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Mesoporous silica materials were synthesized in alkaline and acidic media, using cetyltrimethylammo-
nium tosylate (CTAT), Pluronic triblock copolymers F127 and F68, and mixtures of CTAT with each
copolymer in order to investigate the effects of pH, surfactant concentration, and CTAT/triblock copoly-
mer molar ratios on the morphology and texture of the synthesized materials. The results show that the
kind of mesoporous materials and their pore size can be tuned by changing not only the pH but also the
proportion of components and the nature of the copolymer. In alkaline synthesis, microscopic bicontin-
uous materials are obtained, which are composed by nanoscopic plate-like particles having slit-shaped
pores. In acidic synthesis, on the contrary, monolithic silicas are obtained. These materials are also com-
posed by nanoscopic plate-like particles having slit-shaped pores, although in some cases, the micro-
scopic structures are formed by fused spherical particles. The inclusion of the triblock copolymer in
the template composition causes a transformation from a bimodal to a monomodal pore size distribution,
leading to small and nearly round pores which are probably formed by copolymer or copolymer-CTAT
mixed micelles. The differences between the systems synthesized by CTAT–Pluronic F127 and CTAT–
Pluronic F68 are explained on the basis of the different interactions between each copolymer and CTAT.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Micelle-templated mesoporous silica materials are rapidly
becoming important in many fields of chemistry for hosting reac-
tants or catalysts in confined space. The properties of the materials
are used in catalysis, separation, drug delivery, chemical sensing, op-
tic and electronic applications, reinforcing of rubber and as tem-
plates in the synthesis of nanomaterials [1,2]. Fine control of the
pore size, wall structure, surface functionalization, defects, and mor-
phology is needed for fine-tuning the pores as nanoreactors [3,4].

Many research groups have investigated different surfactant-sil-
ica chemistry systems that yield various shapes including spherical
beads, gyroids, ropes, toroids, ellipsoids, shells, knots, helical struc-
tures, as well as thin films, fibers and monoliths, depending on the
synthesis conditions [1,5–7]. Among the numerous synthesis
parameters that determine the synthesis mechanism, the morphol-
ogy, and the texture of the resulting materials, the nature of the sur-
factant template, the pH, the concentration of the reactants in the
aqueous medium, the presence of a co-surfactant and/or co-solvent,
the temperature, the stirring, as well as the procedure used for the
mixing of the reactants or for the heating stage can be mentioned
ll rights reserved.
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(i.e., in one or two steps) [1,4,8]. Unfortunately, in most reports,
the effects of the synthesis conditions on the characteristics of the
final material are investigated separately and could result in errone-
ous results or misleading conclusions because the synthesis system
generally behaves differently under different synthesis conditions.

In 1998, Zhao et al. [9,10] proposed a new synthesis method of
ordered mesoporous silica by using the amphiphilic triblock
poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide)
copolymers (PEOn–PPOm–PEOn), known as Poloxamers or Pluron-
ics, as the structure-directing agent in acidic medium. These novel
mesoporous materials were denoted SBA-n silicas and exhibit two
and three-dimensional hexagonal (SBA-12, 3, 15) [9–11] and cubic
(SBA-1, 6, 16) pore architectures [12]. Although the details of the
mechanism are much less clear than those for the synthesis of
the M41S-type silica materials under basic conditions, it is still
understandable that these copolymers show the ability to form
liquid–crystalline structures, where the ethylene oxide (EO) units
and the cationic silicate species favorably interact to form the mes-
ostructured assembly, and the mesoporous silica materials can be
synthesized by synergistic self-assembly between surfactant and
silica species to form mesoscopically ordered structures [12].
Moreover, the use of these compounds to obtain ordered inorganic
porous matrices is the most promising route for high porosity,
large pore dimension, low cost, and low toxicity [13].
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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Several reports exist in literature about the assembly pathways
between the non-ionic triblock copolymer micelles and the silica
precursor for synthesizing a mesoporous material. At pH below
the isoelectric point of silica (pH < 2), the electrostatic assembly
route is believed to be (N0H+)(X�I+), where N0H+ is the surfactant
hydrogen bonded to a hydronium ion, X- is the halide ion or coun-
terion, and I+ is the protonated silica [9,10,14]. At pH � 2, the elec-
trostatic interaction between the silica species and the copolymer
molecules is negligible because the surface charge of silica is near
zero [14]. At pH > 2, on the contrary, the silica species in aqueous
solutions are negatively charged due to the deprotonation of sila-
nol groups [15]. Therefore, the electrostatic assembly mechanism
at pH > 2 may be N0H+I�, where the protonated micelles interact
directly with negatively charged silica species (I�). On the other
hand, Qi et al. [16] suggested that an alternative complex pathway
can occur if a cationic surfactant (S+), acting as a co-surfactant, is
present in the triblock copolymer template at pH < 2. This involves
both S+X�I+ and (N0H+)(X�I+) assemblies at the interface of mixed
micelles. However, the mentioned mechanism is still not under-
stood and requires further investigations.

