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Abstract

Template directed porous silica has shown significant promise in numerous applications such as gas sorption, catalysis
and pharmaceutical drug delivery. Mesoporous silicas such as MCM-41, SBA-15 and KIT-6 have been widely reported;
however, thus far these materials require long synthesis processes and expensive starting materials. As an alternative,
pseudomorphic transformations can convert low-grade amorphous silica into more useful materials. Herein, we dem-
onstrate the effect of pseudomorphic transformations upon the properties of non-porous silica spheres. Surface area
can be increased from <2 m? g™, for non-porous silica spheres, to 724 m? g~' for the resulting pseudomorphic species.
Silica species were subsequently functionalised with aminopropyltriethoxysilane (APTES) and tetraethylenepentamine
(TEPA) via post-synthetic modification. Post-synthetic modification was found to significantly enhance the CO, sorp-
tion performance of the silica species with CO, sorption capacities of up to ca. 92 mg CO, g~' achieved, compared to a

maximum uptake of 18 mg CO, g~ for the non-porous silica variants.

Keywords Mesoporous silica - CO, adsorption - Gas separation

1 Introduction

Carbon dioxide (CO,) is one of the major global contribu-
tors to global warming. CO, emissions from manmade
sources have come under scrutiny as a driver of climate
change. The ambient concentration of CO, has increased
from about 280 ppm to the current levels of over 400 ppm
since the beginning of the industrial revolution [1, 2]. Com-
bustion of fossil fuels and related practices are the primary
sources of such emissions. The development of suitable
carbon capture and sequestration technologies is a solu-
tion to tackle global warming. Conventional CO, capture
is currently performed using energy intensive liquid amine
absorption [3]. As an alternative to the conventional tech-
nologies, adsorption using porous materials has shown

significant potential in this context. Physisorbents such as
metal-organic materials (MOMs) [4-6], activated carbons
[7, 8] and zeolites [7, 9, 10] have been studied; however,
thus far no suitable physisorbents are available due to
issues with water competition and stability [9, 11, 12].
Chemisorbents have also shown significant potential in
the context of CO, sorption. A large amount of work has
been carried out using amine modified mesoporous sili-
ca's such as MCM-41 [13-20], MCM-48[19, 21, 22], SBA-15
[19, 23-31] and SBA-16 [19, 32, 33]. These materials have
shown significant promise for multiple applications in gas
sorption, catalysis [34] and pharmaceutical drug delivery
[35]. While these mesoporous silicas have exhibited excel-
lent performance, they can often require complex synthe-
sis procedures and/or expensive starting materials. As an
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alternative, Stein et al. examined modification of Stober
particles [36] and Zeolites [37] using a desilication and
reassembly process known as pseudomorphic transfor-
mation to tailor the properties and morphologies of sili-
cates and aluminosilicates for a number of analytical and
catalytic applications. Pseudomorphic transformations has
been applied in a number of previous studies for synthesis
of novel materials for chromatography type applications
[38, 39], however, this process can also be applied to low
grade/waste silica with low surface area and pore volume,
such as spent catalysts, in order to utilise cheaper silica
sources for new applications.

In this contribution, we investigate the effect of pseudo-
morphic transformations of non-porous materials (Stéber
particles) upon the properties of the resulting silica materi-
als. Stober particles were chosen as the starting material
due to their ultra-low surface area. These materials were
subsequently functionalised with amine moieties in order
to examine the effect of pseudomorphic transformations
upon their CO, sorption performance. The performance
and characterisation of these materials was evaluated from
the following experiments: single component sorption
studies; FTIR; dynamic gas mixture breakthrough experi-
ments; and gravimetric gas uptake experiments.

2 Experimental
2.1 Adsorbent synthesis

Non-porous silica spheres were prepared using previously
reported methods [40-42]. Silicon dioxide particles were
obtained using the modified Stéber method by TEOS
hydrolysis in alcohol-water solution in the presence of
ammonia hydroxide (50 vol% ethanol; 1.0 M ammonia).
1.4 um in diameter particles were obtained by multistage
growth to specified sizes using particles obtained at the
previous synthesis stage as seeds for further growth.
Spherical silica particles were mixed in an appropriate vol-
ume of alcohol-water-ammonium mixture of the same
composition and new portions of TEOS were added. The
added amount of TEOS ensured an increase of particle
diameter. Stober particles were dried at room tempera-
ture before being calcined at 600 °C. This synthesis method
was used to prepare non-porous spheres between 0.4 and
4.5 um in diameter. Scanning electron microscopy was
used to verify particle diameters. Stober silica particles
were used in this study due to their extremely low surface
area and lack of porous networks.

