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ABSTRACT: This work reports the preparation of hydrophobic
mesoporous silica particles (MSPs) modified with nonfluorinated
alkyl silanes. Alkyl silanes were grafted onto the surface of the
MSPs as a function of the length of nonfluorinated alkyl chains
such as propyltriethoxysilane (C3), octyltriethoxysilane (C8),
dodecyltriethoxysilane (C12), and octadecyltriethoxysilane (C18).
Moreover, the grafting of the different alkyl silanes onto the surface
of MSPs to make them hydrophobic was demonstrated using
different conditions such as by changing the pH (0, 4, 6, 8, and 13),
solvent type (protic and aprotic), concentration of silanes (0, 0.12,
0.24, 0.36, 0.48, and 0.60 M), reaction time (1, 2, 3, and 4 days),
and reaction temperature (25 and 40 °C). The contact angles of
the alkyl silane-modified MSPs were increased as a function of the alkyl chain lengths in the order of C18 > C12 > C8 > C3, and the
contact angle of C18-modified MSPs was 4 times wider than that of unmodified MSPs. The unmodified MSPs had a contact angle of
25.3°, but C18-modified MSPs had a contact angle of 102.1°. Furthermore, the hydrophobicity of the nonfluorinated alkyl silane-
modified MSPs was also demonstrated by the adsorption of a hydrophobic lecithin compound, which showed the increase of lecithin
adsorption as a function of the alkyl chain lengths. The cross-linking ratios of the modified silanes on the MSPs were confirmed by
solid-state 29Si-MAS nuclear magnetic resonance (NMR) measurement. Consequently, the hydrophobic modification on MSPs
using nonfluorinated alkyl silanes was best preferred in a protic solvent, with a reaction time of ∼24 h at 25 °C and at a high
concentration of silanes.

■ INTRODUCTION

Hydrophobic surface modification is a technology for
controlling the wetting behavior of liquids on a surface, and
has been used in various fields for pollution-source removal;
oil−water separation; self-cleaning functions; corrosion resist-
ance; antifouling, antifogging, and antibacterial functions;
antireflective functions; and drag reductions.1−7 Moreover,
hydrophobic surface modification processes have included
sol−gel, casting, lithography, electrospinning, chemical etching,
chemical vapor deposition, and dip-coating.8−14

The hydrophobic surface modification method that has been
widely used so far is the use of fluorine compounds such as
poly(tetrafluoroethylene) (PTFE, Teflon) and perfluoroalkyl
groups.15−21 Because fluorine has a small atomic diameter (42
pm) and a large electronegativity (3.98), it is advantageous for
lowering the surface free energy.22−25 Stable fluorinated groups
decrease the van der Waals potential with the result that
electrostatic interactions limit contact between the solid and
liquid phases, resulting in wider contact angles.26 However,
several recent reports have shown that the risk of the use of
fluorine-based compounds involves risks of environmental
contamination and human health issues such as incurable
diseases (e.g., thyroid disease, cancer, and Alzheimer’s

syndrome), immune disorders, and hormonal disorders.27−32

In addition, a rough-textured surface and low surface energy
are required to form a hydrophobic surface. The hydrophobic
surfaces are maintained by stable air pockets present in rough
gaps with low surface energy. These form a barrier sheet
between the droplet and the solid structure.33 In addition, the
surface energy of fluorinated compounds is the lowest among
other hydrocarbon compounds, and such compounds show
high stability under chemical conditions such as acidity,
basicity, and heat. Consequently, they are suitable for use in
various industrial fields requiring water repellency and oil
repellency.34,35

