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Abstract: This study explores the influence of micelles on the evolution of MCM−41’s pore structure
via 24 h hydrothermal treatments in a range of temperatures from 100 ◦C to 200 ◦C. MCM−41 was
characterized using BET, SAXD, FTIR, TEM, and TG-DSC. The findings demonstrate that with temper-
ature elevation from 100 ◦C to 160 ◦C, the micelles undergo expansion, leading to an enhanced lattice
constant from 4.50 nm to 4.96 nm and an increase in pore diameter from 3.17 nm to 3.45 nm, while
maintaining the structural orderliness of the pore channels. Upon cooling, the reversible contraction
of micelles and the strategic addition of water glass contribute to a reduction in pore size. However,
at a threshold of 180 ◦C, the SAXD (100) peak’s half-peak width surges by approximately 40% relative
to that at 160 ◦C, illustrating a progressive disruption of the hexagonal configuration of MCM−41.
Coupled with elevated silica dissolution at higher temperatures in an alkaline solution, a total disin-
tegration of the ordered pore structure at 200 ◦C results in a drastic reduction in the specific surface
area to 307 m2/g. These results are beneficial to developing structural transformation mechanisms of
MCM−41 materials and designing mesoporous materials via temperature modulation innovatively.

Keywords: silica; mesoporous aperture; structural order; micelle aggregation state; thermal expansion
and contraction

1. Introduction

Since the seminal discovery of MCM−41 (the 41st in Mobil Composition of Matter)
type mesoporous silica by Kresge and colleagues [1] from Mobil Oil Corporation in 1992,
this material has captivated the materials science and chemical engineering communities
due to its distinctive pore architecture, extensive surface area, adjustable pore diameters,
and rich surface hydroxyl groups. Researchers have employed synthesis methods such
as sol-gel [2,3], hydrothermal [4], and microwave-assisted [5] techniques to extensively
explore various factors affecting the pore size, wall stability, and surface properties of
MCM−41 materials [6–9]. By adjusting synthesis conditions, researchers have successfully
tailored the mesoporous structure and chemical properties of MCM−41, unlocking its vast
potential in diverse fields like adsorption [10,11], catalysis [12–15], drug delivery [16], and
environmental remediation [17].

The synthesis mechanisms of mesoporous materials predominantly encompass the
cooperative self-assembly and liquid crystal templating theories. The cooperative self-
assembly mechanism involves interactions between surfactant micelles and oligomeric sili-
cates through electrostatic forces, hydrophobic interactions, and van der Waals forces [18],
culminating in orderly structures. Monnier et al. [19] proposed a mechanism transitioning
from lamellar to hexagonal phases, effectively elucidating the hexagonal pore formation
in MCM−41. Beck [20] introduced the liquid crystal templating mechanism, grounded
in prior research on surfactant aggregation in various solvents, where surfactants were
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observed to spontaneously form a two-dimensional hexagonal liquid crystal phase at cer-
tain concentrations. This mechanism posits that oligomeric silicates condense within an
existing liquid crystal phase, thereby constructing the mesoporous material’s framework.
Several researchers have simulated the synthesis process of MCM−41 using simulation soft-
ware like Gromacs, with results lending further support to the cooperative self-assembly
mechanism [21,22]. However, these findings still require empirical validation through
experimental studies.

Recent advancements in material synthesis techniques, coupled with a deeper under-
standing of reaction mechanisms, have enabled the manipulation of MCM−41’s pore size
and wall thickness by modulating synthesis conditions. This adaptability meets the diverse
requirements of various fields. For instance, petroleum cracking catalysis at temperatures
above 500 ◦C necessitates thicker pore walls to ensure higher thermal stability. Conversely,
in drug delivery applications, the pore size is tailored to the size of drug molecules, with a
reduced wall thickness to increase porosity and thus enhance drug loading rates [23,24].
Therefore, studying the synthesis conditions that affect the structure of the final product is
crucial for tailoring MCM−41 materials to specific applications. Researchers have demon-
strated that modifying the surfactants’ hydrophobic chain length and incorporating specific
organic additives like 1,3,5-trimethylbenzene (TMB) and N,N-dimethylhexadecylamine
(DMHA) have facilitated pore size adjustments within the 2–10 nm range [20,25]. Khusha-
lani et al. [26] discovered that hydrothermal timing could regulate pore size, observing an
increase in pore diameter from 2.8 nm to 3.4 nm under 150 ◦C hydrothermal treatment.
Cheng and associates [27] further observed that with elevated temperatures and extended
durations, MCM−41’s pore size could be augmented from 2.6 nm to 3.7 nm, and wall
thickness from 1.3 nm to 2.7 nm, noting enhanced thermal stability with thicker walls.
Nonetheless, the mechanisms underlying the enlargement of mesopores and the structural
collapse at elevated hydrothermal temperatures remain somewhat elusive, necessitating
distinct discussions for varying synthesis methodologies.

