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Abstract

Post-synthesis hydrothermal treatment of MCM-41 mesoporous silica provides a convenient method for pore ex-

pansion and silica wall thickening for improvement of its stability. The physical chemistry of the process is investigated

by examining the effects of water content, salts and aluminum on pore expansion. A hydrothermal treatment at 150 �C
in water or a salt solution leads to controlled pore expansion. The pore size and wall thickness vary with the kind of

anion of the salt and their concentrations. The salt effect follows the well-known binding strength of the Hofmeister

series of anion for the cationic surfactant, NO�
3 > Br� > Cl� > SO2�

4 � F�. It is proposed that an equilibrium of

distributing surfactants inside the MCM-41 channels and in solution controls the pore size and wall thickness upon

varying the salts. The anion (X�) binds with cationic surfactant molecules (Sþ) in solution to shift the equilibrium of

surfactant/silicate binding leading to less surfactant and water in the pore, and hence less pore expansion. The effect of

ammonia hydrothermal treatment is to shift the equilibrium to stronger surfactant/silicate binding and thus more pore

expansion. At neutral condition, the wall thickness varies inversely with respect to the pore diameter. The wall thickness

variation agrees with a model of elastic deformation of the wall silica materials at high temperature.

� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Since its discovery [1], M41S material has at-
tracted wide attention for its rich variety of syn-
thetic strategies for modifying its structure and
morphology. Considerable efforts were made to
vary its synthesis process in order to control its

structure order [2], pore size [3] and morphology
[4,5]. The processes are complicated by many fac-
tors involving surfactant self-assembly in solution
[6], mesophases transformation [7], surface func-
tionalization [8] and hydrothermal re-structuring
of silica [9,10].

Post-synthesis hydrothermal re-structuring of
MCM-41 materials is a particularly useful tech-
nique for metal incorporation [11], adjusting struc-
tural order [12], pore expansion [13–16] and
enhancing hydrothermal stability [16,17]. However,
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due to the richness of experimentally controlla-
ble variables, the mechanism of hydrothermal re-
structuring is not yet well understood. Factors
important in hydrothermal treatment are tem-
perature [10,18], pH value [2,19], and additives
[17,20]. They affect detailed structural characters
such as wall-thickness [21], degree of silica con-
densation [16] and pore sizes [13–16]. Different
experimental variables affect structural characters
in different ways. In recent literature, there are rich
combinations of adjusting these variables. The
synthesis situation can be rather confusing if one
wants also a clear understanding of the physical
chemistry behind the various treatments.

Post-synthesis hydrothermal treatments have
been developed for various purposes. The prob-
lems are varied, such as wall structure, hydro-
thermal stability or pore size control. Among these
problems, the pore expansion appears to be most
amenable to a well-controlled study. The pore size
is a well-defined physical quantity, and its change
can be followed in a systematical way.

Moreover, pore-size control is important in
applications such as catalysis, adsorption and con-
finement of nanomaterials. For example, in cata-
lytic applications, larger pore system could lead to
less pore-blocking and higher conversion [22].
Quantum confinement of semiconductor in the
nanochannels of mesoporous silica requires fine
control of the pore size of the host [23]. In this
paper, we discuss the pore-expansion problem by
post-synthesis hydrothermal treatment in a well-
controlled approach such that individual variable
can be examined in more focused way.

Khushalani et al. [9] were the first to report the
effect of post-synthesis hydrothermal treatment at
150 �C on MCM-41 materials in mother solution
leading to large pore expansion up to 7 nm (more
than 100%). They attribute the pore expansion to a
significant penetration of water into the pore dur-
ing treatment. Stucky and coworkers [6] used post-
synthesis hydrothermal treatment to expand pore of
MCM-41, and they found they could expand the
pore by about 30% at 100 �C for geminal surfactants
with divalent head groups. It should be noted that
water instead of mother liquor was used in the post-
synthesis hydrothermal treatment. Corma et al. [14]
used synthesis gel in a high temperature (150 �C)

