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Abstract—Mesoporous silicas were synthesized from sodium silicate (Na,Si;0;) and tetracthylorthosilicate (TEOS)
with Pluronic F127 (polyethylene oxide-polypropylene oxide-polyethylene oxide, EO,,PO,EO,) triblock copolymer
using sub- and supercritical carbon dioxide (SubCO, and SCO,) respectively, as solvents. Templates were removed
using liquid carbon dioxide (LCO,) and SCO,. The most efficient template removal was achieved by LCO, - 92.7%
(w/w), followed by LCO, with ethanol entrainer - 85.6% (w/w), and by methanol - 78.8% (w/w). The best efficiency
of template removal by SCO, was 50.7%. Values of specific surface areas, Ag;;, were increased by 10% with the in-
crease of an ageing time from 6 to 24 hours for Na,Si;O,-based silicas at aqueous synthesis conditions, whereas the
use of SCO, reduced this value by 19.4%. For TEOS-based silicas synthesized using SCO,, A, values increased by
3.8 times. Application of SCO, for synthesis of TEOS-based silicas resulted in higher mesopore volumes of 0.719 and
1.241 mL/g with an average mesopore width varying from 3.4 to 3.9 nm. Although Na,Si;O,-based silicas have almost
similar mesopore width range, their mesopore volumes were 7 times less than those for TEOS-based silicas. Formation
of mesopores in Na,Si;0,- and TEOS-based silicas was at the expense of micropores when synthesized in SCO,.
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INTRODUCTION

Mesoporous materials offer themselves as a convenient reser-
voir for controlled drug delivery systems; the well-defined porosity
readily accepts organic guest molecules [1]. Zhao et al. [2] pre-
sented several recipes for the synthesis of mesoporous silica struc-
tures with pores in the range 2.0-30.0 nm. One of those methods
employed tri-block copolymers from the Pluronic® family of ethyl-
ene oxide-propylene oxide-ethylene oxide nonionic surfactants (Plu-
ronic® 123 and Pluronic® 127) and various silica precursors: silicon
alkoxides such as tetramethylorthosilicate (TMOS) [2,3], TEOS
[2,4,5], tetrabutylorthosilicate (TBOS) [6], tetrapropylorthosilicate
(TPOS) [2]; and sodium silicates [4,7,8]. Although the formation of
mesoporosity from TMOS is faster than from TEOS and TBOS,
TEOS is regarded as the most efficient and, therefore, preferred silica
precursor [9]. Mesoporous silica synthesis is usually carried out in
aqueous media with various pH levels (basic or acidic synthesis),
at various temperatures (hydrothermal method) and for various reac-
tion times. Elevated temperatures and longer reaction duration trans-
lated to mesopores of wider pore size and thinner wall structure [2,4].
Similar effects were achieved by increasing the copolymer Plu-
ronic® 123 content in a polymer mixture with Pluronic® 127 [10].

Cooper [11] and Hanrahan [12] reported the synthesis of ordered
porous polymeric structures with SCO,, which has been proposed
as an alternative solvent to conventional organic solvents in solvent-
intensive processes. Both LCO, and SCO, may be regarded as good
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inorganic solvents for the synthesis of porous materials because of
their modest critical temperature and pressure, high diffusivity, low
dynamic viscosity, extremely low surface tension and surface energy,
which translates to extraordinary wetting properties [11], and con-
trollable solubility and non-cohesion [13]. The above properties
allow to control specific surface area and mesopore size through
pore swelling of synthesized materials by variation of SCO, condi-
tions (pressure and temperature adjustment) without affecting meso-
pore order [12]. Such properties, together with non-toxicity, non-
flammability, non-reactivity, cheap cost, and simplicity in use, play
a key role in the emerging applications of LCO, and SCO, in various
areas, including the production of stable mesoporous materials with
a uniform pore sizes [14].