Furthermore, many efforts have been made on the
conversion of hydrophilic surfaces of mesoporous silica
particles (MSPs) to hydrophobic surfaces.36−41 The meso-
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porous silica particles (MSPs) have high surface areas (700
m2/g or more) due to numerous silanol groups (Si−OH) in
ordered nanopores and channels of 3−7 nm. For these reasons,
they are used in various fields such as catalysts, scaffolds, and
nanoreactors.42−45 However, the high surface areas and
abundant hydroxy groups (−OH) of MSPs are hard to be
used in engineering applications involving hydrophobic surface
engineering. Much of the research intended to achieve a
hydrophobic surface on the MSPs has involved the use of
fluorine-based silanes (or other compounds) to mask the
hydroxy groups on the surface.46,47

In this work, we used nonfluorinated alkyl silanes for the
hydrophobic surface modification on MSPs. The reason for
using alkyl silanes with varying alkyl chain lengths is that the
hydrophobicity increases as the length of the alkyl (C−H)
chain increases. The hydrophobic MSPs were prepared by the
modification with the nonfluorinated alkyl silanes as a function
of the length of alkyl chains such as propyltriethoxysilane
(PTES, C3), octyltriethoxysilane (OTES, C8), dodecyltriethox-
ysilane (DDTES, C12), and octadecyltriethoxysilane (ODTES,

C18). Moreover, the hydrophobic modifications were achieved
at different pH values (0−13), in different solvents (toluene
and hydrochloric acid), at different silane concentrations (0.12,
0.24, 0.36, 0.48, and 0.60 M), for various reaction times (1, 2,
3, and 4 days), and at two reaction temperatures (25 and 40
°C), respectively. Furthermore, the hydrophobicity of alkyl
silane-modified MSPs was achieved by hydrophobic lecithin
adsorption using hydrophobic interactions between a lecithin
compound and the hydrophobic mesoporous silica surfaces.
Especially, solid-state 29Si magic angle spinning (MAS) nuclear
magnetic resonance (NMR) was used to compare the alkyl
silane modification on MSPs as a function of reaction
temperature (see Scheme ).1

■ RESULTS AND DISCUSSION

Preparation and Characterization of MSPs. The
characterization of the ordered MSPs such as transmission
electron microscopy (TEM) images, small-angle X-ray
diffraction (XRD), and N2-adsorption and desorption iso-
therms is shown in Figure 1. The TEM images of the prepared

Scheme 1. Hydrophobic MSPs Using Nonfluorinated Alkyl Silanes as a Function of Alkyl Chain Lengths

Figure 1. (a) TEM images of MSPs and (b) small-angle XRD pattern (left) and the Brunauer−Emmett−Teller (BET) isotherm (right) of MSPs.
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ordered MSPs showed a hexagonally ordered porous structure
and with straight channels of 7.44 nm (Figure 1a). Moreover,
small-angle XRD showed the diffractions of the ordered MSPs
at 0.82, 1.41, and 1.62° of 2θ corresponding to (100), (110),
and (200), respectively. N2 adsorption−desorption isotherms
of the ordered MSPs showed an H4 type hysteresis loop with a
753.16 m2/g specific surface area (Figure 1b).
Nonfluorinated Alkyl Silane Modification of MSPs at

Different pH Values. Figure 2a shows the contact angles of
MSPs using alkyl silanes modified at different pH values (0, 4,
6, 8, and 13). The alkyl silane modification of the MSPs was
performed as a function of the length of alkyl carbon chains
(C3, C8, C12, and C18). The contact angles of MSPs modified
using alkyl silanes were relatively wider when obtained under

acidic and basic conditions than under neutral conditions. This
means that the alkyl silane modification is a sol−gel reaction,
and it is generally known that this reaction occurs well under
acidic and basic conditions due to the easy protonation and
deprotonation such as involved in hydrolysis and condensa-
tion.48,49 The contact angle of the silane with the longest alkyl
chain (ODTES, C18) was wider than those of other alkyl
silanes.
Among the ODTES-modified MSPs (the silane with the

longest alkyl chain length), contact angles were 102.1, 98.4,
77.1, 96.7, and 99.2°, corresponding to pH 0, 4, 6, 8, and 13,
respectively. On the other hand, contact angles of MSPs
modified using PTES (C3, the silane with the smallest alkyl
chain length) were 87.6, 57.1, 29.7, 48.5, and 81.3°,

