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Study on intelligent humidity control materials:
Water vapor adsorption properties of
mesostructured silica derived from amorphous
fumed silica
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The intelligent humidity control materials were synthesized using fumed silica and
quaternary alkylammonium surfactant (decyl-, dodecyl-, tetradecyl- and
hexadecyl-trimethylammonium chlorides) as a liquid-crystal template under hydrothermal
conditions. X-ray diffraction and transmission electron micrographs indicate that a
homogeneous hexagonal structure of SiO2 was formed for those products. The
mesostructured products had high B.E.T. surface areas between 960 and 1300 m2/g, with
uniform mesopore diameters of 2–4 nm. These physical quantities were controlled by
varying the size of the organic template. Water vapor adsorption isotherms for these
materials possess a sharp increase in adsorption when the relative water vapor pressure is
at 40–60%. Over this range of pressures, the maximum amount of adsorbed water content
is between 40 and 90%. These silicates have the potential to be effectively used as humidity
control elements in construction materials. C© 1999 Kluwer Academic Publishers

1. Introduction
In recent years, our evolving and diverse lifestyles are
demanding improved and more comfortable living en-
vironments in order to reduce allergic conditions and
other technical problems. For instance, symptoms of
atopy and asthma are caused by particles of tick and
fungi, which grown well in high humidity. Alterna-
tively, a build-up of static electricity occurs in low hu-
midity, which can be harmful to electronic devices.
Generally, in an attempt to control the relative hu-
midity of our environment, air-conditioning equipment
has been used; however, this method has the associ-
ated problem of high energy consumption. The used
of organic, humidity-control materials in wall con-
struction items have been utilized. However, it is well
known that organic materials such as activated carbon
tend to be flammable, weak and nondurable. In the
case of inorganic compounds such as calcium chloride,
silica-gel and zeolite, these materials exhibit poor wa-
ter adsorption-desorption, with some being harmful to
the human body.

Therefore, considering the above statements, there
is a strong need to develop harmless inorganic mate-
rials which possess humidity control and high water
adsorption capacity. Recently there has been a growing
interest in the so-called mesoporous crystalline materi-
als (MCM-41 type materials) because of their possible
use as catalysts [1–4] and molecular sieves [5, 6]. Since
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the pore size can be designed from 2 to 10 nm using var-
ious sizes of an organic template, it seems reasonable
that a porous silica having suitable humidity control
properties can be produced.

In this study, the author used amorphous fumed silica
and a quaternary alkylammonium template to produce
mesostructured silica materials. These were created us-
ing a modified liquid-crystal templating method. The
author investigated the effects of template size on ma-
terial structure, particle and pore size distribution, spe-
cific surface area and water vapor adsorption. The
results are discussed in the context of using these sili-
cates as humidity control materials.

2. Experimental
2.1. Materials
Amorphous fumed silica was supplied from Nip-
pon Aerosil Co. Ltd. (SiO2, trade name Aerosil-300,
>99.9 wt % purity). The organic template was com-
prised of the following quaternary alkyltrimethylam-
monium chlorides: using decyl- (n= 10), dodecyl- (n=
12), tetradecyl- (n= 14) and hexadecyl-trimethylam-
monium chloride (n= 16) (CnH2n+1(CH3)3N+·Cl−,
98% purity, Tokyo Chemical Industry Co. Ltd.).
Sodium hydroxide used in these experiments was
chemical reagent grade (NaOH, 96% purity, Wako Pure
Chemical Co. Ltd.).
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2.2. Preparation
Four mesoporous silicas were created by firstly prepar-
ing separate amorphous silica and template solutions.
The amorphous fumed silica was dissolved into sodium
hydroxide and stirred for 1 h. Separate aqueous sus-
pensions (25 wt %) of decyl-, dodecyl-, tetradecyl- and
hexadecyl-trimethylammonium chloride were then pre-
pared. For each surfactant template, silica solution was
added in the molar ratio of 1.00 : 0.17 : 53.00 : 0.50
(SiO2 : Na2O : H2O : Surfactant) and then vigorously
stirred for 1 h. These resulting sol mixtures were moved
into separately 100 ml teflon-lined stainless steel auto-
clave vessels. All vessels were then put onto rollers in
an electric oven at 30 rpm, 100◦C for 168 h for hy-
drothermal synthesis. After self-assemble reaction, the
samples were quenched and washed with distilled wa-
ter until they came to neutral pH. The resulting prod-
ucts were dried at 40◦C in an electric oven. In order
to remove the organic template in the crystalline meso-
porous silicas, the samples were heated in an electric
furnace at 600◦C for 6 h under air current.

In this paper, these mesoporous materials are named
“mesostructured silica-n”, where n is the number of
carbon atoms in the alkyl chain of the organic template.