Pseudomorphic transformation were then carried out
based on the method previously described by Yoo et al.
[36]. Stober particles were subjected to a silica destruc-
tion-reassembly process. In a typical pseudomorphic
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treatment 0.18 g of silica was mixed with 10 ml ethanol,
40 ml deionised H,0, 0.05 g NaOH and between 0.05 and
0.3 g CTAB. These were stirred at 40 °C for 0.5 h before
being transferred to a Teflon-lined autoclave at which
point hydrothermal reactions were carried out at 100 °C for
24 h. The resultant mixture was then filtered and washed
with copious amounts of water, left dry at room tempera-
ture for 24 h before being calcined at in air 550 °C for 10 h
to ensure complete template removal.

Post-synthetic modification was carried out using
impregnation and grafting methods. In a typical grafting,
aminopropyltriethoxysilane (APTES) was added drop wise
to an appropriate amount of porous silica spheres until the
solid was saturated with amine. The sample was heated
to 100 °C under vacuum overnight. In a typical impreg-
nation process, 1 g of silica was refluxed with a desired
amount of tetraethylenepentamine (TEPA) and 15 ml of
ethanol. A ca. 40 wt% loading was used for both grafting
and impregnation techniques. After 3 h reflux, the amine
solution was filtered and the resulting solid was heated to
80 °C under vacuum overnight to remove excess solvent.
APTES and TEPA were chosen in this study as these are
amongst the most commonly reported amines for CO,
sorption applications.

2.2 Characterisation

Thermogravimetric analysis was carried out under nitro-
gen using a TGA instrument TA Q50. Experiments were
carried out using platinum pans and with a gas flow rate
of 60 mL min~'. The data was collected in the High Reso-
lution Dynamic mode with a temperature ramp rate of
20°C min~" up to 750 °C. The IR spectra of the synthesized
materials were recorded using a Perkin EImer Spectrum
100 ATR-FTIR. The samples were analyzed in the wave-
length region 750-4000 cm™". Scanning electron micros-
copy (SEM) analysis of the adsorbents was conducted on
a Hitachi SU-70 SEM. The powder samples were placed on
carbon tape and then adhered to aluminium stubs before
being placed into the SEM chamber. The surface areas of
the micro-/mesoporous silica materials were measured
using N, adsorption/desorption isotherms at 77 Kon a
Quantachrome Autosorb-1 volumetric analyser. Each sam-
ple was degassed for 20 h at 25 °C prior to a measurement.
Surface areas of synthesised materials were determined
using the Brunauer, Emmett and Teller (BET) technique.
Average pore size and volumes were determined from a
40-point BET surface area plot, with measurements taken
in the 0.1-0.3 P/P, range.
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2.3 CO, adsorption studies

CO, uptake measurements were performed using a TGA
instrument TA Q50. Samples were initially heated to
80 °C to remove atmospheric impurities. Upon cooling
to 25 °C, samples were exposed to a 15% CO,/85% N,
gas mixture. Weight changes versus time was constantly
recorded. CO, breakthrough measurements and temper-
ature-programmed desorption (TPD) were carried out
using a fixed-bed flow system shown in Fig. S1 in the
supporting information. 100 mg of sorbent was placed
in a quartz reactor (length 400 mm, internal diameter
6 mm). The sample was held in the reactor using quartz
wool. Helium (99.999%, BOC Gases), at 44 cm> min~', was
then passed through the reactor at room temperature
until a constant signal was observed using mass spec-
trometry (MS). The temperature was increased at a rate
of 10°C min™" to 100 °C to remove H,0 and any volatiles
on the sample. Upon cooling to 25 °C, 15% CO,/85% N,
gas was then introduced to the sorbent sample. Upon
complete breakthrough of CO,, as indicated by MS, the
15% CO,/85% N, mix was left flow over sample for a fur-
ther 10 min to ensure full CO, saturation, at this point
the CO, flow was switched off. The CO, level was then
allowed to return to background concentrations before
the sample was heated to 100 °C at a rate of 10 °C min™"
in helium flow. The gas composition leaving the reac-
tor was continuously monitored by the MS. For multiple
cycle CO, breakthrough studies, a regeneration tempera-
ture of 60 °C was used to prevent sample degradation.

