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Millimetre-sized mesoporous silica spheres, the sizes of which could be controlled by the mixing speed of the preparation solution,
have been prepared directly from the reaction of tetraethoxysilane with tartaric acid in cyclohexanol by the sol–gel process. The
silica gel spheres calcined at 400 °C showed specific surface areas of about 850 m2 g−1 and gave sharp pore size distribution curves
in the narrow range around 2.3 nm radius. The peak of the pore size distribution curve shifted to smaller values as the calcination
temperature increased from 400 to 900 °C. The gel retained a surface area of about 180 m2 g−1 and remained porous even after
calcination at 1000 °C. The scanning electron microscope images showed that the spheres are basically composed of closely packed
uniform primary particles of diameter ca. 20 nm. The high surface area of the spherical gel was considered to be caused by the
micropores within the apparent primary particles.

The application of silica spheres is of interest in many fields, stirring using a 80 mm mixing blade. A TEOS–TA–cyclohexa-
nol (TTC) mixture became viscous with time owing to theincluding ceramics, catalysis, chromatography, enzyme fix-

ation, etc. There are various ways of preparing spherical silicas. dissolution of TA. Then, 8.0 mol of deionized water
(H2O/TEOS molar ratio=20) was added to the solution. AsThe generation of monodisperse, monosized, micrometre

spheres of silica from tetraethoxysilane (TEOS) under a highly the TTC mixture was immiscible with water, when water was
added to the solution under stirring, the solution immediatelybasic environment was first reported by Stöber et al.1 Later,

detailed studies were carried out on the Stöber process.2–7 The became turbid to give an emulsion. Without stirring, the
solution only gave two separated phases. In 60 to 90 min afteremulsion technique is also a promising method for the synthesis

of spherical powders with adjustable particle sizes and defined the addition of water with stirring, the solution became clear
and transparent spherical particles came out of the solutionsize distribution. There have been some studies concerning the

emulsion technique for the preparation of spherical silica spontaneously. The solid spheres were larger than the droplets
initially formed in the emulsion; the smaller droplets joinedparticles;8–13 however, they mainly concentrated on the size

and size distribution of the particles, and in addition the together to form larger ones and they eventually turned into
the solid spheres. After 3 h at 80 °C with stirring (250–550 rpm),particles studied were below 100 mm in diameter. Only a few

results concerning the specific surface area, pore size distri- the spherical particles formed were separated from the solution
by filtration, then washed with ethanol and dried at 100 °C inbution and gel structure have been reported.

The sol–gel method for preparing metal oxides in powder air for 12 h. The spheres after drying were calcined at di�erent
temperatures (200, 400, 600, 800, 900, 1000 °C) for 3 h. Theand film forms has attracted a great deal of attention owing

to its characteristic process. Some authors have developed this spheres were transparent or translucent after drying at 100 °C
because organics such as tartaric acid and cyclohexanol wereprocess by using organic polydentate ligands as modifiers and

applied this to the preparation of mixed oxides,14–16 thermo- still present. They turned yellow after heating at 400 °C and
became white above 600 °C. The yield of silica spheres wasstable alumina17 and silica.18 Recently we have observed that

a hydroxycarboxylic acid can play a key role in the hydrolysis– 70–80%, which was defined as the ratio of the mass percentage
of the particles after heating at 1000 °C to the theoretical SiO2condensation processes of tetraethoxysilane during the prep-

aration of high surface area silicas with uniform primary amount from starting mixture. After removing the spheres the
reaction solution contained a small amount of TEOS and/orparticles,19,20 and noted that a mixture of tartaric acid, TEOS

and a higher alcohol shows hydrophobic properties. In this its derivatives. Thus, another gel could be obtained by concen-
trating the filtrate.work, on the basis of our previous results, we prepared silica

spheres in the TEOS–tartaric acid–cyclohexanol–water system The size of the spheres was strongly a�ected by the stirring
rate (Table 1); it decreased as the stirring rate increased.by a process similar to suspension polymerization. The specific

surface area, pore size distribution and pore volume of the
spheres, as well as their thermal behaviour, were investigated.