hydrothermal treatment and obtained large ex-
pansion of pore similar to that of Khushalani et al.
In a similar post-synthesis hydrothermal treat-
ment of MCM-41, Cheng et al. [13a,b] found a
moderate pore size increase accompanied by a large
increase of the wall-thickness. In the work of Chen
et al. [16] water was used as medium in hydro-
thermal treatment and they also found a mild pore
expansion with improved stability. Recently Kruk,
Jaroniec, Sayari (KJS) and coworkers [10,15,24,25]
initiated a detailed attack on the pore expansion
problem of post-synthesis restructuring of MCM-
41. They used a one-step high temperature hydro-
thermal treatment in mother liquor. They proposed
that the main driving force for the large pore ex-
pansion is the in situ decomposition of the cationic
surfactant and the generation of dimethylhexade-
cylamine (DMHA) which acts as a powerful ex-
pander [13a,25]. It seems both the hydroxide ion
and the quaternary ammonium cations such as
TMAþ could act as catalysts for the thermal de-
composition of the surfactant C16TMAB. In fact
quaternary ammonium cations are used in many of
the case of large expansion.

Summarizing observations from previous
works, it seems that there are two kinds of aqueous
medium used for hydrothermal pore expansion
leading to different extent of pore expansions. If
one uses mother liquor as the hydrothermal me-
dium, the high pH condition would activate surf-
actant decomposition and help silica hydrolysis.
The silica undergoes extensive restructuring with
large neutral expander DMHA solubilized in the
hydrophobic core of the surfactant organization.
On the other hand, pore expansion in water (thus
lower pH condition) usually leads to a minor ex-
pansion by about 30% and more complete siloxane
bond condensation. This often leads to better
structural order and stability. Here the driving
force and the mechanism are not completely clear.
However, recently Tolbert and coworkers [7]
speculated that the silica annealing process, driven
by the changes in surfactant conformation, is re-
sponsible for the minor pore expansion of MCM-
41 in water at high temperature. Furthermore,
they showed the same driving force could also lead
to consecutive interesting phase transformations
of the silica/surfactant composites under hydro-
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thermal treatment [7]. The silica framework can
respond to changes in surfactant organization
under hydrothermal conditions.

Since the surfactant system in the synthesis is
lyotropic in nature, instead of changing the tem-
perature there is actually another way to change
the surfactant equilibrium in the system. It is by
varying the electrolytes in the solution composi-
tion, in particular the counterion X� species. In
the synthesis of MCM-41, the SþI� binding has
to compete against the simple counterion X� [6].
Previously we have shown the factors involved
in determining the mesostructure formation are:
counterion adsorption equilibrium of X� on mi-
cellar surface and catalyzed silica condensation
near micellar surface [26]. There is a specific effect
following the well-known Hofmeister series [27] in
surfactant-anion binding strength. We have shown
that the specific counterion binding of X� could
influence the formation of the mesostructure both
in acid synthesis [26] and in alkaline synthesis [28]
of mesoporous silica.

In this paper, we study the pore expansion under
hydrothermal conditions with neutral aqueous so-
lutions of simple salts. There are two purposes
underlying this study. First, we are interested in
finding out whether there is a specific order, as in
Hofmeister series, in changing the pore size and
wall thickness. We will gain insight toward a better
understanding of the silica restructuring in response
to the surfactant system in the surfactant–silica
composite materials perturbed by the salts. Sec-
ondly, it is known that in the hydrothermal treat-
ment of MCM-41 in salt solutions [17,29,30], the
structure and stability (corresponding to silica wall
thickness) of the materials are markedly improved.
The reinforced MCM-41 would be useful in many
catalytic applications [31]. In this method the surf-
actant-counterion binding is important in control-
ling the pore structure and hydrothermal stability.

2. Experimental

2.1. Materials

Sodium silicate (27% SiO2, 14% NaOH, Ald-
rich) was used as the silica source. Quaternary

ammonium surfactants are cetyltrimethylammo-
nium bromide (C16H33(CH3)3NBr; C16TMAB)
from Acrôos. The source of aluminum was sodium
aluminate NaAlO2 (Riede-de Ha€een). Sulfuric acid
was from Merck. The sodium salts (NaX; X ¼ F,
Cl, Br, NO3, S1=2O2) were from Acrôos or Janssen
Chimica. All these materials were used directly
without further purification.