Recently, we have reported the aggregation and adsorption at
the air–solution interface of the cationic surfactant cetyltrimethyl-
ammonium p-toluene sulfonate or tosylate (CTAT) with two Plur-
onics triblock copolymers, F68 and F127, at several CTAT/Pluroric
molar ratios [17]. CTAT was chosen for such studies because it pre-
sents interesting rheological properties and relatively low critical
micelle concentration (CMC) and critical rod-like concentration
(CRC): 0.24–0.26 and 1.90 mM for the CMC and the CRC at room
temperature, respectively [18,19]. We clearly showed that the
behavior in both system mixtures, i.e., CTAT–F127 and CTAT–F68,
was strongly dependent on the nature of the copolymer amphi-
phile, and differences in length in the hydrophobic and hydrophilic
chains may cause different behaviors. However, and as far as we
know, there is not information in the literature on the silica syn-
thesis by using these mixtures.

Thus, and in order to continue with the investigations mentioned
above, the aim of this article is to present a study of the hydrother-
mally synthesis of mesoporous silica materials, in acidic and alka-
line media, by reaction of precursors prepared by CTAT mixed
with Pluronic F127 and F68 solutions. Our research will therefore
focus on the effect of the pH and the interaction of the mentioned
surfactants with the silica precursor, relevant parameters (not the
only ones) that control the synthesis mechanism, and structural
and texture properties of the resulting materials. All these parame-
ters were analyzed and compared as a function of synthesis pH,
CTAT concentration, and CTAT/triblock copolymer molar ratios.
2. Materials and methods

Cetyltrimethylammonium tosylate (CTAT, MW = 455.7 gmol�1),
Pluronic triblock copolymers F68 (PEO76PPO29PEO76, MW = 8400
gmol�1) and F127 (PEO97PPO69PEO97, MW = 12,600 gmol�1), and
tetraethylorthosylicate (TEOS) were purchased from Sigma–Aldrich.
NaOH and HCl (37% concentration) were obtained from Anedra. All
chemicals were of analytical grade and used as received. Doubly dis-
tilled water was used for the preparation of solutions.

Mesoporous silica materials were prepared using a procedure
similar to that described by Messina et al. [20]. Briefly, 11.6 mL
of TEOS were mixed with 2 mL of water and stirred for 10 min at
500 rpm. Then, a solution formed by 1.1 g of NaOH in 20 mL water
was added drop by drop to the TEOS solution under stirring. At the
same time, 38 mL of CTAT–Pluronic F68 (or CTAT–Pluronic F127)
mixed solutions was prepared with different molar ratios by add-
ing the desired amounts of surfactants to water. The mixtures were
stirred in an autoclave flask at 35 �C to form a transparent template
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
solution, and then, they were left at room temperature. To obtain
the mesoporous material in alkaline media, the surfactant solution
was added 2 min after the addition of the NaOH solution. The
resulting gel was stirred for 5 min and then left for 48 h in an auto-
clave at 100 �C. After this, the gel was filtered and washed with dis-
tilled water and left to dry at room temperature. Finally, it was
calcined in an air flux by increasing the temperature from room
temperature to 540 �C with a heating rate of 2 �C min�1 and hold-
ing for 7 h at 540 �C.

The synthesis of the mesoporous silica in acidic medium was
carried out in similar conditions as described above except that
the NaOH solution was substituted by 20 mL of solution containing
1.04 g of HCl. Table 1 summarizes the final molar gel compositions
and structural properties of the obtained products.

The synthesized silica materials were characterized by the tech-
niques usually employed in porous materials, such as scanning and
transmission electron microscopy and the N2-BET method for sur-
face area (ABET), pore volume (VBJHdepv), and pore diameter (DaBJH)
determination. Scanning electron microscopy (SEM) was performed
using a LEO 40-XVP microscope equipped with a secondary elec-
trons detector. The samples were prepared on graphite stubs and
coated with a ca. 300 Å gold layer in a PELCO 91,000 sputter coater.
Transmission electron microscopy (TEM) was performed using a
JEOL 100 CX II transmission electron microscope, operated at
100 kV with magnification from 50,000� to 200,000�. Observations
were made in a bright field. Powdered samples were placed on cop-
per supports of 2000 mesh. The nitrogen adsorption isotherms at
77.6 K were measured with a Micrometrics Model Accelerated Sur-
face Area and Porosimetry System (ASAP) 2020 instrument. Each
sample was degassed at 373 K for 720 min at a pressure of
1 � 10�4 Pa.
3. Results and discussion

3.1. Alkaline synthesis of silica materials using pure CTAT as template

Fig. 1 shows the pore size distribution of materials synthesized
using CTAT solutions as template. Both materials synthesized in
an alkaline medium, i.e., S1 and S2, show two maxima, one at
1.90 ± 0.34 nm and the other at 1.00 ± 0.41 nm. There is also a broad
distribution of pore sizes above these peaks. This is also reflected in
the BJH average pore diameters obtained in the analysis of the
nitrogen sorption isotherms (DaBJH = 8.90 nm (S1) and 10.10 nm
(S2)).

Fig. 2 shows the electron micrographs of S1 and S2. Both samples
have a microscopic bicontinuous structure with different pore sizes
(Fig. 2a). At a higher magnification, the bicontinuous structure is
formed by silica spheres (Fig. 2b). TEM micrograph (Fig. 2c) shows
that the structure of silica globules is formed by an agglomeration
of lamellae, indicating that probably the liquid crystal formed dur-
ing the synthesis that acted as template was lamellar instead of
hexagonal, which is formed by this surfactant in pure water [21].

The nitrogen adsorption–desorption isotherms of S1 and S2 are
shown in Fig. 3. Both samples show typical type IV isotherms, which
are characteristic of many mesoporous industrial adsorbents.

