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ABSTRACT

Mesoporous silica nanoparticles (MSNSs) are usually obtained by conventional sol-
gel synthesis techniques, in a process that requires long reaction periods, and goes
through many critical steps. Small variation in the synthesis conditions can modify
the morphology, structural and textural properties of materials. An alternative route
for silica nanoparticles manufacturing is the spray drying (SD) technique, which
involves particle formation by evaporation-induced hydrolysis and condensation
of silicates, also providing continuous production. In this context, we have
developed a new SD-based methodology for the preparation of well-dispersed
MSNs by properly adjusting the pH of the synthesis mixture (e.g., pH=8.5), and
using NaF as silica mobilizing agent. These nanoparticles present wormhole-like
pores that are randomly distributed in all directions and hexagonal symmetry easily
recognizable in the mesoporous wall at small domains. In addition, optimizing the
gas inlet temperature (Tin) to 90°C promoted rapid assembly between silicate
network building species during the SD process, yielding nanoparticles with good
structural and textural properties. This technique is highly scalable and adaptable
to the industrial stage, showing enormous interest in the pharmaceutical

development.
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1. Introduction

Mesoporous silica nanoparticles with MCM-41-type structure (MSNSs) are
characterized by large surface area and large pore volume, uniform and modulable
pore size, easy surface functionalization (both internal and external) of the pores,
and a rigid and stable hexagonal ordering [1]. MSNs are also very robust and
present the ability to encapsulate metals and molecules within their pore channels
[2,3]. These properties give MSNs potential applications in catalysis [4,5],
separation [6], adsorption of chemicals [7] and biomedicine [8,9]. In the case of
the biomedical scope, these MSNs can be utilized for the preparation of controlled
drug delivery systems sensitive to chemical stimuli (pH, enzymes, redox
compounds) or physical activation (temperature, light, magnetism and
ultrasounds). MSN can also be used as multifunctional nanoplatforms
encapsulating various contrast agents for subsequent diagnostic and imaging
modalities, such as magnetic resonance imaging (MRI), optical/fluorescence,
positron emission tomography (PET) and multimodality imaging [9,10]. In
addition, these nanoparticles can effectively transport biomolecules such as nucleic
acids and proteins conferring protection against enzymatic degradation [11].
However, the production of MSNs requires of conventional sol-gel synthesis
techniques, in a process that takes long reaction periods, and goes through many
critical steps (e.g., templating, nucleation, condensation, aging, separation, drying
and template removal). Small variation in the synthesis conditions can condition
the morphology, structural and textural properties of materials [12,13]. For
example, the alkaline pH setting is critical, as lower initial pH results in amorphous
nanoparticles, while a higher initial pH produces larger particles, and too high a pH

often results in particle agglomeration [14]. In addition, reaction temperature and



surfactant concentration are other important parameters that influence the size and
morphology of MSNs and are also known to alter the rate of hydrolysis and
condensation rate of the silica precursor.

In this context, an alternative route recently developed for silica nanoparticles
manufacturing is the spray drying (SD) technique [15]. This method involves
particle formation through an evaporation-induced silicate hydrolysis and
condensation. The process allows quick preparation of uniformly spherical silica
particles in hydroalcoholic media from submicron to micron sizes, although
different morphologies can be obtained by changing the solvent [16], and provides
continuous production with strong potential for industrial scaling, which shows
enormous interest in the pharmaceutical development [17]. Furthermore, currently,
there is laboratory-scale equipment for the production of silica nanoparticles, as
the Nano Spray Dryer B-90 introduced by BUCHI Labortechnik AG in 2009,
which is able to produce spray-dried particles in the submicron scale with a narrow
size distribution [18].