This study predominantly concentrates on the impact of hydrothermal temperature
on the mesostructure of MCM−41 synthesized using water glass as the silicon source,
exploring the inherent link between surfactant micelle aggregation patterns and the mate-
rial’s structure. Experimental observations reveal that as the hydrothermal crystallization
temperature increases from 100 ◦C to 160 ◦C, there is a noticeable enlargement in the pore
size of MCM−41, accompanied by an expansion of its lattice structure while maintaining a
high degree of structural order. However, a further temperature increase to 180−200 ◦C
precipitated a marked decline in pore channel orderliness, culminating in the vanishing of
mesopores. By integrating insights from micelle aggregation studies and considering the
dynamics of the silica precipitation–dissolution equilibrium, this research probes into the
complex reaction mechanisms that govern these structural transformations.

2. Materials and Methods
2.1. Materials

The water glass used in this study, obtained from Fujian Sanming Zhengyuan Chemi-
cal Co., Ltd., in Sanming, China, had a modulus of 3.45, a concentration of 336 g/L, and
contained impurities of 0.019% Fe and 0.097% Al. The cationic surfactant, cetyltrimethylam-
monium bromide (CTAB), was sourced from Adamas-Beta Reagents, Shanghai, China, with
a purity of ≥99%. Concentrated sulfuric acid, obtained from Hunan Changsha Huihong
Reagent Co., Ltd., in Changsha, China, had a purity of ≥98%. The ultrapure water was
self-produced using laboratory equipment, achieving a resistivity of 18.25 MΩ/cm. All
materials were used directly without further processing.

2.2. Preparation and Characterization Methods

Initially, 64 mL of deionized water was heated to 60 ◦C in a beaker. Subsequently,
5.76 g of CTAB powder was gradually added under stirring at 400 rpm, allowing 30 min
for complete dissolution. Subsequently, we adjusted the stirring speed of the solution to
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520 rpm and slowly added 14 mL of the water glass solution using a peristaltic pump at a
rate of 2.5 mL/min. After addition, the suspension was sealed to prevent evaporation and
stirred for 3 h at 60 ◦C. The pH was then adjusted to 9, followed by an additional 10 min of
stirring. The molar ratio of the raw materials was SiO2:CTAB:HO = 1:0.2:54. The suspension
was transferred to a cleaned and dried 120 mL polytetrafluoroethylene (PTFE) liner, placed
inside a stainless-steel hydrothermal autoclave. After undergoing hydrothermal treatment
for 24 h at the predetermined temperature, the sample was thoroughly washed with ample
water until it reached a neutral pH. Subsequently dried at 80 ◦C for a minimum of 8 h, the
product underwent calcination at a rate of 2 ◦C/min up to 550 ◦C for 6 h to eliminate CTAB.
The calcined samples are distinguished by the hydrothermal synthesis temperature T, and
the uncalcined samples are represented by u−T.

Small-angle X-ray diffraction (SAXD) analyses were performed on Dandong Tongda
TD3500 X-ray diffractometer equipped with Cu-Kα radiation (35 kV, 30 mA), 0.01◦ step
size, and 0.5 s scanning speed. The specific surface area and pore size distribution were
measured at liquid nitrogen temperature using nitrogen as the adsorbate on the Jingwei
Gaobo JW−ZQ200. Prior to analysis, samples were degassed under a vacuum at 200 ◦C for
over 2 h. The Brunauer–Emmett–Teller (BET) equation was applied for the specific surface
area calculation within a relative pressure range of 0.05−0.25, and the mesopore size distri-
bution was assessed using the Barrett–Joyner–Halenda method with Kruk–Jaroniec–Sayari
correction for cylindrical mesopores (BJH-KJS) method from the absorption branch. The
total pore volume was calculated based on the amount of nitrogen adsorbed at a P/P0 of
0.99. Fourier-transform infrared spectroscopy (FTIR) measurements were performed on a
Thermo Fisher Scientific Nicolet iS50 FTIR spectrometer, with samples dried at 80 ◦C for
more than 6 h prior to testing. Thermogravimetry-differential scanning calorimetry (TG-
DSC) was conducted on a NETZSCH STA 449 F3 Jupiter thermal analyzer. The analyses
were conducted over a temperature range of 30 to 800 ◦C, with a heating rate of 5 ◦C/min,
under an atmosphere composed of 50 mL/min of air and 20 mL/min of argon. Finally, the
pore channel structure of the samples was observed using a Thermo Fisher Scientific Talos
F200i transmission electron microscope (TEM) at 200 kV.