For the removal of polymeric templates, refluxing with liquid
organic solvents, such as ethanol [2], ethanol-plus-H,SO,, ethanol-
plus-NaOH and ethanol-plus-HCl mixtures [15] has been demon-
strated. The template removal efficiency was not impressive, reach-
ing 71£3% [5]. Very often, liquid organic solvent template extraction
was followed by high temperature (823-850 K)) calcination in an
air atmosphere [2,10]. Among these template extraction methods,
calcination is referred to as 100% effective due to the total thermal
decomposition of organic copolymer template. Gricken et al. [5]
employed SCO, with and without organic liquid co-solvent result-
ing in up to 81% of template removal. Kawi and Lai [16] reported
the inability of SCO, alone to remove organic template, whereas
the addition of methanol or water as co-solvent increased template
removal efficiency by 86.3 and 93.6%, respectively. Although the
application of SCO, with or without organic co-solvent modifier
cannot reach 100% organic template removal, it is regarded as a
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Table 1. Experimental conditions for mesoporous materials synthesis

Reaction condition » Ageing time, Calcination
Sample Silica source
T,K P, MPa Time, (hour) (hour) T,K Time, hour

I-N 293.15 0.1 24 Na,Si,0, 6 818.15 7
2-N 293.15 0.1 24 Na,Si,0, 24 818.15 7
3-N 338.15 0.1 24 Na,Si;0, 6 818.15 7
4-VCO, 293.15 53 24 Na,Si;0, 6 818.15 7
5-SCO, 338.15 13.6 24 Na,Si;0, 24 818.15 7
6-N 338.15 0.1 24 TEOS 24 818.15 7
7-SCO, 338.15 13.6 24 TEOS 24 818.15 7
8-SCO, 325.15 12.2 12 TEOS 24 818.15 7

preferred solvent due to better solvating power compared to other
organic solvents: mild extraction conditions which do not signifi-
cantly affect the structure of mesoporous silicas, surface hydroxyl
groups preservation, and larger mesopore size development when
compared with high-temperature calcination [9].

Mesoporous silica synthesis and organic template removal using
SCO, as alternative solvent has several advantages, such as pre-
vention of pore collapse, superior penetration into pores, control of
mesopore diameter by variation of CO, properties, and pore sur-
face functional groups preservation due to mild synthesis conditions.
Several experimental parameters, such as silica sources, ingredients’
molar ratios, and ageing times and temperatures were targeted in a
number of studies on mesoporous materials synthesis [5,14]. Each
of these variables affects pore size distribution and the extent of lo-
calized order within the synthesized material structure. No infor-
mation exists about the application of sub-critical CO, for mesopo-
rous silica synthesis, and LCO, for organic template removal. The
ability of various liquid organic solvents, LCO, and SCO, to remove
the polymeric template, along with an impact of various silica sources,
CO, physical properties and various synthesis conditions on the de-
velopment of silica mesoporosity, was tested in the present research.

EXPERIMENTAL

1. Materials

Two silica sources via Na,Si;O, (ex Sigma) and TEOS (ex Sigma)
were chosen; Pluronic F127 as the nonionic tri-block copolymer
EO,,,PO,EO,,, was used as the porogen.

One synthesis route, hydrothermal, consisted of 1.5 g of Plu-
ronic F127 dissolved by stirring in 90 mL of 2 M HCI for 20 hours
at room temperature, followed by cooling to 288.15 K. To produce
particles, 4.8 mL of either Na,Si,O, or TEOS was slowly added to
the mixture producing molar concentrations as 1SiO, : 0.778NaOH :
0.00735Pluronic F127 : 6HCI : 162H,0 or 1TEOS : 0.00735Pluronic
F127: 6HCI: 155H,0. As variations in the synthesis process, the
resultant mixtures were stirred at 293.15 or 333.15 K for 24 hours
and aged without stirring at 373.15 K for 6 or 24 hours. The solid
precipitates were filtered by using a nylon membrane filter (0.45
um pore size) and dried at room temperature for 24 hours.

