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Abstract. Mesoporous molecular sieves of silica, and alumina, and porous materials of titania, zirconia, and 
niobia were synthesized by cationic and/or neutral templating methods. These porous materials were characterized 
by powder X-ray diffraction, transmission electron microscopy, N2 adsorption-desorption isotherms and water 
adsorption-desorption isotherms. Mesoporous molecular sieves of silica with surface areas of 956 and 1072 m2/g 
and of alumina with surface area of 407 m2/g were synthesized. The Ti, Zr and Nb oxide porous materials, however, 
showed smaller surface areas of 258,178, and 77 m2/g, respectively, after calcination at 300°C and exhibited only 
small peaks for mesopores as determined by the pore-size distributions. 

Water adsorption-desorption isotherms of silica and alumina mesoporous molecular sieves showed Type V (weak 
interaction) and Type IV isotherms, respectively. The property of sudden filling of mesopores in the P/Po range 
of 0.45 to 0.55 in silica mesoporous molecular sieves with well-defined hysteresis during desorption, can be 
used in the design of humidity sensors. The titania, zirconia and niobia porous materials showed Type I water 
adsorption-desorption isotherms which suggests that these are mainly microporous. These results suggest that 
water adsorption-desorption isotherms provide valuable information about mesoporous molecular sieves for their 
potential use as humidity sensors. 

Keywords: mesoporous molecular sieves, water adsorption-desorption, cationic template, neutral template, 
mesoporous silica molecular sieve, mesoporous alumina molecular sieve, humidity sensor, mesoporous materials 

1. Introduction 

Two new types of mesoporous materials with well- 
defined unimodal pore-size distribution have been 
reported starting in 1990 [I-3]. Mesoporous sili- 
cates were first reported by Yanagisawa et al. [1]. 
These materials with uniform pore-size were pre- 
pared by intercalation of kanemite, a layered silicate 
with alkyltrimethylammonium ions and subsequent 
calcination at 700°C or higher temperatures. Re- 
searchers from Mobil Corporation discovered a new 
family of mesoporous molecular sieves with tailored 
pore-sizes in the range of 1.5 to 10 nm and their 
results were published in 1992 [2, 3]. The synthe- 
sis of these mesoporous silicates and aluminositi- 
cares was accomplished by hydrothermal treatment of 

silica and aluminosilicate precursors in the presence 
of quaternary ammonium salts such as cetyltrimethy- 
lammonium chloride or dodecyltrimethyl-ammonium 
chloride. In these syntheses, the cationic surfactant 
molecules form a micelle/liquid-crystal phase that 
serve as templates on which the anionic inorganic silica 
or aluminosilicate condenses [2, 3], i.e., electrostatic 
assembly. Porosity is created by removing the organic 
templates. The breakthrough in the design and synthe- 
sis of mesoporous materials was followed by a flurry of 
activity by several researchers because of their obvious 
importance in catalysis, molecular sieving, etc. The 
electrostatic assembly [2, 3] of these mesoporous ma- 
terials has been thoroughly documented [4-7]. Tanev 
and Pinnavaia [8, 9], however, recently demonstrated 
a neutral templating route for preparing mesoporous 
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molecular sieves based on hydrogen-bonding inter- 
actions and self-assembly between neutral primary 
amine micelles and neutral inorganic precursors. This 
new synthesis strategy not only extended the range of 
chemical compositions from which mesoporous ma- 
terials can be synthesized, but also led to the facile, 
environmentally-benign recovery of the template by 
simple extraction [8]. In addition to the above im- 
portant contribution, the Michigan State group led by 
Pinnavaia reported very recently [10] the synthesis of 
mesoporous molecular sieves from the hydrolysis of 
metal alkoxides in the presence of nonionic polyethy- 
lene oxide surfactants which are low-cost, nontoxic 
and biodegradable. The synthesis and characteriza- 
tion studies are being followed up by catalytic studies 
[11-13] using these materials. A thorough characteri- 
zation and property evaluation of these materials is of 
paramount importance in their eventual application in 
different fields. Here we report the synthesis, charac- 
terization and water adsorption-desportion properties 
of some mesoporous materials. The water adsorption- 
desorption properties reveal the polarity of their sur- 
faces, i.e., hydrophilic or hydrophobic nature which is 
an important property for several applications. The wa- 
ter adsorption-desorption isotherms are also important 
in designing humidity sensors. Water adsorption prop- 
erties of MCM-41 type mesoporous materials were 
reported previously by others [14-16]. 

