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Abstract A novel CHj-functionalized mesoporous silica
material (PTM) with nearly spherical morphology was
synthesized by a one-step synthesis route using poly-
methylhydrosiloxane and tetraethoxylsilane in the presence
of triblock copolymer P123 as structure-directing agent.
Thus-obtained material possessed highly-ordered mesopore
arrays and texture with highly CH;-functionalized surface.
As compared with pure siliceous SBA-15, PTM showed the
high performance for gas chromatographic separation of
hexene isomers.
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1 Introduction

Higher «-olefins, mainly 1-hexene, are very useful como-
nomers in the production of polymers like linear low
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density polyethylene (LLDPE) [1]. The predominant pro-
duction route for x-olefins is based on the oligomerization
of ethylene. The typical by-products formed via this pro-
duction route are paraffins, linear internal olefins, and
branched olefins [2]. Alternative sources of o-olefins are
Fischer-Tropsch product streams. Though the Fischer—
Tropsch process looks interesting for the production of
o-olefins, it also co-produces many olefin isomers [2].
The separation of o-olefin and the corresponding olefin
isomers is a difficult and expensive operation due to their
low relative volatilities that render normal distillation
impractical and uneconomical [3]. Also, extractive distil-
lation can not significantly improve their separation since
the entrainer has almost the same effect on each of the
isomeric mixtures and then does not change their relative
volatilities [4]. Selective etherification of the branched
isomer was commonly used to increase the relative vola-
tility to a level that normal distillation could be applied [5].
However, such an approach still required a number of
additional separation steps to remove the remaining com-
ponents before the high purity o-olefin (1-hexene) was
obtained [6]. Thus, the n-complexation technology was
considered to achieve their separation, in which a certain
transition metal ion (especially Ag* or Cu™) reversibly and
selectively complexes with the close-boiling olefin iso-
mers. Wentink et al. [3] presented a promising alternative,
reactive extractive distillation that is the combination of
n-complexation with extractive distillation. Silver nitrate
dissolved in ethylene glycol was investigated as a potential
reactive solvent for the separation of 1-hexene from a
Fischer—Tropsch stream. Kuipers et al. [2] also investigated
the feasibility of metal-ligand complexes as functionalized
solvents applied in the novel separation technology, reac-
tive extractive distillation for the separation and purifica-
tion of a-olefins like 1-hexene from other C6-olefin isomers
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(internal, branched, cyclic and diolefins) and paraffins. Zhu
et al. [1] used room temperature ionic liquids as potential
solvents for the separation of hexene isomers in either
extraction or extractive distillation. Song et al. [7] reported
several potential reactive extractants for their selectivity of
both 1-hexene to 2-hexene and 1-hexene to 3-hexene.
Unfortunately, there exist some disadvantages in the
aforementioned separation methods of hexene isomers,
such as complicated processes with high energy con-
sumption, the low solubility of olefin isomers in the reac-
tive solvents and the low stability of silver ion complexes
in the separation processes. Thus, further improvement is
still needed.

In the last decade, mesoporous silica materials such as
MCM-41 [8] and SBA-15 [9], which are of high specific
surface areas, narrow pore size distributions, and adjustable
pore sizes, have been employed as stationary phases for
size-exclusion chromatography [10], normal-phase HPLC
[11], reversed-phase HPLC [12], chiral HPLC [13], capil-
lary gas chromatography [14], and gas—solid chromatog-
raphy [15-17]. They showed high separation efficiency and
then the tremendous potential in the separation field. To
our knowledge, however, gas chromatographic technique
has not been used to separate these hexene isomers.

Considering the weak polarity of C6-olefin isomers,
hydrophobic mesoporous silica was chosen as gas chro-
matographic stationary phase to separate the target isomeric
mixtures of 1-hexene, trans-2-hexene and 3-methyl-1-pen-
tene in the present work. According to Gaussian Computa-
tion, they have different dipole moments (field-independent
basis, Debye), 0.4580, 0.0284 and 0.3297, respectively,
indicating their different molecular polarities. Maybe there
exists a difference in the interactions between three types of
olefin molecules and hydrophobic groups, which will lead to
their different retention behaviors. For this purpose, meso-
porous silica PTM was prepared for the stationary phase for
gas chromatographic separation of hexene isomers.

2 Experimental
2.1 Synthesis

The novel CHj-functionalized mesoporous silica PTM
was synthesized under acidic conditions by using mixed
polymethylhydrosiloxane (PMHS) and tetraethoxylsilane
(TEOS) in the presence of triblock copolymer P123 as
template.