2.2. Synthetic procedure

2.2.1. Preparation of room temperature-made
MCM-41 mesoporous silicas and aluminosilicates
samples

To prepare as-synthesized mesoporous pure
silica MCM-41 materials, the delayed neutraliza-
tion process we previously reported was used [32].
First of all, sodium silicate was combined with a
clear surfactant aqueous solution under stirring,
and then a gel mixture was formed. After mixing
for about 10–20 min at 32 �C, a suitable amount
of 1.20 M H2SO4 was added into the gel mixture,
and pH value of the reaction compositions was
adjusted to about 9.0. The molar ratio of the
resulting gel composition is: 1C16TMAB:1SiO2:
0.39Na2O:0.29H2SO4:(50–400)H2O. The alumino-
silicate MCM-41 was synthesized with the same
process except for adding a proper amount of
NaAlO2 (Si/Al ¼ 37) into the C16TMAB solution
of surfactant-sodium silicate. The as-synthesized
solid products were recovered by filtration, washed
with a large amount of deionized water such that
pH of the wash liquid was less than 8 and then the
samples were dried in air at 100 �C.

2.2.2. Postsynthesis hydrothermal treatment on RT-
made mesoporous materials

The 1.0 g dried RT-made mesoporous samples
were added into 50.0 g H2O, and the pH value of
the suspension was about 8–9. Then, the material
was loaded and sealed in an autoclave at 100 or
150 �C for three days. For comparing the salt ef-
fect on the pore expansion and wall thickening,
different sodium salts with desired amounts are
combined with the solution before hydrothermal
treatment. To examine the influence of the pH
value on the lattice expansion, an ammonia solu-
tion was used instead of water. For studying water
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content effect on pore expansion, a desired amount
of RT-made sample (0.25–3.0 g) was added in 50 g
H2O solution. The final product was regained by
filtration and washing. The as-synthesized samples
were calcined in air at 560 or 580 �C for 6 h to
remove the organic species occluded in the nano-
channels of the MCM-41 aluminosilicate.

2.3. Characterization

X-ray powder diffraction (XRD) patterns were
taken on a Scintag X1 diffractometer with Cu Ka

radiation (k ¼ 0:154 nm). The N2 adsorption–de-
sorption isotherms were collected at 77 K on a
Micromeritics ASAP 2010 apparatus. Prior to the
analysis, the sample was outgassed at 300 �C for
about 6 h in 10�3 Torr. The pore size distribution
was obtained from the analysis of the adsorption
branch of the isotherms using the BJH (Barrett–
Joyner–Halenda) method. The solid state 29Si
MAS NMR experiments were performed at room
temperature on a Brueker MSL 300 or 500 NMR
spectrometer with a magnetic field of 6.6 or 11 T
respectively. The surfactant content of the meso-
porous silicas was measured by thermogravimet-
ric analysis (TGA). TGA were conducted with
a ULVAC TGA-7000RH thermogravimetric sys-
tem. In a typical experiment, �50 mg of sam-
ple was heated to 700 �C at 10 �C/min under
dry air. The surfactant content was determined
from the weight loss between the temperature
range of 150–450 �C. Higher weight loss in this
range corresponds to higher surfactant content in
the as-synthesized surfactant–silica mesostructural
samples.

3. Results

In this section, we report on the phenomenon of
pore expansion after hydrothermal treatment at
150 �C with various conditions. These variations
include the ratio of sample to water, salt addition
and aluminum incorporation on the framework.
They affect the pore size and wall-thickness in a
systematic way that can be understood. We pre-
sent the results in this section. In the next section,
we then discuss the mechanism underlining the

re-structuring and further data in support of our
interpretations.

Fig. 1 presents the structural data of the MCM-
41 samples after hydrothermal treatment at 100
and 150 �C for three days. They include the pore
size and the nearest neighbor channel distance a0
(2d1 0 0=

p
3). The wall thickness is the difference

between the above two sizes. We varied the amount
of water used in the treatment. The x-axis is the
weight of sample to 50 g of water used.

First we see that the data for the 100 �C con-
dition, which is usually applied in normal proce-
dure, show constant sizes, independent of the
sample/water ratio. Secondly as one increases the
temperature to 150 �C in treatment, there are
modest increases in both the pore size (from 2.7 up
to 3.3 nm) and the wall thickness (from 1.7 to 2.5
nm). The pore expansions at 150 �C now depend
on the sample to water ratio (r). As r-value in-
creases, wall thickness decreases while the pore
diameter increases to a constant value. Appar-
ently, the temperature of 100 �C is too low for

