2.28 g of the 1 M sodium hydroxide solution were
dissolved in 100 g of a water/methanol (75/25 = w/w) solution.
Then, 1.32 g of TMOS was added to the solution with vigorous
stirring. After the addition of TMOS, the clear solution gradually
turned opaque due to the formation of a white precipitate. After 8 h
at continuous stirring, the mixture was aged overnight. The white
powder was then filtered out and washed with distilled water at
least three times, and then dried at 318 K for 72 h. The obtained
powder was calcined in air at 823 K for 6 h to remove any organic
species.

Characterization. The calcined samples were stored under a
nitrogen atmosphere to prevent water adsorption, with which the
peak intensity of X-ray diffraction was largely abolished and the
gas adsorption capacity was decreased. X-ray diffraction measure-
ments were carried out with a Rigaku Rint-2200 X-ray diffractom-
eter using Cu-K� radiation. Nearly 0.2 g of a sample was placed in
an X-ray holder in order to obtain a reproducible result (intensity).
Nitrogen and argon adsorption isotherms were obtained with a
Quantachrome Autosorb-1 at 77 K for nitrogen and 87 K for
argon. The sample was evacuated at 423 K under 10�3 mmHg be-
fore each measurement. The volume at the bending point
(P=P0 ¼ �0:13) of the isotherm on a logarithmic scale was adopt-
ed as the pore volume, since condensation in super-microporous
pores was considered to be over at that point. Water vapor adsorp-
tion was measured at 298 K with a Belsorp18 supplied by Bel
Japan. The pressure gauge and vacuum line of the Belsorp18 were
kept at 373 K to prevent the condensation of water vapor on the in-
ner wall. Each sample was sufficiently hydrated by immersion in
water for 12 h. Before each measurement, the sample was evacu-
ated at 298 K under 10�3 mmHg. Scanning electron micrograph
(SEM) was obtained with a SIGMA-e (Akashi Seisakusho).
The surface of sample was coated with gold. Solid-state
29SiMASNMR spectra were recorded with a Bruker MSL-
300WB spectrometer at 59.620 MHz spinning 4 kHz using pulses
at 90-s intervals. Thermogravimetric analysis was performed with
a Rigaku Thermo-plus under a nitrogen atmosphere, the heating
rate being 10 K min�1.

Results and Discussion

1. Synthesis. TMOS Concentration: Synthesis with
C10TMABr and TMOS was conducted under conditions similar
to those under which STS (Surfactant-Templated Silica) was
synthesized using C16TMABr and TMOS.16,17 First, the effect
of the TMOS concentration on the properties of the particles
was investigated. Figure 1 shows the X-ray diffraction
(XRD) patterns of calcined samples. Diffraction peaks assign-
able to (110) and (200) planes were not observed, and the inten-
sity of d100 was very low for particles synthesized under similar
reactant concentrations to the case of STS (Fig. 1(a)). Howev-
er, as the concentration of TMOS decreased, the peak intensity
of d100 increased and peaks assigned to (110) and (200) planes
appeared, confirming that the materials exhibited ordered hex-
agonal regularity. The C10TMABr/TMOS molar ratio of the
reactant concentrations was 0.127 when the TMOS concentra-
tion was 407 mM (Fig. 1(a)). It is obvious from Fig. 1 that or-