In a typical synthesis, 2 g of P123 was completely dis-
solved in 15 mL of deionized water and 30 mL of a 2 mol/L
HCI solution at 40 °C. 3.12 g of TEOS and 1.56 g of PMHS
were added to the above solution under vigorous stirring at
the constant temperature. After 24 h of stirring, the mixture
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was allowed to age at 100 °C for another 24 h under qui-
escent conditions. Then the white precipitate was recovered
by filtration, washed with deionized water, and dried at
80 °C. Finally, the template inside the as-synthesized
mesoporous material was removed by Soxhlet extraction
with ethanol for 48 h.

Pure siliceous SBA-15 was prepared according to the
procedure reported by Zhao et al. [9].

2.2 Characterization

Powder X-ray diffraction (XRD) patterns were recorded on
a D8 Advance Bruker AXS diffractometer using Cu Ka
radiation. N, adsorption—desorption isotherms were mea-
sured at 77 K on a Micromeritics Tristar 3000 Sorptometer.
The samples were degassed at 353 K and under a vacuum
of 107° Torr for at least 12 h prior to the measurement. The
specific surface areas were calculated using the multiple-
point Brunauer-Emmett-Teller (BET) method. The pore
size distributions were calculated from the adsorption
branch via the Barrett-Joyner-Halenda (BJH) method. The
pore channels were observed by high resolution transmis-
sion electron microscopy (HRTEM) images on JEM-2010.
Field emission scanning electron microscopy (FESEM)
images were obtained on LEO 1530VP. ?°Si MAS NMR
experiments were performed on a Varian Infinityplus-300
spectrometer using 7.5 mm probe under magic-angle
spinning.

In a typical chromatographic column preparation, a
stainless steel pump (1 m long, 3 mm id) was filled with
about 1.0 g of the synthesized mesoporous silica particles
(particle diameter of 0.18-0.25 mm). And then the packed
column was aged for 24 h at 100 °C. The separation per-
formances of the samples were investigated on GC-8A
(FID). All the chromatographic separation experiments
were carried out under the same conditions: column tem-
perature at 90 °C, detector temperature at 140 °C, injector
temperature at 140 °C, and the flow rate of carrier gas (N5)
at 30 mL/min.

3 Results and discussion
3.1 Mesoporous structure determination

The mesopore orderliness of the obtained PTM was
investigated by XRD and N, adsorption—desorption. The
small-angle XRD pattern of the sample PTM showed three
well-resolved peaks (see Fig. 1), which were indexable as
(100), (110), and (200) reflections associated with p6mm
hexagonal symmetry. This indicated highly-ordered hex-
agonal mesopore arrays. Furthermore, the sample PTM
showed a type IV isotherm with a type H1 hysteresis loop,
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Fig. 1 XRD pattern of the sample PTM

characteristic of a mesoporous solid (see Fig. 2), and the
hysteresis loop appeared in a relatively high P/P, range
(0.6-0.9), suggesting a large mesopore size as illustrated in
the inset of Fig. 2. With BJH pore size distribution located
at 7.3 nm, the sample had BET surface area of 728 m*/g
and pore volume of 1.19 cm?/g, respectively. Obviously,
so-produced material displayed a similar texture to pure
siliceous SBA-15, indicating that the addition of PMHS
had little impact on the mesostructure of SBA-15.

The representative HRTEM images of the sample PTM
are illustrated in Fig. 3. The sample showed a well-ordered
mesopore array structure similar to that of SBA-15, pos-
sessing a long-range ordering in the mesopore packing.
However, the coiled rod with the parallel orientation of
mesochannels indicated a significant difference in the
morphology between PTM and SBA-15 (see Fig. 3a), the
latter generally having a fiber-like morphology.

3.2 2°Si MAS NMR

Solid-state °Si MAS NMR provides information about the
silicon environment and the degree of CHj; functionaliza-
tion on SBA-15 [18]. Fig. 4 depicts the *°Si MAS NMR
spectrum of the sample PTM, which displayed five main
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Fig. 2 N, adsorption—desorption isotherm and BJH pore size distri-
bution of the sample PTM

Fig. 3 HRTEM images of the sample PTM: a low-magnification
image and b high-magnification image of the coiled rod

resonance signals at —33.2, —63.2, —94.9, —102.0 and
—110.4 ppm, corresponding to D? [CH5(H)Si(0OSi),], 7°
[CH;-Si(0Si)s], @* [Si(0Si)2(OH),l, O [Si(OSi)3(OH)]
and Q* [Si(OSi)4], respectively. It is well-known that with
NaOH as the catalyst, the active Si—H groups in PMHS
could be rapidly hydrolyzed to form Si—~OH groups which
would come into the consequent co-condensation with
TEOS. Because of the weaker catalysis of HCl and the

50 0 -50 -100 -150
Chemical Shift (ppm)

Fig. 4 *°Si MAS NMR spectrum of the sample PTM
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strong interface tension between oil phase and water phase
caused by the introduction of PMHS into the aqueous
solution system, however, the incomplete hydrolysis of
Si—H groups took place and led to the existence of the D?
resonance signal.