Fig. 1. Plots of d1 0 0 value, pore size, and wall thickness of the

mesoporous silica synthesized from C16TMAB-silicate-H2O

after hydrothermal treatment for three days. The horizontal

axis expresses the ratio of sample weight to 50 g water.
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obvious mesostructure annealing to occur. It has
been shown previously [7] that the onset temper-
ature for annealing is pH dependent. In Ref. [7],
the reported onset temperature is between 90 and
60 �C for alkaline solution (in 0.15–0.235 M
NaOH). Our solution pH is much closer to neutral
and annealing onset should be more difficult.
Therefore mesostructure annealing is not consid-
erably expected at 100 �C. At 150 �C, there is more
extensive restructuring. Both the pore size and wall
thickness increase compared to those for the 100
�C cases. However, we also note that, when com-
paring across the sample/water ratio at the same
temperature of 150 �C, the pore size change is in
the opposite direction of the wall thickness trend.

We next performed the hydrothermal treatment
in salt solution of the as-synthesis MCM-41 com-
posite at 150 �C for three days at the fixed sample/
water weight ratio of 1=50. The results for the size
changes are shown in Fig. 2. We note that the case
for the ammonia solution is in different trend from

the rest of the salt solutions. As the concentration
of ammonia is increased, the pore size also in-
creases while the wall-thickness decreases. Previ-
ously, we have used ammonia solution in the
hydrothermal treatment of acid-synthesized meso-
porous silica [33]. It is a convenient method for
structure improvement under the desired pH value
conditions.

For the other NaX salt solutions, Fig. 2 shows
that as the concentration of counterion X� is in-
creased, the pore size decreases while the wall-
thickness increases. The slope of the decrease of
pore size is anion-specific (the cation matters little)
and strength of the influence follows the order of
NO�

3 > Br� > Cl� > F�. This is the same lyo-
tropic (Hofmeister) series that has been reported
for many other hydrophobic or amphiphilic solu-
tion organizations. This is also found in our pre-
vious investigation of the counterion effect in the
kinetics of formation of surfactants–silica meso-
porous materials [26,28].

The decrease in pore size upon the increase of
salt concentration is accompanied by a gradual
decrease in the structure order of the hexagonal
channels. An example for the case of NaBr solu-
tion is shown in the XRD patterns in Fig. 3. The
concentration of NaBr increases from A to F. Kim
et al. [30] observed also a gradual loss of structure
order in their study of salt effect in hydrothermal
treatment. They attributed this to a branching of
micelles, which causes a transition from hexagonal
mesophase to a disordered network.

Fig. 3 also shows that the d-spacing of the hex-
agonal phase decreases as the salt concentration
increases. But the hexagonal phase order cannot
persist indefinitely. The point at the highest salt
concentration in Fig. 2 is in fact the end point for
the existence of mesostructure beyond which the
pores collapse and form amorphous silica. This
point of structure collapse seems to occur at the
pore size about 2.2 nm for all the salts examined.
Moreover, the salt concentration for the meso-
structures collapse also decreased as Hofmeister
series.

The results in Figs. 1–3 are for pure silica
MCM-41. When aluminum is incorporated into
the structural framework, we found that the ex-
pansion of the pore size is very difficult in a 150 �C

Fig. 2. The unit cell size (a0) and pore size for the mesoporous

silica after hydrothermal treatment at 150 �C for three days,

plotted as functions of salt to surfactant {(MX)/C16TMAB}

ratio. The weight ratio of the as-synthesized sample to water is

fixed at 1=50.
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hydrothermal treatment. Fig. 4 shows a compari-
son of the pore size for the two cases, with and
without aluminum incorporation. When alumi-
num is present (Si/Al ¼ 37), curve A shows a
capillary condensation occurs at P=P0 about 0.32–
0.33 corresponding to a pore size distribution
between 2.40–2.70 nm, close to the sizes of the
samples synthesized at 100 �C. However, when no
aluminum is present, the pore was swollen after
150 �C hydrothermal treatment (Fig. 4B), com-
pared to the MCM-41 samples at 100 �C or
without any hydrothermal treatment. The capil-
lary change of P=P0 occurs at about 0.42 corre-
sponding to a pore size of 3.4 nm (see also Fig. 1).

4. Discussion

There are two questions about the pore size and
wall thickness change we would like to focus in

this section. The first is the question of the ther-
modynamic driving force for pore expansion. And
the second is concerned about the way by which
silica is reconstructed in hydrothermal treatment.