The hysteresis loops are type H3, typical of plate-like particles
giving rise to slit-shaped mesopores in agreement with the TEM
observations [22]. The beginning of the almost linear middle region
of the isotherm (point B) is often taken to indicate the stage at
which monolayer coverage is complete and multilayer adsorption
about to begin. It may be seen that in S2 isotherm, the position
of B is higher than in S1, which is reflected by the surface area val-
ues: 94.02 m2 g�1 (S1) and 261.80 m2 g�1 (S2) [22].

The main data obtained from nitrogen sorption isotherms and
from SEM and TEM are shown in Table 1 and in the Supporting
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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Table 1
Molar gel compositions and structural properties of synthesized materials.

Sample denomination Gel composition Pore radiusa (nm) Abet (m2 g�1) DaBJH (nm) VBJHdepv (cm3 g�1)

Pure CTAT as template
SI 0.53NaOH:0.011 CTAT 1.91 ± 0.34/1.17 ± 0.41 94.02 8.90 0.177
S2 0.53 NaOH:0.055 CTAT 1.91 ± 0.34/0.84 ± 0.41 261.80 10.10 0.355
S3 1 TEOS:0.53 HCl:0.011 CTAT 2.90 ± 1.10 544.30 1.35 0.692

CTAT–Pluronic F127 as template
S4 1 TEOS:0.53NaOH:0.011 CTAT:0.0012 F127 1.90 ± 0.88 18.23 16.70 0.062
S5 1 TEOS:0.53NaOH: 0.011CTAT:0.0037F127 1.74 ± 1.09 145.90 8.56 0.328
S6 1 TEOS:0.53NaOH:0.011 CTAT:0.011 F127 1.94 ± 0.76 160.20 8.58 0.375
S7 1 TEOS:0.53 NaOH:0 CTAT:0.011 F127 2.00 ± 1.70 100.40 10.10 0.271
S8 1 TEOS:0.53 HCl:0.011 CTAT:0.0037F127 1.80 ± 0.73 601.40 1.77 0.520
S9 1 TEOS:0.53 HC1: 0.011 CTAT:0.011 F127 2.00 ± 0.73 551.10 2.04 0.579
S10 1 TEOS:0.53 HC1:O CTAT:0.011 F127 1.92 ± 0.73 506.30 1.95 0.507

CTAT–Pluronic F68 as template
S11 1 TEOS:0.53NaOH:0.011 CTAT:0.0012 F68 1.73 ± 0.35 115.10 7.29 0.214
S12 1 TEOS:0.53NaOH:0.011 CTAT:0.0037F68 1.32 ± 0.34 325.40 4.22 0.419
S13 1 TEOS:0.53NaOH:0.011 CTAT:0.011 F68 1.91 ± 0.70 199.60 4.18 0.252
S14 1 TEOS:0.53 NaOH:0 CTAT:0.011 F68 1.92 ± 0.35 127.70 9.63 0.326
S15 1 TEOS:0.53HC1:0.011 CTAT:0.0037 F68 1.85 ± 0.69 574.50 2.85 0.436
S16 1 TEOS:0.53HC1:0.011 CTAT:0.011 F68 2.05 ± 1.00 734.30 3.23 0.619
S17 1 TEOS:0.53 HC1:O CTAT:0.011 F68 1.74 ± 0.59 775.30 3.40 0.689

Note: ABET: BET surface area; DaBJH: BJH adsorption average pore diameter; VBJHdcpv: desorption cumulative volume of pores.
a Obtained from the pore size distribution plot.
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Fig. 1. Pore size distribution of the materials synthesized with CTAT.
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Material, SM, respectively (see SM Table S1). Table 1 shows that
the surface area and pore volume of S1 and S2 are moderate and
increase with an increase in the CTAT concentration. Similar results
were reported by Lenlong et al. [23] for the system cetyltrimethyl-
ammonium bromide (CTAB)–TEOS. The authors explained the
increase in surface area as follows: at low CTAB concentration, rods
surrounded by several layers of silica form and aggregate into
organic–inorganic cylinders yielding a 2D structure. At higher con-
centrations, the corresponding amount of silica precursor per sur-
factant molecule falls down drastically and condenses around the
cylindrical micelles formed by the organic molecules leading to a
decrease in the thickness of the silica pore walls and thus to an in-
crease in the surface area.

In spite of the mentioned above, the results obtained in this
work clearly show that both external organization and internal
pore structure are governed by the presence of alkali or acid in
the reaction system. This was also found by other authors and is
attributed to the effect on the surfactant packing parameter by
the interaction between the surfactant head group and the silano-
late or charged silanol (Si–O� or Si—OHþ2 ) at the interface of aggre-
gates [4]. High silica surface charge-neutralizing surfactant
charges, resulting in lower surface area per head group, lead to
higher V/la0 values, where V is the volume of the surfactant hydro-
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
phobic tail, l is the surfactant tail length, and a0 is the area per sur-
factant head group.

In synthesis processes, there are at least three kinds of charged
species in solution: silica species (I� or I+), cationic surfactant (S+),
and its counterion (X�). Their interactions depend on the silicate
oligomeric species present because their charge densities depend
on the degree of oligomerization. With enough strong interaction,
the silicate ions exchange onto the micellar interface, and the local
enriched concentration results in accelerated condensation of the
silicate species. In alkaline conditions, the anionic silicate species
condense at the surface of the cationic surfactant through strong
Coulomb interactions (S+I�). There is a competition between I�

and X� species to bind the micelles surface, and the particularly,
strong interaction of tosylate with micelles can affect the results
in comparison with, e.g., CTAB. The increasing rate of formation
of the mesostructure is related to the increasing hydrophobicity
of the counterion [4]. The more strongly adsorbing X� would block
the adsorption of silicate ions on micelles and delay the formation
of the silica-surfactant mesophases. This, in turn, affects the struc-
ture of the synthesized material. Tosylate ions are strongly adsorb-
ing counterions, i.e., the CTAT micelle ionization degree is about 0.1
[17].