2.3. Characterization
Powder X-ray diffraction analysis was carried out by a
Geigerflex RAD-II-B diffractometer (Rigaku Co. Ltd.,
CN2155D5) using Ni-filtered CuKα radiation at 20 mA
and 30 kV. Morphology of the products was examined
using a scanning electron microscopy (SEM) (Hitachi
Co. Ltd., S-3200S). Transmission electron microscopy
(TEM) was used to observe a lattice image with an
accelerating voltage of 100 kV (JEOL Co. Ltd., JEM-
200CX). Particle size distribution was determined by a
centrifugal particle size analyzer (Shimadzu Co. Ltd.,
SA-CP3L). The Brunauer-Emmett-Teller (B.E.T.) sur-
face area of the products was determined by means
of nitrogen adsorption at liquid nitrogen temperature
(T = −195◦C). Pore size distribution was measured by
the Cranston-Inkley method using a nitrogen adsorption
isotherm (Carlo Erba Instruments Co., Sorptomatic-
1900). The isotherm of water vapor adsorption was
determined by an adsorption isotherm analyzer (Tokyo
Shikenki Manufacturing Co., EAM-01S) using approx-
imately 0.3 g of product which had been under vaccum
at 25◦C for one day. After complete evacuation, the rel-
ative humidity in the chamber was gradually increased
from 10 to 90%. During this process, the increase in
the samples weight represented the amount of adsorbed
water vapor.

3. Results and discussion
3.1. X-ray diffraction
The X-ray diffraction profiles of the products in Fig. 1
show four well defined reflections which can be in-
dexed with a very intense 100 diffraction peak and three
weak 110, 200 and 210 peaks in a hexagonal symme-
try. Table I summarizes the observedd100 basal spacing
and the hexagonal unit-cell parameter, calculated using

TABLE I d100-spacing and hexagonal unit-cell parameter of the
humidity control materials

Products d100-spacing (nm) a0 (nm)

Mesostructured Silica-10 3.02 3.49
Mesostructured Silica-12 3.27 3.78
Mesostructured Silica-14 3.59 4.15
Mesostructured Silica-16 3.62 4.18

Figure 1 X-ray diffraction profiles of the humidity control materials.
Relative intensity and crispness of reflections decrease as the surfactant
chain increases in length.

a0= 2d100/
√

3. These results showd100 basal spacing,
a measure of approximate pore diameter, increases as
n increases (i.e., as the number of carbon atoms in the
alkyl chain of the organic template increases). How-
ever, the relative intensity and the sharpness of the 100
reflection decreased with increasingn. Such low crys-
tallinity is possibly explained by a lattice defect in the
SiO2 framework. Additionally, the participation of the
pore wall thickness, which depends on the surfactant
chain length, could also alter the crystallinity.

3.2. SEM and TEM observation
Fig. 2 shows SEM and TEM photographs of the silica-
dodecyltrimethylammonium complex (n= 12) after
heat treatment. The SEM photograph indicates the pres-
ence of well-dispersed primary particles with diameters
of approximately 0.2 to 0.3µm. Regardless of the chain
length of the organic surfactants, the particle size and
morphology remained unchanged (Fig. 3). The TEM
photograph reveals an indistinct hexagonal system and
a well parallel channel corresponding to the side-on
view of the tunnel-shaped pores. The diameter of the
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Figure 2 SEM (A) and TEM (B) photographs of the humidity control material (n= 12). (A): View of morphology of the primary particles of
0.2–0.3µm in diameter. (B): TEM image showing the walls of the straight channel with particles of which unit-cell parameter is 3.78 nm.

regular array of channels is approximately 3 nm, which
is in good agreement with the results from the X-ray
diffraction analysis (Table I).

3.3. Particle size distribution
Particle size distribution of the silicas are illustrated in
Fig. 3. The plot shows two peaks that correspond to
0.1–0.3µm and to 10–20µm. It is evident that the for-
mer peak coincides with the primary particle diameter
observed in the SEM photograph, whereas the latter

peak is likely to be associated with aggregates that form
secondary particles.

3.4. Pore size distribution
Fig. 4 describes the pore size distribution of the prod-
ucts using the C.I. method. From these results, the pore
size diameter increased from approximately 1.5 to 4 nm
as the alkyltrimethylammonium chain length was in-
creased. In addition, the range of the pore size distri-
bution of the products was exceedingly narrow. These
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Figure 3 Particle size distribution of the humidity control materials,
showing two distinct peaks near 0.1 and 10µm.

Figure 4 Pore size distribution of the humidity control materials. Pore
diameter increased as template chain-length increased.

results indicate that pore size and distribution of such
the homogeneous porous materials can be controlled
and adjusted using various sizes of an organic template.

3.5. Specific surface area, total pore volume
and average pore diameter

Table II lists the specific surface area (B.E.T. method),
total pore volume and average pore diameter (C.I.