With regards to the preparation of mesoporous silica particles, some groups have
succeed obtaining SBA-15 microspheres by SD with specific macroscopic
properties [16,19], and also controlling the incorporation of drugs into the
mesopores [16]. Nevertheless, the synthesis of MSNs by this method encounters
several constrains, such as: i) the difficulties to assemble silicate anions and
templating molecules in very short time leading to a partially structured material;
i) strong nanoparticle aggregation; and iii) technical limitations of the vibrating
mesh spray technology, which can’t be exposed to solutions of pH>8.5. This last

condition becomes critical because, as extensively studied by Varache et al. [20],



the optimal NaOH concentration for MSNs preparation is between 10 and 15 mM,
with a pH set at 11.8.

It is possible to craft mesoporous molecular sieves by sol-gel condensation at
almost neutral pH by using low molecular weight amines (e.g., ethanolamine) as
silica activator [21]. Moreover, MCM-41 mesophase has also been synthesized
with long-range structural order at low pH by using fluoride ions as mineralizing
agent [22,23]. Therefore, we here present a new methodology based in SD for the
preparation of well-dispersed MSNs with appropriate pH adjustment of the
synthesis mixture (e.g., pH=8.5), and using different catalysts for silica activation,
as NaOH, ethanolamine (ETA) or NaF. To our knowledge, this is the first
successful attempt of synthesizing MSNs by the SD route starting from building
components (e.g., silica source and templating agent), to give single nanoparticles

with wormhole-like pores and hexagonal mesophase at small domains.

2. Experimental

2.1. Materials

Reagents and solvents were purchased from Sigma-Aldrich and used without further

purification. Water was deionized to 18.2 mQ-cm* using a Milli-Q pack system.
2.2. Nano Spray Dryer B-90

The extensive description of the functional principle and operation are presented

elsewhere [18]. Figure 1 presents schematically the operation for the production of MSNSs.

Briefly, the liquid stream was atomized into fine droplets by a piezoelectric-driven
vibrating mesh atomizer (5.5 um droplet size), then subjected to drying in a drying
chamber in order to yield solid particles and, finally, separated and collected by a suitable

electrostatic dry powder collector. The standard working conditions were: pump at 60%



of maximum rate, 130 kHz vibration frequency, 35-45 mbar inlet pressure, 60%
atomization rate, 125-135 L/min drying gas flow, 75-120 °C drying gas inlet temperature
(Tin) and 40-50 °C gas outlet temperature. Spray drying operation was hold for 5 h, and
afterwards the powder was gently collected from the internal wall of the electrode

cylinder with a scraper.
2.3. Preparation of MSNs by Spray Drying

The initial solution was prepared in a 500 mL round bottom beaker with strong stirring at
25 °C. 0.50 g of hexadecyltrimethylammonium bromide (CTAB) was dissolved in 238
mL of a mixture water/ethanol 7:1 (v/v) (208 mL H20:30 mL EtOH). Subsequently, the
corresponding mineralizer agent was added, NaOH, ETA or NaF. In all cases, pH was
adjusted to 8.5 by adding, when needed, NaOH 0.1 M. After pH stabilization, 2.5 mL of
tetraethylorthosilicate (TEOS) were dropped and the mixture was immediately pumped

to the Nano Spray Dryer B-90.

For template removal, the collected powder at the Nano Spray Dryer B-90 was dispersed
in 150 mL of HCI 0.25 M in ethanol and refluxed for 24 h. Afterwards, the suspension
was filtered off and the extraction process repeated. Finally, the product was filtered off,
washed with distillated water and freeze-dried at -55 °C. In the case of inorganic
nanoparticles, removal of the water by a freeze-drying technique in a HyperCOOL Hyper-
HC3110P-100 LabTech facility under optimized conditions resulted in MSN powders
containing only weak secondary clusters [24,25], which could be easily redispersed in

water or ethanol.
2.4. Preparation of MSNs in fluoride medium by the Sol-Gel process

0.50 g of hexadecyltrimethylammonium bromide (CTAB) was dissolved at 25 °C in 238

mL of a mixture water/ethanol 7:1 (v/v) (208 mL H20:30 mL EtOH) with strong stirring.