Alkyltrimethylammonium bromide-silicate systems tend to
form a lamellar phase at room temperature for n P 18 and
pH P 11, where n is the number of carbon atoms in the alkylic
chain. For the CTAB (n = 16)–sodium silicate system, Liu et al. re-
ported that MCM-48 could be made by simply controlling the alka-
linity [24] instead of MCM-41, which is formed by hexagonal liquid
crystals. Higher pH leads to MCM-48 of lower curvature structure,
which is commonly associated with lamellar liquid crystals. More-
over, Gallis and Landry [25] reported that when ethanol molecules
are present in enough large amounts (either added or produced in
hydrolysis of TEOS) in high pH conditions, the cubic structure of
MCM-48 can be made by using CTAB. Then, this phenomenon
may also cause the production of low-curvature structures in the
template aggregates.

Since at CTAT critical micelle concentration (CMCCTAT = 0.24 ±
0.02 mM) [17] spherical micelles form, while at the second CMC
(3.82 mM) rod-like micelles appear [21], it may be supposed that
the probable structure of the mesoporous silica will be that of
MCM-41. The transition from spherical to rodlike micelles appears
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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Fig. 2. Electron micrographs of materials synthesized with CTAT: (a) SEM micrograph of S2, showing the bicontinuous structure (magnitude = 5000�); and (b) SEM
micrograph of S1, showing the globular structure (10,000�); and (c) TEM micrograph of S1, showing small platelets (200,000�).

4 M. Brigante, P.C. Schulz / Journal of Colloid and Interface Science xxx (2011) xxx–xxx
to be relatively sharp at 1.90 mM, as revealed by static light scat-
tering [18] and transition from Newtonian to shear thickening
behavior of the solutions [26]. The wormlike micelles of this sur-
factant can grow to be sufficiently large to associate forming coop-
erative networks similar to those formed by entangled polymers
above their coil-overlap concentration [27]. Moreover, these sys-
tems may exhibit viscoelastic behavior, similar to high molecular
weight polymers in solution. The length of the wormlike micelles
is affected by temperature, ionic strength of the solution, and the
presence of other interacting components [28]. However, the sys-
tem produces a mesoporous material which has the characteristics
of a lamellar structure, with slit-shaped pores. The lamellar struc-
ture on the TEOS/CTAT/NaOH system was also reported by Men-
doza et al. [29]. Then, it can be concluded that the alkaline
conditions produce a reduction in the curvature of the surfactant
aggregates as in the CTAB case. Both the bicontinuous microscopic
structure and the lamellar nanoscopic one are caused by the for-
mation of low-curvature surfactant aggregates.

Moreover, sulfonic acid is a strong acid, and then, its ionization
is probably scarcely affected by the alkaline medium. However, the
alkyltrimethylammonium group is a relatively weak base
(pKb = 2.98 at 25 �C [30]). Then, the interaction between tosylate
and I+ is probably not affected by changing the medium from acid
to alkaline, but the interaction between I+ and CTA+ is probably af-
fected reducing the repulsion between the two species. This situa-
tion can also affect the kind of mesophase formed as template in
the silicate synthesis.

3.2. Acidic synthesis of silica materials using pure CTAT as template

As shown in Fig. 1, the pore size distribution of the material syn-
thesized in acidic medium (S3) is completely different from those
of the S1 and S2 samples. There is a unique broad peak at
2.90 ± 1.10 nm. It does not seem to appear a large pore size distri-
bution as in the S1 and S2 samples. Fig. 4 shows the general char-
acterization of S3. SEM micrographs show monolithic structures
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
formed by spheres whose average diameter was 2.26 ± 0.35 lm
(Fig. 4a and b). However, not all the material is formed by these
spheres. At a nanoscopic level, the material is formed by small
platelets with slit pores of variable size among them (Fig. 4c).
The nitrogen sorption isotherm is also of type IV but the hysteresis
loop is H2 (Fig. 4d), which corresponds to a non-defined distribu-
tion of pore sizes and shapes, which appears in several inorganic
oxide gels and glasses. It was attributed in the past to ‘‘ink bottle
pores’’, but it is now recognized that this provides an oversimpli-
fied picture and the role of network effects must be taken into
account [22]. The surface area is rather high (544.3 m2 g�1), and
the average pore diameter is low (1.35 nm), indicating that larger
pores are scarce. The pore volume is also high (0.692 cm3 g�1).

Similar results were obtained in acidic conditions using Triton
X-100 as a template [31]. The formation of spheroidal particles at
low pH was attributed to a weak control of structure by micelles.
Moreover, at very low pH, in the first step of the formation of the
mesoporous silica, when the concentration of the surfactant is
high, its micelles control more or less the polycondensation of
the silicic acid, giving rise to discrete particles. In the second step,
when the surfactant concentration becomes lower, this control
weakens and a less organized gel-like or glassy material appears
in which the particles formed in the first step are embedded. This
glassy material acts as glue between the particles [31].