Figure 2. (a) Contact angles of the alkyl silane-modified MSPs, (b) water contact angle images, and (c) BET isotherms as a function of alkyl chain
lengths at different pH values.
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corresponding to pH 0, 4, 6, 8, and 13, respectively. The extent
of alkyl silane modification of the MSPs indicates that more
grafting occurred under acidic and basic conditions than under
neutral conditions. Figure 2b shows the water contact angle
images of alkyl silane-modified MSPs at different pH values (0,
4, 6, 8, and 13) as a function of the length of alkyl carbon
chains (C3, C8, C12, and C18). Figure 2c shows the N2
adsorption−desorption isotherms of alkyl silane-modified
MSPs as a function of the length of alkyl carbon chains (C3,
C8, C12, and C18) at pH 0, 6, and 13, respectively. With
increasing length of the hydrophobic alkyl silanes used to
modify the mesoporous silica surface, the surface areas were
decreased and the hysteresis loop was changed to an H4 type
hysteresis loop from an H3 type in lower and higher pH
conditions. However, there is little change in N2 adsorption−
desorption isotherm patterns and surface areas of alkyl silane-
modified MSPs except for ODTES silane modification in
neutral pH conditions.
Alkyl Silane Modification of MSPs in Protic and

Aprotic Solvents. Protic solvents can provide the protons
needed to form new hydrogen bonds, but aprotic solvents
cannot do this. Figure 3a shows a comparison of the contact
angles of alkyl silane-modified MSPs in hydrochloric acid and
toluene: the contact angles were wider when prepared in
hydrochloric acid than in toluene. Moreover, the change in
contact angles as a function of the alkyl silane modification of
MSPs increased. In hydrochloric acid, the contact angles of
alkyl silane-modified MSPs were increased to 87.6, 97.6, 98.2,
and 102.1° as a function of the alkyl chain length
(corresponding to C3, C8, C12, and C18, respectively). On the
other hand, the contact angles of alkyl silane-modified MSPs as
the function of alkyl chain lengths in toluene were 23.2, 50.0,
77.1, and 81.93°, respectively. Therefore, the use of protic
solvents in the alkyl silane modification reaction was expected
to be favorable due to their enhancement of the grafting
efficiency of the alkyl silanes by an increase in the hydrolysis
rate.50,51 Figure 3b shows the correlation of contact angle
measurement, surface areas, and thermogravimetric analysis
(TGA) of alkyl silane-modified MSPs in hydrochloric acid.
The contact angles of the alkyl silane-modified MSPs increased
as a function of the alkyl chain lengths, and the contact angle of
C18-modified MSPs is 4 times wider than that of unmodified
MSPs. The unmodified MSPs have a contact angle of 25.2°,
but C18-modified MSPs have a contact angle of 102.1°. As a
result of the alkyl silane modification reaction, the surface areas
of the alkyl silane-modified MSPs decreased to about 212.5
m2/g from 753.1 m2/g. The unmodified MSPs have a surface
area of 753.1 m2/g, but the alkyl silane MSPs have the surface
areas of 430.5, 355.6, 334.4, and 212.5 m2/g, corresponding to
C3, C8, C12, and C18, respectively. Moreover, the grafted
amounts of MSP alkyl silanes modified in hydrochloric acid
increased to 12.8, 27.0, 27.8, and 33.2% as a function of the
alkyl chain lengths, corresponding to C3, C8, C12, and C18,
respectively. On the other hand, the grafted amounts of MSPs
modified using alkyl silanes, as a function of alkyl chain lengths
in toluene, were 3.92, 5.63, 6.44, and 10.30%, respectively
(data are not shown). Figure 3c shows the N2 adsorption−
desorption isotherms of alkyl silane-modified MSPs as a
function of the length of alkyl carbon chains (C3, C8, C12, and
C18) at pH 0. With increasing length of the hydrophobic alkyl
silanes used to modify the surface of MSPs, the surface areas
decreased and the hysteresis loop changed to an H4 type
hysteresis loop from an H3 type.