Subsequently, 118 mg of NaF were added and the pH was adjusted to 8.5 by adding
NaOH 0.1 M. After pH stabilization, 2.5 mL of tetraethylorthosilicate (TEOS) were
dropped and the mixture was stirred for 5 h. The initial gel composition (see also Table
1) was: 1:0.12:0.002:0.25:46:1036 SiO2/CTAB/NaOH/NaF/EtOH/H20. Subsequently,
the suspension was centrifuged (40 min, 33768 g), washed with distillated water and
freeze-dried at -55 °C. The surfactant was removed in the same way that for samples

produced by SD.
2.5. Materials characterization

XRD patterns were collected in a Philips X Pert diffractometer equipped with a graphite
monochromator, operating at 40 kV and 45 mA and using nickel-filtered Cu Ka radiation
A = 0.1542 nm. Nitrogen gas adsorption isotherms were measured in a Micromeritics
Flowsorb apparatus. Surface area calculations were carried out using the Brunauer—
Emmett-Teller (BET) method, whereas pore size distribution was calculated according
to the Kruk—Jaroniec—Sayari (KJS) estimation [26]. TEM micrographs were collected in
a JEOL JEM 2100F microscope operating at 200 kV. When needed, particle diameter was
calculated as the average with standard deviation of at least 250 measured nanoparticles.
Samples for transmission electron microscopy (TEM) were ultrasonically dispersed in 2-
propanol and transferred to carbon coated copper grids. Particle size and Z-Potential
measurements were conducted by diffuse light scattering (DLS) in a Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK). Dried materials were re-suspended in
deionized water at a concentration of 5 pg/mL and measurements were performed at 25
°C. The mean hydrodynamic diameter was determined by cumulant analysis. Solid NMR
spectra were recorded at room temperature under magic angle spinning (MAS) on a
Bruker AV400 spectrometer. The single pulse 2°Si spectra were acquired using pulses of

3.5 us corresponding to a flip angle of 3n/4 rad and a recycle delay of 240 s. All spectra



were recorded with a 7 mm Bruker BL-7 probe and at sample spinning rate of 5 kHz, and
referred to tetramethylsilane (TMS). The surfactant content in the as-synthesized
materials was calculated from thermogravimetric analysis (TGA) in a Mettler-Toledo
TGA/SDTA 851 e apparatus. Finally, the removal of surfactant after acid extraction was
monitored by Fourier transform infrared (FTIR) and elemental analysis (EA). FTIR

1

spectra were recorded at room temperature in the 400—4000 cm ™ region with a Nicolet

205xB spectrophotometer, equipped with a Data Station, at a spectral resolution of 1 cm™!

and accumulations of 128 scans. Elemental analysis was carried out in a FISONS, EA

1108 CHNS-O equipment.

3. Results

The initial gel compositions and yields of the as-synthesized samples are presented in
Table 1. The physical-chemical properties of obtained mesoporous materials are

described in Table 2.

Table 1. Compositional and structural characteristics of as-synthesized silica
nanoparticles prepared by SD method and sol-gel synthesis.

Sample  Method  Temp. Gel molar composition? Ysioz Yerag® CTAB/SIO,*
(°C) (Wt%)  (wt%) (M)

Si0, CTAB NaOH EA NaF EtOH H,0

SDN-1 SD 90 1 0.12 0.002 - - 46 1036 15 85 1.20

SDN-2 SD 90 1 0.12 - 0.05 - 46 1036 49 74 0.32

SDN-3 SD 90 1 0.12 0.002 - 0.25 46 1036 44 94 0.45

SDN-4 SD 75 1 0.12 0.002 - 0.25 46 1036 41 72 0.37

SDN-5 SD 120 1 0.12 0.002 - 0.25 46 1036 41 90 0.46

SGN-1  Sol-Gel 25 1 0.12 0.002 - 0.25 46 1036 16 6 0.08
* pH=8.5.

® Calculated from TGA determination (loos of weight in the range 150-550 °C).

¢ CTAB/SiO; ratio in spray-dried samples can be affected by CTAB accumulation on nanoparticle outer
surface.