2. Experimental 

Mesoporous materials were prepared by two previously 
described methods [3, 8, 9]. A mesoporous silica sam- 
ple was prepared by the method of Beck et al. [3] 
as follows: 20 g of water, 9.48 g of sodium silicate 
(28.3% silica) and 0.6 g of sulfuric acid were mixed 
and stirred for 10 minutes in the Teflon cup of a Parr 
bomb. To this mixture, 8.385 g of cetyltrimethyl am- 
monium bromide dissolved in 25.115 g of deionized 
water was added which yielded a gel. The gel mixture 
was stirred for 30 minutes and then 10 g of deion- 
ized water was added. The mixture was sealed in the 
Parr bomb which was then heated in a drying oven at 
100°C for 144 hours. After the above hydrothermal 
treatment, the solid and solution phases were sepa- 
rated by centrifugation. The solid phase was repeatedly 
washed with deionized water and dried at 60°C. This 
sample was calcined at 300°C for 25 hours to remove 
the entrapped cetyltrimethyl ammonium cation before 
N2 and H20 adsorption measurements. 

Mesoporous materials of silica, alumina, titania, zir- 
conia and niobia were prepared using tetraethoxysi- 
lane, A1 isopropoxide, Ti isopropoxide, Zr butoxide 
and Nb ethoxide, respectively by the method of Tanev 
and Pinnavaia [8, 9]. This method uses a neutral tern- 
plating route in the preparation of mesoporous material 
unlike the cationic template route [3] described above. 
The general procedure used is as follows: 0.27 moles of 
dodecyl amine, 9.09 moles of ethanol and 29.6 moles of 
deionized water were mixed together to which 1 mole 
of alkoxide was added under vigorous stirring. Af- 
ter the addition of alkoxide, the reaction mixture was 
stirred for 1/2 hours and then kept aside at room tem- 
perature in the range of 19-35 hours. After this aging 
reaction, the sample was transferred to a glass plate 
and air-dried. The neutral template was removed from 
the air-dried materials in two ways: (a) by repeated 
washing with hot ethanol and finally the samples were 
dried at 80°C in an oven and (b) by heating at 300°C 
for 4 hours in a furnace. 

All the synthetic samples were characterized by 
powder X-ray diffraction (XRD) using Scintag diffrac- 
tometer with Ni-filtered CuK~ radiation. Adsorption 
and desorption isotherms of N2 were measured from 
which surface area and pore-size distribution were de- 
termined. Pore-size distribution was calculated using 
the BJH method [ 17]. The N2 isotherms were measured 
by using an Autosorb-1 apparatus. Water adsorption 
and desorption isotherms were determined by a vol- 
umetric method using an automated device [18] after 
degassing at 25°C or 200°C. The pressure was recorded 
by a high-accuracy pressure transducer. The equilib- 
rium conditions were defined by the pressure difference 
of 0.05 Torr during a period of at least 4 minutes. These 
conditions were found to be adequate as verified by the 
published results on aluminosilicate zeolites. 

3. Results and Discussion 

Powder XRD analyses, BET N2 surface areas, pore- 
size distributions and amounts of water adsorbed of 
the various synthetic mesoporous materials are given 
in Table 1. The silica mesoporous materials synthe- 
sized by two different techniques show similar d spac- 
ings and pore-size distributions with very high sur- 
face areas as has been reported previously by others 
[2, 3, 8]. The N 2 adsorption-desorption isotherms of 
the two Si mesoporous samples are presented in Figs. 1 
and 2 which show well-defined steps between partial 
pressures, P/Po of 0.25 to 0.45. These steps, during 
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Table 1. Powder XRD analyses, BET N2 surface areas, pore-size distributions and amounts of water adsorbed of 
synthetic mesoporous materials. 

Cationic Mesoporous material composition using neutral template of 
template dodecyl amine 

Characterization and 
measured properties Si Si A1 Ti Zr Nb 

X-ray diffraction 

As prepared 3.7 nm 3.67 nm No clear peak 2.93 nm ~3  nm* ~3  nm 

After Ethanol wash - -  3.68 nm - -  2.94 nm - -  3.6 nm* 

After 300°C/4 h # 3.9 nm** 4.5 nm No clear peak 3.39 nm ~3 nm*; 3.39 nm 
0.295 nm; 
0.182 nm 