Modification of MSPs as a Function of the ODTES
Concentration. Among the various alkyl silanes used for the
surface modification of mesoporous silica, ODTES (C18) had
the widest contact angle regardless of the pH and the solvent
used. Therefore, we demonstrated changes in the contact angle
using ODTES for the modification of MSPs as the functions of
the silane concentration, reaction time, and reaction temper-
ature. Figure 4a shows the contact angles of ODTES (C18)-
modified MSPs as a function of the silane concentration in the
range 0.12−0.60 M in hydrochloric acid. With an increase in
the ODTES concentration, the contact angle resulting from

Figure 3. (a) Contact angles of the alkyl silane-modified MSPs as a
function of alkyl chain lengths in different solvents (water contact
angle images were inserted), (b) correlation of contact angles, surface
areas, and TGA results of alkyl silane-modified MSPs as a function of
alkyl chain lengths, and (c) BET isotherms as a function of alkyl chain
lengths.
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the ODTES modification of the MSPs increased in the range
from 57.1 to 102.1° from the original 25.2°. Images of the
contact angle as a function of the ODTES concentration are
shown. Figure 4b shows the correlation of the surface area,
pore volume, and thermogravimetric analysis results of
ODTES-modified MSPs as a function of the silane
concentration in hydrochloric acid. As the ODTES concen-
tration used for the hydrophobic modification of the MSPs
increased, the surface areas of the ODTES-modified MSPs
decreased from 753.1 m2/g of mesoporous silica to 385.1,

289.1, 212.5, 167.1, and 79.0 m2/g, corresponding to 0.12,
0.24, 0.36, 0.48, and 0.60 M, respectively. Moreover, the
grafted amounts of ODTES-modified MSPs increased to 19.9,
25.3, 33.2, 44.3, and 46.9% as a function of the ODTES
concentration, corresponding to 0.12, 0.24, 0.36, 0.48, and 0.60
M, respectively.
The pore volumes of the ODTES-modified MSPs decreased

from 1.31 cm3/g of mesoporous silica to 0.68, 0.53, 0.41, 0.34
and 0.29 cm3/g as a function of the ODTES concentration
(corresponding to 0.12, 0.24, 0.36, 0.48, and 0.60 M,
respectively). Figure 4c shows the N2 adsorption−desorption
isotherms of alkyl silane-modified MSPs as a function of the
ODTES concentration (0, 0.12, 0.24, 0.36, 0.48, and 0.60 M)
at pH 0. As the ODTES concentration increased, the surface
areas decreased and the hysteresis loop changed to an H4 type
hysteresis loop from an H3 type.

ODTES Modification of MSPs as a Function of the
Reaction Time. To compare the relationship between the
contact angle of ODTES-modified MSPs and the reaction
time, the modification of the MSPs was demonstrated over 4
days with monitoring conducted every day. Figure 5a shows
the contact angles of ODTES (C18)-modified MSPs as a
function of the reaction time for 4 days. As the reaction time
increased, the contact angle of the ODTES-modified MSPs
slightly decreased to 102.1, 105.0, 105.4, and 111.8°,
corresponding to 1, 2, 3, and 4 days, respectively. Images of
the contact angles as a function of the reaction time are also
shown. Figure 5b shows the correlation of the surface area,
pore volume, and thermogravimetric analysis results of
ODTES-modified MSPs as a function of the reaction time.
Despite the increase of the reaction time used for ODTES
modification of the MSPs, the surface areas of the ODTES-
modified MSPs are similar (153.0−212.5 m2/g). This trend is
almost the same not only for the change in the specific surface
area but also for the graft amounts and pore volume as a
function of reaction time for ODTES modification. The grafted
amounts and the pore volumes of the ODTES-modified MSPs
are in the range of 33.2−39.4% and 0.41−0.34 cm3/g,
respectively.
Figure 5c shows the N2 adsorption−desorption isotherms of

alkyl silane-modified MSPs as a function of the reaction time
(1, 2, 3, and 4 days) at pH 0. As the reaction time increased,
the surface areas decreased and the hysteresis loop changed to
an H4 type hysteresis loop from an H3 type.