Table 2. Structural and textural characteristics of mesoporous silica nanoparticles
prepared by SD method and Sol-Gel synthesis.

Sample dn-Spacing Sger Vp Dp Sphere average pPdI° C—Potential
(A) (m?g™h) (cm3 g?)? (AP diameter (nm)° (mV)
leO d110
SDN-3 47.1 26.4 507.3 0.31 29.6 75.6 +32.4 0.184 -11.7
SDN-4 46.6 26.4 266.1 0.20 31.0 86.1+40.9 0.226 -14.7
SDN-5 47.6 26.1 172.0 0.17 29.7 80.5+38.4 0.228 -5.0
SGN-1 47.2 385.1 0.29 311 7391324 0.193 -9.9

a Adsorption cumulative volume of pores between 17.0 and 300.0 A diameter.
b As determined by the KJS estimation.
¢ As determined by DLS.

3.1. Influence of the silica activator agent

We first tried to reproduce the sol-gel synthesis process in alkaline medium by SD in the
Nano Spray Drier B-90. However, as commented before, the main technical limitation of
this facility for MSNs production is the sensitivity to alkaline pH of the thin membrane
in the piezoelectric-driven vibrating mesh atomizer (Figure 1, position 2), which quickly
deteriorates for pH>8.5. This limits strongly the OH™ concentration in the initial synthesis
gel, which makes compulsory using lower SiO2/NaOH ratios (e.g., SiO2/NaOH=0.002,
see Table 1). Here, the formation of MSNs goes through four steps [27]: silica templating,
nucleation, particle growth and surface aging. At almost neutral pH the hydrolysis of
TEOS is slow [20] and the silica-surfactant micelles formation is minimized. Only when
most of the solvent has been removed from the descendent droplets silica starts to
condensate effectively. Thus, it is not surprising that when we carried out the SD of the
synthesis mixture at standard working conditions and Tin=90 °C (SDN-1 sample) we
obtained amorphous silica nanoparticles (average diameter 275.0 + 66.5 nm, as
determined by TEM), as the powder XRD file (Fig. 2a) and the TEM images (Fig. 3a)

suggest.



As we needed to polymerize silica at mild alkaline pH, we tried to use an organic amine
to accelerate the process. For instance, it has been reported that ETA acts as catalyst to
mobilize and self-assemble the silica and the templating agent to produce microporous
and mesoporous structures at neutral pH [21]. For the SD production, we adjusted pH=8.5
in the synthesis mixture with ETA (SDN-2, SiO2/ETA=0.05, Table 1) and set Tin=90 °C
but, unfortunately, we again obtained nanoparticles of amorphous silica (average
diameter 71.8 + 24.3, as determined by TEM), as it is reflected by the powder XRD

pattern (Fig. 2b) and the TEM images (Fig. 3b and 3c).
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Fig. 1. Scheme of functioning and main components of the Nano Spray Dryer B-90
equipment.



At this point, F ion has been claimed to be a mineralizer that can replace successfully
OH-, due to the equivalent size and electronegativity of both anions [23]. Furthermore,
fluoride group is able to mobilize and self-assemble silica with the structure directing
agent (SDA) at neutral pH, and also stabilizes silicate network, by reducing the number
of terminal hydroxyl groups (e.g., structural defects) on surface. Then, when we carried
out the SD of the initial mixture (pH=8.5) at Tin=90 °C we obtained MSNs with hexagonal
P6mm ordering (sample SDN-3). The powder XRD pattern showed at least two

discernible peaks indexed to (100) and (110) planes (Fig. 2c, Table 2).

100

100

110

1 15 2 25 3 35 4 45 5 55 6
2 Theta/®

Fig. 2. Powder XRD patterns of as-synthesized materials: (a) SDN-1; (b) SDN-2; (c)
SDN-3; (d) SDN-4; € SDN-5; (f) SGN-1.