Moreover, in acidic synthesis below the isoelectric point of sil-
ica, the cationic silica precursor (I+) formed at pH < 2 combines
with S+X�-type active sites in the surfactant aggregates through a
weaker electrostatic interaction throughout a bridge counterion
at the interface between surfactant and silica (S+X�I+) [32]. This af-
fects the structure order. It is usually softer than that in alkaline
conditions. Generally, because of the weaker interaction between
surfactant and silicas in acidic conditions, the original liquid crys-
talline phase is preserved when mixed with silica sources. The for-
mation of lamellae in acidic conditions in the CTAT–TEOS system
may be due to the strong hydrophobic interaction between cetyl-
trimethylammonium cation and the tosylate anion, causing a
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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reduction of the packing parameter similar to the one produced by
alkali.

Then, microscopic spheroidal particles are formed in the first
step of polymerization, which are subsequently agglomerated cre-
ating the monoliths. The formation of small platelets at nanoscopic
scale may be originated in a reduction of the packing parameter
caused by the strong hydrophobic interaction between cetyltri-
methylammonium cation and the tosylate anion in the presence
of silica precursors.
3.3. Alkaline synthesis of silica materials using CTAT–Pluronic F127
system as template

Fig. 5 shows the pore size distribution of samples synthesized
by mixtures of CTAT and Pluronic F127 in alkaline conditions. As
it can be seen, the inclusion of Pluronic F127 in the system pro-
duces a change from the bimodal pore size distribution of the mes-
oporous silica produced with pure CTAT to a broad monomodal
distribution of mesopores. Table 1 and SM Table S2 show the main
data obtained from nitrogen adsorption isotherms, and SEM and
TEM, respectively.
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
Fig. 6 shows the electron micrographs of samples synthesized
with CTAT–Pluronic F127 mixed micelles as template. SEM micro-
graphs show that the bicontinuous (sponge–like) structure is
maintained but the increase in Pluronic F127 content reduces the
pore size. However, in the system synthesized with the pure tri-
block copolymer (Figs. 6e), the bicontinuous structure is formed
by rods producing irregular and very polydisperse pores.

In literature, a mesoporous silica synthesized with a cubic meso-
phase of Pluronic F127 in alkaline conditions gave a material having
ABET = 740 m2 g�1, DaBJH = 5.40 nm, and VBJHdepv = 0.45 cm3 g�1 and
whose microscopic structure was formed by ropelike aggregates
[10]. Our material has lower surface area and pore volume, but
higher pore size (see Table 1) and maintains the microscopic struc-
ture. The differences may be caused by the dissimilar concentration
of the template and the unlike gelation conditions. On the other
hand and according to the TEM micrographs, all samples show
small porous platelets, with nearly round pores having a diameter
of about 1.70 nm. These pores are absent in the pure CTAT system.

The nitrogen adsorption–desorption isotherms of samples syn-
thesized by mixtures of CTAT and Pluronic F127 are shown in
Fig. 7. The isotherms are type IV with a H3 hysteresis loop. These
isotherms are similar to those found in aluminosilicate MCM-41
synthesized with cetyl and tetradecyltrimethylammonium bro-
mides as templates [33]. As shown in Fig. 7a, different zones of
the isotherm can be interpreted. The rise from points E to A repre-
sents the gradual condensation of nitrogen in the defects and
external surface. The adsorption step F–E is interpreted as a step-
wise multilayer adsorption on a uniform non-porous surface. The
step-height represents the monolayer capacity for each adsorbed
layer [22]. Upon descending, the rapid decrease from A to C reflects
the macropore of interparticle voids. At point C, there is a cooper-
ative evaporation from channels interconnecting the interparticle
voids. The step between points E and F corresponds to the capillary
desorption of mesopores [33]. This is congruent with the bicontin-
uous microscopic structure and the slit-shaped mesoporous. Simi-
lar isotherms were found in S4 and S5 (data not shown) and in
MCM-41 materials having a unimodal mesopores size distribution
and a broad microscopic pore size distribution [23]. The nitrogen
sorption isotherm for S7 (Fig. 7b) differs from S6; i.e., it has not
step C.

The morphology of the obtained materials may be influenced by
the peculiar interaction between CTAT and the triblock copoly-
mers. In a previous work [17], we studied the CTAT–Pluronic
F127 mixed micelles. In the mentioned system, there is a monoton-
ically repulsive interaction between the components. The aggre-
gate structure differs from both the pure CTAT and the pure
Pluronic F127 micelles at all proportions. The process for CTAT
inclusion in the copolymer is initially gradual but above
aCTAT � 0.40 (aCTAT being the mole fraction of CTAT in the surfac-
tant mixture), it is rapid and reaches saturation with nCTAT � 8.1,
where nCTAT is the number of CTAT molecules by copolymer mole-
cule, which is probably accompanied by a structure change in
mixed micelles. Cyclic voltammetry measurements [34] indicate
a strong reduction in the hydrodynamic radius (Rh) of mixed aggre-
gates (about one order of magnitude) in this situation, which prob-
ably indicates the replacement of mixed micelles by complexes of
one copolymer molecule with some CTAT ones. The inclusion of
Pluronic molecules in mixed micelles produces a large increment
of the aggregateś ionization degree a, which is caused by the sep-
aration between trimethylammonium groups, thus reducing the
surface potential of the mixed micelles. In the systems here used,
mixed micelles are saturated with CTAT and the ionization degree
is high. For S4, aCTAT = 0.90 and a = 0.62, for S5, aCTAT = 0.85 and
a = 0.75, and for S5, aCTAT = 0.50 and a = 0.72.