BET N2 surJhce areas 

After ethanol wash 

After 300°C/4 h 

Pore-size, diameter 

After ethanol wash 

After 300°C/4 h 

Amounts of  water adsorbed 

After ethanol wash 

After 300°C/4 h 

- -  1072 m2/g 395 m2/g 204 m2/g 393 m2/g 11 m2/g 

956 m2/g ** 826 m2/g 407 m2/g 258 m2/g 178 m2/g 77 m2/g 

- -  ~ 2 . 4  n m  ~ 6  n m  ~ 3 . 8  nm* 1.8 nm; ~3.8 nm 
3.5 nm* 

~2.9 nm** ~2.9 nm ~6  nm ~3.8 nm* ~3.8 nm* ~3.8 nm 

- -  59.9% 70.1% 11.7% 20.4% 10.2% 

93.4% **t 75.4%* 58.0%* 14.8% $ 10.8%* 9.7%* 

*Small peak; *'300°C/25 hours; *degassed at 200°C; *degassed at 25°C; #the increase in d spacings of samples 
after calcination at 300 ° C, compared to as prepared- or ethanol-washed ones, cannot be unequivocally explained at 
this stage. 
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Figure 1. N2 adsorption-desorption isotherms of a mesoporous sil- 
ica prepared by using a cationic template (2, 3) and calcined at 
300°C/25 hours. 

adsorption, are due to the filling of mesopores in the 
framework or intraparticle porosity. These samples 
also show a second step above partial pressures P/Po 
of 0.9 which corresponds to the interparticle poros- 
ity. Both the mesoporous silicas show sharp pore-size 
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Figure 2. N2 adsorption-desorption isotherms of a mesoporous sil- 
ica prepared by the neutral template method (8, 9) and calcined at 
300°C/4 hours. 

distribution at about 2.9 nm (Figs. 3 and 4). Fig- 
ure 5 shows a transmission electron micrograph of 
the mesoporous silica sample which was prepared by 
the neutral template route [8] and heated at 300°C 
for 4 hours. The micrograph shows agglomerates of 
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Figure 3. Pore-size distribution of mesoporous silica prepared by 
using the cationic template and calcined at 300°C/25 hours. 
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Figure 4. Pore-size distribution of mesoporous silica prepared by 
the neutral template method and calcined at 300°C/4 hours. 

rounded particles with low-density regions correspond- 
ing to pores (Fig. 5). The sample shows no crystallinity 
by electron diffraction. 

The water adsorption-desorption isotherms of both 
the mesoporous silicas are presented in Figs. 6 and 7. 
The adsorption isotherms are of Brunaur Type V meso- 
porous (weak interaction) [19] with very little adsorp- 
tion until a P/Po of about 0.45 (Fig. 7) and 0.55 
(Fig. 6) followed by a sudden vertical rise in adsorp- 
tion. The lack of significant adsorption until a P/Po 
of about 0.45 or 0.55 is due to the weakly polar or 
nonpolar (hydrophobic) nature of the silica surface. 
The steep rise in adsorption between a P/Po range 
of 0.45 to 0.7 is due to the volume filling of mesopores. 
These types of unusual water adsorption-desorption 
isotherms have been reported by us previously for 

synthetic aluminophosphate and silicoaluminophos- 
phate molecular sieves [20, 21]. Our previous results 
with the above microporous materials showed that the 
P/Po at which a steep rise in adsorption takes place is a 
function of the pore size, i.e., the smaller the pore-size, 
the lower the P/Po where the pore filling takes place. 
The results presented here with the mesoporous sili- 
cas confirm the above finding. The above property of 
the silica mesoporous molecular sieves which results 
in sudden mesopore filling in the P/Po range of 0.45 
to 0.55 can be used in the design and fabrication of hu- 
midity sensors. The amounts of condensation at P/Po 
greater than 0.7 (Figs. 6 and 7) are small which sug- 
gests that the interparticle porosity is small compared 
to the intraparticle mesoporosity. Both the mesoporous 
silica samples exhibited hystereses which extended to 
very low pressures in one case (Fig. 6). The hysteresis 
at low pressures in this case is possibly because of the 
chemical reaction of water with silica surfaces, and this 
water could not be removed during desorption at 25°C. 
It should also be noted that this sample (Fig. 6) was de- 
gassed at 200°C while the other sample (Fig. 7) was de- 
gassed at 25°C (Table 1). The mesoporous silica sam- 
ples adsorbed 75.4 and 93.4% of water which suggests 
that the total pore volume available is very high as has 
been shown with the hydrocarbon sorption measure- 
ments [3]. The water adsorption-desorption isotherms 
of mesoporous silica materials are reproducible with 
repeated cycles which suggests that these materials are 
very stable and can be used in the design and fabrication 
of humidity sensors. 