3. Results and Discussion

Figure 1a shows SAXD patterns of the samples subjected to different hydrothermal
crystallization temperatures, the details of which are outlined in Table 1. As the temperature
increases, the (100) crystal plane spacing of MCM−41 continuously expands, signifying
ongoing lattice expansion. Notably, above 180 ◦C, the diffraction peaks of the material
disappear rapidly. From the change in pore size of the material shown in Figure 1b, as
the temperature increases, the pore size also gradually becomes larger. The half-width
variations of the small-angle X-ray (100) diffraction peaks at different temperatures, as
depicted in Figure 1c, allow us to approximate the specific changes in structural orderliness,
a higher half-width indicates poorer orderliness. Between 100–160 ◦C, the orderliness
remains relatively stable, but it sharply declines upon reaching 180 ◦C, and the material
loses order completely when the temperature continues to rise to 200 ◦C. Similar diffraction
peak disappearance phenomena have been observed by other researchers in studies related
to MCM−41’s properties [28,29].

Figure 2 presents the nitrogen adsorption–desorption isotherms, and BJH−KJS pore
size distribution graphs of MCM−41 materials synthesized and calcined at different tem-
peratures, with specific surface area and pore size data detailed in Table 1. According to
the gas adsorption isotherm classification by the International Union of Pure and Applied
Chemistry (IUPAC), the observed curve type is Type IV [30]. When the hydrothermal
temperature is between 100–160 ◦C, the curves of the samples are very similar. The H1
hysteresis loop observed between P/P0 of 0.3 and 0.4 suggests capillary condensation,
indicative of a material with centrally distributed mesopores. The figure shows the step
region progressively moving rightward, signifying the continuous enlargement of the
material’s mesopore pore size. It can also be seen from the figure that an additional H4-
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type hysteresis loop appears at P/P0 between 0.45–1, indicating the presence of larger
pores within the material [31,32]. During desorption, the smaller mesopores hinder the
evaporation of liquid nitrogen inside these large pores, making the desorption pressure
much smaller than the adsorption pressure [33]. The nitrogen adsorption amount of the
material at P/P0 between 0.8–1.0 increases sharply, indicative of the typical stacking pores
formed by the accumulation of silica particles. Moreover, as the increase in hydrothermal
crystallization temperature, this adsorption enhancement becomes less pronounced. This
suggests that the silica particles gradually merge under high-temperature hydrothermal
conditions, and adsorption from stacking pores gradually decreases [34,35]. After 180 ◦C
hydrothermal treatment, the sample’s pore size continues to grow, the H1 type hysteresis
loop shifts rightward, and the presence of larger pores causes this loop to merge with the
right-side H4-type hysteresis loop, ultimately forming this atypical hysteresis loop. After
200 ◦C hydrothermal treatments, the H1 type hysteresis loop disappears, signifying the
destruction of the material’s mesoporous channels, with the material’s stacking pores and
inherent voids constituting the H4 type hysteresis loop in its adsorption isotherm.

Materials 2024, 17, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 1. (a) SAXD spectra of samples under various temperature conditions; (b) variation of sample 
pore size under different temperature conditions; and (c) changes in the half-width of the (100) peak 
for samples at different temperature conditions. 

Table 1. Structural properties of samples synthesized and calcined at different temperatures (T). 

T 𝑺𝑩𝑬𝑻𝒂  (m2·g−1) 𝑫𝑷𝒃  (nm) 𝑽𝑷𝒄  (cm3·g−1) 𝑫𝑯𝒅  (nm) 𝒅𝟏𝟎𝟎𝒆  (nm) 𝒂𝟎𝒇 (nm) 𝑾𝒈 (nm) 
102 °C 1011 3.17 1.11 3.02 3.89 4.50 1.48 
120 °C 980 3.23 1.01 3.08 3.93 4.54 1.52 
140 °C 945 3.37 0.97 3.21 4.12 4.76 1.55 
150 °C 936 3.43 0.92 3.27 4.15 4.79 1.52 
160 °C 890 3.45 0.91 3.29 4.3 4.96 1.67 
180 °C 657 3.86 0.82 3.68 5.05 5.83 2.15 
200 °C 307 —   — —  

a BET specific surface area; b Most probable pore diameter; c Total pore volume; d Hexagonal aper-
ture equivalent to 𝐷 ; e (100) Crystal plane spacing; f Lattice constant; g Wall thickness. 