Table 1 Influence of the stirring speed on the average size of the silicaIn addition, the structure of the spheres was observed by
spheresscanning electron microscopy (SEM) and the actual size of the

primary particles was checked by transmission electron
stirring speedmicroscopy (TEM).

rpm m s−1a particle size/mm

Experimental 250 1.05 large masses
300 1.26 0.97b

Preparation of spheres and their size control 350 1.47 0.95
400 1.68 0.82Commercial tetraethoxysilane (TEOS), -tartaric acid (TA)
450 1.88 0.59and cyclohexanol were used without purification. TA (0.50 mol) 500 2.09 0.35in 0.66 mol of cyclohexanol was mixed with 0.40 mol of TEOS 550 2.30 homogeneous gel

(TA/TEOS=5/4) in a 1000 ml two-necked flask. The reaction
mixture was kept in an oil bath at 80 °C for 2 h with mechanical aVelocity of the blade edge. bContaining irregular particles.
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Vigorous stirring resulted in a homogeneous solution and the residuals. The mass loss in the range 250–450 °C was almost
20% of the total mass. The gradual loss in mass at higherwhole solution finally became a gel. On the other hand, large

masses were formed by weak stirring. The sphere sizes which temperatures could be attributed to the dehydration and
condensation of silanols. The results of the TG–DTA studiescould be obtained reproducibly were in the range 0.3–1.0 mm.

Fig. 1 shows the particular spheres formed under the conditions indicate that organic compounds such as -tartaric acid or
cyclohexanol are likely to remain in the gel.used. However, there were only small di�erences in specific

surface area and pore size distribution between the samples Fig. 3 shows the SEM images of a cross-section of the sphere
calcined at 400 °C. The gel is composed of loose and densewith di�erent sphere sizes. The specific surface areas of the

samples calcined at 400 °C were 850–880m2 g−1 , regardless of aggregation of small particles. The loose aggregation parts are
forming circles (Fig. 3a). The enlargement (Fig. 3b) of thetheir size. Little di�erence was observed in the most frequent

pore size. In this paper, the data for the samples consisting of circular section shows that the particles are irregularly con-
densed and adopt a heterogeneous structure composed ofspheres with diameters ca. 1.0 mm are reported.
masses of various sizes. However, the greater part of the gel
(dense aggregation) is composed of small spherical particlesCharacterization
which are about 20 nm in size and packed closely as shown inThermogravimetry and di�erential thermal analyses Fig. 3c. The TEM image (Fig. 4 ) gives the actual size of the(TG–DTA) were carried out on a MAC Science TG–DTA primary particles. Such structural inhomogeneities of silica2100 instrument with a heating rate of 10 °C min−1 under a have also been observed by Scherer.23 He reported that thisflow of 100 cm3 min−1 dry air. The samples for the TG–DTA characteristic structure results from the phase separation ofmeasurement were dried at 105 °C for 12 h beforehand. Specific unhydrolysed TEOS. In Scherer’s preparation of silica gel, thesurface area (SBET ) was measured by the BET method based amount of water used for hydrolysis was small, less than fouron the adsorption of N2 at 77 K using a Belsorp36 instrument mol per mol of TEOS. In the present work, though the amount(BEL Japan). Pore size distributions smaller than 100 nm and of water used was large enough, it seems that the hydrolysispore volume (VP) were evaluated by analysing the N2 adsorp- was not completed, because the surface of the droplet gelstion and desorption isotherms according to the initially, turning into a hard shell which causes slow feedingDollimore–Heal method.21 External surface areas (Sex , attribu- of water and slow release of organics. Fig. 5 shows the proposedtable to outer surface) were calculated using a t-plot analysis.22 scheme for the reaction route. After the formation of droplets,The distribution of pore diameters larger than 10 nm was water dissolves into the TTC droplets through its surface.determined by mercury porosimetry using a Micromeritics TEOS in TTC droplets is hydrolysed and the condensationAutopore 9200. SEM and TEM were performed on Hitachi S- starts from the surface of the droplets. In the opposite direction,800 and JEOL JEM-2010F instruments, respectively. ethanol produced by the hydrolysis of TEOS, some TEOS,
tartaric acid and cyclohexanol dissolved in ethanol move into
the aqueous phase. However, since the reaction system isResults and Discussion

Fig. 2 shows the TG–DTA curves of the uncalcined gel. The
mass loss was mainly divided into three temperature regions:
below 200 °C, 250–450 °C and above 450 °C. In the DTA curve,
the gel showed a large exothermic peak between 250 and
450 °C. Water and ethanol were released at temperatures below
200 °C. On the other hand, the exothermic peak observed at
about 350 °C corresponds to the combustion of organic

