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Abstract In this work, a series of nanoporous silica
materials have been prepared as adsorbents for volatile
(—)-menthol, a molecule widely used in food, pharmacy,
and cosmetics. The isothermal release properties of (—)-
menthol have been investigated and correlated with the
structural parameters of nanoporous absorbents. A rotary
evaporation method is used to effectively load (—)-menthol
into the nanopores of adsorbents and to prevent the whisker
growth during the adsorption. It is demonstrated that the
pore size, structure, wall thickness and surface function-
ality of nanoporous adsorbents are four important param-
eters to influence the isothermal release of (—)-menthol. By
tuning these parameters of nanoporous silica adsorbents,
controlled release of (—)-menthol can be achieved. A
vesicular silica material with thick wall and hydrophobic
functional groups is shown to possess the slowest release
performance. Our contribution provides important knowl-
edge for the future applications of nanoporous silica
materials in pharmacy and cosmetics.

Keywords Mesoporous - Vesicle - Silica - (—)-Menthol -
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Introduction

Controlled release of molecules is an important topic in

many applications. (—)-Menthol is an isomer of monocyclic
terpene and has a long and wide history of usage in food [1,
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2], pharmacy [3, 4] and cosmetic industry [5]. Due to its
unique fragrance and cooling effect [6], (—)-menthol can be
added to skin-contact drug formulation and cosmetics such
as lotions and creams, however, the whisker growth [7] and
high volatility [4] of (—)-menthol are the main obstacles for
its adsorption and controlled release performance.

In the past few years, a variety of materials were used in
the storage/delivery of (—)-menthol. A simple method is to
prepare spray-dried powdery samples of (—)-menthol
encapsulated with carbohydrates [8—10]. Soottitantawat
et al. reported a microencapsulation method by spray
drying, using gum arabic and modified starch as capsule
materials [11]. Through this method, microcapsules with a
high loading amount of (—)-menthol can be prepared,
nevertheless a fraction of (—)-menthol is lost during the
spray drying process with a temperature over 100 °C.
Recently Sansukcharearnpon et al. reported the encapsu-
lation of (—)-menthol with polymers [12]. The products
showed a very long isothermal release period at room
temperature around months. Macroporous silica aerogels
were introduced for adsorption of (—)-menthol by Gorle
et al. [13], where (—)-menthol exists in a crystalline state in
the aerogels. It is suggested that solid adsorbent materials
such as porous silica are good candidates in encapsulation
applications because of their high mechanical strength,
enhanced thermal stability, and negligible swelling in
organic solvents.

Since the first report of M41S in 1992 [14], mesoporous
siliceous materials with tunable structures, high surface
areas, large pore volumes and different functionalized
groups have attracted much attention for their potential
applications as drug delivery devices, sorbents and cata-
lysts [15, 16]. The wall compositions of mesoporous
materials can be adjusted. For example, periodic meso-
porous organosilica (PMO) materials have been prepared
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containing organic groups homogeneously distributed in
the silica framework [17-19]. Recently, vesicular materials
with adjustable sizes, wall thickness, and shapes have been
designed and prepared using a vesicular templating
approach [20-25]. Both ordered mesoporous and vesicular
materials have been used in drug release [16, 26]. It will be
interesting to systematically compare the controlled release
performance between ordered mesoporous and vesicular
materials for a target molecule. Such a study, especially in
the case of (—)-menthol, has not been reported to the best
of our knowledge.

In the present work, six ordered mesoporous and
vesicular materials were synthesized as the adsorbents of
(—)-menthol. The (—)-menthol release behavior was fur-
ther studied and correlated with the structures of nano-
porous adsorbents. The knowledge gained from this study
will be helpful for the designed synthesis of nanoporous
adsorbents with advanced controlled release property.

Experimental section
Synthesis

Perfluorooctanoic acid (PFOA, >96%) was purchased from
Aladdin Corp. (China). EO39BO4;EO39 and EO34BOy;
EO34 [commercial name B50-6600 and B20-3800,
respectively; EO is poly(ethylene oxide) and BO is
poly(butylene oxide)] was received from Dow Company.
P123 [EO,0PO;0EO,y, where PO is poly(propylene
oxide)], cetyltrimethylammonium bromide (CTAB, 95%),
tetracthyl orthosilicate (TEOS, >98%), 1,2-bis(trime-
thoxysilyl)ethane (BTME, 96%), trimethylchlorosilane
(TMCS, >98.0%) were purchased from Sigma-Aldrich
Corp. The other reagents were of analytical reagent grade.