dered materials were obtained with higher C10TMABr/TMOS
molar ratios (TMOS concentration of 81.3 mM corresponds to
C10TMABr/TMOS molar ratio of 0.63 (Fig. 1(d))). However,
the actual C10TMABr/TMOS molar ratios of all of the samples
except for that obtained with 407 mM TMOS were approxi-
mately 0.15 when they were calculated from the decrease in
the thermogravimetry of as-synthesized samples (i.e., a complex
of C10TMABr and silicate) (calculated from the mass reduction
of as-synthesized samples between 423 K and 873 K). In the
case of more hydrophobic C16TMABr, ordered materials were
obtained even at a low surfactant/TMOS molar ratio
(¼ 0:127).17,18 Since C10TMABr is highly soluble in water,
it is assumed that C10TMABr in an amount greater than the cal-
culated amount is needed in order to keep C10TMABr inside the
honeycomb cage of the as-synthesized material under the syn-
thesis conditions, leading to the formation of an ordered
material. The yields of the obtained samples are summarized
in Table 1, together with the results of XRD and argon adsorp-
tion measurements. Since the yields were around 95%, it is in-
dicated that almost all the TMOS added was converted to the
framework of the super-microporous silicas, except in the case
of a sample obtained with a TMOS concentration of 407 mM.
This supports the above-mentioned reason why an excess
amount of surfactant is necessary for the formation of a su-
per-microporous silica.

From Table 1, it is obvious that as the intensity of the d100
peak decreases, the ordered domain size (calculated from the
half width of the d100 peak with the Debye–Sherrer equation)
and pore volume (determined from the argon adsorption iso-
therm) also decrease. This indicates that an evaluation of the
regularity of the pores using the peak intensity of XRD is ap-
propriate for the obtained samples. The relation between the
XRD intensity and the adsorption property is also discussed lat-

Fig. 1. XRD patterns of calcined samples synthesized with
(a) 407 mM, (b) 204 mM, (c) 101 mM, (d) 81.3 mM, and
(e) 20.4 mM of TMOS, and 51.5 mM of C10TMABr.
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er (in section 3), supporting this indication. Until now, there
have been very few studies in which the pore regularity of a po-
rous material was evaluated based on the XRD peak intensity.
The reason is related to the difficulty to make reproducible
measurements of the peak intensity due to problems with orien-
tation, etc. Since the shapes of samples synthesized in this
study were spherical (example in Fig. 2), particles were equally
placed in an X-ray holder without any particular orientation,
leading to a reproducible result (intensity: with a �2:5% mar-
gin of error).

The peak intensity and d100 value were plotted against the
TMOS concentration (Fig. 3). d100 is minimum and the inten-
sity of d100 is high when the concentration of TMOS is within
the range of 67.5–101 mM. The corresponding C10TMABr/
TMOS molar ratio is 0.76–0.51. The low intensity of d100 re-
veals that disordered materials were obtained with higher
concentrations. In such a case, it is assumed that the pore size
increased because packing of the hydrophobic parts of the sur-
factant was imperfect. A perfect arrangement of the surfactant
leads to ordered super-microporosity and a small pore size in
the range of 67.5–101 mM. However, the pore size was in-
creased by an excessive amount of surfactant with a lower
TMOS concentration (20.4–40.7 mM). The C10TMABr/
TMOS molar ratio in the latter concentration range was above
1.2, which is more than eight-times greater than the actual
amount (0.15).

C10TMABr Concentration: Next, the effect of the
C10TMABr concentration on the properties of particles was
investigated. Based on the results in Fig. 3, the TMOS concen-

tration was fixed at 81.3 mM, where the d100 peak intensity was
high, while the d100 value was low. The peak intensity and d100
value were plotted against the C10TMABr concentration
(Fig. 4). The d100 value is low (approximately 23 �A) when

Table 1. Dependence of TMOS Concentration on the Properties of Samples

Concentration C10TABr/ Yield XRD Ar adsorption

of TMOS TMOS /% d100 Intensity Ordered domain Pore volume
/mM / �A /cps sizea)/ �A /mLg�1

20.4 2.52 95.0 24.4 10181 146 0.38
40.7 1.24 92.6 23.3 8484 — —
67.5 0.76 95.2 22.8 8174 — —
81.3 0.63 94.0 23.1 8360 131 0.40

101 0.51 92.3 22.6 6848 113 0.38
136 0.38 91.4 23.3 6556 — —
204 0.25 97.4 24.1 5994 99.3 0.37
407 0.127 81.9 23.8 3422 56.8 0.24

a) Calculated from half width of d100 peak by Debye–Sherrer equation. The values were rather underestimat-
ed because of non-crystalline arrangement of silicon and oxygen atoms in the silica wall.