The synthesis procedure under SubCO, and SCO, conditions was
carried out as follows: 30 mL of the 2 M HCI solution mixed with
copolymer and 2 M HCI were loaded into the reactor, followed by
the silica source, which was added while stirring. Then, the internal
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volume of the reactor was filled by liquid CO,. First, the desired
experimental synthesis temperature was reached, and later an exper-
imental pressure was developed. The mixture in the reactor was ob-
served through the view cell. After a reaction time of 24 hours, the
experimental pressure in the reactor was reduced to atmospheric,
and the resultant mixture collected. This mixture was subjected to
filtration, calcinations and isotherm nitrogen adsorption.

The polymeric templates were removed by one of three different
methods. In the first method, 100 mL of organic solvents (methanol,
ethanol, acetone, n-hexane, and iso-propanol) was added to beakers,
each filled with 0.4 g of the synthesized polymeric material from
the same batch and agitated at 298.15 K for 24 hours. A second tem-
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Fig. 1. Experimental apparatus for silica synthesis.
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plate removal procedure involved 0.8 g of the silica placed in a high-
pressure reactor filled with CO, either with or without ethanol as
co-solvent at CO, sub- and supercritical conditions. The CO, flowrate
was maintained at 4 mL/min with 3% (vol./vol.) of ethanol entrainer.
The reactant mixtures were stirred at 300 rpm for 45 or 90 min at
various temperatures and pressures in LCO, and SCO,. The third
method involved calcination of synthesized porous materials in an
atmospheric furnace at 818.15 K for 7 hours with a summary of
experimental conditions given in Table 1.

2. Supercritical CO, Apparatus

Fig. 1 shows a schematic of a flow-through-type supercritical
fluid apparatus. LCO, (Food Grade, BOC Gases, Australia) was
delivered to the reactor (1) from high pressure cylinders (2). The
reactor with internal volume of 6.0x107° m® (ID.=22x107* m) was
made of 316 stainless steel, and its internal surface was lined with
Teflon. Two sapphire glass windows were used for visually moni-
toring the synthesis. From the high-pressure cylinder, LCO, passed
through a pressure regulator (3), filter (4) and coiled tube (5) placed
in a pre-cooled bath (6) filled with ethylene glycol/water (50% w/w)
solution kept at 253.15 K. These low temperatures were developed
by a freezer (7) and measured by a type-K thermocouple (8) with
an accuracy of £0.05 K. The LCO, then entered a positive-dis-
placement, controlled-volume, metering pump (Milroyal B, USA)
(9). At this temperature, CO, remained in a liquid state, thus exclud-
ing cavitation in the pump. This piston pump delivered LCO, to
the reactor at a flowrate constant to within +1%. The LCO, pres-
sure prior to the piston pump was monitored by a Bourdon pres-
sure gage (10). A safety/relief valve (11) was used to control pres-
sure after the piston pump.

After the piston pump, the LCO, stream passed through another
coiled tube (12) placed in the second bath (13) filled with water and
equipped with an electric temperature-controlled system (14). Here,
LCO, was pre-heated to +0.5 K of the reactor temperatures before
entering the reactor via an ON/OFF manual shut-off valve (15). Such
an arrangement eliminated the temperature gradient inside the reac-
tor. To maintain a constant temperature in the reactor, water was
circulated in the jacket (16) around the reactor. An ABB Com-
mander temperature controller with Type-K thermocouple (17) was
used for the temperature monitoring within +0.1 K and control within
+0.05 K. A magnetic stirrer (18) provided uniformity of fluid tem-
perature in the reactor.

Pressure in the reactor was controlled by maintaining a constant
CO, flowrate by a Swagelok metering needle-valve (19) with an
accuracy of £0.005 MPa. CO, flowrate measurements were taken
by a calibrated rotameter (20). A Parkinson Cowan totalizer gas
meter (21) with accuracy of =107 m® was used to measure the total
volume of CO, passed through the reactor. This volume was con-
verted to mass at normal conditions (0.1 MPa and 298.15 K), since
CO, volume totalizing measurements were made at ambient con-
ditions after the heat-exchanger (22), which brought the tempera-
ture of the CO, stream leaving the reactor to 298.15 K. Pressure
was measured by a high-accuracy absolute pressure transmitter (Cole
Parmer) (23) with a digital readout with an accuracy of +0.15% of
full scale (0.1 to 41.4 MPa).