3 Results

Different sorbents were prepared in the study using a
variety of synthesis techniques. The sample nomencla-
ture used to identify the sorbents includes the amount of
amine in the synthesis solution relative to the solid, the
solid used, the preparation technique and the solvent
used (where appropriate). For example, 40% APTES-PSU-
1-G describes a solid prepared using the amine APTES,
with a 40 wt% loading, pseudomorphic-1 (PSU-1), “G"
represents the preparation technique, in this case reflux/
grafting. Sorbents prepared by impregnation are repre-
sented by the symbol “I". The symbols “0.4 um SFB” is
used to represent a 0.4 um in diameter, Stober particle.
Table 1 lists the set of solid supports synthesised using
pseudomorphic treatments including the amount of
CTAB used during the synthesis step and the physico-
chemical properties such as surface area, pore size and
pore volume.

Table 1 Physicochemical properties of synthesised solids

Sample CTAB(g) Sger(m?g™") Pore Pore
volume diameter
(em’g™  (nm)
SFB - <2 <0.001 -
PSU-1 0.05 25 0.023 3.6
PSU-2 0.10 315 0.155 2.8
PSU-3 0.15 577 0.316 2.8
PSU-4 0.20 724 0.402 29
PSU-5 0.25 557 0.234 2.7
PSU-6 0.30 322 0.206 2.9
PSU-7 0.35 36 0.015 2.8
40% APTES-PSU- - 12 - -
4-G
40% TEPA-PSU-4-1 - 42 - -

3.1 Characterisation of synthesised materials

The structural morphology of synthesised solids was
examined using SEM microscopy. Figure 1a shows an SEM
image for monodispersed 1.4 um diameter Stober silica
spheres (SFB). Figure 1b shows the change in morphology
of the Stdber particles when pseudomorphic treatment is
carried out. The Stober particles lose their monodisper-
sivity and merge to form a new solid (PSU-4). Figure 1c
shows a section of pseudomorphic silica which contains
post pseudo treatment spheres which split during hydro-
thermal treatment. Figure 1d shows the resultant silica
(PSU-7) when high concentrations of CTAB are used dur-
ing pseudo treatment.

To investigate the physicochemical properties of the
synthesised silica species, N, adsorption/desorption test-
ing was performed at 77 K (Fig. 2 and Figs. S2-59). The
results of surface area analysis, pore volume and average
pore size distributions are presented in Table 1. Figure 2a
illustrates the changes in the N, adsorption/desorp-
tion behaviour upon pseudomorphic transformation of
non-porous silica spheres into the resulting porous silica
species. The N, uptake for the SFB spheres was found to
be negligible and equated to <2 m? g™! surface area. In
contrast, the surface area of the pseudomorphic materi-
als ranged from 25 m? g~', for PSU-1, to 724 m? g™ for
PSU-4. The high surface of PSU-4 is comparable to those
of previously reported pseudomorphic materials [36, 38,
39]. This dramatic change was also reflected in the increase
in pore size (ca. 0.3 nm) and pore volume (ca. 0.4 cm*g™")
compared to the non-porous SFB materials (Table 1, Fig. 2b
and Figs. S2-59). Wall thickness of PSU-4 was found to be
indeterminable due to the absence of a (100) reflection
during small angle X-rays scattering (SAXS) (Fig.S11).The
lack of a (100) reflection can be attributed to the presence
of individual mesopores with less long-range order and
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Fig.1 SEMimages ofa 1.4 uym
Stober silica spheres (SFB), b,

c resulting silica species after
pseudomorphic transforma-
tions (PSU-4) and d destructive
impact on silica formation of
excessive CTAB use during
pseudomorphic transforma-
tions (PSU-7)

an overall spherically symmetric pore distribution [36].
The increase in the amount of CTAB used during pseu-
domorphic transformations was found to significantly
impact the physicochemical properties of the resulting
materials (Table 1, Fig. 2c). Excessive CTAB was found
to negatively impact the formation of pseudomorphic
materials. N, adsorption/desorption studies were also
performed on amine functionalised materials (Table 1,
Fig. 2d). The reduction in terms of surface area and poros-
ity (<50 m? g~' surface area, negligible pore volume) can
be attributed to pore blocking as a result of the introduc-
tion of functional amino groups.