Fig. 2. Transmission electron micrograph of sample synthe-
sized with 81.3 mM of TMOS, and 51.5 mM of
C10TMABr.

Fig. 3. Effect of the TMOS concentration on the intensity
( ) and d100 value ( ) of samples.

Fig. 4. Effect of the C10TMABr concentration on the inten-
sity ( ) and d100 value ( ) of samples.
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the concentration of C10TMABr is within the range of 25.8–103
mM. On the other hand, the peak intensity of d100 is high when
the C10TMABr concentration is within the range of 25.8–77.3
mM.

Another possibility is that the C10TMABr/TMOS ratio may
influence the characteristics of the super-micropores. When
surfactants are insufficient, a complex of C10TMABr and sili-
cate cannot be adequately formed. On the contrary, when sur-
factants are in excess, it can be inferred that excess C10TMABr
inhibits the formation of a complex of C10TMABr and silicate,
which in turn could make the pores less ordered. Accordingly,
the TMOS concentration was varied in order to determine
whether the C10TMABr/TMOS molar ratio or the C10TMABr
concentration affects the properties of super-microporous silica
particles. The optimum C10TMABr/TMOS molar ratios were
0.3–0.9, 0.6–2, and 1–4 when the TMOS concentrations were
81.3 mM, 40.7 mM, and 20.4 mM, respectively. As the TMOS
concentration becomes lower, the optimum C10TMABr/TMOS
molar ratio increases. On the contrary, the optimumC10TMABr
concentration is still approximately within the range of 25.8–
77.3 mM at any TMOS concentration (Fig. 5). Therefore, the
results have clarified that the concentration of C10TMABr,
but not the C10TMABr/TMOS molar ratio, determines to what
extent pores are ordered.

Methanol Ratio: When STS was synthesized using
C16TMABr,17,18 the pore size decreased as the amount of meth-
anol in the solvent increased. The existence of methanol
caused the micelle diameter of C16TMABr to decrease, which
in turn brought about a decrease in the pore size of the
STS.17 In this system, it is likely that C10TMABr does not form
micelles at the experimental concentration. The concentration
of C10TMABr adopted here was 51.5 mM, which was under the
CMC (65 mM).19 An investigation was conducted to determine
whether or not the pore size was affected by the amount of
methanol in this system. The results are presented in Fig. 6.
The intensity of d100 increases as the ratio of methanol in the
solvent increases, and becomes maximum when the methanol
ratio is in the range of 0.2–0.3. On the other hand, the d100 val-

ue decreases as the ratio of methanol in the solvent increases,
and becomes minimum when the methanol ratio is in the range
of 0.25–0.3. The pore size was decreased by methanol in a
manner similar to at mentioned above. It was also found that
the methanol ratio affects the regularity of super-
microporosity. As the methanol ratio becomes higher, it takes
a longer time until the precipitation of the particles starts, and it
can be inferred that the slow rate of the reaction makes the
structure more ordered. When the methanol ratio was increased
to 0.4 or greater, the intensity of d100 decreased. Presumably
this is because of an increase in the solubility of C10TMABr
with excess methanol, making the agglomeration of
C10TMABr more difficult as a result of hydrophobic interac-
tions within the silicate layer.