ODTES Modification of MSPs as a Function of the
Reaction Temperature. To elucidate the relationship
between the contact angle of ODTES-modified MSPs and
the reaction temperature, the modification of the MSPs was
demonstrated at different temperatures (25 and 40 °C). Figure
6a shows changes in the contact angles and the graft amounts
after the ODTES modification on the MSPs, where the contact
angle was markedly decreased from 102.1 to 43.8° as the
reaction temperature increased. However, the graft amounts of
ODTES in the ODTES-modified MSPs increased from 33.24
to 44.37%. In general, it was predicted that the greater the
TGA value according to the ODTES modification is (that is,
the greater the amount modified), the more the contact angle
would increase. Although the TGA value was relatively higher
at 40 °C than at room temperature, the contact angle
decreased as the temperature increased. To explain this result,
we measured the change in the surface area, pore size, and pore
volume of mesoporous silica according to the ODTES
modification shown in Figure 6b. In the ODTES modification

Figure 4. (a) Contact angles of the ODTES-modified MSPs as a
function of the concentration, (b) correlation of the surface area, pore
volume, and TGA results of the ODTES-modified MSPs as a function
of the concentration, and (c) BET isotherms as a function of the
concentration.
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of mesoporous silica, the TGA value increases and the specific
surface area decreases as the modification amount increases. In
this work, increasing the temperature to 40 °C increased the
TGA value to 44.37%, but the specific surface area also slightly
increased from 97.0 to 212.5 m2/g. However, the pore volumes
of ODTES-modified MSPs decreased from 1.31 cm3/g of
MSPs to 0.41 and 0.23 cm3/g at 25 and 40 °C, respectively.
This result can be explained by the formation of multilayer

ODTES on the mesoporous surface. ODTES silanes were
modified onto the MSP surfaces very quickly but were
disorderly at high temperatures due to their relatively long
carbon chains. ODTES silanes were also modified very rapidly

(although disorderly) onto the mesoporous silica surface at 40
°C. In addition, the necessary reaction is difficult to be
achieved because a monolayer forms on the mesoporous
surface due to the long carbon chain. Moreover, when a large
amount of ODTES was grafted onto the surface of the
mesoporous silica, the ODTES formed an irregular, multilayer
structure. This multilayer ODTES could reduce the pore size
and pore volume of the mesoporous silica. The pore size of
ODTES-modified MSPs was 7.35 and 6.95 nm at 25 and 40
°C, respectively.
Furthermore, 29Si-MAS NMR spectroscopy has been

extensively used to determine the bonding environment of Si
atoms near the surfaces.49 Figure 6c shows the 29Si-MAS NMR
spectra of ODTES-modified MSPs at 25 and 40 °C, where
they show the two main peaks of Tn sites (Si−O−Si, −50 to
−80 ppm) and Qn sites (Si−OH, −90 to −130 ppm),
respectively. We note that the intensities in the spectra allow
qualitative estimation of the relative populations of the
different Tn and Qn sites. Tn sites of the ODTES-modified
MSPs seen at −58 and −68 ppm correspond to T2 (R-
Si(OSi)2(OH), terminal siloxane) and T3(R-Si(OSi)3, cross-
linking), and Qn sites seen at −102 and −110 ppm correspond
to Q3 (Si-(OSi)3OR) and Q4(Si-(OSi)4), respectively. The Q

