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Highly dispersed mesostructured cellular foam silica spheres of relatively uniform micrometer size
(3.5-4.5 um) were successfully prepared using a triblock copolymer EO,oPO7oEO, as the structure-
directing agent accompanied by TMB and K,SO,4. Both two additives have effective influence and K,SO4
have better performance than other inorganic salts such as KCl and NaCl. The pore size and surface area
were tuned by TMB and NH4F. The resultant S-MCFs were modified with C;g group before being used
as the HPLC stationary phase for effective separation of aromatic compounds and phthalic acid esters.
The perfect spherical morphology and large pore volume gave rise to low and stable back pressure. High
surface area, ultralarge pore size and unique pore structure would permit high flow rates and afford the
possibility for fast separation.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Commercial HPLC columns are usually packed with spherical
silica particles. The packing materials exhibit low surface areas
( <500 m?/g) and large pore size distribution which are provided
mainly by the inter-particle porosity [1]. Moreover, surface areas
continue to decrease when the pore size is further enlarged.

Recently, mesostructured cellular foam (MCF) silica material
has attracted a great deal of attention owing to its interconnected
pore structure, large pore size, large pore volume (> 1.5 cm?/g)
and high surface areas (500-1000 m?/g) [2,3]. These properties are
of great interests for various applications such as adsorption [4-6],
separation [7], catalysis [8] and enzyme immobilization [9,10].

In the field of chromatography separation, mesoporous silica
has a promising application as a chromatographic stationary
phase, in which the crucial parameters are morphology, uniform
particle-size, high surface area and well-defined pore size. The
high surface area of MCF material can give rise to a high retention
of some selected analytes to enhance the HPLC separation
efficiency of multi-components. Meanwhile, much larger pore
size can also favor the elution of the mobile phase and be
potential for separating large biomoleculars while other meso-
porous silica materials such as SBA-15, MCM-41 and MSU-1
prepared to be used as HPLC packing materials have pore size
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<8 nm [11-20]. In addition, comparing to SBA-15 and MCM-41,
MCF consists of a three-dimension, interconnected pore struc-
ture with ultralarge cells (22-42 nm) and narrower windows
(9-22 nm) [2], so intraparticle transport can be facilitated
through a 3-dimensional mesoporous structure which may be in
favor of fast separation.

In addition to the textural properties, the morphology of the
HPLC packing materials also plays an important role. The uniform
sphere and 3-5 pm particle-size are basal requirements for the
common HPLC packing materials. As a result, many efforts have
been devoted in order to improve the morphology of packing
materials. According to the previous reports, morphology can be
tuned by altering the reaction parameters such as pH, surfactant
concentration, the mixture of co-solvent, co-surfactant and elec-
trolyte [21-27]. Mesa et al. modified the synthesis of SBA-15
by using the cetyltrimethyammonium bromide (CTAB) as co-
template and ethanol as the co-solvent to prepare micrometer-
sized mesoporous spheres [17]. MCM-41 spheres have also been
prepared successfully by pseudomorphic synthesis or using
co-solvents such as methanol, ethanol and acetone [25-28].
Spherical MSU-1 was prepared through a double-step synthesis
by using sodium fluoride and mild acidity [13]. However in
previous studies [1], the MCF particles prepared by the conven-
tional method have shown irregular morphology and over 10 um
of particle-size, which are not suitable for chromatographic
stationary phases. But for the synthesis of MCF material, only a
few reports have focused on the morphology control. Han and
co-workers modified the method by cutting the original HCI
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concentration by half to get the spherical particles [14]. So it is
truly necessary to do a real effort on the morphology control of
the MCF materials. Additionally, it is still a challenge to prepare
highly dispersed spheres due to the fact that using the P123 as
the surfactant is easy to obtain the aggregated morphology
[13,16,29].

In this paper, a modified method to prepare highly dispersed
MCF silica spheres was reported by using K,SO,4 as the strong
electrolytes. The MCF silica spheres prepared have particle-size of
3-5 um and narrow particle-size distribution. The mutual effects of
the electrolytes and the swelling agent (TMB) were both investi-
gated. Before packing into the chromatographic column, the MCF
silica spheres were grafted with C;g chains by means of the
polymerization method to increase the surface hydrophobicity,
and the residual hydroxyl was end-capped by hexamethyldisila-
zane (HMDS). A short HPLC column packed with the C;g modified
MCF spheres was used for the effective separation of aromatic
compounds and phthalic acid esters. The effect of pore size of the
MCF on the separation efficiency was also investigated.

