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Adsorption Equilibrium of Water Vapor on Mesoporous Materials
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Adsorption of water vapor on mesoporous materials such as MCM-41, MCM-48, KIT-1, SBA-1, and SBA-
15, which have different pore sizes and shapes, was investigated by using a gravimetric system. In addition,
adsorption of water vapor on KIT-1 mesoporous material was examined at 293.15 to 353.15 K. A hybrid
isotherm model composed of a Henry isotherm and a Sips isotherm was applied to the analysis of water
adsorption on mesopores including its surface adsorption and capillary condensation. The proposed
isotherm nicely simulated measured adsorption data over the whole range at these experimental
conditions. The capillary condensation of water vapor on mesoporous materials was highly dependent on
temperature and pore sizes rather than on their pore shapes.

Introduction

Since the mesoporous materials named as the M41S
family were synthesized by Mobil researchers, mesoporous
materials with mesopores of 2.0 to 10 nm diameters have
been attracting much attention as adsorbents and cata-
lysts.® Since then, various mesoporous materials such as
MCM-41, MCM-48, MCM-50, KIT-1, SBA-1, and SBA-15
with different pore sizes and shapes were synthesized.
MCM-41 and SBA-15 have a hexagonal array of unidirec-
tional pores, while MCM-48 and SBA-1 have a highly
ordered bicontinuous cubic pore system. KIT-1 has a
disordered three-dimensional network with wormlike chan-
nels. The large internal surface area and uniformity of pore
size of mesoporous materials increase their application
feasibility for separation and removal operations.

Many works on adsorption isotherms of nitrogen on
mesoporous materials were reported relating to their pore
size and shape. In addition, their adsorption properties of
organic vapors suggest their applicability for removal of
volatile organic compounds as adsorbents.?2~* Introduction
of aluminum atoms on their skeleton enhances their acidic
strength, resulting in strong adsorption of polar materials.

Mesoporous materials, regardless of the structure, type,
and composition, usually have plenty of silanol groups on
the mesopores because of their amorphous surface struc-
ture. A large amount of water can be adsorbed on them
because their mesopores are suitable for capillary conden-
sation. A limited study on the adsorption of water vapor,
however, has been conducted.®> Furthermore, the adsorption
isotherm model covering the whole range of water adsorp-
tion from surface adsorption to capillary condensation has
not even been suggested.

The aim of this work, therefore, is to examine the
adsorption equilibrium of water vapor on five mesoporous
materials: MCM-41, MCM-48, KIT-1, SBA-1, and SBA-
15. The adsorption isotherms of water obtained on these
mesoporous materials were analyzed using a hybrid iso-
therm combining the Henry isotherm at low pressure and
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the Sips isotherm at moderate pressure responsible for
capillary condensation.

Experimental Section

Materials. Five mesoporous materials with different
pore sizes and shapes (Table 1) were chosen as adsorbents
for adsorption of water vapor. These materials, including
MCM-41, MCM-48, KIT-1, SBA-1, and SBA-15, were
synthesized according to the procedures described in the
literature.5~12 Hexadecyltrimethylammonium bromide was
used as a template for the synthesis of MCM-41, MCM-
48, and KIT-1, whereas hexadecyltriethyleneammonium
bromide and Pluronic P123 triblock copolymer (EO2,PO7o-
EO,0) were used for SBA-1 and SBA-15, respectively. A
Teflon bottle containing the solution mixture of the tem-
plate and a colloidal silica was preheated in a water bath,
and the reaction mixture was stirred. The resultant gel was
loaded into an autoclave, and the mixture was hydrother-
mally treated. The mixture was then filtered and washed
with deionized water. After drying at 333 K for overnight,
the dried solid was then calcined in air at 873 K for 10 h.