Rod-like MCM-41 materials were synthesized according
to our previous method using PFOA and CTAB as
co-templates with a PFOA/CTAB weight ratio R = 0.05
[27]. In a typical synthesis of rod-like MCM-41 (denoted
S1, see Table 1), 0.2 g of CTAB was dissolved in

Table 1 Physicochemical properties of silica samples

deionized water (96 g) with stirring at room temperature.
Then 0.70 mL of aqueous NaOH solution (2 M) and 0.01 g
of PFOA were added separately to the solution. The tem-
perature of the solution was raised and kept at 80 °C before
1.34 mL of TEOS was added as the silica source. The
mixture was continuously stirred for an additional 2 h. The
precipitates were collected by filtration and dried at room
temperature. The templates were removed by calcination at
550 °C for 5 h.

For the synthesis of rod-like SBA-15 (S2), 4.0 g of P123
was dissolved in 150 mL of HCI solution (1.6 M) to form a
homogenous solution under stirring at 40 °C. To the above
solution, 9.5 mL of TEOS was added under stirring. After
stirring for 5 h, the resultant mixture solution was kept at
static condition for 20 h and then hydrothermally treated at
100 °C for another 24 h. The final product S2 was obtained
by collecting the precipitates by filtration, drying at room
temperature, and calcination at 550 °C for 5 h.

A highly ordered rod-like PMO with large pores is
reported by Qiao et al. using a triblock copolymer P123 as
the template and BTME as an organosilica precursor in the
presence of inorganic salt [28]. In the synthesis process of
rod-like PMO (S3) [28], 0.5 g of P123 was dissolved in
20 g of HCI solution (0.167 M) with the addition of 1.49 g
of KCI to form a homogenous solution under stirring at
38 °C. To the above solution, 0.7 g of BTME was added
under stirring. After 10 min, the resultant mixture solution
was kept at static condition for 24 h and then hydrother-
mally treated at 100 °C for another 24 h. The precipitates
were filtered, washed with water, and dried in air. The
templates were removed by solvent extraction in acidified
ethanol (solid:liquid = 1 g:150 mL) at 60 °C for 6 h, the
ratio of ethanol to HCl (36 wt%) was 150 mL:3.8 g.
Extraction was repeated twice.

In the synthesis of thin wall and thick wall silica vesicles
(denoted as S4 and S5, respectively) [21], 0.5 g of template
(0.3 g of EO34BO;EO34 plus 0.2 g of EO39BO4;EO;39 for
S4, pure EO39BO47EO;3q for S5) was dissolved in 30 g of
pH = 4.7 NaAc-HAc buffer solution ([NaAc] =
[HAc] = 0.40 M) with the addition of 0.85 g of Na,SO,

Sample name Morphology and annotation D,, (nm) A (cm? g_l) Sper (m? g_l) @ (%)
S1 Rods, MCM-41 2.4 0.92 862 52.3
S2 Rods, SBA-15 7.5 1.17 876 59.2
S3 Rods, PMO 7.3 0.78 718 394
S4 Vesicle, thin wall 11.1 0.88 427 40.8
S5 Vesicle, thick wall 40.7 1.05 325 35.9
S6 Vesicle, thick wall, after silylation 32.8 1.40 310 26.0

Note D, stands for the pore size calculated from the adsorption branch by BJH method, V;, is single point adsorption total pore volume of pores
and Sggr is BET surface area, ¢ is the weight loss percentage of (—)-menthol at 300 min
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(0.20 M) to form a homogenous solution under stirring at
20 °C. To the above solutions, 2.08 g of TEOS was added
under stirring. After stirring for 5 min, the resultant mixture
solutions were kept at static conditions for 24 h and then
hydrothermally treated at 100 °C for another 24 h. The
precipitates were filtered, repeatedly washed with water to
remove the added salts, and then dried in air. The final
products were obtained by calcination at 550 °C for 5 h.