Food-grade ethanol as a co-solvent to CO, was added by a dual-
plunger HPLC entrainer pump (ICI Instruments) (24) from an etha-
nol reservoir (25) after a non-return valve (26) to prevent acciden-

tal flow of ethanol to CO, cylinder.
3. Nitrogen Adsorption Measurements

Porosity development within the materials was assessed by using
an automatic manometric gas adsorption apparatus [17]. This ap-
paratus was calibrated with a certified standard specific surface area
material (silica-alumina, SRM® 1897, NIST, Gaithersburg, USA)
with a reported multipoint A, value of 258.32+5.29 m’/g. Each
silica sample was pre-heated and evacuated at 473.15 K for 8 hours
at a pressure <1x10™* Pa. Dead-volume measurements were carried
at 77 K using ultra high purity grade gaseous helium (99.999%, BOC
Gases Australia). To ensure helium removal, the sample was again
degassed as above for 2 hours. Nitrogen adsorption was carried out at
77 K in a relative pressure range (relative to atmospheric pressure)
from O to 1 using ultra high purity grade gaseous nitrogen (99.999%,
BOC Gases Australia). A, area for this standard silica-alumina
material was calculated using weight mean-least squares method
described earlier [18]. This evaluated A, value of 254.57+0.78
m’/g agrees with that reported by NIST within 1.5%, and is within
the combined experimental uncertainty of both measurements. Sim-
ilar sample preparation and nitrogen adsorption procedures were
used for characterization of the synthesized samples.

Aggr values for these samples were evaluated in the relative pres-
sure range from 0.05 to 0.35 as described earlier [18] (the linear
regression coefficient of the BET plot >0.9990). Pore volumes of
the above samples were evaluated by using the ¢-plot method [19].
As a standard adsorption isotherm for the generation of ¢;-plot we
used nitrogen adsorption data on Aerosil 200 at 77 K [20]. A, for
Aerosil 200 is equal to 207.81+1.89 m*/g. These data were pro-
cessed by using a weighted mean least squares method for the cal-
culation of pore volumes and their combined standard uncertain-
ties (CSUs) [20]. It is customary to express the total specific pore
volume of an adsorbent, V,’,”;flf, as the liquid volume adsorbed at
certain value of relative pressure, typically p/p,=0.95 [21]. We thus
converted the gaseous nitrogen volume adsorbed at this value of
relative pressure into a liquid volume of nitrogen. If the sample does
not contain micropores, then this volume is referred to as a meso-
porous volume, V,,.,. For mixed-pores materials, V,,,, is determined
as the difference between the V.. and micropore volume, V...

Pore size distribution is used for the characterization of porous
materials. We used the classification for micropore, mesopore and
macropore width, w,,, according to the [UPAC recommendations as
follows: micropores have width w,<2 nm, mesopores have width
2<w,<50 nm, and macropores have width w,>50 nm [22]. Micropore
size distribution was analyzed by using the Saito and Foley method
for cylindrical pore geometry [23]. For the application of this meth-
od to the experimental adsorption data, value for static polarizabil-
ity, ¢, for amorphous silica was calculated according to the Clau-
sius-Mosotti equation [24] using data for atomic polarizability [25],
and the value of diamagnetic susceptibility, ¥;, was adopted from
[26]. Mesopore size distribution was evaluated using Barett, Joyner
and Halenda (BJH) method [27]. BJH method was applied to data
from desorption branches of isotherms.

RESULTS AND DISCUSSION

1. Organic Template Removal
The results for polymeric template removal by various methods
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are given in Tables 2 to 4. As a benchmark for efficiency of poly-
meric template removal we used calcination results as 100% tem-
plate removal. Among liquid organic solvents, methanol performed
more efficiently than others due to its higher solvation power as a
more polar solvent by removing almost 78.8% of template (see Table
2). Efficiency of template extraction with ethanol in our experiments
is lower by =3.2% than that reported by Grieken et al. [5]. It was
surprising to observe that template removal by n-hexane was more
efficient than by more polar acetone.

