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Stoichiometrically controlled thiol-functionalized mesoporous silica particles are synthesized by a spray dry
technique in one step. The EDS (energy dispersive X-ray spectrometer) mapping shows that thiol groups are well
dispersed throughout the particles without phase separation at micrometer scale. From TEM (transmission electron
microscope) observation, SAXS (small-angle X-ray scattering) measurements, and N, adsorption—desorption isotherms, it
is proven that the thiol groups can be successfully embedded in the frameworks up to 30% without any collapse of
ordered mesoporous structures. The amount of the embedded thiol groups in the final products can be stoichiometrically
controlled by changing the compositions of the initial precursor solutions, as is confirmed by 2°Si NMR measurements.
The total adsorption capacity of mercury(Il) ions was increased in proportion to the amount of the thiol groups embedded
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in the frameworks.

In the modern world, environmental pollution caused by
human activity is a serious problem. Heavy metal ions
originating from factories, mines, and industrial wastes have
accumulated in soil and water, resulting in serious pollution.
Because of the toxicological effects on living things, heavy
metal ion contamination is a significant threat to us. For
example, mercury(Il) ion may form organomercury com-
pounds, which are often extremely toxic and cause brain and
liver damage. Unlike organic pollutants, heavy metals do not
decompose and thus an efficient adsorbent for heavy metal ion
removal is required immediately.

Mesoporous silica is one of the best candidates for adsorbent
materials due to unique features such as very high surface area
and large pore volume. To further enhance functional proper-
ties, mesoporous organosilica, which contains organic frag-
ments in the silica framework, has been synthesized.'® As for
the heavy metal ion removal, intercalation of organic fragments
interacting with heavy metal ion is important. Because thiol
and thiourea groups are known to exhibit interaction with
mercury(Il) ion, the synthesis of thiol- or thiourea-functional-
ized organosilica has been conducted by many groups.!®1¢ In
order to finely control the heavy metal ion adsorption ability,
stoichiometrically controlled synthesis of functionalized meso-
porous organosilicas should be important. However, in conven-
tional co-condensation processes in micellar solution, the
organic content in products is usually not consistent with that in
the precursor solutions.!”'® For stoichiometrically controlled
synthesis, special conditions such as very dilute conditions'>!
and high surfactant concentration!® are required.

Recently, several spherical mesoporous particles (e.g.,
silica,!®23 organosilica,>”'* maghemite—organosilica,>* car-
bon,>> and metal oxide®®) have been prepared by aerosol-
assisted processes. The important advantage of spray drying is
the product compositions can be stoichiometrically controlled
by changing the compositions of the initial precursor solutions.
In this process, the liquid feed (i.e., precursor solution) is
sprayed through a nozzle into a hot steam gas in which
the supplied liquid is vaporized and the droplets are dried
immediately. However, the previous system is not suitable for
continuous production, because the dried samples are collected
by membrane filters. Very recently, we newly developed a
laboratory-made apparatus for rapid and large-scale produc-
tion.?” In our system, the dried samples can be collected with a
cyclone separator due to strong centrifugal force. Therefore,
our spray drying process can be used for long hours without
any complex post-processing, making it suitable for industrial
applications.

In this paper, our system is extended to the preparation of
thiol-functionalized mesoporous organosilica particles for
mercury(Il) ion removal. In particular, we focus on stoichio-
metric controls of thiol contents in the frameworks to finely
control the amount of adsorbed mercury(II). No collapse of
the ordered mesostructures were observed up to 30% thiol
content embedded in the frameworks, though disorder occurred
by embedding 20% thiol content in a previous spray dry
production.'* Also, the activity of mercury(I) adsorption (per
thiol group) did not decrease at all, even though the thiol
content increased. To the best of our knowledge, the systematic
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spray dry system focusing on stoichiometric control has not
been reported so far, though several spray-dried mesoporous
materials with different compositions have been designed by
adjusting the composition of the precursor solutions.371419-26

Experimental

Materials. Extra pure TEOS (tetraethyl orthosilicate) as a
silica source, hydrochloric acid (pH 2), and 36% hydrochloric
acid solution were purchased from Nacalai Tesque, Inc. Ethanol
(purity = 99.5%, Koso Chemical Co., Ltd.) was used as a solvent.
A triblock copolymer (Pluronic F127, PPO;s—PPO7,—PEO;(¢) and
Hg(NOs), aqueous solution (0.01 molL™") were obtained from
Aldrich Co. 3-MPTMS ((3-mercaptopropyl)trimethoxysilane) pur-
chased from Kanto Chemical Co., Inc. was used as a thiol source.