Fig. 1 Photographs of the dried spherical particles with various sizes

Fig. 3 SEM images of the gel calcined at 400 °C. a, A cross-section of
the sphere; b, a magnified image of the circular region; c, a magnified

Fig. 2 TG–DTA curves of the uncalcined spherical gel image of the outside of the circular regions.
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Fig. 4 TEM image of the primary particles constituting the sphere

Fig. 6 N2 adsorption and desorption isotherms of the gels calcined at
400 °C ($#), 800 °C (+'), 900 °C (21) and 1000 °C (&%). Solid
symbols, adsorption; open symbols, desorption.

desorption isotherms of the spheres calcined at 400, 800, 900
and 1000 °C. The adsorption isotherms of the spheres calcined
below 900 °C were basically of type IV, which is typically
observed for mesoporous solids, in the classification by
Brunauer, Deming, Deming and Teller (BDDT).24 However,
the spheres also contain micropores as can be seen from the
isotherm patterns which show a certain amount of N2 adsorp-
tion in the low pressure region. The hysteresis of the isotherm
is classified as type H2 using the IUPAC classification. This
H2 type loop is often obtained with corpuscular systems such
as silica gel or cracking catalysts, but in these cases the
distribution of pore size and shape is not well defined.25,26
Fundamentally this type of pore may have a structure similar
to the H1 type (tubular capillary or narrow-necked ink bottle)
in which there is some size distribution in the narrowed part.26
The pores are considered to be the interstices of the packed
spherical particles. Thus, assuming that the pores are ink-
bottle shaped, though in practice a series of interconnected
pore spaces rather than separate bottles is more likely,27 the
results of N2 adsorption and desorption measurements were
analysed as follows. The adsorption starts inside the wide partFig. 5 The proposed scheme for the reaction route
of the bottle and then the whole pore is filled up. On the other
hand, the desorption occurs through the narrow neck region.
Therefore, a pore blocking e�ect will cause the pore sizehighly acidic, (pH<1.0, though the measurement of pH in this

system is not always accurate), TEOS which exists around the distribution curve derived from the desorption branch of the
isotherm to appear much narrower than that derived from theinterface and comes into contact with water should be hydro-

lysed and polycondensed rapidly. Then the gelation and hard- adsorption branch.28 This narrowly distributed pore size may
be attributable to the size of the neck while the pore size fromening of the droplets proceeds from the surface of the droplets

gradually. In fact, the spheres were very soft just after the the adsorption branch gives the size of the body. Actually, as
shown in Fig. 7 the pore size distribution estimated from theformation and hardened in an hour as the reaction proceeded.

The half-reacted sphere covered with the hard shell still desorption branch of the isotherm was narrower than that
derived from the adsorption branch and the most frequentcontained a soft core. Although the exact reason why such

structural inhomogeneities appear is still unknown, these pore size estimated from the adsorption branch (size of the
cavities) was larger. All the samples described below showedstructural inhomogeneities tend to appear in the case

of low hydrolysis water content including the examples in the the same behaviour. Based on this, the pore size distributions
estimated from desorption branches are shown in Fig. 8. Theliterature.23 Thus it could be concluded that the slow and

incomplete hydrolysis/condensation reactions inside the samples calcined at 200 and 400 °C showed sharp pore size
distribution curves spread in a narrow range around 2.3 nmdroplets by the slow feeding of water caused such phase

separation. radius. The peak of the pore size distribution curve shifted
from 2.3 to 1.9 nm as the calcination temperature increasedFrom the structure shown in Fig. 3, the sphere is expected

to show a certain bimodal pore size distribution curve. from 400 to 900 °C. Broad pore size distributions around
20 nm radius were also observed for the samples calcined atTherefore N2 adsorption/desorption experiments were per-

formed in order to determine the surface areas and pore sizes 200, 400 and 600 °C. These might be attributable to the larger
pores (loose aggregation) observed in Fig. 3a. Pores largerof the spheres. Fig. 6 shows the nitrogen adsorption and
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N2 adsorption and desorption data according to the
Dollimore–Heal method. SBET of the gel calcined at 400 °C
was the highest, 862 m2 g−1 . Since the sample calcined at
200 °C still contained organic residues which could fill the
pores, the SBET value was lower than that of the sample
calcined at 400 °C. Above 400 °C, the surface area decreased
with increasing calcination temperature. The sample calcined
at 1000 °C for 3 h still retained a surface area of 181 m2 g−1 ,
though it was <1 m2 g−1 after the calcination at 1100 °C. The
external surface area (Sex ) came from the outer surface, which
could be attributable to meso- and macro-pores, was very
small compared to SBET . This means that there exists a large
portion of micropores. Sex values of the samples calcined at
di�erent temperatures were only 2.8–4.5% of the whole BET
surface areas. From VP values the proportion of the pores
could also be estimated. That is, the large part of the total