2. Experiment
2.1. Chemicals

Pluronic P123 (EO20PO70E020, M,,=5800), tetraethyl ortho-
silicate (TEOS, 99%) were purchased from Sigma-Aldrich. Octade-
cyldimethylchlorosilane was obtained from Alfa Aesar. TMB,
hydrochloric acid (36.5%), potassium chloride, sodium chloride,
potassium sulfate, toluene, acetonitrile, methanol and ethanol
were purchased from Beijing Chemical. All chemicals were used
directly without further purification.

2.2. Synthesis of mesoporous cellular foam silica spheres

Mesoporous cellular foam (MCF) spheres were synthesized
using the triblock copolymer Pluronic P123 as the structure
directing agents. In a typical preparation procedure, P123 (2 g)
and a certain amount of inorganic salt dissolved in H,O (60 ml)
and concentrated HCl (10 ml) were stirred for more than 2 h to
get a transparent solution. Then TMB (1.5, 2.0, 2.5 g) was added
under stirring. After 1h of stirring, TEOS (4.3 g) was added
dropwise (12 d/min) and the solution was stirred for another
10 min. The result solution was then transferred to an autoclave
and aged at 308 K for 24 h under a static condition, and then kept
at 373 K for another 24 h. The precipitate was filtered and washed
for three times with deionized water, dried at 333 K and finally
calcined at 823 K for 6 h. For the synthesis of S-MCF (1.5%), NH4F
(23 mg) in 2 ml water was used as the mineral agent which was
added after aging at 308 K for 24 h. All the samples were
designated according to Table 1.

Table 1
Synthesis of mesoporous cellular foam silicas and their sample names.

Sample name Salt species TMB (g)
MCF-1 KCl 1.5
MCF-2 NacCl 1.5
MCF-3 - 1.5
MCF-4 K>S0, 0
S-MCF (1.5) K>S04 1.5
S-MCF (2.0) K»S04 2.0
S-MCF (2.5) K>S04 2.5
S-MCF (1.5%) K>S04 1.5

2 Adding the mineral agent NH,4F.

2.3. Surface modification of the mesoporous cellular foam silica
spheres

Octadecyldimethylchlorosilane was used as the surface mod-
ification reagent according to a previously reported method
[30,31]. The calcined MCF (2.0 g) was pre-evacuated in vacuum
at 393 K for 5 h. Then the MCF was dispersed in toluene (200 ml)
under N,. Subsequently, excess octadecyldimethylchlorosilane
(6.0 g) was added and the temperature was raised to 383 K after
5 h. This mixture was refluxed for 12 h under N,. Then HMDS
(3 ml) was added and refluxed for another 24 h. The resulting
solids were filtered (G4 filter) and washed orderly by toluene and
methanol, ethanol for three times. The functionalized MCF silica
was dried in the vacuum at 333 K for 7 h.

2.4. Materials characterization

Scanning electron microscopy (SEM) measurement was per-
formed on a FEI Quanta200. Prior to analysis, the sample was placed
on a sample holder with an adhesive carbon file and was sprayed
with gold (thickness about 15 nm). Nitrogen adsorption-desorption
isotherms was performed at 77 K using Micromeritics ASAP 2010
(GA, USA). All the samples before modification were degassed at
473 K for 2 h and C;3 modified samples were degassed at 393 K for
2 h. The specific surface area was evaluated from nitrogen adsorp-
tion data over the relative pressure range from 0.06 to 0.2 using the
Brunauer-Emmett-Teller (BET) method. The pore size distribution
was calculated using the BJH method although it was known that
this method will underestimate the pore diameter. The total pore
volume was calculated at relative pressure of 0.99 and the textural
properties were listed in Table 2. The BJH pore diameter is defined
as the maximum on the pore size distribution curve. Transmission
electron microscopy (TEM) measurement was performed using
Tecnai G220 (FEI, USA) with an acceleration voltage of 200 kV and
a point resolution of 0.24 nm. Prior to the TEM imaging, the MCF
spheres were grind into fragments, well dispersed in ethanol under
ultrasonic and then dried on carbon-coated Cu grid.

The carbon and hydrogen contents of the functionalized MCF
samples were determined by a CE-440 Elemental Analyzer (USA)
and the infrared (IR) spectrum was measured with a Perkin Elmer
spectrum GX FT-IR system. Thermogravimetric analysis (TGA,
Netzsch TG 209 F3 Tarsus) for the samples was carried out in
the range of 35 °C-900 °C at the rate of 10 °C per minute with air
as the purge gas.