n

sites of the ODTES-modified MSPs are actually of little
interest because they have the Si information on the MSP
surfaces, not in the ODTES. However, we focus attention on
the distribution of the surface Tn sites, which indicates the
modification of ODTES silane in terminal and cross-linking
sites as T2 and T3. It is interesting to note the degree of cross-
linking when ODTES modification on MSPs is better to react
at a higher temperature than at a lower temperature.
The cross-linking ratio, Si (cross-link, T3)/Si (terminal, T2)

by the integrated analysis, is about 0.24 and 0.51
corresponding to the ODTES modification on MSPs at 25
and 40 °C, respectively. The integration of Si (Q3) on the
surface of the MSPs and the integration of Si (T2) on the
terminal of the ODTES silane showed almost constant values
independent of the reaction temperature. However, the
integration Si (T3) in ODTES silane representing cross-linking
was 0.124 and 0.234 when modified at 25 and 40 °C,
respectively.
Moreover, the integration of Si (T3) for all used alkyl silanes

was calculated to figure out the surface density for alkyl silane-
modified MSPs at room temperature. Figure 7 shows that the
Si (T3) integrations are 0.826, 0.750, 0.671, and 0.124
corresponding to C3-MSPs, C8-MSPs, C12-MSPs, and C18-
MSPs, respectively. The driving force to the formation of the
monolayer includes the intramolecular chain-to-chain attrac-
tion and the condensation reaction between the alkyl silanes
and the silanol group in MSPs. The Si (T3) integrations of the
alkyl silanes on MSPs were decreased as a function of the alkyl
chain lengths due to the steric hindrance. This is because
increasing chain lengths of alkyl silanes result in steric
hindrance between them, which try to anchor them on the
MSP surface as far away as possible.

Lecithin Adsorption on Alkyl Silane-Modified MSPs.
To elucidate the hydrophobicity of the surface of alkyl silane-
modified MSPs, the lecithin compound adsorbed on each
hydrophobic alkyl silane-modified MSPs. The lecithin is well
known for the hydrophobic compounds so it is better adsorbed
on hydrophobic surfaces than on hydrophilic surfaces by
hydrophobic interaction. As a result, the adsorption efficiency
of lecithin on hydrophobic alkyl silane-modified MSPs was

Figure 5. (a) Contact angles of the ODTES-modified MSPs as a
function of the reaction time, (b) correlation of the surface area, pore
volume, and TGA of the ODTES-modified MSPs as a function of the
reaction time, and (c) BET isotherms as a function of the reaction
time.
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33.12, 48.06, 58.78, 62.76, and 83.68 corresponding to MSPs,
C3-MSPs, C8-MSPs, C12-MSPs, and C18-MSPs, respectively, as
shown in Figure 8.
Contact Angle Comparison of Fluorinated MSPs and

Nonfluorinated MSPs. To compare the contact angles of
fluorinated MSPs (FMSPs) and nonfluorinated MSPs, C3-
FMSPs were prepared and the contact angles were compared
with C3-MSPs and C18-MSPs, as shown in Figure 9. C3-FMSPs
and C3-MSPs have the same length of alkyl chains, and the

contact angles of C3-FMSPs and C3-MSPs are about 114.2 and
88.9°, respectively. It is consistent with the result that
fluorinated modification showed much better hydrophobicity
than nonfluorinated modification.47 However, the contact
angle increased with the increase in the alkyl chain length of
the nonfluorinated silanes. The contact angle of C18-MSPs was
108.1°, which is about much higher than that of C3-MSPs, and
the difference in the contact angle with C3-FMSPs was also
reduced to within 6°. Consequently, the use of nonfluorinated

Figure 6. (a) Contact angles and TGA results, (b) correlation of the surface area, pore volume, and pore size, and (c) solid-state 29Si-MAS NMR
spectra include the integrated analysis as a function of the reaction temperature.