2. Evaluation of the Pore Diameter. Super-microporous
silica with an ordered hexagonal structure was obtained
through synthesis under dilute conditions with TMOS and
C10TMABr as reactants. The obtained sample exhibited a
d100 of 23.1 �A when it was synthesized with a TMOS concen-
tration of 81.3 mM and a C10TMABr concentration of 51.5
mM. Next, the pore diameter of this material was evaluated.
A nitrogen adsorption isotherm is shown in Fig. 7. The pore
diameter was calculated by the BJH method to be 10.4 �A. From
the d100 value (23.1 �A) obtained by an XRD analysis, the peri-
odic spacing including the wall thickness was calculated to be
26.7 �A. Subtracting 10.4 �A from this value gave 16.3 �A as the
thickness of the wall. Compared to a mesoporous silica synthe-
sized using alkyltrimethylammonium as the surfactant, which
has been reported to have thick walls of around 10 �A,1,20 the
pores synthesized this time are considered to have a rather
thicker wall. In addition, when applying the above pore wall
thickness and diameter to a hexagonal structured geometric
model, the calculated volume of pores fell below 0.15 g/g,
which is substantially less than the actual measured value.
The nitrogen adsorption isotherm in Fig. 7 is a type-aadsorp-
tion isotherm, in which adsorption to the surface of the pores
cannot be distinguished from adsorption resulting from capil-
lary condensation within the pores. In this case, the pore diam-
eter values are presumed to have been underestimated, as ad-
sorption to the surface of the pores was included in the evalua-

Fig. 5. Effect of the C10TMABr concentration on the inten-
sity of d100 of samples synthesized with different TMOS
concentrations. ( ) 81.3 mM; ( ) 40.7 mM; ( ) 20.4
mM.

Fig. 6. Effect of the methanol/water ratio on the intensity
( ) and d100 value ( ) of samples.
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tion.
As a method for determining the diameter of mesopores, an

argon adsorption isotherm measurement using the HK method
has been proposed.1,21 An argon adsorption isotherm is also
shown in Fig. 7, which allows a slight distinction between ad-
sorption to the surface of the pores and adsorption resulting
from capillary condensation. The pore diameter obtained by
the HK method is 16.7 �A. In this case, the wall thickness is
an appropriate value, i.e. 10 �A.

A great difference was clearly seen between the isotherms on
a logarithmic scale (Fig. 8). More nitrogen than argon was ad-
sorbed at very low pressure, and no steep uptake of nitrogen
was observed. However, a steep increase was observed for
an argon isotherm. It is reasonable to consider that adsorption
to the surface of the pores and adsorption resulting from capil-
lary condensation within the pores take place at the same time
in the case of nitrogen.

3. Water Vapor Adsorption Properties. One of the most
attractive applications of super-microporous silica is as the ad-
sorbent for an adsorption heat-pump system in which cool wa-

ter is produced by utilizing waste heat. Although zeolites and
silica gels have been regarded as candidates for such a system
so far,22 their water adsorption properties are not satisfactory
for the requirements of most heat-pump systems.23 It is pref-
erable for an adsorbent to adsorb a large amount of water vapor
at a low relative water vapor pressure (P=P0 < 0:3).24 Since
zeolite adsorbs water vapor at a very low relative water vapor
pressure (P=P0 < 0:05), a fairly high temperature is required
to dry it. The amount of water vapor adsorbed by silica gel
in the preferable range is very small, because it adsorbs water
vapor little by little over the whole relative water vapor pres-
sure range owing to the wide pore-size distribution.

Water vapor adsorption isotherms of the super-microporous
silica without hydration are shown in Fig. 9. Remarkable dif-
ferences can be seen in the water vapor adsorption isotherms
between the first measurement of the sample, and the second
and later measurements. Figure 10 presents NMR charts for
a sample after calcination and a water vapor adsorption
measurement. After calcination of the sample, only one peak
was observed, with peaks Q3 and Q4 overlapping to yield
one broad peak. However, after the water adsorption measure-
ment, the Q2, Q3, and Q4 peaks were separated and sharpened,
indicating that the surface of the pores was hydrated. This ex-
plains the steep increase on the high-pressure side for the first
measurement because the surface of the pores was not hydrat-
ed; while a water vapor isotherm with good reproducibility was
obtained on the second measurement and thereafter because the
surface of the pores was sufficiently hydrated. The adsorption
volume obtained from the water vapor adsorption measurement
was smaller by 0.1 mL/g than the pore volume determined on
the nitrogen or argon adsorption measurement. The thickness
of the hydrated portion of the surface was calculated to be
1.25 �A from the difference. This value agrees with the thick-
ness calculated assuming that water molecules were adsorbed
to all hydroxy groups on the surface of three groups per
nm2.25–27

Water vapor adsorption isotherms of hydrated super-micro-
porous silicas synthesized with different TMOS concentrations

Fig. 7. Adsorption isotherms of super-microporous silica
synthesized with 81.3 mM of TMOS, and 51.5 mM of
C10TMABr. (a) Nitrogen; (b) argon.