The mesoporous alumina sample prepared by the 
neutral template route did not show any clear peak by 
XRD (Table 1). Electron diffraction, however, showed 
bands at 6.2 .~, 3.2 ~,  2.45 A, 1.81 A, 1.45 A, 1.32 ~, 
1.13 A, etc. which matched somewhat with boehmite. 
Transmission electron micrograph (Fig. 8) shows a 
fibrillar morphology. The N2 adsorption-desorption 
isotherms show a Type IV adsorption isotherm (Fig. 9) 
with only one hysteresis loop between a P/Po range 
of 0.55 to 0.9. The pore-size distribution is some- 
what sharp and centered at about 6 nm (Fig. 10). This 
mesoporous material showed a very high surface area 
of 407 m2/g (Table 1). Water adsorption-desorption 
isotherms of the alumina mesoporous material are pre- 
sented in Fig. 11. These isotherms are of Type IV with 
a somewhat hydrophilic nature of the surface. The 
mesopores are filled with water between a P/Po range 
of 0.55-0.9. No distinction between the framework- 
confined and interparticle pores can be seen probably 
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Figure 5. Transmission electron micrograph of mesoporous silica prepared by the neutral template method and calcined at 300°C/4 hours. 
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Figure 6. Water adsorption-desorption isotherms of mesoporous 
silica prepared by the cationic template method and calcined at 
300 ° C/25 hours. 
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Figure 7. Water adsorption-desorption isotherms of mesoporous 
silica prepared by neutral template method and calcined at 300°C/4 
hours. 

because the size range of the two types of  pores overlap. 
It is interesting to note that the N2 and H20 adsorption- 
desorption isotherms are very similar with the alumina 
mesoporous material unlike the silica mesoporous ma- 
terials described above. 

Mesoporous materials of  Ti, Zr, and Nb oxide com- 
positions prepared by the neutral templating route do 

not exhibit N2 adsorption-desorption isotherms which 
are typical of Si mesoporous materials with two steps 
(Figs. 1 and 2) or of A1 mesoporous material  (Fig. 9). 
The N2 adsorption-desorption isotherms appear to be 
Type I. The pore-size distribution data show only small 
peaks in the mesopore region (Table 1) although these 
samples show XRD peaks around 3 nm. The water 
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Figure 8. Transmission electron micrograph of mesoporous alumina by neutral template route and calcined at 300°C/4 hours. 
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Figure 9. N2 adsorption-desorption isotherms of a mesoporous alu- 
o mina prepared by the neutral template route and calcined at 300 C/4 

hours. 

adsorption-desorption isotherms are of moderate Type 
I revealing the hydrophilic nature of these samples. 
Water adsorption-desorption isotherms of titania, zir- 
conia and niobia porous materials are shown in Figs. 12, 
13 and 14, respectively. The surface areas and pore 
volumes as revealed by N2 and H20 adsorptions, re- 
spectively, (Table 1) are low compared to the silica and 
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Figure 10. Pore-size distribution of mesoporous alumina prepared 
by the neutral template route and calcined at 300°C/4 hours. 

alumina mesoporous materials described above. Thus, 
these materials of Ti, Zr, and Nb oxide compositions 
do not appear to be truly mesoporous unlike the Si and 
A1 oxide materials. The Ti oxide material is stable up 
to 300°C but transforms to very fine anatase at 350°C. 
The Zr oxide material transforms to poorly crystalline 
tetragonal ZrO2 at 300°C while the Nb oxide material 
remains amorphous at 300°C. 
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Figure 11. Water adsorption-desorption isotherms of mesop0rous 
alumina by the neutral template route and calcined at 300°C/4 hours. 
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Figure 12. Water adsorption-desorption isotherms of porous titania 
prepared by the neutral template route and calcined at 300°C/4 hours. 
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Figure 13. Water adsorption isotherm of porous zirconia prepared 
by the neutral template route and calcined at 300°04 hours. 
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Figure 14. Water adsorption-desorption isotherms of porous niobia 
prepared by the neutral template route and calcined at 300 ° C/4 hours• 

4. Conclusions 

Mesoporous  sil ica and a lumina  molecu la r  sieves ex- 

hibit  Type V and Type IV water  adsorpt ion isotherms,  

respectively.  Their  water  adsorpt ion-desorpt ion iso- 

therms show wel l -def ined hysteresis  loops  at h igh 

P/Po  corresponding to the mesopores .  Titania, zirco- 

nia, and niobia porous materials  prepared by the neutral  

template  route show Type I water  adsorpt ion isotherms 

which indicates that they are mos t ly  microporous .  
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