Laboratory-Made Spray Dryer Apparatus. Based on the
Spray Dryer GB22 (Yamato Scientific Co.), we handmade an
apparatus for this study (Figure 1). A two-flow spray nozzle
(inside and outside diameters are 406 and 1270 pm, respectively) is
used for droplet generation. The nozzle tip pressure is tunable from
0.05 to 0.30 MPa. Inlet temperature of the drying chamber can be
controlled from 50 to 280 °C. The digital temperature display is
accurate to £1 °C. Spray-dried samples are collected in a cyclone
collector by utilizing the centrifugal force generated in the cyclone.
Temperature resistant, super hard glass is used for the drying
chamber, the cyclone, and the cyclone collector.

Preparation of Precursor Solutions. The precursor solutions
were prepared by mixing TEOS, 3-MPTMS, and 2.5 g of ethanol
in a beaker and then adding 3.1mL of HCl (pH 2) solution
dropwise. Three types of precursor solution were prepared by
varying the amount of 3-MPTMS. For comparison, the pure
mesoporous silica particles were also prepared by using TEOS
only. The amount of both TEOS and 3-MPTMS in each sample are
summarized in Table 1. The mixture was vigorously stirred for
about 30min until the mixture became clear. 2.5g of ethanol
and 2.0 g of Pluronic F127 (surfactant) were mixed and shaken
vigorously for about 30 min in another beaker. After that, two
solutions were mixed. After stirring for 30 min, the clear precursor
solutions were obtained.

Spray-Dry Synthesis.  The precursor solutions were spray
dried under the following conditions: the aspirator rate: 0.45
m3h~!, the inlet temperature: 250°C, and the nozzle pressure:

<+ Pressure air

Exhaust air

Product vessel

The system diagram of the laboratory-made spray dryer apparatus.

Table 1. The Compositions of the Precursor Solutions

TEOS TEOS 3-MPTMS 3-MPTMS Lereentage of

3-MPTMS to
/g /mol /g /mol ik os e
Sample A 6.5 0.031 0 0 0
Sample B 6.5 0.031 0.6 0.0031 10
Sample C 6.5 0.031 1.2 0.0062 20
Sample D 6.5 0.031 1.8 0.0094 30

0.20 MPa. The droplets of the solutions were carried by an air flow
and evaporated in the drying chamber, followed by collecting
particles with the cyclone collector. To remove the surfactant, these
particles were washed twice in a mixture of 3.8 g of 36% HCI
aqueous solution and 150 mL of ethanol.

Characterization Techniques. The spray-dried samples were
observed on a Hitachi S-4800 field emission scanning electron
microscope. The TEM images were obtained using a JEOL-3000F.
The accelerating voltage of the electron beam was 200 kV. Powder
samples for the TEM observation were dispersed in ethanol by
ultrasound and mounted on a microgrid. The small-angle X-ray
scattering (SAXS) spectra were measured by NANO-Viewer
(Rigaku). Nitrogen adsorption—desorption isotherms were mea-
sured by using a Quantachrome Autosorb-1. All samples were
outgassed at 100 °C for 24 h before the measurement. The specific
surface area and the pore size were calculated using Brunauer—
Emmett-Teller (BET) and Barrett—Joyner—Halenda (BJH) meth-
ods, respectively. Solid-state 'H-decoupled °Si magic angle
spinning (MAS) nuclear magnetic resonance (NMR) measure-
ments were performed on a JEOL-ECA 500 (11.7 T) spectrometer
at a spinning rate of 8kHz and a resonance frequency of
99.37MHz with a 45° pulse length of 1.8 us and a recycle time
of 120 s. Micro-Raman scattering measurements were performed to
investigate S states at room temperature with a 100x objective and
a 532-nm excitation light. The excitation power was set to be about
10 mW. The spectral resolution of all data are about 0.3 cm™'. The
mercury ion adsorption capacity was examined by reduction
aeration atomic absorption spectroscopy. 15 mg of the spray-dried
samples was added into 10mL of Hg(NOs), aqueous solution
(0.01 mol L") and left at rest for 1 h. 50 uL of the clear supernatant
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Figure 2. SEM images and EDS mappings (Si, O, and S) of the samples after removal of surfactants. Scale bar is 20 um.