Moreover, the polyoxyethylene chains interact via hydrogen
bonding with the inorganic matrix. In high acid concentration,
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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Fig. 4. General characterization of the sample S3: (a) SEM micrograph at 5000�, showing the monolithic structure; (b) SEM micrograph at 20,000�, showing the globular
structure of monoliths; (c) TEM micrograph at 450,000�; and (d) nitrogen sorption isotherms. Open circles, adsorption; solid squares, desorption.
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the binding between the polymer and silicate anions is stronger
than the counterion-mediated charge coupling between the cat-
ionic surfactant and silicate [35]. It may be concluded that this ef-
fect combined with the low affinity between Pluronic F127 and
CTAT, and the high a values, causes that the addition of the silica
precursor probably promotes a demixing of micelles, giving a
low-curvature structure similar to that produced, as an example,
by CTAB in alkaline conditions [24] and therefore small mesopores.
The strong difference between the microscopic structure of sample
S7 and samples S4–S6 arises from the differences between the
surfactants responsible of the structure (CTAT and Pluronic
F127). Pluronic F127 micelles (probably including some CTAT mol-
ecules) are thus the main responsible of the small mesopores,
which is supported by the existence of the same pores in sample
S7.

On the other hand, it is also known that the size of mesopores is
strongly dependent on the temperature of the Pluronic-TEOS mix-
ture before (called synthesis temperature) and during (called aging
temperature) hydrothermal treatment [36]. According to the work
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
of Zhao et al. [9], higher temperatures result in larger pore sizes
and thinner silica walls. In agreement with Zhao and co-workers,
Ballem et al. [37] reported an increase in pore size (from 3.8 to
4.1 nm) and a decrease in wall thickness (from 10.7 to 8.5 nm) in
SBA-16 silicas by increasing the synthesis temperature from 1 to
40 �C. The authors attributed it to the temperature-dependent
hydrophilicity of the PEO block of the copolymer. Resulting PEO
moieties are expected to interact more strongly with the silica spe-
cies and thus be more closely associated with the inorganic wall
than the more hydrophobic PPO block. However, at higher temper-
atures, the PEO blocks become more hydrophobic due to the dehy-
dration of its chains, resulting in increased hydrophobic domain
volumes (or in decreased hydrophilic corona volumes), smaller
lengths of PEO segments associated with the silica wall, and
increased pore sizes [9,37,38]. The temperature of synthesis used
in this work was room temperature (25 ± 2 �C).

3.4. Acidic synthesis of silica materials using CTAT–Pluronic F127
system as template

Fig. 8 shows the pore size distribution of samples synthesized
by mixtures of CTAT and Pluronic F127 in acidic conditions. The
inclusion of the triblock copolymer leads to smaller pores having
a narrower distribution in comparison with the pure CTAT system,
which is attributed to the presence of free Pluronic F127 micelles
in the system, although the effect of synthesis temperature (tem-
perature of mixtures before hydrothermal treatment) should not
be discarded. Table 1 and SM Table S3 show the main data ob-
tained from nitrogen adsorption–desorption isotherms, and SEM
and TEM, respectively. All nitrogen sorption isotherms (data not
shown) were type IV with the hysteresis loop H2, similar to that
of sample S3 (Fig. 4d).

Fig. 9 shows the electron micrographs of samples synthesized by
mixtures of CTAT and Pluronic F127 in acidic conditions. On the one
hand, the macroscopic structure is monolithic, and the microscopic
one varies from spheres in samples S3 and S8, to finely granular in
samples S9 and S10 as shown in Fig. 9a and b, respectively. On the
other hand, all samples having the triblock copolymer show small
nearly round pores, as shown in the TEM micrograph (Fig. 9c).
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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Fig. 6. SEM (20,000�, left side) and TEM (200,000�, right side) micrographs of: (a, b) S5, (c, d) S6, and (e, f) S7.
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All samples are monolithic, and the microscopic structure of the
sample having higher proportion of CTAT is globular as in the pure
CTAT system. However, increasing the Pluronic F127 content, the
spheres disappear and the structure becomes finely granular in
both S9 and S10 samples. This suggests that in sample S8, the
release of the cationic surfactant from mixed aggregates is high en-
ough to produce the same microscopic structure as in pure CTAT
system, but this is not the case in sample S9. Changes in morphol-
ogy on the silica materials by varying the ionic surfactant/triblock
copolymer molar ratio can also be observed by analyzing data
reported by Poyraz et al. [39], who studied the synthesis of meso-
porous silicas by using mixed CTAB–Pluronic P85 surfactants as
templates. In fact, the authors reported that at high CTAB/Pluronic
P85 M ratio, the excess CTA+ ions go to the air–water interface to
produce mesostructured silica films as well as using pure CTAB,
which supports the results obtained in this work. On the other
hand, nearly round pores observed in all samples having the tri-
block copolymer can be interpreted, as in the alkaline samples, as
created by Pluronic F127 micelles or Pluronic–CTAT complexes.