Apparatus and Procedure. X-ray diffraction (XRD)
patterns of synthesized mesoporous materials were re-
corded on an X-ray diffractometer (Rigaku D/MAX-I11)
using a Cu Ko X-ray and Ni filter at 35 kV and 15 mA.
The XRD pattern of SBA-15 mesoporous material was
recorded from 6 = 0.7° for observing its large mesopores.
Nitrogen adsorption and desorption isotherms were mea-
sured at 77 K using a Micromeritics ASAP 2010 automatic
analyzer. Before the measurements, the samples were
outgassed for 2 h in the degas port of the adsorption
apparatus. The measurement of the adsorption—desorption
isotherms required 1 day. Their BET surface areas were
determined from the adsorption isotherms of nitrogen. In
addition, their pore size distributions were also calculated
from the adsorption branches of the isotherms by using the
Barrett, Joyner, and Halenda (BJH) method.

The adsorption amount of water vapor was measured by
a quartz spring balance, which was placed in a closed glass
system. An adsorbent sample of 0.1 g was placed on a
quartz basket attached to the end of a quartz spring. Prior
to the exposure to water vapor, adsorbent samples were
evacuated to 1 x 1072 Pa for 10 h at 573.15 K. The high

© 2003 American Chemical Society

Published on Web 08/02/2003



Journal of Chemical and Engineering Data, Vol. 48, No. 6, 2003 1459

Table 1. Physical Properties of Mesoporous Materials

property MCM-41 MCM-48 KIT-1 SBA-1 SBA-15
pore structure hexagonal cubic disorderd 3-D cubic hexagonal
surface area/m?-g~1 981 983 923 940 645
mean pore size/A 30 28 29 21 50
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Figure 1. XRD patterns of mesoporous materials: a, MCM-41;
b, MCM-48; ¢, KIT-1; d, SBA-1; e, SBA-15.

vacuum system was composed of a turbomolecular pump
(Osaka type TH50) and a rotary vacuum pump (Kaauga
BSE?215). Pirani and Penning vacuum gauges (Edwards
Series 1000) were used for the measurement of the vacuum.
The pressure of the water vapor was measured using a
Baratron absolute pressure transducer (MKS Instrument
type 127) with the accuracy +0.15%. Water vapor was
generated in a small tubular reservoir that was maintained
at a constant temperature. During the adsorption experi-
ment, the adsorption cell was placed in a water bath with
temperature controlled to within £0.05 K. The increase in
mass of the adsorbent samples with water adsorption was
measured by using a digital displacement meter (MKS type
PDR-C-1C). The measurement of the adsorption—desorp-
tion isotherms required 3 days for water vapor.

Results and Discussion

Figure 1 shows the XRD patterns of mesoporous materi-
als. The XRD patterns of all materials are very well-defined

as shown in Figure 2. The MCM-41, MCM-48, KIT-1, and
SBA-15 show typical nitrogen adsorption isotherms of
mesoporous materials with capillary condensation in me-
sopores. On the contrary, the SBA-1 shows a type |
isotherm in the IUPAC classification, suggesting that it
has very small mesopores causing capillary condensation
at extremely low pressure. Capillary condensation in
mesopores of the MCM-41 type is observed at around P/P,
= 0.35, while that of MCM-48 and KIT-1 is observed at
around P/Py = 0.30. The similar pressures for the capillary
condensations of the MCM-41, MCM-48, and KIT-1 suggest
a similarity in pore size due to the use of the same
template. The high pressure for the capillary condensation
of the SBA-15 at around P/Py = 0.70 indicates that it has
considerably large mesopores compared to the cases of
other mesoporous materials. Also, the pore size shows an
important effect on the presence or absence of hysteresis.

Figure 3 shows the pore size distributions of the five
mesoporous materials obtained from their nitrogen desorp-
tion isotherms using the BJH method. They have a very
narrow monodisperse pore size distribution. The deter-
mined average pore diameters of the MCM-41, MCM-48,
and KIT-1, which were synthesized using the same tem-
plate, were around 30 A. Those of the SBA-1 and SBA-15,
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Figure 3. Pore size distribution of mesoporous materials: a,
MCM-41; b, MCM-48; ¢, KIT-1; d, SBA-1; e, SBA-15.

however, were as different as 21 and 50 A, respectively,
because they were synthesized using different synthetic
reagents and at different conditions.