Figure 2 presents the nitrogen adsorption–desorption isotherms, and BJH−KJS pore 
size distribution graphs of MCM−41 materials synthesized and calcined at different tem-
peratures, with specific surface area and pore size data detailed in Table 1. According to 
the gas adsorption isotherm classification by the International Union of Pure and Applied 
Chemistry (IUPAC), the observed curve type is Type IV [30]. When the hydrothermal tem-
perature is between 100–160 °C, the curves of the samples are very similar. The H1 hyste-
resis loop observed between P/P0 of 0.3 and 0.4 suggests capillary condensation, indicative 
of a material with centrally distributed mesopores. The figure shows the step region pro-
gressively moving rightward, signifying the continuous enlargement of the material’s 
mesopore pore size. It can also be seen from the figure that an additional H4-type hyste-
resis loop appears at P/P0 between 0.45–1, indicating the presence of larger pores within 
the material [31,32]. During desorption, the smaller mesopores hinder the evaporation of 
liquid nitrogen inside these large pores, making the desorption pressure much smaller 
than the adsorption pressure [33]. The nitrogen adsorption amount of the material at P/P0 
between 0.8–1.0 increases sharply, indicative of the typical stacking pores formed by the 
accumulation of silica particles. Moreover, as the increase in hydrothermal crystallization 

2 3 4 5 6 7 8

100 120 140 160 180

3.0

3.2

3.4

3.6

3.8

100 120 140 160 180
0.24

0.28

0.32

0.36

0.40In
te

ns
ity

(a
.u

.)

2θ(degree)

102 ℃

120 ℃

140 ℃

150 ℃

160 ℃

180 ℃

200 ℃

D
P(

nm
)

Temperature(℃)

FW
H

M
(°

)

Temperature(℃)

(a)

(c)

(b)

Figure 1. (a) SAXD spectra of samples under various temperature conditions; (b) variation of sample
pore size under different temperature conditions; and (c) changes in the half-width of the (100) peak
for samples at different temperature conditions.

Table 1. Structural properties of samples synthesized and calcined at different temperatures (T).

T Sa
BET (m2·g−1) Db

P (nm) Vc
P (cm3·g−1) Dd

H (nm) de
100 (nm) af

0 (nm) Wg (nm)

102 ◦C 1011 3.17 1.11 3.02 3.89 4.50 1.48
120 ◦C 980 3.23 1.01 3.08 3.93 4.54 1.52
140 ◦C 945 3.37 0.97 3.21 4.12 4.76 1.55
150 ◦C 936 3.43 0.92 3.27 4.15 4.79 1.52
160 ◦C 890 3.45 0.91 3.29 4.3 4.96 1.67
180 ◦C 657 3.86 0.82 3.68 5.05 5.83 2.15
200 ◦C 307 — — —

a BET specific surface area; b Most probable pore diameter; c Total pore volume; d Hexagonal aperture equivalent
to DP; e (100) Crystal plane spacing; f Lattice constant; g Wall thickness.
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Figure 2. Samples at different hydrothermal crystallization temperatures (a) nitrogen adsorption
isotherms; (b) the mesopore size distribution curves; and (c) variations in pore wall thickness.

Concerning the gradual increase in pore size and loss of order with increasing hy-
drothermal temperature, we performed FTIR spectroscopy tests on the uncalcined MCM−41
material to rule out CTAB decomposition. The results, as shown in Figure S1a, indicate
almost identical infrared spectroscopy peaks across the materials, suggesting that the CTAB
did not decompose. The pH of the MCM−41 material synthesized in this experiment was
only 9.0, and the pH of the solution after hydrothermal heating was approximately 10.3.
To verify whether CTAB decomposes after hydrothermal heating at high temperatures in
the experimental environment, we designed the following experiment: NaOH solution
was added to the CTAB solution prepared for synthesizing MCM−41, adjusting the pH
to 11, followed by hydrothermal treatment at 180 ◦C and 200 ◦C for 24 h. After drying
the resultant solution at 80 ◦C, they were analyzed using FTIR Spectroscopy. As shown in
Figure S1b, both the hydrothermally treated and untreated CTAB demonstrated substantial
similarity, indicating that there was no decomposition of CTAB under the experimental
conditions. This finding aligns with the experimental results of Khushalani et al. [26], who
used 1H Nuclear Magnetic Resonance (NMR) to analyze the organic compounds extracted
from MCM−41 and observed that CTAB did not decompose at 150 ◦C.

It is well-known that an increase in temperature intensifies molecular thermal motion.
During the temperature rise, surfactant molecules in micelles tend to escape into the
aqueous solution, increasing the entropy of the overall solution system. According to the
Tanford formula [36]:

The volume of the surfactant head group

V0 = [27.4 + 26.9(nc − 1)]23 (1)

and the maximum chain length

lc = [1.54 + 1.26 (nc − 1)], (2)

where n is the number of carbon atoms in the carbon chain, we calculated the head group
volume V0 of CTAB to be 861.8 Å3, and the chain length lc to be 20.44 Å. If CTAB molecules