From literatures, we can summarize that there
are basically two kinds of driving force for pore
size change upon hydrothermal treatment of silica:
one is the change of silica surface condensation
and the other is the change of surfactant organi-
zation. It has been long known that porous silica
(without template) would expand its pore upon
hydrothermal treatment [34]. When porous silica
spheres were prepared by an application of the
sol–gel method and a hydrothermal treatment of
the hydro-gel [35], the pore-radius increased with
the hydrothermal temperature and the duration
of the treatment. Here water penetration into the
pore probably depends on the surface free energy.
The more negative curvature favors hydrogen
bonding between surface silanol groups. At higher

Fig. 4. The N2 adsorption–desorption isotherms of the pure

silica and aluminosilicate (Si/Al ¼ 37) mesoporous materials

after 150 �C hydrothermal post-treatment for three days. The

inserted plot is the pore size distribution curves of these sam-

ples. (A) Si/Al ¼ 37; (B) Si/Al ¼ 1. The weight ratio of the as-

synthesized sample to water solution is 1=50.

Fig. 3. XRD patterns of the mesoporous samples after 150 �C
hydrothermal treatment for three days in NaBr solution.

The concentration of NaBr increases from A to F. (A)

NaBr/C16TMAB ¼ 0; (B) NaBr/C16TMAB ¼ 3:07; (C) NaBr/

C16TMAB ¼ 12:3; (D) NaBr/C16TMAB ¼ 28:3; (E) NaBr/

C16TMAB ¼ 48:0; (F) NaBr/C16TMAB ¼ 60:0. The weight

ratio of the as-synthesized sample to water is fixed at 1=50.
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temperature the dehydration would make siloxane
(hydrophobic) group which favors lower curva-
ture. For the as-synthesized surfactant/silica meso-
composite system, Khushalani et al. [9] proposed
water penetration as the cause of hydrothermal
pore expansion. On the other hand, organics sol-
ubilized inside the micellar channel can also swell
the channel. It has been proposed that the main
driving force for the large pore expansion is the
in situ decomposition of the cationic surfactant
and the generation of DMHA which penetrated
into the hydrophobic core of surfactants, and acts
thus as an expander [13a,25]. The silica wall re-
spond to the increase of organics by reconstructing
around it.

The second question we are interested in is how
the silica reconstruction is accomplished. Is the
reconstruction a local adjustment of the silica
network or there is extensive dissolution/deposi-
tion? How is the wall-thickness adjusted to the
pore change? The addition of salt in the aqueous
medium of hydrothermal treatment allows us a
whole range of controlled pore size. We observed
in Fig. 2 a systematic inverse relationship between
the pore-size and the wall-thickness. We would
like to understand the relationship.

4.1. Pore expansion under hydrothermal treatment
in water

For understanding the surfactant–silicas meso-
structural restructuring after the 150 �C hydro-
thermal treatment, the TGA instrument was used
to investigate the surfactant retention weight. The
29Si MAS NMR directly analyzed the local
bonding of silica in the as-synthesized 150 �C hy-
drothermally treated samples. Fig. 5 shows the
organic surfactant/SiO2 ratios and the Q3/Q4 (Q3:
(SiO)3Si–OH; Q4: (SiO)4Si) ratios as a function of
the sample weight to 50 g water. One can clearly
find that the surfactant/SiO2 ratios dramatically
decreased after 150 �C hydrothermal treatment
(the surfactant/SiO2 of the starting material is
0.91). In addition, the surfactant/SiO2 ratio of the
150 �C hydrothermally treated sample increase
with the sample weight to water. It was suggested
that some part of the surfactants were extracted
from the mesoporous channels, and the removal

amount reasonably increased with the water con-
tents. Similar to the trend of the surfactant/SiO2

ratio, the Q3/Q4 ratio corresponding to the silica
condensation also increased with the sample
weight to 50 g water that indicated the silica fur-
ther condensed as the increase of water content.
Combining these results, a conclusion should be
drawn as the mechanism of the surfactant amount
change in the surfactant–silicas mesostructured
composites. Let us consider the following equilib-
rium involving the surface siloxane condensation
and the change of charge balance.