TABLE I I Characteristic data of the humidity control materials

Total pore Average pore
Specific surface volume∗∗ diameter∗∗

Products area∗ (m2/g) (ml/g) (nm)

Mesostructured 965 0.54 2.14
Silica-10

Mesostructured 1233 0.62 2.36
Silica-12

Mesostructured 1137 0.65 2.70
Silica-14

Mesostructured 1344 1.10 3.20
Silica-16

∗: B.E.T. adsorption method using N2 gas.
∗∗: Cranston-Inkley method.

method) of the products. All quantities tended to
increase with increasing alkyl chain length. These re-
markably large values of total pore volume are higher
than those reported for pillared clays [7, 8] and commer-
cialized zeolites [9]. The specific surface area ranged
from 965 to 1344 m2/g. The combination of having a
high surface area and a narrow pore size distribution,
indicates that most of the surface area is likely attributed
to uniform arrangement of internal surfaces. In Table II,
the values of average pore diameter are smaller than that
of the unit-cell parameter (Table I). It is considered that
the difference occurs because the hexagonal repeat dis-
tance ofa0 includes the SiO2 pore wall thickness, there
by increasing the average pore diameters.

3.6. Water vapor adsorption isotherm
The water vapor adsorption isotherms are shown in
Fig. 5. A commercialized humidity control material

Figure 5 Water vapor adsorption-desorption isotherms of the humidity
control materials plotted with references.
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(trade name MUSELITE, Asahi Glass Co., Ltd.) and
a plaster wall (main constituent: calcite, lime) are plot-
ted for comparison. The synthesized products exhibited
quite distinct adsorption-desorption curve that indicate
an inflection characteristic of capillary condensation
within opened pores. The relative pressure at which
this inflection occurred increased with increasing pore
size. The relation between relative-humidity (P/P0)
and pore diameter (d) is estimated using Kelvin’s cap-
illary condensation equation as follows,

d = −(4γM cosθ )/(ρRT ln(P/P0))

whereγ , M , θ , andρ are the surface tension, molecular
weight, contact angle and density of the liquid,R is the
gas constant andT is the absolute temperature [10, 11].
Pore filling and emptying with water vapor occurred
sharply over relative pressures of 40 to 60%, which cor-
respond to approximate pore diameters of 2.1 to 4.2 nm
calculated from Kelvin’s equation. These values are in
good agreement with the results obtained from the ni-
trogen adsorption method. Although Komarneniet al.
also analyzed the water vapor adsorption-desorption
properties of the mesoporous materials, they did not
account for the control of the pore size distribution [12].
The primary consideration in setting up any porous ma-
terials for humidity control materials should be the con-
trol of pore sizes. By controlling of the pore diameter in
the materials, the amount of adsorbed water increased
vertically and steeply on suitable relative water vapor
pressure.

The total amount of adsorbed water was determined
by the specific surface area and the pore volume. These
quantities control the effective surface available for wa-
ter vapor adsorption. From these results, in order to
obtain a large amount of water adsorption and a high
humidity-control ability, it is necessary to control the
pore diameter, the B.E.T. surface area and the pore
volume. Moreover, the humidity control efficiency is
better for the synthesized products than for the ref-
erence materials. However, the synthesized materials
have an associated hysteresis loop. This phenomenon
can possibly be due to the difference between conden-
sation and evaporation of the liquid water meniscus,
and/or some of chemically adsorbed water molecules
connected to the silicon atoms as a silanol group [13].
The water vapor adsorption isotherms for the repeated
cycles are shown in Fig. 6. Although the total amount of
adsorbed water was slightly decreased by the repeated
cycles using water vapor, such decreases did not in-
fluence the humidity control abilities in practice. The
narrower hysteresis loops for the repeated cycles of the
water isotherms could be explained by the smaller con-
tact angle due to the rehydration on the internal surface.
The relative pressure at the sudden increase shifted to
lower values after repeated adsorption isotherms. This
suggests a decrease of the pore diameter for the chem-
ically adsorbed water molecules after the first few cy-
cles. By controlling the shapes of the hysteresis loops
between 40 and 70% relative humidity, which is the
preferable range for the living environment, it is pos-
sible to prepare more functional materials with desired
humidity control abilities.

Figure 6 Water vapor adsorption-desorption isotherms of the humidity
control materials for the repeated cycles.

4. Conclusions
The intelligent humidity control materials were syn-
thesized by a hydrothermal reaction of fumed sil-
ica with alkyltrimethylammonium surfactant as the
liquid-crystal template. Powder X-ray diffraction and
TEM observations revealed that periodic hexagonal
mesostructured silica was formed after calcining the
hydrothermal product. The silicas have an uniform
mesoporous architecture in which the pore diameter
was dependent on the template chain-length. In the in-
stance of water vapor adsorption-desorption behavior,
the products showed higher maximum adsorption and
the isotherm curves increased at a more suitable rela-
tive humidity than those of commercialized humidity
control materials. Some additional properties will be
examined for practical application in the future.
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