3.5. Alkaline synthesis of silica materials using CTAT–Pluronic F68
system as template

SM Fig. S1 shows the pore size distribution of samples synthe-
sized by mixtures of CTAT and Pluronic F68 in alkaline conditions.
As well as in CTAT–Pluronic F127, the inclusion of Pluronic F68 in
the system produces a change from the bimodal pore size distribu-
tion of the mesoporous silica to a broad monomodal distribution of
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
mesopores. Table 1 and SM Table S4 show the main data obtained
from nitrogen sorption isotherms, and SEM and TEM, respectively.

The nitrogen sorption isotherm on S11 and S14 (data not
shown) are type IV similar to that of sample S1. The hysteresis loop
is type H3, typical of plate-like particles giving rise to slit-shaped
mesopores [22]. However, samples S12 and S13 show type IV iso-
therms similar to that of Fig. 7a but with a more pronounced step
at P/P0 = 0.28 (S12) and P/P0 = 0.33 (S13). This is interpreted as a
stepwise multilayer adsorption on a uniform non-porous surface.
The step-height represents the monolayer capacity for each ad-
sorbed layer [22]. Similar isotherms were found in some MCM-
41 materials [23]. Then, the monolayer capacity of systems synthe-
sized with CTAT–Pluronic F68 is higher than that in the systems
CTAT–Pluronic F127.

Electron micrographs, shown in Fig. 10, reveal that all the sam-
ples having Pluronic F68 are formed by spheres, which in turn are
formed by agglomerations of amalgamated porous smaller spheres.
Large spheres are isolated in sample S11 and S12 (Fig. 10a and b),
but form a monolithic bicontinuous structure in sample S13 and
S14. The bicontinuous microstructure of sample S14 is different
from that of S13, the former being smoother than the latter
(Fig. 10c–e).

Zhao et al. [10] reported the synthesis of a mesoporous silica by
using a cubic mesophase of Pluronic F68 in alkaline conditions
which gave a material having ABET = 700 m2 g�1, DaBJH = 3.50 nm,
and VBJHdepv = 0.36 cm3 g�1 and whose microscopic structure was
formed by ropelike aggregates. Our material has lower surface area
and pore volume, but higher pore size (see Table 1), and maintains
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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the microscopic structure (see Fig. 10e). The differences may be
caused, as well as in the CTAT–Pluronic F127 system, by the dissim-
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
ilar concentration of the template and the unlike gelation condi-
tions. TEM micrographs of all samples having F68 show small
platelets with slit pores, similar to that of sample S1 (Fig. 2c).In a
previous work [17], we found that the interaction between CTAT
and Pluronic F68 is different from that between CTAT and Pluronic
F127. The structure of Pluronic F68 micelles is only slightly modi-
fied with respect to that existing in pure state, while the neighbors
of CTAT micelles in the mixed aggregates are very different from
those in pure cationic surfactant micelles. In the CTAT–Pluronic
F68 system, there is repulsion below aCTAT � 0.25, while an attrac-
tive interaction occurs at higher CTAT contents. At aCTAT � 0.85,
there is a minimum, indicating that the maximum attraction be-
tween components occurs. When Xm

CTAT > 0:75 (Xm
CTAT being the mole

fraction of CTAT in the mixed micelles without considering the sol-
vent), a structural transformation of aggregates occurs, which dif-
fers strongly from both pure CTAT and pure Pluronic F68 micelles.
Pluronic F68 molecules are saturated with nCTAT � 7.5. As in
CTAT–Pluronic F127 systems, the ionization degree of micelles is
high, but lower than in the later system. Moreover, in the cyclic vol-
tammetry study measurements [34], there is an increase in the
hydrodynamic radius of CTAT–F68 aggregates by increasing the
CTAT content, except for aCTAT = 0.85 (XCTAT = 0.82), in which there
is a reduction of Rh from about 10 nm to about 1 nm. For sample
S11, aCTAT = 0.90 and a = 0.43, for S12, aCTAT = 0.85 and a = 0.39,
and for S13, aCTAT = 0.50 and a = 0.54. This indicates that the polar
head groups of cetyltrimethylammonium ions are closer in CTAT–
Pluronic F68 micelles than in CTAT–Pluronic F127 ones.

The divergences between the silica materials obtained using
CTAT–Pluronic F127 and CTAT–Pluronic F68 systems as templates
may be explained from the differences in the properties of the
respective mixed aggregates: while in CTAT–Pluronic F127 sys-
tems, there is a repulsive interaction between the components,
thus facilitating de-mixing by the interaction between micelles of
the template and silica precursors, the interaction is attractive in
the system CTAT–Pluronic F68, and then, it is probable that the
mixture acts as a unique complex. CTAT may interact with the
block copolymer molecules through hydrogen bonding and strong
van der Waals forces between the oxyethylene group of Pluronic
F68 and the head group of CTA+ ions. Similar interactions were re-
ported by Liu et al. [40] in the system CTAB–Pluronic P123. Again,
the alkaline medium is the mainly factor that promotes a low-cur-
vature structure in some of the systems (S1, S13 and S14). The ef-
fect was also observed in systems with non-ionic surfactants as
template, such as Triton X-100 [31].