2.5. Chromatography application of C;s modified MCF silica spheres

The obtained C;g modified MCF silica spheres were slurry-
packed into a stainless-steel tubes (100 x 4.6 mm? ID) using

Table 2
Nitrogen adsorption-desorption parameters for MCF silica.

Sample Pore size  Window size Surface area Pore volume
(nm)? (nm)?* (m?[g) (cm?/g)
MCF-1 (KCl) 29.7 8.8 499 1.57
MCF-2 (Nacl) 291 8.8 440 1.38
MCEF-3(without salt) 37.6 7.0 659 1.16
S-MCF (1.5) 22.7 9.0 716 1.64
S-MCF (2.0) 23.2 8.6 621 1.51
S-MCF (2.5) 28.6 9.0 655 1.68
S-MCF (1.5%) 30.0 13.0 442 1.76

2 The pore size and the window size were derived from the adsorption and
desorption branch separately using the BJH method separately.
b Adding the mineral agent NH,F.



398 S. Chen et al. / Talanta 101 (2012) 396-404

chloroform as homogenate solvent at 40 MPa. Ethanol was used
to push the slurry into the column.

All chromatography experiments were performed on the
Agilent 1100 HPLC equipped with a quaternary pump, Rheodyne
7725i injector with 20 pl sample loop and variable wavelength
detector (VWD). Five aromatic compounds (naphthalene, fluor-
anthene, benzo[a]anthracene, benzo[b]fluoranthene and ben-
zo[a]pyrene) were separated on the column using acetonitrile/
water (70/30, v/v) as the mobile phase at the flow rates of
0.8-3.0 ml/min with the UV detection at 254 nm. Three phthalic
acid esters (PAEs) DMP, DEP, DBP were separated on the column
using acetonitrile/water (70/30, v/v) as the mobile phase at the
flow rate of 1.0 ml/min with the UV detection at 226 nm.

3. Results and discussion
3.1. Synthesis and characterization of the MCF silica spheres

Morphological control of the MCF is the main subject in this
research due to the fact that the overall morphology is as
important as the internal structure. The morphology of the MCF
particles prepared by the conventional method was irregular and
the size was usually over 10 um, which is not available for the
common HPLC packing materials [2]. To synthesize the spherical
MCF, Han modified the method by cutting the original HCl
concentration by half [32]. We have successfully prepared highly
dispersed MCF spheres with the particle-size of 3-5um and
narrow particle-size distribution by using the K,SO4 as the strong
electrolyte (Fig. 1A). To examine how salts effect on the synthesis
process, the MCF silica particles were synthesized using K,SOy,4,

KCl, NaCl as salt species and in the absence of any salt, respec-
tively while other reaction conditions were kept the same. As a
result, relatively large difference on the morphology is examined
(Fig. 1). Using KCl (Fig. 1B) and NaCl (Fig. 1C) as the salt species
gave rise to the similar spherical morphology with relatively
serious aggregation while the addition of K,SO,4 formed the highly
dispersed spheres (Fig. 1A). Notably, MCF materials prepared with
the conventional method without adding any salt in this article
have the irregular agglomerate particles (> 10 pm) consist of
small particles of 0.5-1 um (Fig. 1D) which were identical to the
previous report [2].

In our research, it was observed that the mixing solution
without any salt turned into white emulsion immediately right
after adding TMB while the other reactions with any kind of salt
need about 10 min to have the same phenomena. Above results
can illustrate that salts such as KCI, NaCl, K,SO4 can increase the
time of the formation of the O/W emulsion because to our known
knowledge, the MCF synthesis is more likely a nonaqueous
emulsion templating route [2,33,34]. Consequently, experimental
conditions increasing the induction time may increase the curva-
ture of the resulting morphology such as forming spheres [23].

In order to investigate the role TMB played in the prepared
process, variable amounts of the TMB of 0, 1.5, 2.0, 2.5 g were
used when the amount of K,SO4 was kept the same. The results
were shown in Fig. 2. An obvious difference in morphology can be
observed when comparing the SEM image of Fig. 2A and Fig. 2B
which were corresponding to the samples whether adding TMB or
not. Sample prepared without adding TMB was nubby together
with the low yield of microspheres (Fig. 2A). Both of S-MCF (1.5)
(Fig. 2B) and S-MCF (2.0) (Fig. 2C) have perfect microspheres
together with high yield of almost 100%. While increasing the