Figure 4 illustrates the adsorption isotherms of water
vapor on the five mesoporous materials. Although they
have different pore sizes and shapes, the obtained iso-
therms are similar. The adsorption amount of water
linearly increases at low pressure, while capillary conden-
sation occurs at moderate pressure. These isotherms can
be identified as the unusual type V on the basis of IUPAC
classification, which represents the mesoporous materials
having a hydrophobic surface.>13

The pressures responsible for capillary condensation of
water were different according to mesoporous materials:
P/Po = 0.45 for the SBA-1, P/Py = 0.55 for the KIT-1, P/Pq
= 0.65 for both the MCM-41 and the MCM-48, and P/Py =
0.80 for the SBA-15. The overlapping potential of the walls
more readily overcomes the translational energy of adsorp-
tive molecules in a mesopore so that condensation occurs
at a lower pressure in a mesopore than that normally
required on an open surface. Thus, as the relative pressure
is increased, condensation occurs first in pores of smaller
size and progresses into the larger pores. The smallest
pores of the SBA-1 among the five mesoporous materials
cause the lowest pressure of water for its capillary con-
densation. We also observed the capillary condensation of
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Figure 4. Adsorption isotherms of water vapor on mesoporous
materials at 293.15 K: O, MCM-41; A, MCM-48; O, KIT-1; x, SBA-
1; ©, SBA-15; —, simulated Henry—Sips isotherm.

Table 2. Adsorption Isotherm Data of Water Vapor on
Mesoporous Materials at 293.15 K

MCM-41 MCM-48 KIT-1
P/Po N/g-g~* PIPo N/g-g~* PIPo N/g-g~*

0.033 0.008 0.049 0.009 0.085 0.020
0.221 0.031 0.148 0.021 0.203 0.031
0.410 0.052 0.279 0.039 0.271 0.040
0.541 0.070 0.492 0.064 0.378 0.054
0.639 0.088 0.590 0.082 0.458 0.080
0.672 0.125 0.639 0.127 0.531 0.120
0.673 0.202 0.656 0.201 0.570 0.217
0.674 0.297 0.657 0.288 0.587 0.310
0.675 0.424 0.658 0.386 0.594 0.369
0.676 0.506 0.659 0.451 0.600 0.449
0.689 0.591 0.664 0.552 0.609 0.541
0.714 0.640 0.672 0.628 0.617 0.623
0.757 0.680 0.689 0.693 0.640 0.708
0.836 0.705 0.738 0.731 0.671 0.756
0.918 0.715 0.787 0.761 0.780 0.793

0.836 0.787 0.883 0.810

0.869 0.804

0.902 0.826

SBA-1 SBA-15
P/Po N/g-g~* P/Pg N/g-g* P/Pg N/g-g~*

0.227 0.025 0.032 0.007 0.800 0.390
0.364 0.048 0.229 0.027 0.805 0.470
0.439 0.105 0.344 0.041 0.810 0.536
0.455 0.191 0.491 0.069 0.820 0.610
0.470 0.302 0.573 0.100 0.830 0.680
0.530 0.395 0.672 0.140 0.840 0.739
0.788 0.422 0.737 0.180 0.857 0.790
0.939 0.442 0.786 0.220 0.889 0.840
0.795 0.310

water on the SBA-15 at a higher pressure than that on
the MCM-41 and MCM-48 because of its large pores. The
difference in the pressure responsible for the capillary
condensation of water on the KIT-1 and MCM-41, however,
indicates that the shape of mesopores also affects the
capillary condensation, even though its effect is not sig-
nificant. The adsorption isotherm data of water vapor at
293.15 K on the five mesoporous materials are presented
in Table 2.