liquid was taken and diluted with pure water. The mercury
concentration of the diluted solution was measured by a fully-
automatic heat-vaporization mercury measuring instrument (MA-
2000, Nippon Instruments Corporation), then the amount of
mercury(IT) adsorbed to the thiol-functionalized silica sample was
calculated.

Results and Discussion

The SEM images of the spray-dried samples prepared by
various precursor solutions are shown in Figure 2. These
images showed that the samples have spherical morphology.
These facts indicate that the spherical droplets generated from
the nozzle uniformly shrunk into the center point in the drying
chamber. The spherical morphology was retained after remov-
ing the surfactant. EDS mapping showed that thiol groups were
well dispersed throughout the particles without phase separa-
tion at micrometer scale.

In the Figure 3, the SAXS patterns of the samples after
removal of the surfactants are displayed. A prominent peak
corresponding to the mesoscopic periodicity was observed in
each sample and the estimated pore—pore distance was 12.4
(Sample A), 11.8 (Sample B), 11.5 (Sample C), and 11.7 nm
(Sample D). The basal spacings were not changed, that is, the
amount of the thiol groups embedded in the framework did not
affect the mesoscopic periodicity.

The mesoscopic ordering was also observed by TEM.
Figure 4 shows the TEM images of Sample D with high thiol
contents. It was observed that the cage-like spherical meso-
pores were formed within the spray-dried particles and they
were closely packed with each other. By tilting the TEM
sample grid, similar cage-like spherical mesopores were
observed (Figure S1). This fact also nicely supports the
formation of spherical mesopores. The pore-to-pore distance
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Figure 3. The SAXS spectra for the samples after removal
of surfactants.

is estimated to be about 12 nm, which is in good agreement
with the SAXS data. From the EDS mapping analysis and
corresponding TEM (Figure 4b), it was shown that the thiol
groups were uniformly dispersed. No phase separations at
nanometer scale were observed at all. In addition, the presence
of the thiol groups were evidenced by the detection of S-H
stretching bands in the Raman spectrum (2570nm).'%!
However, an S-S streching band (510nm) was not detected,
indicating the absence of thiol group oxidation in these samples
(Figure S2).

The N, adsorption—desorption isotherms and the pore-size
distributions are summarized in Figure S3. The isotherms
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Figure 4. (a) TEM images and (b) EDS mappings (Si, O,
and S) of Sample D with high thiol contents. Scale bar is
1 um.

showed type IV with a hysteresis loop. Large N, uptake was
observed at low relative pressures. This indicates the presence
of micropores (less than 2nm), originating from the hydro-
philic tails of the triblock polymer. The average pore sizes
calculated by a BJH method decreased with the increase in the
amount of thiol groups, which is caused by the increased
coverage of thiol groups on the surface of the mesopores.'’
Samples A, B, and C exhibited high BET surface areas, while
the BET surface area of Sample D decreased due to the
increased coverage of thiol groups on the pore surface. This
tendency has been reported by Nakamura et al.'>

The *Si cross-polarization magic-angle spinning (MAS)
NMR spectra are shown in Figure 5. For Sample A, three
peaks appeared at —108.1 (Q%), —100.8 (Q%), and —91.5ppm
(Q?). These peaks are attributed to silicon atoms without
hydroxy group [(SiO)s—Si], with one hydroxy group [(SiO);—
Si—-OH], and with two hydroxy groups [(SiO),—Si—(OH),],
respectively.