Fig. 1. SEM images of MCF silica using different salt species (A) S-MCF (1.5); (B) MCF-1; (C) MCF-2; (D) MCF-3.
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Fig. 2. SEM images of MCF silica using different amounts of TMB (A) MCF-4; (B) S-MCF (1.5); (C) S-MCF (2.0); (D) S-MCF (2.5); (E) adding NH,4F in the self-assembly;

(F) adding NH4F after aging at 308 K.

amount of TMB to 2.5 g, it has a negative effect on the formation
of dispersed microspheres (Fig. 2D). Therefore, 1.5g and 2.0g
TMB were the optimal amounts in this synthesis method. In
conclusion, both K;SO4 and TMB are necessary for the formation
of high yield dispersed microspheres. By contrast, K,SO4 was
more crucial than TMB in our research which may have an
opposite consequence with the previous report in which KCl
was used as the salt to obtain spheres. In the previous literature,
the conclusion that TMB has a more important influence on the
formation of spherical morphology of SBA-15 than KCl was drawn
[18].

In this work, NH4F was used as the mineralizing agent to
increase the window size. For the purpose of obtaining spherical
silica particles, the adding time of NH4F is extremely important.
NH4F should be added right after relatively low temperature
aging, otherwise irregular agglomerate particles were formed if
adding in the self-assembly time (Fig. 2E, F).

Nitrogen adsorption-desorption isotherms of the calcined MCF
silica spheres are shown in Fig. 3, and the derived pore size
distributions obtained from the adsorption and desorption branch

separately using the BJH method are shown in Fig. 4. The textural
properties are summarized in Table 2. All the samples exhibit
type IV isotherms with clear capillary condensation steps indicat-
ing mesoporous structures. The P/Py positions of the inflection
points are related to the diameter of mesoporous particles. The
sharpness of the step indicates the uniformity of the mesoporous
structure. For the samples prepared with salts all have relatively
more uniform size distribution than MCF-3 prepared without any
salt which can be recognized from the adsorption-desorption
isotherms (Fig. 3) and the pore size distribution (Fig. 4). The
difference can be contributed to the Hofmister effect which
illustrates that anions like C1—, SO%~ can help to form more stable
micelles in aqueous solution. However, cell size was decreased
after the addition of any kind of salt. When altering the amounts
of the TMB, cell size was increased while window size almost
stayed the same in accordance with the previous literatures [2,3].
In this study, NH4F was used to enlarge the window size. As can
be seen from Table 2, an increased cell size of 30.0 nm and
window size of 13 nm were obtained in comparison with sample
S-MCF (1.5) of 22.7 nm cell size and 9.0 nm window size when
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using NH4F. But the surface area decreased from 716 m?/g to
442 m?/g at the same time. It is noted that pore volume for S-MCF
(1.5) and S-MCF (1.5%) are 1.64, 1.76 cm>/g, respectively, higher
than MCF-3 (1.16 cm®/g) and reported SBA-15(1.05 cm®/g) [35,36].

The three-dimensional, interconnected pore structure of MCF
was also confirmed by the high-resolution TEM as shown in Fig. 5.
The cell size can be estimated to be about 23 nm and the window
size was nearly 9.0 nm which was in good agreement with the
result calculated from the nitrogen adsorption measurement. The
schematic diagram of the synthesis process was illustrated in
Fig. 6. The proposed formation mechanism can be suggested as
the following three stages. (1) The formation of the oil-in-water
microemulsions consisting of TMB/P123 droplets. In this stage,

the droplet size can be influenced by the concentration of the
TMB and thus control the diameter of the cells. (2) The hydro-
phobic TEOS hydrolyze around the surface of the TMB/P123
droplets to form hydrophilic Si-OH (Si-OH3 ). Ethanol acts as
the co-solvent to reduce the free energy and thus increase the
curvature. Meanwhile, the hydrophilic silica begins to condense
slowly through hydrogen bond. (3) When increasing the tem-
perature, the hydrophilic silica continues to condense while the
silica-TMB/P123 composites come into agglomeration. The win-
dows interconnecting the cells may form in the regions where
neighboring composites come into each other. After calcination,
the unique three-dimensional mesostructured cellular foam was
obtained.
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3.2. Surface modification of the MCF silica spheres and its
application in HPLC

The IR spectra of MCF after surface modification was shown in
Fig. 7. Three strong peaks at 2962, 2929 and 2858 cm~' were
corresponding to the stretching of CHs and CH,, and a weak peak
at 1460 cm~!' is the bending vibration of the C-H. The above
results can confirm the existence of the C;g. For the sample S-MCF
(1.5%), the typical peaks at 2961, 2927 and 2856 cm~! can also
prove the successfully grafted of C;g group.