Materials 2024, 17, 1711 6 of 13

were fully extended and arranged into cylindrical rod-like micelles, their diameter should
be 2lc ≈ 40.88 Å. However, many researchers have synthesized MCM−41 pore sizes
smaller than 4 nm without any additives [31,37,38]. These results suggest that the sur-
factant molecules in the micelles are not fully extended. Based on surface tension and
conductivity tests of CTAB solutions by Shah et al. [39,40], and our extended experiments
at higher temperatures, as shown in Figure S2a, we obtained the variation of the critical
micelle concentration (CMC) with temperature, as illustrated in Figure S2b. It is evident
that the CMC concentration gradually increases, with more surfactant molecules dissolv-
ing in water, thereby reducing the number of molecules forming the micelles. If CTAB
maintains its length within the micelle while the micelle diameter increases, it contradicts
the experimental results, as an increase in internal molecular number is required [41].
Therefore, the reason for the gradual increase in MCM−41 pore size with temperature is
the thermal expansion of the micelles. During the hydrothermal crystallization process, the
following precipitation–dissolution equilibrium exists [42,43]:

≡ Si-O-Si ≡ + H2O Heat⇐=⇒ 2 ≡ Si-OH (3)

Heating promotes the condensation of oligomeric silicates, raising the solution pH
and causing the expanded micelles to affect the precipitation–dissolution equilibrium at
the interface. Dissolved oligomeric silicates re-condense on the micelle surface, ultimately
forming silica channels matching the micelle diameter. Additionally, the shielding effect of
≡ Si-O− at the interface on the micelle surface charge results in a small difference in micelle
spacing, reflected in the relatively constant pore wall thickness, as shown in Figure 2c.

To further elucidate the thermal expansion and contraction of micelles with tem-
perature changes, we conducted the following experiment. The MCM−41 material, hy-
drothermally treated at 120 ◦C for 24 h and labeled as MCM−J, was directly subjected to
a secondary hydrothermal crystallization treatment at 180 ◦C for another 24 h, resulting
in a sample labeled MCM−K. All the labeled samples are given in Table 2. The surface
area and mesopore analysis results are shown in Figure 3a,b. As the hydrothermal tem-
perature increased to 180 ◦C, the mesopore pore size expanded from 3.25 nm to 3.78 nm.
However, since MCM−K had already crystallized for 24 h at 120 ◦C, the high degree of
silica condensation slowed down the precipitation–dissolution rate and hindered the pore
enlargement speed, ultimately resulting in a pore size smaller than that obtained by direct
hydrothermal treatment at 180 ◦C for 24 h. As depicted in Figure S3a, the SAXD analysis
reveals the almost complete attenuation of the diffraction peaks corresponding to the (110)
and (200) crystallographic planes, coupled with a marked expansion in the interplanar
spacing of the (100) plane, aligning well with the inferences drawn in our study.

Table 2. The labeled sample designations and their hydrothermal conditions (Each hydrothermal
session lasts 24 h).

Sample Designation Primary Hydrothermal Secondary Hydrothermal

MCM−J 120 ◦C —
MCM−K 120 ◦C 180 ◦C
MCM−L 150 ◦C —
MCM−M 150 ◦C 102 ◦C
MCM−N 150 ◦C 102 ◦C, 4 mL water glass