Also, TEM (Fig. 3c) showed well-dispersed MSNs with a polydispersity index (Pdl) of
0.184 and an average particle diameter of 75.6 + 32.4 nm (as determined by DLS, see
Table 2 and Fig. S1). SDN-3 sample showed a rather complex pore structure, in which
the mesochannels were not ordered throughout the nanoparticle, but formed wormhole-
like pores randomly distributed in all directions, starting at the center of the sphere and
exiting towards the outer edge (Fig. 3e). However, the hexagonal symmetry was clearly

visible when observing small domains of the mesoporous wall (inset of Fig. 3e).

Fig. 3. Representative TEM images of the as-synthesized nanoparticles prepared by SD
(a-e) or sol-gel (f) methods. (a) SDN-1; (b) SDN-2; (c) Detail of a nanoparticle of SDN-
2 material showing no internal structure. (d) SDN-3; (e) Detail of a nanoparticle of SDN-
3 material showing the internal structure formed by wormhole-shaped pores randomly



distributed in all directions. The inset shows the local arrangement in hexagonal P6mm
symmetry. (f) SDN-4; (g) SDN-5; (h) SGN-1.

The hexagonal ordering of this material was consistent with the obtained nitrogen
adsorption report (Fig. 4a, Table 2), corresponding to a type IV isotherm (BET surface
area, Seer=507.3 m? g*) with narrow pore size distribution (pore diameter, Dp=29.6 A,
Fig. 4b, Table 2) and a relatively low pore volume (Vp=0.31 cm?® g!) due to the imperfect

hexagonal symmetry.
3.2. Influence of Spray Drying gas temperature

The most critical parameters to control during the SD process of MSNs are the templating
compound, the silica precursor, the water content, the solvent and the temperature [28].
In this work, we used a standard synthesis gel composition in order to study the effect of
the SD gas temperature on nanoparticles properties. Therefore, the inlet temperature of
the airflow (Tin) was set at 75°C, 90 °C and 120 °C (respectively, SDN-4, SDN-3 and
SDN-5 samples, Table 1), which determines the loss of solvent per unit of time and
influences the structural and textural properties of the material. XRD patterns in Fig. 2
indicate that the mesoporous structure is already developed at Tin=75 °C (SDN-4 sample),
although for Tin=120 °C (SDN-5 sample) the intensity of secondary reflection (110) is
lowered. TEM images in Fig. 3 does not show any morphological difference among these
samples, and no appreciable change in particle diameter was observed by DLS (Fig. S1).
All samples presented type IV nitrogen adsorption isotherms (Fig. 4a), although Sger
changed significantly when increasing the drying gas temperature, with a maximum for
the sample dried at Tin=90 °C (see Fig. 4c and Table 2). Here, the structure seems to
collapse partially in SDN-5 sample, with a dramatic loss of surface area and pore volume
(Vp). This external surface reduction with temperature was also consistent with the

changes observed in Z-Potential, whose evolution maintained the same trend (Table 2).
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Fig. 4. Nitrogen adsorption isotherms (a), pore size distribution (b), and evolution of Sger
with Tin (c) of materials obtained by the SD method (SDN-3, SDN-4, SDN-5) or by sol-
gel synthesis (SGN-1).

FTIR spectra indicated that after twice HCl-ethanol washing all samples showed only
residual quantities of surfactant (Fig. S3). Two weak absorption peaks were detected 2924
cm™ and 2852 cm™ corresponding, respectively, to the asymmetric stretching vibration
and symmetric stretching vibration for C-H on methylene groups [29,30]. Elemental
analysis confirmed the removal of the template in MSNSs, reporting less than 1% Carbon
in all samples. In addition, FTIR study also provided information on the external silanols
(Si-OH), with bands centered at 3452 cm™ and 1650 cm™ corresponding, respectively, to

the stretching vibration and bending vibration of -OH groups [30].