Silylated thick wall silica vesicles S6 was obtained by
surface modification of S5 before calcination. The tem-
plates in as prepared S5 were removed by solvent extrac-
tion as described in the treatment of as-synthesized PMO.
Approximately 1.5 g of thick wall silica vesicles after
extraction was degassed in a vacuum oven (<5 X
107 Torr) at a temperature of 450 °C for 2 h. Subse-
quently, the samples were soaked in 5 wt% TMCS solution
in toluene (solid:liquid = 1 g:50 mL) at 70 °C under stir-
ring for 24 h. The mixture was then extensively washed
with toluene and acetone to rinse away any residual
chemicals. Finally, the powder was dried at 40 °C. A
monolayer of TMS groups is thus covalently attached to
the pore surface of siliceous vesicles [29].

Characterization

X-ray diffraction (XRD) patterns of siliceous materials
were recorded on a German Bruker D4 X-ray diffractom-
eter with Ni-filtered Cu K, radiation. The morphologies of
the samples were observed using a Philip XL30 and JEOL
JSM 6300F scanning electron microscope (SEM) operated
at 20 and 10 kV, respectively. Transmission electron
microscopy (TEM) images were obtained with a JEOL
2011 and JEOL 1010 operated at 200 and 100 kV,
respectively. For TEM measurements, the samples were
prepared by dispersing the powder samples in ethanol, after
which they were dispersed and dried on carbon film on a
Cu grid. Nitrogen adsorption/desorption isotherms were
measured at 77 K by using a Micromeritics Tristar 11
system. The samples were degassed at 453 K overnight on
a vacuum line. The Brunauer-Emmett-Teller (BET)
method was utilized to calculate the specific surface areas.
The pore volume and pore size distribution curves were
derived from the adsorption branches of the isotherms
using the Barrett—Joyner—Halanda (BJH) method. The total
pore volume was calculated from the amount adsorbed at a
maximum relative pressure (P/Pg). The Fourier transform
infrared (FTIR) spectra were collected with a ThermoN-
icolet Nexus 6700 FTIR spectrometer.

(—)-Menthol adsorption and isothermal release study

Crystalline (—)-menthol (99.0%) was purchased from
Sigma-Aldrich Corp. A rotary evaporator was used for the

adsorption of (—)-menthol into S1-S6. In a typical proce-
dure, 0.5 g of siliceous products (S1-S6 separately in six
individual batches) was added to 6.25 g of (—)-menthol—
ethanol solution (8 wt%) in a long cylindrical flask, then
the flask was attached to a rotary evaporator (BUCHI
R-210) and evaporated at 45 °C in a vacuum system with a
residual pressure of 2.25 x 10~ Torr until all solvent had
been removed.

For comparison, (—)-menthol was recrystallized from its
ethanol solution with a rotary evaporator using procedures
described above without the addition of any silica. In
another control experiment, similar loading procedures
were carried out except that the ethanol was evaporated in
an oil bath at 60 °C in open air.

An Olympus BX61 BIOL optical microscopy was used
to monitor the morphology of materials before and after
adsorption by different methods. Wide-angle XRD was
also performed for materials before and after (—)-menthol
adsorption. A Metter Toledo GC200 thermogravimetric
analysis (TGA) station was used for the isothermal release
study of S1-S6 after (—)-menthol adsorption at a constant
temperature of 60 °C.

Results

Ordered mesostructured and vesicular silica materials
S1-S6

Figure 1 shows the small-angle XRD patterns of ordered
mesostructured S1, S2 and S3. At least three diffraction
peaks can be observed in the XRD patterns of S1-S3,
which can be indexed to a highly ordered 2D hexagonal
mesostructure, with a cell parameter (calculated from the
first XRD peak) of 4.5, 10.6, 11.2 nm, respectively. The
XRD patterns of S4-S6 show no diffraction peaks (data not
shown), indicating that S4-S6 do not have ordered struc-
tures. The SEM images show that S1-S3 have a rod-like
morphology (Fig. 2A-C) while S4-S6 appear in aggre-
gated particles with sizes smaller than 100 nm (Fig. 2D-F).
The structure details of S1-S6 can be directly observed by
TEM. Figure 3A shows the TEM image of rod-like S1 with
helical and hexagonally patterned pores [27]. Figure 3B, C
show rod-like S2 and S3 with the typical pattern viewed
along the [110] direction of a 2D hexagonal structure, and
the d spacing measured from TEM is in accordance with
the XRD result. Figure 3D-F show the vesicular structure
with diameters of ~20 nm for S4 and ~ 60 nm for S5, S6.
The wall thickness is ~4 nm for S4 and ~ 15 nm for S5,
Sé.