To evaluate the effect of post-synthetic modification,
thermogravimetric analysis (TGA) experiments were car-
ried out on the amino functionalised materials. Figure 2e
shows the TGA profiles for both modified and unmodified
PSU-4. The TGA profile for PSU-4 unmodified silica exhib-
its a total weight loss of ca. 4%. This weight loss occurs
<200 °C and can be attributed to removal of adsorbed
atmospheric species (CO,, H,O etc.) from the silica surface.
The modified solids typically contain three distinct regions.
An initial weight loss occurs below 200 °C, this once again
can be attributed to the removal of adsorbed atmospheric
species. As the temperature increases beyond 200 °C the
next significant weight loss can be attributed to decompo-
sition of organic materials present in the solid after synthe-
sis including amine and solvents. The third region occurs at
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temperatures in excess of 700 °C at which point the weight
loss plateaus indicating that silica accounts for the remain-
ing weight. The 40% APTES-PSU-4-G solid shows an over-
all weight loss of just under 14% at 700 °C while the 40%
TEPA-PSU-4-I sample shows an overall weight loss of 39%.
These weight losses correspond to amine contents of ca.
2.41 and 10.30 mmol N g~' for 40% APTES-PSU-4-G and
40% TEPA-PSU-4-1, respectively.

In order to further evaluate the effect of post-synthetic
modification, FTIR studies were carried out on the amino
functionalised materials. Figure 2f show the FTIR spectra
of APTES and TEPA modified PSU-4 samples compared to
the purely siliceous PSU-4 material. The bands at about
1080 cm™! refer to asymmetric and symmetric Si-O-Si
stretches which dominate the spectra of all samples. The
main differences from sample to sample between the
spectra were due to bands attributed to C-H stretches,
clearly identified at 2937 and 2875 cm™', and weak bands
due to N-H stretches at 1590 cm™', associated to the
presence of the aminopropyl group. N-H vibrations at
1590 cm™ can also be associated with the NH; deforma-
tion of the protonated primary amine group [43, 44].

3.2 CO, adsorption studies

Temperature programmed desorption (TPD) studies were
carried out to evaluate the CO, sorption capacities of the
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APTES functionalised materials (Fig. 3a). 40% APTES-PSU-
2-G was found to have a CO, adsorption capacity of ca.
31 mg CO, g7', desorption occurred at temperatures as
low as 50 °C. The material with the highest sorption capac-
ity was 40% APTES-PSU-4-G with a CO, adsorption capac-
ity of ca. 92 mg CO, g™' (2.09 mmol g™') which is compa-
rable to several previously reported APTES modified silica
materials [13-33]. This corresponds to an amine efficiency
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of 0.87 (mol CO,/mol N). The PSU-4 support showed the
largest increase in surface area compared with its parent
silica before 40% APTES modification, increasing from
<210 724 m? g~ after pseudo treatment. PSU-4 appears
to be the optimal solid support synthesised for APTES
modification as the CO, adsorption capacities of 40%
APTES-PSU-5-G and 40% APTES-PSU-6-G exhibited sig-
nificant reductions in performance, with 41.3 mg CO, g™
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and 19.6 mg CO, g~' adsorbed, respectively (Fig. 3c). CO,
gravimetric uptake experiments on 40% APTES-PSU-4-G
(Fig. 3d) were found to be in agreement with TPD experi-
ments and illustrated the fast CO, sorption kinetics of the
amino functionalised PSU-4 material with ca. 90% satura-
tion occurring in under 5 min exposure to a 15% CO,/85%
N, gas mixture.
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The TEPA modified PSU supports were also found
to exhibit significant CO, sorption (Fig. 3b). 40% TEPA-
PSU-2-1 was found to have a CO, adsorption capacity of
8.9 mg CO, g~' (0.2 mmol g™'). This corresponds to an
amine efficiency of 0.02 (mol CO,/mol N). As seen previ-
ously, increased support modification with pseudo treat-
ment leads to an increase in the CO, adsorption capacity
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after surface modification with 40% TEPA-PSU-3-l adsorb-
ing 29.3 mg CO, g~'. This was found to be the most adsor-
bent material when modified with TEPA. Unlike 40%
APTES-PSU-4-G, 40% TEPA-PSU-4-1 saw a reduction in CO,
adsorption capacity to 16.1 mg CO, g~' adsorbent from
the preceding sample. The subsequent samples 40% TEPA-
PSU-4-l and 40% TEPA-PSU-4-| reflect this inverse trend
in CO, adsorption capacity, adsorbing 14.3 mg CO, g™*
and 14.1 mg CO, g~' respectively (Fig. 3c). In addition to
a reduction in CO, sorption capacity, 40% TEPA-PSU-4-|
was found to exhibit reduced adsorption kinetics during
gravimetric CO, uptake experiments (Fig. 3d), with 90%
saturation occurring in ca. 20 min.