The (D + T)/(D + T + Q) ratio calculated from the
normalized peak areas was 0.322, namely, the CH; func-
tionalization degree of PTM was as high as 32.2%, which
exceeded the conventional loading of methyl groups in the
SBA-15 framework. In general, the overloading of organic
functional groups led to a destruction of the pore channels
in one-pot synthesis of inorganic—organic hybrid materials.
Fortunately, the present CHj; functionalization almost
caused no destruction of the mesostructure.

3.3 Particle morphology

The PTM particle morphology could be observed by field
emission scanning electron microscopy (FESEM) (see
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Fig. 5 SEM images of the sample PTM: a overall morphology of the

synthesized sample, and b magnified view of the nearly spherical
cluster
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Fig. 5). Clearly, the sample PTM was composed of nearly
spherical clusters formed by coiled rods interweaved with
floccules.

Hydrogen-containing silicone oil PMHS is distinctive in
structure, possessing a long chain structure of repeating
unit [CH3(H)SiO],,. The introduction of PMHS, containing
a large amount of hydrophobic groups, into the synthesis
system induced a strong interface tension between oil
phase and water phase, and PMHS molecular chains in the
aqueous solution showed a tendency to form loops in order
to decrease the interface tension. As a result, the numerous
CH3; groups should be enriched inside the loops because of
their hydrophobic trait and outside the loops were the
hydrophilic Si—OH groups under the weak catalysis of HCI.
Simultaneously, the co-condensation of PMHS and TEOS
led to toroidal bend of hybrid P123-siliceous species
micelles and then the formation of coiled rods. Such coiled
rods, similar to fiber-like SBA-15 sections, possessed well-
ordered mesopores in the presence of the triblock copoly-
mer P123 template. Thus, PMHS not only was a silicon
source, but also played an important role as morphological
and organic functional modifier, ensuring the nearly
spherical particle morphology and high CHj; functionali-
zation degree of the obtained mesoporous material PTM.

3.4 Chromatographic separation

To investigate the chromatographic property of the novel
hydrophobic mesoporous silica, the PTM particles with
particle size of 0.18-0.25 mm were used as stationary
phase for gas chromatographic separation of hexene iso-
mers. Three hexene isomers were mixed together according
to their mass ratio of 1:1:1. The separation performance of
pure siliceous SBA-15 as stationary phase was also eval-
uated for comparison.

Figure 6 shows the separation chromatograms of the
target isomeric mixtures using SBA-15 and PTM as sta-
tionary phases, respectively. Obviously, the elution order
of the three hexene isomers was highly consistent with the
order of their boiling points. SBA-15-packed column
hardly conducted a total separation (see Fig. 6a). This was
related to its weak adsorption affinity for olefin molecules,
although Newalkar et al. [19] ascribed the adsorption of
light C;—C5 hydrocarbons on mesoporous-microporous
SBA-15 materials to the presence of micropores in the
walls of the SBA-15 framework. Also, Vinh-Thang et al.
[20] indicated that the adsorption of C; hydrocarbons on
biporous SBA-15 mesoporous silica depended on the
framework microporosity of SBA-15. In the present case,
three hexene isomers almost have the same properties and
then were hardly separated by SBA-15. However, hydro-
phobic PTM showed a better resolution and a higher effi-
ciency for the tested hydrocarbon mixtures. The baseline
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Fig. 6 Chromatograms showing the separation of hexene isomers
using different materials as chromatographic stationary phases:
a SBA-15 and b PTM

separation of these hexene isomers with their extended
retention times was achieved using PTM as chromato-
graphic stationary phase (see Fig. 6b). This could be
ascribed to the fact that the introduction of PMHS, which
contains a large amount of methyl groups, led to the for-
mation of the weak polar or nonpolar chromatographic
stationary phase PTM. Obviously, the methyl groups had a
strong interaction with olefin molecules by dispersion force
within the confined space, which extended their retention
times. Due to the difference in their molecular structures,
there existed a difference in the interactions between three
types of olefin molecules and hydrophobic groups incor-
porated into the siliceous framework.

4 Conclusions

A novel CHj-functionalized mesoporous silica PTM with
nearly spherical morphology and highly-ordered meso-
structure was prepared by using PMHS and TEOS as silica
sources and P123 as structure-directing agent under acidic
conditions. The separation performance of PTM was

evaluated by gas chromatography, and in comparison to
pure siliceous SBA-15, PTM showed the high performance
as stationary phase for the separation of hexene isomers.
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