Fig. 5. TEM images of S-MCF (1.5) (A) scale bar: 100 nm; (B) scale bar: 50 nm.

oil-in-water
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p123 TMB SiOz

The total contents of carbon and hydrogen of the C;g-S-MCF
(1.5) and Cy3-S-MCF (1.5%) were determined to be 17.3% and
16.8%, respectively by elemental analysis. Additionally, thermo-
gravimetric analysis was also used to determine the amount of
organic functional groups, as shown in Fig. 8. The loss of the
weight of all the samples below 100 °C attributes to the loss of
adsorbed water. Comparing to the original MCF, the C;g-S-MCF
(1.5) and C;5-S-MCF (1.5?) silica materials both have the highest
weight loss of 17% on the corresponding TG and DTG curves
between 200 °C and 500 °C, which are in accordance with the
elemental analysis results.

C13-S-MCF (1.5) and C;3-S-MCF (1.5%) were used as the
stationary phase of reversed-phase HPLC for separation of aro-
matic compounds and phthalic acid esters. The separation
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Fig. 7. FTIR spectra of MCF (a) S-MCF (1.5) after modification with C;g group;
(b) S-MCF (1.5) after endcapping with HMDS; (c) S-MCF (1.5%) after modification
and endcapping.

e ———

Condensation
of silca

Calcination

Fig. 6. Schematic diagram of the proposed assembly process and the formation of the mesoporous structure of the MCF material.
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UV detection at 254 nm. (A) C;3-MCF (1.5%); (B) C;5.S-MCF (1.5).

and the commercial HPLC column. It is worth mentioning that
C15-S-MCF (1.5) and C;5-S-MCF (1.5%) silica particles gave more
symmetrical peak shape of DBP compared with the commercial
silica particles.

The retention factor (k') for each molecule is summarized in
Table 3. Compared with the commercial column, the home-made
columns have a lower retention factor (k') although the coverage
of Cig is almost the same. It may be because of the largely
decrease of the surface area after surface modification which has
also been reported by the previous articles [14,16,18]. Moreover,
by considering the surface areas ratios, Kromasil (350 m?/g) are
2.1 times higher than the C;g-S-MCF-1.5% (171 m?/g) and 1.6 times
higher than C;5-S-MCF-1.5 (214 m?/g) which are approximately
in accordance with the retention factor ratios (k') in Table 3.
However, as shown as in Table 3, solute benzo[a]pyrene exhibits a
much lower retention factor in contrast to other solutes which
may attribute to the much larger pore size (21.6 nm and 28.8 nm)
of the prepared MCF packing materials after modification which
facilitates mass transport. Therefore, compared to commercial
packing silica spheres, the prepared MCF silica spheres with large
pore size may be very advantageous in case of strongly retained
solutes to shorten analysis time.

As was shown in Fig. 10, our home-made columns have low
back pressure and good linearity at different linear velocities
which can indicate the excellent spherical morphology. The good
stability and low back pressure can also afford the possibility for
the fast separation. What's more, the prepared MCF columns
exhibit lower pressure with the same packing method comparing
with the commercial column, which have good prospect to be
used in UPLC. The investigation of separation of the aromatic
compounds at a series of flow rates on C;5-S-MCF (1.5) and C;g-S-
MCF (1.5%) was shown in Fig. 11. As can be seen, both column
C15-S-MCF (1.5) and column C;5-S-MCF (1.5%) of 4.6 x 100 mm?
provide effective separation of aromatic compounds even at
the flow rate of 3.0 ml/min. The ultralarge pore size and unique
pore structure of MCF materials do present advantage on fast
separation.

4. Conclusion

Highly dispersed mesostructured cellular foam silica spheres
of relatively uniform micrometer size (3.5-4.5 pm) were success-
fully prepared with the assistance of K,SO; and TMB. K,SO4
performed better than NaCl, KCl and the addition of salt can also

increase the uniformity of the pore size distribution. Window size
can be tuned by NH4F and the adding time influenced greatly on
the morphology. S-MCF spheres were applied in HPLC after
modified with C;g and both columns C;5-S-MCF (1.5) and C5-S-
MCF (1.5%) exhibit excellent separation for aromatic compounds
and phthalic acid esters without any obvious difference in reten-
tion time. The ultralarge pore size and unique pore structure of
MCF materials do present advantage on fast separation in HPLC
and have prospect to be used in UPLC when comparing to the
commercial silica particles.
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