ð1Þ

One can see that surfactant molecules can move
out of the silicate/surfactant composite due to
decreased surface charge density of the silica

Fig. 5. The surfactant/SiO2 and Q3/Q4 ratios of the as-synthe-

sized MCM-41 mesoporous materials before and after hydro-

thermal at 150 �C for three days plotted as a function of sample

weight in 50 g water.
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wall after some siloxane formation under high
temperature 150 �C condition. Eq. (1) also indi-
cates the equilibrium will shift towards the right
hand side when there is more water in the system
and, therefore, one expect that less surfactant re-
tention in the silicate/surfactant mesostructural
sample.

For comparison, we also analyzed the surfac-
tant weight retention and Q3/Q4 ratio (surfactant/
SiO2 ¼ 0:76; Q3/Q4 ¼ 0:88) for the as-synthesized
sample after 100 �C hydrothermally treated sam-
ple. The results for the 100 �C hydrothermally
treated sample are roughly independent of the
sample/water ratio.

The samples for the 150 �C treatment are the
same set of samples where their size data are shown
in Fig. 1. The higher surfactant retention is fa-
vored at higher MCM-41 materials/water ratio.
From Fig. 5, for 150 �C treated samples, one can
see that the more is the surfactant content, the less
silica condensation. Up to sample to water ratio
1=50, this is also parallel with concomitant in-
crease of pore size. However if the two samples at
100 and 150 �C (at the same sample to water ratio
1=50) are compared, the lower temperature sample
results in higher surfactant/silica ratio but gives a
smaller pore (Fig. 1). This is due to a thinner wall
at 100 �C . Upon increasing temperature, the si-
multaneous increase of wall thickness, pore size
and the decrease of surfactant content indicate
some space filling and surfactant replacing sub-
stance penetrate the pore after high temperature
treatment. Quite likely, this is water penetration as
proposed by Khushalani et al. [9]. The silica con-
densation reaction would favor a larger pore and
provide the driving force for the water penetration.
This kind of pore-expansion is, however, quite
modest by increasing about 0.7 nm. The larger
expansion reported in the literature is most likely
due to surfactant decomposition to amine in al-
kaline condition.

4.2. Counterion effect under hydrothermal treatment
in salt solution

Let us consider a similar equilibrium for the
surfactant removal by counterion binding as shown
in Eq. (2):

ð2Þ
When salt (MX) is present in the hydrothermal
solution, the equilibrium will be shifted to the right
and there will be loss of surfactant from the
composite due to the competitive effect between
X� and negative-charged silica wall to the cationic
surfactants. This is what we see in Fig. 2 that the
pore size of the calcined sample decreases with the
increase of salt concentration but the wall thick-
ness increases. Besides, different anions will differ
in their binding strength to the cationic surfactant.
The order in counterion binding is well known as
the Hofmeister series:

NO�
3 > Br� > Cl� > SO2�

4 � F�

This is the order we observe in the decrease of
pore-size in Fig. 2. This order is also observed in
our previous study of the counterion effect in the
kinetics of formation of mesoporous silica [26,28].
There are many other parallel observations. For
example, recent results obtained from direct EMF
measurement of degree of counterion association
to cationic surfactant also follow the above lyo-
tropic order [36]. To examine the effect of the
cations (Mþ) of the salts, four kind chloride com-
pounds (such as LiCl, NaCl, KCl and (CH3)4Cl)
were used to test. From the results (Table 1), we
readily conclude that the cationic species do not

Table 1

The physical properties of the MCM-41 mesoporous materials

after 150 �C hydrothermal treatment in different chloride salts

water solution

Saltsa d1 0 0
(nm)

a0
(nm)

BET

S.A.

(m2/g)

Pore

size

(nm)

Wall

thickness

(nm)

LiCl 4.32 4.98 560 2.50 2.48

NaCl 4.29 4.95 567 2.55 2.40

KCl 4.36 5.03 587 2.53 2.50

(CH3Þ4NCl 4.33 5.00 574 2.52 2.48

a The ratio of the salts/C16TMA is about 20.0.
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have obvious influence on the equilibrium of Eq.
(2). In other words, the addition of salts is not
a simple ion exchanging reaction, but a surfac-
tant competing and silica condensation reaction.

One should note here that at 150 �C the pore
contraction (c.f. Fig. 2), upon hydrothermal treat-
ment in salt solutions, probably also exclude the
occurrence of surfactant decomposition toDMHA.
If DMHA was produced, one would observe some
swelling action leading to pore expansion instead
of contraction here. As the solution pH is in neu-
tral condition, the base-catalyzed Hoffmann elim-
ination reaction probably did not occur. We thus
only observe surfactant removal upon hydrother-
mal reaction in salt solution.