On the other hand, adsorption of water on mesoporous
materials is significantly dependent on temperature. Figure
5 shows the adsorption isotherms of water vapor on the
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Table 3. Adsorption Isotherm Data of Water Vapor on KIT-1 in Terms of Temperatures

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K 323.15 K 353.15 K
P/kPa  N/g.g' P/kPa N/g:g? P/kPa N/g,go! P/kPa N/g.g? P/kPa N/grg? P/kPa N/gg! P/kPa N/g.g?
0.198 0.020 0.299 0.027 0.550 0.037 0.550 0.034 0.372 0.031 0.743 0.029 0.277 0.006
0.476 0.031 0.897 0.057 0.826 0.057 1.046 0.078 0.877 0.058 1.266 0.046 0.515 0.008
0.634 0.040 1.305 0.106 1.211 0.091 1.431 0.108 1.249 0.077 1.844 0.063 0.912 0.012
0.884 0.054 1.414 0.169 1.541 0.160 1.651 0.120 1.488 0.090 2.009 0.067 1.269 0.013
1.070 0.080 1.469 0.225 1.623 0.243 1.844 0.139 1.754 0.104 2.146 0.071 1.586 0.018
1.242 0.120 1.506 0.297 1.656 0.315 1.981 0.162 1.940 0.116 2.256 0.076 1.823 0.021
1.333 0.217 1.532 0.388 1.689 0.400 2.036 0.185 2.126 0.130 1.982 0.023
1.374 0.310 1.550 0.462 1.714 0.484 2.091 0.215 2.312 0.144 2.141 0.027
1.389 0.369 1.574 0.574 1.740 0.569 2.119 0.267 2.299 0.029
1.403 0.449 1.632 0.658 1.816 0.648 2.131 0.314
1.424 0.541 1.741 0.698 2.009 0.685 2.142 0.375
1.443 0.623 2.075 0.730 2.201 0.698 2.147 0.440
1.497 0.708 2.163 0.517
1.569 0.756 2.205 0.595
1.823 0.793 2.280 0.624
2.065 0.810

1.0 Table 4. Parameters of the Hybrid Henry—Sips Isotherm

0.0 0.5 1.0 1.5 2.0 25
P/kPa

Figure 5. Adsorption isotherms of water vapor on KIT-1 in terms
of temperatures: <, 293.15K; O, 298.15 K; A, 303.15 K; 4, 308.15
K; O, 313.15 K; %, 323.15 K; @, 353.15 K; —, simulated Henry
isotherm; —, simulated Henry—Sips isotherm.

KIT-1 at various temperatures. The linear increases in the
adsorption amount of water are the same on all the
isotherms at low pressure, but the adsorption behavior of
water differs with adsorption temperature. Under our
experimental conditions below 2.5 kPa, capillary condensa-
tion occurs up to 308.15 K. A large difference in the
adsorption amount of water with a small change in
temperature from 308.15 K and 313.15 K suggests that
mesoporous material can be used as an effective dehumidi-
fier to remove a large amount of water per mass in an
adsorption—desorption dehumidifying cycle. Table 3 lists
the isotherm data of water vapor on the KIT-1 at seven
different temperatures.

Adsorption isotherms play a key role both in designing
water removal processes in chemical plants and in model-
ing adsorption—desorption dehumidifiers.*5 One simple
adsorption model, however, is not adequate to describe
water adsorption in mesopores because water adsorbs with
forming both the adsorbed layer on the inner surface and
the capillary condensation. Surface adsorption is dominant
at low pressure while condensed water fills mesopores at
high pressure. Hybrid adsorption models, therefore, are
required to simulate adsorption behavior of water on
mesopores over the whole pressure range.

Among the many isotherms tested for the simulation of
water, we found that the hybrid isotherm model of the
Henry and the Sips isotherms with four parameters nicely

for Water Vapor on Mesoporous Materials at 293.15 K
MCM-41 MCM-48 KIT-1 SBA-1 SBA-15

K 123 x 107! 151 x 107! 1.85x 10! 1.23 x 10! 1.85 x 107!
m 5.78 x 107! 6.48 x 107* 6.46 x 107! 3.27 x 107! 6.55 x 107
b 2.64 x 10'®> 5.15 x 10 2.34 x 108 9.84 x 10'® 2.21 x 10°
n 90.5 92.6 375 41.3 57.3