3.3. Preparation of MSNs by Spray Drying versus Sol-Gel synthesis

For the purpose of comparison, we prepared MSNs in fluoride medium by the classical
sol-gel process. The composition of the synthesis gel, the reaction temperature (T=25 °C),
and the reaction time (t=5 h) were the same that for the mixture fed to the Nano Spray
Drier. The results showed, firstly, that the silica yield of the process was very low
(Ysio2=16%, Table 1), which was due to the slow kinetic of the surfactant-silica
interaction at pH=8.5, and the short time given to the starting components to react. After
template extraction, the powder XRD pattern (Fig. 2f) corresponded to a disordered
hexagonal wormhole-like structure, with a single diffraction peak indexed to (100),
whereas no secondary reflections were detected (Table 2). This is in agreement with the
observed morphology by TEM (Fig. 3f). Therefore, it is not surprising that SGN-1
material presented lower Sger that SGN-3, due to the uncomplete development of the

hexagonal mesophase.

The 2°Si MAS NMR spectra (Fig. 5) of SDN-3 and SGN-1 showed high condensation
level of silicate species in both samples, as expected from the used synthesis conditions.
It has been reported that fluoride anion replaces hydroxyls in the silicate network,
increasing the level of connectivity of silica in the lattice and reducing the percentage of
structural defects, which results in a chemically more inert surface [23]. As a
consequence, the quantity of Q2 ((SiO)2Si(OH)2 and Qs ((SiO)sSi(OH) silicon
environments is clearly dropped in as-synthesized materials. Therefore, deconvolution of
the NMR signal in sample SGN-1 led to 4% of Q2 ((Si0)2Si(OH)2 at -92.5 ppm), 31% of
Qs ((Si0)3Si(OH) at -102.4 ppm), and 64% of Qa4 ((Si0O)4Si at -111.2 ppm). In the same
way, SDN-3 material showed similar silica polymerization grade with 5% of Q2
((Si0)2Si(OH)2 at -92.3 ppm), 30% of Qs ((Si0O)sSi(OH) at -102.6 ppm), and 65% of Q4

((Si0)4Si at -111.3 ppm).
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Fig. 5. Representative 2°Si MAS NMR spectra of as-prepared materials obtained by SD
synthesis (a, SDN-3), or sol-gel process (b, SGN-1).

4. Discussion

As commented before, the formation of MSNs goes through four steps: templating,
nucleation, condensation and aging. Templating and nucleation take place very quickly
(a few minutes) [12], and it can be assumed that they are happening mostly at the liquid
medium before the SD process starts. However, condensation and aging need of a larger
period (6-48 hours), specially at neutral pH and room temperature. For spray-dried
samples, these steps are accelerated by the fast drying at the hot airflow. The solvent
elimination occurs in a few seconds, and the growth of the mesophase depends of an
equilibrium between silicate anions condensation and water removal (Fig. 6).
Unfortunately, for weak silica mobilizers like low alkali concentration or ETA, water
removal happens too quickly to assure the right deposition of silicate units on the surface
of CTAB micelles. In these conditions, most of the surfactant and SiO4* anions

condensate freely to give amorphous silica.
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Fig. 6. Artistic representation of the key steps in MSN preparation by the SD method and
classical sol-gel synthesis.

However, as seen elsewhere [22,23], fluoride anion is an excellent silica activator even
in mild conditions (e.g., neutral pH, room temperature), and it is also able to replace
hydroxyl groups from silicate network, reducing the frequency of defects and increasing
the stability of the mesoporous structure. Even when the solvent is quickly removed by
SD, fluoride is able to catalyze effectively the silicate condensation over CTAB micelles,
promoting particle growth and aging in a very short time [23], resulting sample SDN-3
with hexagonal P6mm ordering and good textural properties.

It is remarkable that the observed SDA (cetyltrimethylammonium bromide, CTAB) to
silicaratio in the as-synthesized nanoparticles is unusually high (CTAB/Si02=0.45, Table
1) for a mesoporous MCM-41 type material [31]. We think that this is a characteristic of
the manufacturing process, that involves the formation of very small droplets (5-6 um
diameter), which are quickly dried by the descendent drying gas stream. Although the
droplet remains in suspension enough to allow particle growth, the excess of surfactant

accumulates on the external surface.