Figure 7. Solid-state 29Si-MAS NMR spectra and schemes of surface packing of alkyl silane-modified MSPs.
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alkyl silanes for hydrophobic mesoporous silica may not be
superior to fluorinated alkyl silanes but it can exhibit almost
similar contact angles. Furthermore, we believe that the use of
nonfluorinated alkyl silanes is much safer than the use of
fluorinated silanes for human safety.

■ CONCLUSIONS
The hydrophobic mesoporous silica particles (MSPs) were
prepared by the use of nonfluorinated alkyl silanes as the
function of the alkyl chain length (C3 to C18). The grafting of
the different alkyl silanes onto the surface of MSPs was
demonstrated using different conditions such as pH, solvent
types, the concentration of silanes, reaction time, and reaction
temperature. The hydrophobic contact angles of alkyl silane-
modified MSPs were in the order C18 > C12 > C8 > C3, and the
contact angle of C18-modified MSPs was 4 times wider than
that of unmodified MSPs. Furthermore, the hydrophobicity of
the nonfluorinated alkyl silane-modified MSPs was also
demonstrated by the adsorption of a hydrophobic lecithin
compound, which showed the increase of lecithin adsorption
as a function of the alkyl chain lengths due to the hydrophobic
interaction. The degree of cross-linking of the modified silanes
on the MSPs was confirmed by 29Si-MAS NMR measurement
using the terminal (T2) and cross-linking sites (T3) of the
modified silanes. Consequently, the hydrophobic modification
on the MSP surface using nonfluorinated alkyl silanes was best
preferred in a protic solvent, with a reaction time of ∼24 h at
25 °C at a high concentration of silanes.

■ EXPERIMENTAL SECTION

Materials. Pluronic P123 (poly(ethyleneoxide)-poly-
(propyleneoxide)-poly(ethyleneoxide)) was purchased from
BASF (Korea). Tetraethyl orthosilicate (TEOS, >99%),
potassium bicarbonate (99.5%), lecithin (98%), and ethyl
alcohol anhydrous (99.9%) were purchased from Sigma-
Aldrich (Korea). Propyltriethoxysilane (PTES, C3), octyltrie-
thoxysilane (OTES, C8), dodecyltriethoxysilane (DDTES,
C12), and octadecyltriethoxysilane (ODTES, C18) were
purchased from Gelest (Morrisville). Acetic acid (99.5%),
toluene (99.5%), hydrochloric acid, and anhydrous ethyl
alcohol (99.9%) were purchased from Daejung Co. (Korea).

Preparation of the Mesoporous Silica Particles
(MSPs). A portion (4.0 g) of Pluronic P123 was dissolved in
150 mL of distilled water by stirring at 40 °C for 8 h. Then, 8.5
g of TEOS was dripped into the solution at 40 °C and stirred
for 24 h. This solution was put in a steel bomb and aged in a
vacuum oven at 120 °C for 8 h. The remaining powder was
filtered, washed with ethanol and distilled water, and dried at
room temperature. A temperature of 550 °C was maintained
for 6 h, and the powder was calcined.

Alkyl Silane Modification of MSPs at Different pH
Values. Taking 60 mL portions of solutions at various pH
values (0, 4, 6, 8, and 13), 1 g of MSPs was added to each and
then stirred for 2 h. Next, 3 g of each alkyl silane (PTES,
OTES, DDTES, and ODTES) was added. After stirring for 24
h, the solids were filtered, washed with ethanol, and then dried
at room temperature.

Alkyl Silane Modification of MSPs in Protic and
Aprotic Solvents. A total of 1 g of MSPs was added to a 60
mL portion of hydrochloric acid, and then stirred for 2 h. To
each, 3 g of alkyl silane (PTES, OTES, DDTES, or ODTES)
was added. After 24 h of stirring, the solids were filtered,
washed with ethanol, and then dried at room temperature.
Moreover, 1 g of MSPs was added to 100 mL of toluene and
stirred for 2 h. After heating the solution to 60 °C, a portion (3
g) of alkyl silane (PTES, OTES, DDTES, or ODTES) was
added and then refluxed for 24 h. Finally, the solids were
filtered, washed with ethanol, and dried at room temperature.