Figure 4A shows the N, adsorption—desorption plots of
S1-S3, the type IV isotherms are in accordance with the
ordered mesostructure shown before. While a type H3 [30]
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Fig. 1 Small-angle XRD patterns of siliceous materials S1, S2 and
S3

isotherm can be observed for S4-S6 with capillary con-
densation at high P/P,, suggesting the existence of large
pores. The pore size distribution (Fig. 4B) calculated from
the adsorption branch by BJH method show rather narrow
peaks for S1-S3 at 2.4, 7.5 and 7.3 nm, while S4-S6 have
broader pore size distribution with peaks centered at 11.1,
40.7 and 32.8 nm, respectively. The pore volume, BET
surface areas as well as the average pore size and mor-
phology of S1-S6 are listed in Table 1 for comparison.
Generally S1-S3 have high surface area (>700 m? g~ ")
while S4-S6 have relatively low surface area
(<430 m? gfl). The above results are in accordance with
previous literature reports [31].

Silylation

Figure 5 shows the FTIR spectra of EO39BO4,EO3o, S5
before and after extraction, and S6 after silylation. For
EO3yBO4,EO39 (Fig. 5A), the peaks at 2960 and
2870 cm ™' can be attributed to the C—H stretching of —CH;
group from block PBO [v,(C-H) and vy((C-H)] [32, 33],
overlapping the C—H bond stretching of —CH,— group at

Fig. 2 SEM images (A-F) of siliceous materials S1-S6, respectively
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Fig. 3 TEM images (A-F) of siliceous materials S1-S6, respectively

2930 and 2850 cm™'. The peak at 1463 cm™' can be these peaks disappear after template extraction (Fig. 5C),
indexed to the scissoring band of methylene groups  indicating the complete removal of the template. It is noted
[6(CH,)], and the peak at 1342 cm™ ' can be attributed to that spectrum A also clearly shows the —CH,— twisting
the wagging band of methylene groups [w(CH,)]. The  bands (t,s(CH,)) at 1280, 1241 cm™ ', the C-O and C-C
FTIR spectrum of S5 before extraction (Fig. 5B) shows the stretching bands (v (C-O) and v (C-C)) at 1099 cem~ ! and
same characteristic peaks of EO39BO4;EO39. However, the -CH,— rocking bands (r,s(CH,)) at 960 and 841 cem ™.
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Fig. 4 Nitrogen sorption
isotherm plots (A) and pore size
distribution curves (B) of
siliceous materials S1-S6. The
Y-axis value in (A) for S1-S5 is
raised by 1100, 800, 700, 600,
and 400 cm® g™!, respectively

Quantity Adsorbed (cm’/g STP)

B o

dVidlog (w)

P
B Wy, | -
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A
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However several peaks from the template with the wave-
number lower than 1300 cm™' overlap with the Si-O
stretching bands of the silanol group (Fig. 5B) [34],
therefore they cannot be used to confirm the template
removal in Fig. 5C.

The surface silylation of S5 after extraction is based on
the reaction between TMCS and surface silanol groups [14,
35]. After silylation, the FTIR spectrum of S6 (Fig. 5D)
shows the absorption band at 2963 cm™' and a small

Adsorbance

L M ) v ) v L} M v v I M ) M ]
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 5 FTIR spectra of (A) the block copolymer EO39BO47EO39
(B50-6600), (B, C) raw product of S5 before and after template
extraction, (D) S6

@ Springer
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shoulder peak at 2920 cm™' attributed to the attached —
(CH3)5 groups [29], indicating that S6 has been successfully
silylated with hydrophobic surface trimethylsilyl groups.