To verify the shrinkage of the micelles, we performed a secondary hydrothermal
crystallization treatment and lowered the hydrothermal temperature. The sample, labeled
MCM−L, which was hydrothermally synthesized at 150 ◦C for 24 h, was divided equally
into two fractions: one fraction was subjected to direct hydrothermal crystallization at
102 ◦C for 24 h, labeled MCM−M, and the other fraction was added 4 mL of water glass and
subjected to secondary hydrothermal crystallization at 102 ◦C for 24 h, labeled MCM−N.
Sample designations and hydrothermal treatment conditions are given in Table 2. Figure 4
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illustrates TEM images and their corresponding Fourier-transformed images of samples
post hydrothermal treatment at 150 ◦C (a) without additional water glass (b) and with 4 mL
of water glass added, followed by further treatment at 100 ◦C for 24 h (c). All samples
exhibit clear hexagonal pore channels, with the pore arrangement following the p6 mm
pattern, indicating a well-maintained material structure. The silica source enters the pore
channels through the hydration layer between the micelle and silica interface and condenses
on the pore walls.
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Figure 3. (a) Nitrogen adsorption isotherms of MCM−J and MCM−K; (b) the mesopore pore
size distribution curves for MCM−J and MCM−K; (c) nitrogen adsorption isotherms of MCM−L,
MCM−M, and MCM−N; and (d) the mesopore pore size distribution curves for MCM−L, MCM−M,
and MCM−N.
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The SAXD results (Figure S3b) reveal no significant changes in the (100) plane spac-
ings of the materials. This is attributed to micelle contraction, which does not alter the
precipitation–dissolution equilibrium of silica at the interface. As a result, the lattice move-
ment is halted. The addition of 4 mL of water glass introduces a substantial number of
oligomeric silicates, which condense in the gaps between the pore wall interface and mi-
celles. Due to the mismatch in size between the pore walls and the contracting micelles
inside, the condensed precipitated silica cannot be uniformly distributed on the surface of
the pore walls. This results in reduced orderliness of the pore channel arrangement after
secondary crystallization, as evidenced in the SAXD spectra by a decrease in diffraction
peak intensity and an increase in half-peak width. The surface area and mesopore analysis
results of the three samples, as shown, indicate a slight increase in pore size after secondary
hydrothermal treatment at 100 ◦C. This is due to the reduced protective effect of the micelles
on the mesoporous channel interface after contraction, akin to the changes observed in
MCM−41 materials post-surfactant removal and hydrothermal treatment [28]. The silica
at the pore wall interface dissolves. The material with 4 mL of added water glass shows
a significant reduction in pore size to 3.20 nm, almost equal to the pore size obtained by
direct hydrothermal synthesis at 100 ◦C. These results conclusively demonstrate that the
enlargement of MCM−41 material pore size with increasing hydrothermal temperature is
due to the thermal expansion of micelles from low to high temperatures, and this expansion
is reversible, with micelles contracting from high to low temperatures. The effect of the
above thermal expansion of micelles at lower temperatures on MCM−41 can be illustrated
in schematic Figure 5.
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As the temperature continues to rise above 180 ◦C, the orderliness of MCM−41
materials significantly decreases; at 200 ◦C, it completely loses its orderliness, indicating
that CTAB molecules cannot aggregate to form a two-dimensional hexagonal liquid crystal
phase at 200 ◦C. Figure 6a presents the thermogravimetric analysis of MCM−41 samples
synthesized but uncalcined at different hydrothermal crystallization temperatures, while
Figure 6b depicts the weight loss percentage of the materials between 200–550 ◦C, indicative
of the CTAB content. The primary weight loss components from room temperature to
200 ◦C are adsorbed and bound water in the material, while post 550 ◦C, the main weight
loss is due to water produced from the condensation of silanol groups [26]. It is evident that
post 180 ◦C, the CTAB content in the material significantly decreases. Other researchers
have also observed comparable experimental results, with the proportion of silica in
synthesized MCM−41 materials gradually increasing with temperature [28,44]. Since
the total amount of silica source added to the solution remains constant, the quantity of
silica in MCM−41 materials is fixed, with only the degree of silica condensation varying.
Therefore, the reduction in CTAB content is due to its dissolution from the mesoporous
channels, failing to serve as an ordered template for silica, ultimately leading to the loss of
material orderliness.
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Figure 6. (a) Thermogravimetric (TG) analysis graphs of samples treated at different hy-
drothermal crystallization temperatures; (b) CTAB content in samples at different hydrothermal
crystallization temperatures.

Shah et al. determined the maximum surface excess concentration (Γmax) variation
with temperature by measuring changes in the surface tension of CTAB solutions, as
depicted in Figure S4 [45]. It is observed that Γmax gradually decreases with increasing
temperature. The maximum surface excess concentration at the air/water interface, Γmax,
is calculated using the Gibbs adsorption isotherm [46]:

Γmax = − 1
2.303nRT

[
dγ

dlogC
]
T,P

, (4)

where n = 1 for non-ionic surfactants and n = 2 for monovalent ionic surfactants, R is the
ideal gas constant (8.314 J·mol−1·K−1), T is the absolute temperature, C is the surfactant
concentration, and dγ/dlogC is the slope of the surface tension γ of the surfactant solution
versus logC after the CMC.

According to Israelachvili et al. [47], the packing parameter p of surfactants is defined as

P =
V0

Aminlc
(5)

For spherical micelles, P < 1/3; for cylindrical micelles, 1/3 < P < 1/2; for cubic phases,
1/2 < P < 2/3; and for lamellar liquid crystals, P > 1. Amin is the minimum area per
surfactant molecule at the air/water interface, reached at the CMC, is calculated as

Amin =
1

NΓmax
, (6)

where N is Avogadro’s number. According to this formula, Amin increases as Γmax decreases,
ultimately reducing the packing parameter P [48].

The SAXD results (Figure 1) and TEM images of samples synthesized at 180 ◦C and
200 ◦C (Figure S5) indicate a gradual loss of 2D hexagonal arrangement (p6 mm) order
in the samples. It can be inferred that in this system, when the temperature exceeds
180 ◦C, the packing parameter P of the micelles decreases to less than 1/3, favoring the
formation of spherical micelles. However, these spherical micelles cannot act as ordered
templates. According to Tornblom et al.’s measurements of CTAB’s second critical micelle
concentration and Bergstrom’s classification of micelle aggregation states, the transition
of micelles from hexagonal arrangement to disordered spherical micelles is a sudden
process [49,50]. Therefore, the disappearance of the mesoporous structure occurs within
a narrow temperature range, and no significant decrease in orderliness was observed
under 100–160 ◦C conditions. When CTAB molecules detach from the channels, the H2O
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at the MCM−41 interface at high temperatures attack the Si−O−Si bonds, dissolving
them into oligomeric silicates, which eventually condense into silica particles in water or
re-precipitate on the existing silica surface. The change of MCM−41 material at higher
hydrothermal crystallization temperature can be shown in Figure 7.