Fig. 8. Adsorption isotherms of super-microporous silica
synthesized with 81.3 mM of TMOS, and 51.5 mM of
C10TMABr on a logarithmic scale. (a) Nitrogen; (b) argon.

Fig. 9. Water vapor adsorption isotherms of a sample syn-
thesized with 81.3 mM of TMOS, and 51.5 mM of
C10TMABr.
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are presented in Fig. 11. The amount of water vapor adsorbed
on the material synthesized at the higher concentration
(Fig. 11(a)) was very small, and no steep increase in the water
vapor adsorption isotherm was observed. However, the mate-
rials synthesized at lower concentrations (Figs. 11(b), (c)) ad-
sorbed much water vapor and exhibited a steep uptake. Fur-
thermore, the super-microporous silica with a smallest pore size
adsorbed water vapor at a lower relative water vapor pressure

(compare Figs. 11(b) and (c)). These results agree well with
the results of XRD (Fig. 1).

From Fig. 11, it is obvious that the super-microporous silica
synthesized with 81.3 mM TMOS (Fig. 11(b)) adsorbs water
vapor at P=P0 < 0:3. There is a steep increase in the amount
of water adsorbed between 0.14 and 0.29 (P=P0), indicating
that most of the adsorption–desorption occurs in this range.
This material adsorbs water vapor with a P=P0 value higher
than 0.29, while desorbing it with a P=P0 value lower than
0.14. This material is suitable for use as an adsorbent for a
heat-pump system in the case that the temperatures of chilled
water–air outside–waste heat are 283–303–343 K, respectively.
Since the relative saturated water vapor pressure at 283 K (9.2
torr)–303 K (31.8 torr) is 0.289, water of 283 K could be pro-
duced with this material when the temperature of the air outside
is 303 K. Furthermore, this adsorbent could be dried with water
of only 343 K because the relative saturated water vapor pres-
sure at 303 K (31.8 torr)–343 K (233.8 torr) is 0.136. On the
other hand, silica gel adsorbs much less water vapor than the
super-microporous silica in the 0.14–0.29 P=P0 range (silica
gel, 0.08 mL/g; the super-microporous silica, 0.22 mL/g),
keeping in mind that 2.75 (0.22/0.08) times more silica gel is
necessary as an adsorbent compared to super-microporous
silica.

It was found that the super-microporous silica adsorbs water
vapor at a low relative water vapor pressure (P=P0 < 0:3). Fur-
thermore, when a super-microporous silica has an ordered sym-
metry, water vapor adsorption occurs in a very narrow pressure
range, lowering the water temperature necessary to dry the
adsorbent. It can be inferred that a super-microporous silica
having an ordered regularity as well as a smaller pore size is
suitable as an adsorbent for an adsorption heat-pump system.

Conclusion

It has become clear that it is possible to synthesize super-mi-
croporous silicas with an ordered hexagonal structure under di-
lute conditions using a conventional alkyltrimethylammonium
halide (C10TMABr) as the template. The concentrations of
TMOS and C10TMABr greatly affect the extent to which and
how pores are ordered. The d100 value of the super-micropo-
rous silica synthesized with 81.3 mM TMOS and 51.5 mM
C10TMABr was approximately 23 �A, and the pore diameter cal-
culated from the argon adsorption measurement was 16.7 �A.
Argon instead of nitrogen adsorption measurement should be
employed for determining the pore diameters of super-micro-
porous silicas, so as to prevent an underestimation of the pore
diameter. It can be inferred that super-microporous silicas
are suitable as adsorbents for adsorption heat-pump systems.
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