Figure 3e compares the CO, adsorption capacities of
APTES modified SFB silica spheres with various diameters.
SFB spheres with diameters ranging between 0.4 ym and
4.5 um were modified with APTES using the dry impreg-
nation technique. CO, adsorption was carried out at 35 °C
for all samples with CO, desorption occurring below
60 °C. APTES-0.4 um SFB-I showed the highest adsorp-
tion capacity at nearly 18.0 mg CO, g™ adsorbent while
APTES-4.5 um SFB-Il adsorbed the least at 7.0 mg CO, g™
adsorbent.

Finally, dynamic gas breakthrough studies were per-
formed on the synthesised material with highest CO,
sorption capacity, 40% APTES-PSU-4-G (Fig. 3f). Experi-
mental breakthrough studies were conducted for CO,/N,
(15/85 v/v) mixtures at room temperature. Efficient CO,/
N, separation was achieved by 40% APTES-PSU-4-G. N,
gas was eluted through the adsorption bed immediately,
whereas CO, was retained in the adsorbent bed. 40%
APTES-PSU-4-G was found to have a CO, uptake capacity
of ca. 83.6 mg CO, g' (1.9 mmol g™"). Additionally, 40%
APTES-PSU-4-G was found to exhibit high levels of CO,
removal with an effluent CO, concentration of <100 ppm
for ca. 55 min. The CO, breakthrough performance was
stable over seven successive cycles (Fig. S10).

4 Discussion

SFB spheres were initially synthesised using previously
reported methods. Pseudomorphic transformations were
found to afford the formation of highly porous silica spe-
cies. Electron microscopy (Fig. 1) illustrated significant
changes in the morphology of the SFB spheres upon
exposure to pseudomorphic transformations. Excessive
CTAB in the synthesis step was found to negatively affect
pseudomorphic silica formation (Fig. 1d). The SFB spheres
were found to lose their spherical morphology upon
desilication giving way to conjoined silica species upon
reassembly. N, adsorption/desorption experiments illus-
trated significant changes in porosity of the silica species

after pseudomorphic transformations (Fig. 2a). The pseu-
domorphic silica species exhibit significant increases in
N, adsorption compared to the non-porous SFB silica
spheres. This increase in N, sorption for pseudomorphic
species translated to a large increase in surface area
(724 m? g7 vs.<2 m?g7") and pore volume (0.4 cm?® g™
vs. <0.001 cm?® g~') compared to the SFB spheres. Pseudo-
morphic species exhibit a typical type IV isotherm which
are commonly associated with MCM type mesoporous
silica. The pore size distribution for the pseudomorphic
species were also found to be consistent with MCM type
materials at ca. 3.0 nm. The pseudomorphic transforma-
tion method offers a potential method of converting low-
grade silica (i.e. fumed silica) into useful products for mul-
tiple applications.

Amino functionalisation was found to be successful on
the synthesised materials. PSU-4 was chosen due to its
favourable properties in terms of surface area and porosity
for modification. Upon post-synthetic modification, 40%
TEPA-PSU-4-I shows a significant reduction in terms of sur-
face area (42 m? g') compared to that of the parent silica
support, PSU-4 (724 m? g™"). Similarly, APTES modification
gives way to a significant reduction in surface area, with
40% APTES-PSU-4-G exhibiting a surface areaof 12 m?g~".
The introduction of functional amines was found to reduce
the pore size of the silica materials and in turn made the
pore structure inaccessible to N, during adsorption/des-
orption testing which in turn led to a significant reduction
in surface area. FTIR and TGA studies illustrated that a sig-
nificant organic content was introduced to the silica sup-
port upon post-synthetic modification (Fig. 2e, f). The TEPA
functionalised compounds demonstrated weight losses
during TGA studies corresponding to the wt% loading of
amine introduced during synthesis. APTES functionalised
compounds exhibited significantly less weight loss during
TGA studies, this can be attributed to the covalent bond
formed between surface Si—-OH groups and the silanol
functional group of APTES. The weight losses observed for
APTES functionalised materials can be attributed solely to
the decomposition of the propylamine group. The weight
loss associated with propylamine decomposition was cal-
culated to be ca. 27%, which suggests an N loading of ca.
4.5 mmol/g during materials synthesis. Additionally, the
amino functionalised materials were found to develop
peaks associated with organic species during FTIR analysis.
The successful functionalisation of silica species suggested
that the resulting materials may be suitable for CO, gas
sorption studies.