ODTES Modification of MSPs as a Function of the
Silane Concentration, Reaction Time, and Reaction
Temperature. ODTES modification of MSPs as a function of
the silane concentration was demonstrated by adding 1 g of
MSPs to 60 mL of hydrochloric acid and then stirring for 2 h.
ODTES at various concentrations (0.12, 0.24, 0.36, 0.48, and
0.60 M) was added to this solution. After stirring for 24 h, the
solids were filtered, washed with ethanol, and then dried at
room temperature. ODTES modification of MSPs as a
function of the reaction time was demonstrated by adding 1
g of MSPs to 60 mL of 1 M hydrochloric acid and stirring for 2
h. Then, another portion (0.36 M) of ODTES was added to
this solution. The mixture was kept for 4 days, after which the
solids were filtered, washed with ethanol, and then dried at
room temperature. ODTES modification of MSPs as a
function of the reaction temperature was demonstrated by
adding 1 g of MSPs to 60 mL of 1 M hydrochloric acid and
stirring for 2 h. After heating this solution to 40 °C, 0.36 M of
ODTES was added. This was stirred for 24 h; then, the solids
were filtered, washed with ethanol, and dried at room
temperature.

Lecithin Adsorption on Alkyl Silane-Modified MSPs.
Lecithin adsorption was demonstrated on alkyl silane-modified

Figure 8. Adsorption efficiency of lecithin on hydrophobic alkyl
silane-modified MSPs as a function of alkyl chain lengths.

Figure 9. Contact angle comparison of C3-FMSPs, C3-MSPs, and C18-
MSPs.
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MSPs to evaluate the hydrophobicity between the hydrophobic
lecithin and the hydrophobic mesoporous silica surface. A total
of 1 g of mesoporous silica and alkyl silane-modified MSPs
each were added to a 0.25 mM lecithin solution (in ethanol),
the mixture was stirred for 24 h at room temperature, and then
dried after filtration. Adsorption efficiency of lecithin on
mesoporous silica and alkyl silane-modified MSPs was
calculated by ultraviolet−visible (UV−vis) spectrophotometry.
Instrumental Analysis. Contact angle measurement was

provided by a water contact angle analysis (WCA) using a
contact angle analyzer from Git Soft Tech. Each WCA was
conducted three times with 10 μL of distilled water, during
which an image was taken using a digital camera. The
Brunauer−Emmett−Teller (BET) analyses were performed
using a Micromeritics ASAP 2420. Identification and character-
ization of the alkyl silane-modified MSPs were carried out by
thermogravimetric analysis (TGA) and solid-state 29Si magic
angle spinning nuclear magnetic resonance (MAS NMR).
TGA was performed using a Q600 TA instrument at a rate of
10 °C min−1 in N2 gas at temperatures from 25 to 700 °C.
Solid-state 29Si-MAS NMR measurements were performed in a
9.4 T Bruker Ascend 400WB instrument using a 4 mm zirconia
rotor with a pulse length of 1.6 μs, a spinning rate of 11 kHz,
and a repetition delay of 20 s. The morphological and
structural details of the MSPs were studied using field-emission
scanning electron microscopy (FE-SEM) and transmission
electron microscopy (TEM). The FE-SEM investigations were
carried out using a Tescan Mira-3 instrument with an
accelerating voltage of 2 kV. TEM was carried out on a
JEOL JEM-2100 electron microscope operated at 200 kV.
Small-angle and wide-angle X-ray diffraction (XRD) studies
were performed using a SmartLab and a Miniflex 600 (Rigaku)
with scan ranges of 1.5−5 and 10−90°, respectively.
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