Fig. 7 Pore size distributions of the calcined (400 °C, 3 h) spheres pore volume of each gel calcined at di�erent temperature isestimated from the adsorption branch ($) and the desorption
occupied by the pores whose diameters were less than 2 nmbranch (#)
and between 2 and 10 nm. The proportion of the micropore
volumes (<2 nm) to the volumes of the larger pores increased
with increasing calcination temperature because of the shrink-
age of the larger pores. The thermal change in total VP was
proportional to the change in surface area. Both values were
decreased with increasing calcination temperature. The highest
value, 1.008 ml g−1 , was obtained for the sample calcined at
400 °C. This means that after organics were removed at
300–400 °C the spheres were densified and shrank gradually
with increasing calcination temperature.

As shown in the previous paragraph, the nitrogen adsorption
isotherms exhibited sharp shoulders at low relative pressures
and the BET surface area of the gel after the calcination at
400 °C was more than 800 m2 g−1 . These facts suggest that
the apparent primary particles as, seen in the SEM and TEM
images, are not primary particles, which generally refer to
highly dense particles. Assuming that the particles observed in
Fig. 3c are compact (highly dense) particles of uniform size,
the surface area should be proportional to the inverse of the
particle diameter. The specific surface area of the gel composedFig. 8 Pore size distributions of the spheres at di�erent calcination

temperatures for 3 h. a, 200 °C (&); b, 400 °C (#); c, 600 °C (+); d, of compact particles with 20 nm diameter, which is the typical
800 °C (%) ; e, 900 °C ($); f, 1000 °C (') . The smaller radius regions size (SEM, TEM), is estimated to be only about 140 m2 g−1
are shown in the inset. according to the geometrical calculation: S=6/Dd, where S is

the surface area (in m2 g−1), D is the density of compact silica
(2.2×106 g m−3 ; the pycnometric densities of the spheres werethan 100 nm could barely be detected by mercury porosimetry.
(2.1–2.2)×106 g m−3 in spite of the di�erent calcination tem-On the other hand, the changing pore size distribution pattern
perature) and d is the diameter of the elementary particles.with heat treatment was di�erent from those of the silica
Since the surface of the particle is not smooth, the surface areaxerogels reported so far,29–31 in which the peak of the pore
of the particle will be much higher. However, the gels preparedsize distribution curve does not shift to smaller values when
here are found to have very large surface areas for the size ofthe calcination temperature increases. However, it was similar
the apparent primary particles. This means that even the 20 nmto those of ordered compacts of monosized silica spheres.32
particles forming the gel have micropores smaller than 2 nmFrom the above results, it is considered that the spheres are
in diameter. As the calcination temperature increases, bothcomposed of close-packed small spherical particles.
micropores and mesopores shrink owing to densification ofTable 2 shows the BET surface area, external surface area
the skeleton structure. The smaller pores such as micropores,and pore volumes classified by the size range of the pores. The
which contribute more to the surface area, shrink and disappearclassified pore size ranges are generally called micropore
during calcination. This results in the steep decrease in sur-(<2 nm), mesopore (2–50 nm) and macropore (>50 nm).33

These classified pore volumes were evaluated by analysing the face area.

Table 2 SBET , Sex and Vp of the spherical silicas at various calcination temperatures

Vpcalcination
temperature/°C SBET/m2 g−1 Sex/m2 g−1 total/ml g−1 <2 nma/ml g−1 2–10 nm/ml g−1 10–50 nm/ml g−1 >50 nm/ml g−1

200 669 30 0.839 0.266 0.536 0.031 0.006
400 862 33 1.008 0.355 0.621 0.027 0.005
600 734 22 0.866 0.297 0.507 0.026 0.036
800 600 17 0.640 0.240 0.368 0.019 0.013
900 376 15 0.410 0.155 0.225 0.013 0.017

1000 181 6 0.134 0.072 0.056 0.005 0.001

aPore diameter.
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