Interestingly, when the SFB spheres with varying diam-
eters (0.4-4.5 um) were modified with APTES, the surface
area of the silica supports was found to influence the CO,
uptake of the adsorbents (Fig. 3e). Spheres with smaller
diameters were found to exhibit higher surface area
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(m?g™") and higher CO, uptakes when amino functional-
ised while larger spheres exhibited lower surface area and
lower CO, uptake. The relationship between sphere size
and CO, uptake was found to be linear and thus it can be
concluded that CO, uptake of APTES modified materials is
dependent upon the surface area of the supporting mate-
rial. Larger spheres contribute more dead volume during
adsorption which in turn leads to lower gravimetric CO,
uptake during adsorption studies. Amino functionalisation
of SFB spheres using TEPA was found to be unsuccessful,
this may suggest that TEPA functionalisation occurs only
within the pore structure of TEPA modified silica supports.

A combination of CO, gravimetric uptake, TPD and
dynamic mixed gas breakthrough studies were per-
formed to analyse the CO, sorption performance of the
amino functionalised compounds. Gravimetric uptake
experiments illustrate significant weight changes in
amino functionalised materials upon exposure to a 15%
CO,/85% N, gas mixture (Fig. 3a). CO, sorption occur-
ring in amino functionalised porous materials has been
previously shown to occur via a carbamate/bicarbonate
chemisorption reaction [10, 45-47]. Gravimetric uptake
studies illustrated that the APTES modified material exhib-
ited fast CO, uptake kinetics while TEPA modified samples
exhibited much longer saturation times (Fig. 3a). The slow
kinetics of the TEPA modified samples may suggest pore
blocking which in turn leads to poor access to CO, bind-
ing sites and longer saturation times. The chemisorption
reaction was found to be inherently reversible with initial
CO, desorption occurring at 50 °C and 60 °C for APTES
and TEPA modified silica’s, respectively (Fig. 3¢, d). Finally,
40% APTES-PSU-4-1 demonstrated high efficiency for CO,
removal during mixed gas breakthrough studies (Fig. 3f).
Highly efficient CO, removal from simulated flue gas was
realised for ca. 55 min with CO, outlet concentrations of
<100 ppm. The CO, uptake capacity was calculated to be
ca. 92 mg/g (2.09 mmol CO,/g) which equates to a CO,/N
efficiency of 0.46. This performance was maintained over
seven consecutive CO, adsorption/desorption cycles. The
pseudomorphic silica samples were found to be highly
efficient supports for functional amines and may offer a
cheap alternative to highly ordered mesoporous silicas
such as MCM-41 and SBA-15 in the future.

5 Conclusions

Herein, we have demonstrated an easy way of modify-
ing non-porous silica to form highly porous solids with
favourable properties for a number of industrial applica-
tions. Nitrogen adsorption/desorption isotherms showed
a remarkable surface modification after pseudomorphic
treatment, whereas scanning electron microscopy showed
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that the changes in morphology of solids as the amount
of silica directing agent. Pseudomorphic solids were used
to obtain a hybrid functional material for CO, capture by
anchoring amine groups onto the resulting silica supports.
Highly efficient CO, sorption performance was achieved
by the amine modified pseudomorphic silica species. The
results of this study highlight the potential of pseudomor-
phic silica species for numerous industrial applications
and may offer a cheap and versatile alternative to highly
ordered porous materials such a SBA-15 and MCM-41.

6 Supplementary data

Supplementary material is available free of charge via the
Internet at http://www.sciencedirect.com/science/journ
al/13858947.
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