3.6. Acidic synthesis of silica materials using CTAT–Pluronic F68
system as template

SM Fig. S2 shows the pore size distribution of samples synthe-
sized by mixtures of CTAT and Pluronic F68 in acidic conditions.
As well as in the CTAT–Pluronic F127 system, the inclusion of Plu-
ronic F68 leads to smaller pores having a narrower distribution
than in the pure CTAT system, which are probably formed by
copolymer or copolymer–CTAT mixed micelles at room tempera-
ture. Moreover, Bahadur et al. [41] found that F68 micelles are less
compact and more solvated than those formed by the more hydro-
phobic members of the Pluronics family. Thus, in this case, it is
possible that the PEO chains be more or less fully extended into
solution enabling silica penetration deep into the micelle corona
prior to the heating step, to result in such small pores. The nitrogen
sorption isotherms of all samples (data not shown) are similar to
that of sample S3 (Fig. 4d); i.e., they are type IV with a H2 hyster-
esis loop which corresponds to a non-defined distribution of pore
sizes and shapes, as discussed above [22]. Table 1 and SM Table
S5 show the main data obtained from nitrogen adsorption iso-
therms, and SEM and TEM, respectively.
Sci. (2011), doi:10.1016/j.jcis.2011.11.056
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Fig. 9. Electron micrographs of materials synthesized by mixtures of CTAT and Pluronic F127 in acidic conditions: (a, b) SEM micrographs of samples S8 and S9, respectively
(magnitude = 20,000�); and (c) TEM micrograph of sample S8 (magnitude = 200,000�).

Fig. 10. SEM micrographs of materials synthesized by mixtures of CTAT and Pluronic F68 in alkaline conditions: (a) S11 (300�), (b) S12 (20,000�), (c) S13 (5000�), (d) S13
(19,000�), and (e) S14 (5000�).
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Fig. 11. Electron micrographs of materials synthesized by mixtures of CTAT and Pluronic F68 in acidic conditions: (a, b) SEM micrographs of samples S15 (5000�) and S17
(40,000�), respectively, and (c) TEM micrograph of sample S17 (200,000�).
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Fig. 11 shows the microscopic aspect of samples S15–S17. These
materials consist of agglomerates of polydisperse spheres
(Fig. 11a). At higher magnifications (Fig. 11b), they show a sandy
granular aspect. At very high magnification (Fig. 11c), the sandy
texture shows irregular mesopores, having a pore diameter
Dpore � 3.80 nm.

The obtained results indicate that the microscopic texture of
these samples is only governed by the synthesis pH, independently
on the surfactant composition, i.e., samples S3 and S15–S17 have
spheroidal shape. The mesoporous structure seems to indicate
that, as mentioned above, the CTAT–Pluronic F68 mixed micelles
act as stable entities to template the silica. As determined in a pre-
vious work [17], their mixed micelles do not differ significantly
from Pluronic F68 pure micelles, as it is reflected in the almost
invariant mesopore size in samples S15–S17.
4. Conclusions

Our results reveal that the structure of the silica materials was
affected by the acidity or alkalinity of the synthesis gel, but also by
the characteristics of the interaction between the surfactants in the
template. Using pure CTAT, microscopic bicontinuous materials are
obtained in alkaline synthesis, which are composed by nanoscopic
plate-like particles having slit-shaped pores. Strong electrostatic
interactions between silanolate groups and cationic surfactant ions
seem to be the main factor that controls the synthesis mechanism.
In acidic synthesis, on the contrary, monolithic silicas are obtained.
These materials are also composed by nanoscopic plate-like parti-
cles having slit-shaped pores, although in some cases, the micro-
scopic structures are formed by fused spherical particles. The
synthesis mechanism is attributed to a weaker electrostatic inter-
action throughout a bridge counterion at the interface between the
surfactant and the cationic silica precursor.

The inclusion of Pluronic triblock copolymers to the CTAT–TEOS
system produces materials with small and nearly round pores.
Besides, there are changes in morphology and texture of the mate-
rials, which are attributed not only to the synthesis pH and tem-
perature but also to the interaction between CTAT and Pluronic
Please cite this article in press as: M. Brigante, P.C. Schulz, J. Colloid Interface
F127 (mainly repulsive) and between CTAT and Pluronic F68
(mainly attractive). On the one hand, bicontinuous platelets having
slit-shaped mesoporous are obtained in alkaline synthesis by using
CTAT–Pluronic F127 as template; while all materials showed
monolithic (spheres or granular) structure in acidic media. On
the other hand, bicontinuous polydisperse spheres having plate-
like slit pores are formed by using CTAT–Pluronic F68 as template,
independently on the synthesis pH conditions.

The obtained results have a significant importance in several
processes, where the control of the pH, surfactant concentration,
and ionic surfactant/triblock copolymer molar ratio (within others)
in the production of synthetic materials can play a key role. Taking
into account this concept, one can design a convenient and eco-
nomic path for getting the mesoporous products to match the
desired applications. Based on our results, silica materials synthe-
sized at acidic pH and at high CTAT/Pluronic F127 M ratio (or at
low CTAT/Pluronic F68 M ratio) have higher surface area and pore
volume than at alkaline pH, which would be desirable in some
adsorption and catalysis applications. On the contrary, silica mate-
rials synthesized at alkaline pH have higher DaBJH values (see Table
1), which would be desirable in, for example, biomolecular encap-
sulation and controlled drug release. Big pore sizes could also be ob-
tained at temperature of synthesis higher than 25 �C, in agreement
with several works reported in literature [9,37,38]. On the other
hand, the results can be helpful to continue future investigations
about understanding copolymer–(ionic or non-ionic) surfactant
interactions, because it is not only an academic interest, but it is
also important (such as shown in this work) from the application
point of view. In fact, there is desirable to explore these interactions
by using other compounds of the Pluronic family to correlate these
with the resulting mesoporous materials properties.
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