In other samples, the T> and T? peaks were observed. The T?
and T? peaks are attributed to [(SiO);—SiR] and [(SiO),—SiR—
(OH)] (where R represents the thiol group derived from 3-
MPTMS). The observed T peaks were at —64.4 (Sample B)
and —65.4ppm (Samples C and D). The T? peak for Samples
B, C, and D were located at —58.0, —56.6, and —57.1 ppm,
respectively. In Samples C and D, the area intensity of thiol
group derived peaks (i.e., T?> and T%) were doubled and tripled
in comparison with that of Sample B, though the silica derived
peak areas (i.e., Q% Q°, and Q% were almost constant among
Sample B, C, and D. This means the stoichiometry was
maintained after the spray-dry synthesis (See the initial
compositions, Table 1).

Mercury(Il) lon Removal

2
Sample A Q Q4

3
2
Sample B T T

Intensity / a.u.

o

Sample C

Sample D
A ] A ] A
0 -50 -100 -150
ppm
Figure 5. The *Si cross-polarization MAS NMR spectra.
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Figure 6. The relationship between the amount of the
adsorbed mercury(Il) ion and the amount of thiol groups
embedded in the frameworks. Each amount (mol) was
normalized to the total sample amount (g).

The relationship between the adsorbed mercury(Il) ion and
the amount of thiol groups is shown in Figure 6. In the absence
of thiol groups, slight adsorption of mercury(II) onto meso-
porous pure silica was observed due to the physisorption into
the mesoporous matrix with high surface area. The total
adsorption capacities increased in proportion to the amount of
thiol groups in the samples. Furthermore, the amounts of
adsorbed mercury(Il) were normalized to the number of thiol
units. The adsorption capacities per thiol unit were estimated to
be 0.82 (Sample B), 0.69 (Sample C), and 0.77 (sample D),
respectively. Considering the physisorption, the values were
0.51 (Sample B), 0.53 (Sample C), and 0.66 (Sample D),
respectively. The adsorption capacities per thiol unit were
almost the same or slightly higher than reported in previous
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papers using HMS mesoporous organosilica with much lower
thiol contents.'? This enhancement was probably because of the
exposure of a thiol group caused by the existence of micro-
pores. Here we successfully demonstrated that high thiol con-
tent organosilica can be synthesized without loss of mercury(II)
adsorption by using a spray-dry technique. Although the
obtained spray-dried samples were mixed with Hg(NO;),
aqueous solution for 1h in this experiment, the adsorption
rates for all the samples were fast. Actually, it took only 20 min
to completely adsorb the saturated amount of mercury(Il).

In addition, the spray-dried samples in this study showed
good hydrothermal stability. It has been generally known that
mesoporous silica materials prepared by block copolymers
such as P123 and F127 have significantly greater hydrothermal
stability in comparison with conventional MCM-41 materials
using cationic surfactants, due to thick frameworks. The thiol-
functionalized mesoporous organosilica prepared by using
CTAB showed a well-resolved SAXS pattern, but after heating
in boiling water for 12 h, the material becomes amorphous and
loses all reflections. In contrast, all of the samples prepared
with F127 block copolymers are very stable after heating in
boiling water longer than 12h, and the surface area and pore
size were unchanged and detachment of thiol groups was not
observed by the EDS mapping. Such excellent stability is very
important from the viewpoint of the removal of heavy ions in
water.

Conclusion

Using a spray-drying technique, we produced thiol-func-
tionalized mesoporous organosilica particles in one step. The
stoichiometory was well retained during the fabrication. Up to
30%, the embedded groups did not effect the ordered structure.
The ability to remove mercury(Il) was proportional to the
amount of thiol groups in the organosilica particles. This paper
demonstrated the synthetic platform for the preparation of
stoichiometrically controlled functionalized mesoporous orga-
nosilica. This useful and inexpensive system allows production
of many types of organosilica with other functional groups,
which could be important nanoporous materials as adsorbents
of other heavy metal ions in the future.

Supporting Information

Figure S1: The TEM image of Sample D, Figure S2: Raman
spectra for Sample D, and Figure S3: The N, adsorption—desorp-
tion isotherms and the pore-size distributions of each sample. This
material is available free of charge on the web at http://www.csj.jp/
journals/besj/.
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