(—)-Menthol adsorption in S1-S6

The whisker growth of (—)-menthol is a common phe-
nomenon due to its high volatility nature [4, 7]. The optical
microscope images show that after rotary evaporation, (—)-
menthol recrystallize into acicular whiskers in the absence
of any silica nanoporous material (Fig. 6A). However,
when a silica nanoporous material is used as the absorbent
during the rotary evaporation process, the optical micro-
scope images of the silica material (S6 as an example)
show similar morphologies before and after adsorption
(Fig. 6B, C), while no whisker can be observed after (—)-
menthol adsorption and ethanol evaporation (Fig. 6C), in
great contrast to that observed in Fig. 6A. It is noted that
the formation of whiskers of (—)-menthol is also inhibited
in the cases of S1-S5, indicating that (—)-menthol can be
successfully loaded into the nanopores of S1-S6.

In a control experiment when the ethanol was evapo-
rated in oil bath in air instead of the rotary evaporation, the
optical microscopy image shows that the acicular whiskers
of (—)-menthol co-exist with the silica material (Fig. 6D,
also with S6 as the adsorbent). During the rotary evapo-
ration process, it generally takes 6 h for the complete
evaporation of ethanol due to the cooling reflux. This mild
process ensures the complete loading of (—)-menthol into
S1-S6 and prevents the formation of whiskers outside the
nanopores, moreover, it prevents the loss of volatile (—)-
menthol (see Fig. 8 and discussion).

The wide angle XRD technique was further used to check
S6 after loading with (—)-menthol. As shown in Fig. 7A, the
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Fig. 6 Optical microscope images for (A) (—)-menthol after recrys-
tallization, (B, C) siliceous material S6 before and after (—)-menthol
adsorption using a rotary evaporator, and (D) S6 adsorbed (—)-

XRD pattern of S6/(—)-menthol shows only two broad
peaks. For comparison, the XRD pattern of pure (—)-men-
thol is also shown in Fig. 7B. Compared to Fig. 7B, the first
peak located at ~20° in Fig. 7A is attributed to amorphous
Si0, [36-38], the second peak in the range of ~45° with low
intensity is attributed to amorphous (—)-menthol dispersed
in the mesopores of the silica materials. The XRD result is in
accordance with the optical microscopy observation, further
indicating that (—)-menthol has been successfully loaded
into the silica nanoporous absorbents without whisker for-
mation outside the adsorbents.

Isothermal release of (—)-menthol

The isothermal release profiles of (—)-menthol from pure
(—)-menthol and also S1-S6 loaded with (—)-menthol are
shownin Fig. 8A, B, while the TGA profile of S4 loaded with
(—)-menthol is also measured and shown in the inset of
Fig. 8B. From the TGA profile of S4/(—)-menthol, the
weight loss percentage of S4/(—)-menthol mixture from
20 °C to 600 °C was calculated to be 48.8%. It is noted that
during the adsorption process, the weight ratio of (—)-men-
thol to silica adsorbent is 1:1 (0.5 g each, see Experimental
Section), and there exists ~1.0% of impurity in (—)-men-
thol. Therefore, the lost amount of (—)-menthol during the
rotary evaporation process can be neglected and the silica/
(—)-menthol feed ratio can be used to simplify the calcula-
tions of weight loss percentage in the isothermal release.

menthol in 60 °C oil bath for 2 h followed by solvent evaporation in
air under the same condition

Intensity

T
10 20 30 40 50 60 70
20 (degrees)
Fig. 7 Wide-angle XRD patterns of (A) S6 adsorbed with (—)-

menthol using a rotary evaporator and (B) (—)-menthol
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Fig. 8 Isothermal TGA results %9]
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During the isothermal release process at 60 °C, 98.6%
weight percentage of (—)-menthol has been released at
200 min and there is no further weight loss after 200 min
(Fig. 8A). Considering the purity of (—)-menthol used in
our study is 99.0%, roughly all the (—)-menthol has been
released after 200 min in a 60 °C isotherm condition.

In the cases of S1-S6 loaded with (—)-menthol, the
weight loss percentage of (—)-menthol absorbed can be
calculated using data shown in Fig. 8. When the isothermal
release time is 300 min, the weight loss percentage of (—)-
menthol adsorbed by S1, S2, S4 and S5 are 52.3, 59.2, 40.8
and 35.9%, respectively (Fig. 8A; see also Table 1). Fig-
ure 8B shows the isothermal release curves of functional-
ized materials S3 and S6 with a two-step release behavior.
The isothermal release is faster in the first step before 134
and 207 min for S3 and S6, respectively, after that time the
release rates of (—)-menthol becomes slower. The weight
loss percentages of (—)-menthol adsorbed by S3 and S6 are
39.4 and 26.0% after 300 min.