SOR 3.26 x 1072 2.19 x 1072 1.02 x 1072 3.10 x 105 6.67 x 1073

Table 5. Parameters of the Hybrid Henry—Sips Isotherm
for Water Vapor on KIT-1 at 293.15, 298.15, 303.15, and
308.15 K

293.15K 298.15 K 303.15 K 308.15 K
K 7.93 x 107! 8.53 x 1072 8.48 x 1072 7.97 x 1072
m 6.45 x 1071 558 x 107! 5.14 x 107!  4.35 x 107
b 3.23x 1076 292 x107% 3.10x 1071 1.14 x 10735
n 37.6 40.6 42.0 106.0
SOR 1.02x107% 137 x10% 6.81x10* 1.67 x 1078

fitted the experimental adsorption data. The proposed
isotherm model is as follows:

N = K(P/P,) + _mb(P/Po)” 1)
B %14 bPPy)"

where N is the adsorption amount, P is the pressure of
water, Py is the saturation pressure of water at the
adsorption temperature, K is the Henry isotherm param-
eter, and m, b, and n are the Sips isotherm parameters.'6
Four parameters (K, m, b, n) of the hybrid isotherm were
determined by a nonlinear least-squares fitting routine of
Nelder—Mead simplex method. The Henry isotherm pa-
rameter for surface adsorption has a physical meaning in
the thermodynamic view, whereas the Sips isotherm
parameters describe only the capillary condensation of
water at moderate pressure. It is evident that b and n—
relating to adsorption strength—are very sensitive for the
capillary condensation. However, the interpretation of their
variance with adsorption temperature and species was not
tried because the intrinsic physical meanings of the Sips
parameters were not clearly understood.

The solid lines (Figures 3 and 4) are the simulated
results using the determined parameters of the hybrid
isotherms listed in Tables 4—6. Also, the goodness-of-fit was
calculated by comparing the square of residuals (SOR),
defined as follows:

SOR = %Z(Nexp - Ncal)2 2
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Table 6. Parameters of the Henry Isotherm for Water
Vapor on KIT-1 at 313.15, 323.15, and 353.15 K

313.15 K 323.15 K 353.15 K
K 6.12 x 1072 3.39 x 1072 1.21 x 1072
SOR 5.38 x 1075 1.59 x 1075 1.15 x 10°°

As defined in eq 2, the SOR is an absolute value and
the magnitude is dependent on the goodness-of-fit as well
as the number of experimental points.l” Simulated iso-
therms using the hybrid isotherm model are highly coin-
cidental with the equilibrium adsorption data. Thus, we
expect that the hybrid isotherm proposed in this study will
be widely applicable for kinetic and dynamic studies on the
adsorption and desorption of water vapor on mesoporous
materials composed of both surface adsorption and capil-
lary condensation.

Conclusion

Adsorption equilibria of water vapor on the five meso-
porous materials MCM-41, MCM-48, KIT-1, SBA-1, and
SBA-15 were classified as the unusual type V, representing
surface adsorption and capillary condensation on their
mesopores. The size of the mesopores and temperature
highly affected the pressure responsible for capillary
condensation, while the effect of pore shape is relatively
small. The proposed hybrid isotherm model which combines
the Henry and the Sips isotherms describes well the
adsorption data including surface adsorption and capillary
condensation of water vapor even with a set of four
parameters, suggesting that the hybrid isotherm model will
be useful for the simulation of adsorption behavior of water
vapor on mesoporous materials.

Note Added after ASAP Posting. This article was
released ASAP on 8/2/2003. To clarify the data presented
in Figure 5, the adsorption isotherm of water vapor on
KIT-1 in terms of temperature from P/P, to P has now been
presented employing the capillary condensation corre-
sponding to each temperature instead of the reference
vapor pressure (293.15 K) as in the original posting. The
text under Figure 5 and the data in Tables 3, 5, and 6 also
have been changed for the same reason. In addition, the
units in Table 2 have been corrected. The paper was
reposted on 9/10/2003.
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