At this point, gas inlet temperature (Tin) becomes crucial to optimize the formation of
nanoparticles with the mesoporous structure. For instance, we found that for Tin=90 °C
(SDN-3 sample), an optimum assembly between the silicate network building species was
achieved during the SD process, with optimum structural and textural properties.
Moreover, at Tin=75 °C (SDN-4 sample), although the solvent was fully removed after
SD, this material shows lower Sget and Vp values, indicating that a slower evaporation
rate may delate and hamper the hexagonal mesophase formation. Conversely, higher gas
inlet temperature (e.g., Tin=120 °C) provokes very fast solvent evaporation, which affects
to structure stability and leads to partial pore collapse, minorizing the crystallinity of the
sample and its textural properties (SDN-5 sample). In any case, we didn’t observe the
wet-pocket phenomenon [14], as our nanoparticles were absolutely dried after the SD
process, as confirmed by the TGA reports (Fig. S2), and no significant structural changes
were found after template removal, as it has been described in other mesoporous materials
obtained by SD [32].

We have seen that, even in the best case (sample SDN-3), the observed structural and
textural features of the obtained MSNs are far from the unique honeycomb structure of
MCM-41, with large surface area, high porosity and narrow mesopore distribution.
Indeed, it has been pointed out that the structural array of hexagonally packed pores
typical of MCM-41 is hard to be placed in a spherical nanoparticle [33]. Instead, usually
MSNs present a broad main peak at low angle (corresponding to the 100 plane), whereas
the secondary reflections overlap in a broad band. This happens because the spherical
shape of MCM-41 sub-micrometer particles limits the pore ordering in large domains,
distorting the hexagonal symmetry and giving rise to broader lines in the XRD pattern
[31,33,34]. Accordingly, TEM images of SDN-3 particle revealed a complex pore

structure consisting in mainly by wormhole-shaped pores. Really, TEM images only



analyze a very small fraction of the sample, where it is usually difficult to state how much
the material is ordered, but the hexagonal symmetry can be found at small domains.

Eventually, it has been shown that the SD process is able to produce well-structured and
well-dispersed MSNs by using fluoride as silica mobilizing agent. However, one might
question if these nanoparticles are already synthesized in the batch containing the stirring
mixture of reagents, so the SD route is only drying quickly already conformed MSNs. To
clarify this doubt we carried out the sol-gel synthesis process with the original gel
composition at room temperature. We found that, according to 2°Si MAS NMR spectra in
Fig. 5, the level of connectivity of the silica in the lattice was similar for the sol-gel and
SD samples (respectively, SGN-1 and SDN-3). However, powder XRD patterns (Fig. 2)
and Sger reports (Fig. 4 and Table 2) made it clear that it was not possible to fully develop
the hexagonal ordering by the sol-gel protocol in such a short period (t=5 h). Furthermore,
the silica and surfactant yields of the sol-gel process were very low (Ysio2=16%, YcTas=
6%, Table 1), which is consistent with an uncompleted synthetic procedure, in which
most of the silicate and templating molecules are lost in the filtration operation. Therefore,
the SD is providing a quick and efficient technique for manufacturing of well-dispersed
MSNs with hexagonal P6mm symmetry, and high surface area. Furthermore, this

technique is highly scalable and adaptable to the industrial stage.

4. Conclusions

We have shown that it is possible to produce MSNs in a fast and scalable form by SD of
the precursor component mixture in fluoride medium and almost neutral pH. The use of
fluoride as silica mobilizing agent allows to obtain well-dispersed mesoporous
nanoparticles with hexagonal structure in short domains. In addition, it has been shown
that the gas inlet temperature (Tin) is crucial to optimize the development of the

mesoporous structure and, in our case, for Tin=90 °C (SDN-3 sample), an optimal



assembly between the silicate network building species was achieved during the SD

process, with optimal structural and textural properties.
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