As more surfactant molecules are removed from
the surfactants–silica composite as increasing the
salt concentration, it would be more difficult to
maintain the hexagonal order of the MCM-41
materials. Thus, we observe in Fig. 3 that the
structure order becomes poorer and finally it leads
to structure collapse to amorphous silica at high
salt concentration.

When there is aluminum incorporation in the
framework, the wall becomes negatively charged.
It leads to stronger binding to the cationic surf-
actant and reduces the amount of the removed
surfactant during hydrothermal treatment [37].
The weaker anion-surfactant binding cannot com-
pete against the aluminum effect. The pore size
is more difficult to change compared to the pure
siliceous MCM-41 as shown in Fig. 4.

4.3. Pore expansion under hydrothermal treatment
in ammonia solution

We next discuss the hydrothermal treatment in
ammonia solution. Previously, we have used am-
monia solution in the hydrothermal treatment of
acid-synthesized mesoporous silica [33]. It is a
convenient method for structure improvement.

The result in pore size change by the addition
of ammonia is opposite of the other cases of salt
solution. As the concentration of ammonia is in-
creased, the pore size increases while the wall-
thickness decreases. We have also performed TGA
analysis of the ammonia treated samples at various
concentrations. Fig. 6 gives the weight retentions

as function of temperature. We see that the higher
the ammonia concentration, the more the surfac-
tant retention. From the equilibrium reaction (1),
we can expect that the reaction will shift to the left
in alkaline condition and thus lead to retention of
surfactant. More surfactant retained in the MCM-
41 products of the larger pore. However, since this
is in alkaline condition, we cannot rule out the
Hoffmann reaction leading to the expander
DMHA.

4.4. The conservation of channels

We have qualitatively observed the pore change
at 150 �C, upon the addition of electrolyte, is due
to the changes in the equilibrium (1). Surfactant
removal due to counterion binding would shrink
the pore relative to the treatment in pure water.
However, silica wall also should play some role.
We would like to know how the silica responds
to the change in surfactant removal. We see, from

Fig. 6. TGA curves for the mesoporous materials after hy-

drothermal treatment at 150 �C for three days in ammo-

nium solution of different concentrations, where the weight

ratio of the as-synthesized sample to ammonia solution is fixed

at 1=50.
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Fig. 2 that the changes of wall thickness are in an
opposite trend from the pore size change. We plot
the data in Fig. 2 in another way as in Fig. 7. The
wall thickness is the difference between a0 and pore
diameter value. Although the data are somewhat
scattered, we can see the clear inverse relationship
between pore size and wall thickness. Also we
plotted the BET surface area data against pore
size. When pore size is increased, the BET sur-
face area increases as expected. Since we treated
hydrothermally the sample under neutral pH
condition, we do not expect there is much silica
dissolution into the solution. So the silica materials
should be conserved in the sample. The question
is then how the silica/surfactant composites re-
organize themselves to adjust to the surfactant
changes. We model the change by making a few
assumptions. First, we assume the structural ad-
justment is only local; e.g. no extensive dissolu-
tion–deposition is assumed. The system simply
changes the pore and wall locally while it main-
tains the hexagonally arranged mesostructure.
Secondly, we assume the number of channels and

their lengths are conserved, e.g. no loss of chan-
nels. This seems to be a reasonable assumption
since we have not observed changes in morpho-
logy. Thirdly, for the channel shape we assume
two models: the hexagon and the circular. They
are shown in Fig. 8. The shaded areas in Fig. 8
represent the solid materials of silica wall. Now if
the pore contracts to a smaller value, the conser-
vation of channels and silica would allow us to
predict how the wall thickness would change. One
can calculate the relationship between pore size
and wall thickness according to Eqs. (3) and (4) for
the two models.

For hexagonal channels

w ¼ �2r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4r2 þ 2A=

ffiffiffi
3

pq
ð3Þ

For cylindrical channels

w ¼ �2r þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pr2=

ffiffiffi
3

p
þ 2A=

ffiffiffi
3

pq
ð4Þ

A is the area of silica in a unit cell.
The results are plotted in Fig. 7. The solid curve

is based on hexagonal channel model and the dot
curve is based on cylinder channel. Amazingly, the
experimental results follow the model prediction
quite closely. The scattering of the data does not
allow us to distinguish which model is better
however. For BET surface area data however, we
did not attempt a fit based on theoretical model
because there are contributions due to surface area
from texture and micro-porosity so it is uncertain
the extent of contribution of mesopores.