Materials 2024, 17, x FOR PEER REVIEW 10 of 13 
 

 

The SAXD results (Figure 1) and TEM images of samples synthesized at 180 °C and 
200 °C (Figure S5) indicate a gradual loss of 2D hexagonal arrangement (p6 mm) order in 
the samples. It can be inferred that in this system, when the temperature exceeds 180 °C, 
the packing parameter P of the micelles decreases to less than 1/3, favoring the formation 
of spherical micelles. However, these spherical micelles cannot act as ordered templates. 
According to Tornblom et al.’s measurements of CTAB’s second critical micelle concen-
tration and Bergstrom’s classification of micelle aggregation states, the transition of mi-
celles from hexagonal arrangement to disordered spherical micelles is a sudden process  
[49,50]. Therefore, the disappearance of the mesoporous structure occurs within a narrow 
temperature range, and no significant decrease in orderliness was observed under 100–
160 °C conditions. When CTAB molecules detach from the channels, the H2O at the 
MCM−41 interface at high temperatures attack the Si−O−Si bonds, dissolving them into 
oligomeric silicates, which eventually condense into silica particles in water or re-precip-
itate on the existing silica surface. The change of MCM−41 material at higher hydrother-
mal crystallization temperature can be shown in Figure 7. 

 
Figure 7. Loss of the mesoporous structure in MCM−41 material at higher hydrothermal crystalli-
zation temperatures. 

4. Conclusions 
This investigation delves into how temperature variations during the hydrothermal 

synthesis of MCM−41 mesoporous silica influence pore size and structural order. As the 
temperature rises from 100 °C to 160 °C, the micelles’ stacking parameter P remains be-
tween 1/3 and 1/2, sustaining a stable hexagonal arrangement with thermal expansion 
causing an increase in diameter. Consequently, the pore size of MCM−41 expands from 
3.17 nm to 3.45 nm, and the lattice constant grows from 4.50 nm to 4.96 nm, while main-
taining a high degree of pore orderliness. This expansion is reversible; when the temper-
ature is lowered and an appropriate amount of water glass is added, the micelles contract, 
reducing the pore size accordingly. This indicates that the pore diameter and wall struc-
ture of MCM−41 can be finely tuned by precise control of the synthesis conditions. How-
ever, at temperatures exceeding 180 °C, the micelles fail to maintain their ordered arrange-
ment, and the accelerated dissolution of silica leads to structural collapse. At 200 °C, the 
MCM−41 material exhibits a significant decrease in structural order, completely losing its 
pore structure, with the specific surface area significantly reduced from 1011 m2/g at 100 
°C to 307 m2/g. These findings suggest that precise control within the appropriate hydro-
thermal temperature range can optimize the pore size and structure of MCM−41 materials, 
providing tailored material designs for applications in fields such as petroleum cracking 
catalysis and drug delivery. Furthermore, changing the silica source during secondary 
hydrothermal treatment may play a role in improving pore surface properties, offering 
new avenues for enhancing material functionalization. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1. FTIR spectra of (a) MCM−41 samples after hydrothermal crys-
tallization at various temperatures; (b) CTAB under different treatment conditions; Figure S2. (a) 
Variation of the conductivity of CTAB solutions with concentration at different temperatures; (b) Changes 

Figure 7. Loss of the mesoporous structure in MCM−41 material at higher hydrothermal crystalliza-
tion temperatures.