Discussion

Through this study, it is shown that all six samples (S1-S6)
are good candidates in the controlled release of (—)-men-
thol. The pore size, structure, wall thickness and surface
functionality of silica materials are important parameters to
finely tune the release behaviors.

The main interaction between the (—)-menthol and the
silica surface is thought to be from hydrogen bonding [13],
thus the release rate of (—)-menthol is dependent on the
specific surface area and the pore size of the host matrix.
Large pore sizes might reduce steric diffusion resistance, so
the drug release from a larger pore is more freely. The
release rate of (—)-menthol is influenced by the pore size of
the adsorbents [39]. It is noted that mesoporous silica S1
and S2 both have a rod-like morphology and hexagonal
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mesostructure, and the BET surface areas are similar
(~870 m’ gfl). The difference is the pore size (2.4 and
7.5 nm, respectively). As a result, the weight percentage of
(—)-menthol released at 300 min is 52.3 and 59.2%,
respectively. It is concluded that a small pore size of
adsorbent is favorable in the slow release of (—)-menthol,
which is in agreement with previous reports [40, 41].

At a first glance, it is abnormal to note that S4 and S5
have larger pore sizes (11.1 and 40.7 nm) but slower
release kinetics compared to S1 and S2 (Fig. 8A; Table 1).
The four adsorbents have the same silica composition,
however, S1 and S2 have open pore channels through
which the adsorbed (—)-menthol can be released, while the
pores of S4 and S5 are indeed cage sizes of hollow spheres
that are isolated by the silica walls. It is noted that the silica
walls are rich in micropores (generally <2 nm), thus the
(—)-menthol can be immobilized and also released [42].
Therefore, silica adsorbents with a vesicular structure (S4
and S5) can achieve a slow release behavior compared to
mesostructured silica (S1 and S2). The wall thickness of
adsorbents can also influence the release rate of (—)-men-
thol. For the vesicular silica S4 and S5 with different wall
thickness (~4 and 15 nm, respectively), the weight per-
centage of (—)-menthol released at 300 min is 40.8 and
35.9%, respectively. It is not surprising, because the (—)-
menthol immobilized in the cages of silica vesicles has to
pass the microporous silica wall during the release process.
The thicker the silica wall, the longer distance (—)-menthol
diffuses, leading to a slower release.

Surface functionality of silica materials is another
important parameter in the controlled release of (—)-men-
thol. S2 and S3 both have a rod-like morphology, hexag-
onal mesostructure and the similar pore size (7.5 and
7.3 nm, respectively). The difference is that S3 has bridged
—C,Hy— group in the siliceous matrix. Compared to pure
silica S2, S3 with hydrophobic walls shows a two-step
weight loss of (—)-menthol and a much lower release
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percentage (59.2 and 39.4% for S2 and S3 respectively at
300 min). It is suggested that the hydrophobic interaction
between the wall of S3 and (—)-menthol retards the release.
To confirm this hypothesis, S6 with hydrophobic surface
—(CHj3)3 groups has been prepared and compared with S5
for their release performance. The isotherm release curve
of S6 also shows a two-step weight loss profile, and a lower
release percentage compared to S5. Attributed to its
vesicular structure, microporous and thick wall, and the
hydrophobic surface functionality, S6 has the slowest
release rate of (—)-menthol amongst six silica nanoporous
materials under study.

Conclusions

In the present work, we systematically investigate the (—)-
menthol isothermal release properties adsorbed by sili-
ceous adsorbents with controllable structures. A rotary
evaporation method has been used to load the target mol-
ecules into the adsorbents and prevent the whisker growth.
We have revealed that the pore size, structure, wall
thickness and surface functionality of nanoporous silica
materials are four important parameters that influence the
isothermal release properties of (—)-menthol. Generally
small pore size, vesicular structure, thick wall and hydro-
phobic modification are favorable to enhance the sustain-
able release performance. Our concept may be applied to
the controlled release of target molecules in various
applications.
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