The close agreement between the predicted and
experimental results with just one-parameter fit

Fig. 7. The wall thickness and BET surface area for the meso-

porous silica materials after hydrothermal post-treatment at

150 �C for three days under various reactions conditions plotted

as a function of pore size. The dash line and dot line are the

results calculated according to Eqs. (3) and (4) for the hexa-

gonal-shaped and circle-like pore respectively and assuming

number of nanochannels within mesoporous materials being

conserved.

Fig. 8. The schematic diagrams of the hexagonal and cylin-

drical-shaped nanopore models. The r and w indicate the radius

and the wall thickness of the nanochannels, respectively. The

diamond dot line area is an unit cell of the mesostructure.
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leads us to propose that the channels are preserved
in hydrothermal reconstruction. The adjustment of
wall thickness follows the change in the surfactant
organization continuously; that is, the silica ad-
justs locally to preserve symmetry and volume.
This is corroborated by several observations in this
laboratory and others reported in the literature. It
has been reported the morphology of the MCM-41
materials does not change much after hydrother-
mal treatment [30,38]. Previously, we have re-
ported a synthesis of tubular form of MCM-41
[38]. The morphology is basically fixed at the stage
of as-synthesized composite, prolonged hydro-
thermal treatment even at the higher temperature
of 150 �C does not transform them into particular
form or other morphology. Gross et al., in a study
on the phase stability of periodic silica/surfactant
nano-structured composites driven by temperature
increase, reported continuous adjustment of silica
framework subjecting to the change in surfactant
conformation [7].

We should note here that in determining the
pore size of the MCM-41 materials we have used
the standard BJH method based on Kelvin equa-
tion of capillary condensation. Many researchers
challenged the use of BJH method claiming it
under-estimate the pore size [38,39]. Among the
newer methods proposed, the one based on geo-
metrical construction was investigated intensively
by Kruk et al. [38].

If one shifts to other methods, what would be
changed in Fig. 7? It has been shown by KJS that
their new geometrical method can be reproduced
by using a corrected BJH method. One just adds
a constant 0.6 nm to the pore size calculated by
standard BJH. This constant shift basically does
not change our conclusion in Fig. 7. With a single
parameter, we could still predict the pore size
versus wall thickness plot fairly well.

4.5. Increased hydrothermal stability

Ryoo and coworkers [29,30] have demonstrated
prolonged hydrothermal treatment of as-synthe-
sized materials in salt solutions at 100 �C could
increase its hydrothermal stability. From the pre-
sent study, the thickening of the wall of MCM-41
maybe the major cause of the salt stabilization

effect. It seems that treating at the higher temper-
ature 150 �C will enhance further the salt stabili-
zation effect.

5. Conclusions

We have shown in this paper that the physical
chemistry in the problem of post-synthesis hy-
drothermal effect on the pore size of MCM-41 can
be systematically approached. We studied the well-
controlled system of treating samples in neutral
water or salt solutions. The pore expands upon
increasing temperature to 150 �C with simulta-
neous wall thickening. This is explained in terms of
water penetration. Evidence from TGA studies is
provided to support this explanation. However,
hydrothermal treatment in mother liquor with
base conditions and supply of source materials
would give one larger pore expansion. This is due
to the decomposition of larger amounts of surf-
actant to amine to swell the micelles.

The clear inverse relationship between wall-
thickness and pore size can be fitted by a simple
model of local adjustment of the silica wall to the
change of surfactant content. The model is based
on conservation of silica materials and channels
and the adjustment is continuous and local. The
adjustment of the surfactant content in the MCM-
41 composite can be finely controlled by using
various salt solutions in hydrothermal treatment.
This is based on the well-known ion-surfactant
binding strength that follows the Hofmeister series.

This work is part of a series of study of the
physical chemistry of the changes that is associated
in the synthesis and post-synthesis treatment of
mesoporous materials [26,28,40]. It is demon-
strated that the physicochemical process can be
studied in a quantitative way to understand the
fundamental thermodynamic and kinetic principle
involved in the making of the complex periodical
organic/inorganic composite.
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