4. Conclusions

This investigation delves into how temperature variations during the hydrothermal
synthesis of MCM−41 mesoporous silica influence pore size and structural order. As
the temperature rises from 100 ◦C to 160 ◦C, the micelles’ stacking parameter P remains
between 1/3 and 1/2, sustaining a stable hexagonal arrangement with thermal expan-
sion causing an increase in diameter. Consequently, the pore size of MCM−41 expands
from 3.17 nm to 3.45 nm, and the lattice constant grows from 4.50 nm to 4.96 nm, while
maintaining a high degree of pore orderliness. This expansion is reversible; when the
temperature is lowered and an appropriate amount of water glass is added, the micelles
contract, reducing the pore size accordingly. This indicates that the pore diameter and wall
structure of MCM−41 can be finely tuned by precise control of the synthesis conditions.
However, at temperatures exceeding 180 ◦C, the micelles fail to maintain their ordered
arrangement, and the accelerated dissolution of silica leads to structural collapse. At 200 ◦C,
the MCM−41 material exhibits a significant decrease in structural order, completely losing
its pore structure, with the specific surface area significantly reduced from 1011 m2/g at
100 ◦C to 307 m2/g. These findings suggest that precise control within the appropriate
hydrothermal temperature range can optimize the pore size and structure of MCM−41
materials, providing tailored material designs for applications in fields such as petroleum
cracking catalysis and drug delivery. Furthermore, changing the silica source during sec-
ondary hydrothermal treatment may play a role in improving pore surface properties,
offering new avenues for enhancing material functionalization.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17081711/s1, Figure S1. FTIR spectra of (a) MCM−41 samples
after hydrothermal crystallization at various temperatures; (b) CTAB under different treatment condi-
tions; Figure S2. (a) Variation of the conductivity of CTAB solutions with concentration at different
temperatures; (b) Changes in CMC of CTAB aqueous solutions with temperature; Figure S3. SAXD
spectra. (a) MCM−J and MCM−K; (b) MCM−L, MCM−M and MCM−N; Figure S4. TEM image of
the sample after different hydrothermal treatments. (a) 180 ◦C; (b) 200 ◦C; Figure S5. The variation of
Γmax with temperature.

Author Contributions: Conceptualization, T.X. and S.J.; methodology, T.X. and S.J.; software, T.X.;
validation, T.X. and S.J.; formal analysis, T.X.; investigation, T.X.; data curation, T.X. and K.C.;
writing—original draft preparation, T.X.; writing—review and editing, S.J. and K.C.; supervision, S.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ma17081711/s1
https://www.mdpi.com/article/10.3390/ma17081711/s1


Materials 2024, 17, 1711 11 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: The data were included in the text.

Conflicts of Interest: The authors declare no conflicts of interests.

References
1. Kresge, C.T.; Leonowicz, M.E.; Roth, W.J.; Vartuli, J.C.; Beck, J.S. Ordered Mesoporous Molecular Sieves Synthesized by a

Liquid-Crystal Template Mechanism. Nature 1992, 359, 710–712. [CrossRef]
2. Salamah, S.; Trisunaryanti, W.; Kartini, I.; Purwono, S. Synthesis of Mesoporous Silica from Beach Sand by Sol-Gel Method as a

Ni Supported Catalyst for Hydrocracking of Waste Cooking Oil. Indones. J. Chem. 2022, 22, 726. [CrossRef]
3. Li, Y.; Tiwari, A.K.; Ng, J.S.; Seah, G.L.; Lim, H.K.; Suteewong, T.; Tay, C.Y.; Lam, Y.M.; Tan, K.W. One-Pot Synthesis of Aminated

Bimodal Mesoporous Silica Nanoparticles as Silver-Embedded Antibacterial Nanocarriers and CO2 Capture Sorbents. ACS Appl.
Mater. Interfaces 2022, 14, 52279–52288. [CrossRef] [PubMed]

4. Yuan, N.; Xu, H.; Liu, Y.; Tan, K.; Bao, Y. Synthesis and Environmental Applications of Nanoporous Materials Derived from Coal
Fly Ash. Sustainability 2023, 15, 16851. [CrossRef]

5. Kumar, H.; Kumar, P.; Singh, V.; Pandey, S.S.; Pani, B. Synthesis and Surface Modification of Biocompatible Mesoporous Silica
Nanoparticles (MSNs) and Its Biomedical Applications: A Review. Res. J. Chem. Environ. 2023, 27, 135–146. [CrossRef]

6. Bernal, Y.P.; Alvarado, J.; Juárez, R.L.; Méndez Rojas, M.Á.; De Vasconcelos, E.A.; De Azevedo, W.M.; Iniesta, S.A.; Cab, J.V.
Synthesis and Characterization of MCM-41 Powder and Its Deposition by Spin-Coating. Optik 2019, 185, 429–440. [CrossRef]

7. Saladino, M.L.; Kraleva, E.; Todorova, S.; Spinella, A.; Nasillo, G.; Caponetti, E. Synthesis and Characterization of Mesoporous
Mn-MCM-41 Materials. J. Alloys Compd. 2011, 509, 8798–8803. [CrossRef]

8. Shkolnikov, E.I.; Sidorova, E.V.; Malakhov, A.O.; Volkov, V.V.; Julbe, A.; Ayral, A. Estimation of Pore Size Distribution in
MCM-41-Type Silica Using a Simple Desorption Technique. Adsorption 2011, 17, 911–918. [CrossRef]

9. Xu, Y.; Cao, Y.; Xia, Z. Microwave Radiation One-Pot Synthesis of Chloropropyl-Functionalized Mesoporous MCM-41. J. Cent.
South Univ. 2012, 19, 2130–2135. [CrossRef]
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