We achieved =92.7% of template removal efficiency by treat-
ment with liquid LCO, at 298 K and 12.3 MPa for 45 min (see Table
3). Although LCO, and SCO, densities in our experiments were
almost similar, varying from 849.02 to 850.22 kg/m’ [28], the effi-
ciency of template extraction by SCO, was lower than by LCO,
(see Table 3). Solubility of CO, in the polymeric template increases
with temperature decrease and pressure increase [29]. The effect of
pressure increase from 12.3 to 35.8 MPa on the CO, solubility is
not significant compared to the effect of temperature variation from
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298.15 to 338.15 K. Therefore, template removal conditions at 298.15
K and 12.3 MPa resulted in better solubility of LCO, in the poly-
meric template, and, consequently, greater removal of the template.
Ethanol addition as co-solvent decreased this solubility even further.
Increasing the duration of template removal from 45 to 90 min at
supercritical temperature of 308 K and 18.2 MPa increased this effi-
ciency by =3 times. Higher temperatures and lower pressures for
supercritical conditions were employed by Grieken et al. [5] with
the reported template extraction efficiency =30% higher than the
best efficiency achieved by SCO, in our experiments.

As a non-polar solvent, LCO, better removes hydrophilic tri-
block copolymer template than various organic solvents studied in
the present research, thus getting better access to micropores in the
silica walls [5], although we did not observe the narrowing meso-
pore size distribution.

2. Silica Characterization via Nitrogen Adsorption/Desorption

Table 5 and Figs. 2-6 show the effect of different synthesis con-
ditions on the adsorption properties of synthesized mesoporous silica

Table 2. Extraction efficiencies of template removal by liquid organic solvents

Solvent for template removal

Parameter Calcination
Methanol Ethanol n-Hexane Iso-propanol Acetone
M, g 0.1077 0.0849 0.0698 0.0552 0.0410 0.0372
Efficiency, % 100.0 78.8 64.8 51.3 38.1 345
Table 3. Extraction efficiencies of template removal by CO, without ethanol entrainer
P, MPa 12.3 18.2 24.0 30.0 35.8
T,K 298.15 308.15 318.15 328.15 338.15
CO, density, kg/m’ [28] 849.02 () 849.93 (s) 849.39 (s) 850.22 (s) 849.57 (s)
Time, min 45 90 45 45 45
Mass of removed template, g 0.1996 0.1092 0.0397 0.0566 0.0308
Efficiency, % 92.7 50.7 18.4 26.3 14.3
Note: I-liquid state; s-supercritical state
Table 4. Extraction efficiencies of template removal by CO, with ethanol entrainer
P, MPa 12.3 18.2 24.0 30.0 35.8
T,K 298 308 318 328 338
Time, min 45 45 90 45 45
Mass of removed template, g 0.1843 0.0489 0.0202 0.0516 0.0208
Efficiency, % 85.6 22.7 9.4 24.0 9.7
Table 5. Results for gaseous nitrogen adsorption
Sample  Moisture content, % Agzr, Mg Vi, C/g of-range Vieos CM/E Ve, cm/g W, and w,,,,, M
I-N 3.76 503.9+1.9 0.2124£0.002 0.973-1.418 0.023+£0.004  0.235+0.002 0.75 and 3.81
2-N 2.97 556.3+1.1 0.269+0.004 1.024-1.553  0.046+0.005 0.315+0.003 0.81 and 4.27
3-N 2.60 124.9+0.2  0.067+£0.001  1.683-2.749  0.034+0.001  0.101+0.001 0.81 and 3.37
4-VCO, 6.20 480.4+1.9 0.209+0.007 1.009-1.439  0.074+0.008  0.283+0.004 0.70 and 3.34
5-SCO, 3.80 448.1+1.3  0.150+0.004 0.970-1.518  0.175+£0.005 0.325+0.003 0.71 and 3.51
6-N 4.90 218.5+0.8 0.019+0.004 0.618-0.731  0.406+0.005 0.425+0.004 0.96 and 3.44
7-SCO, 7.59 809.5+3.3 0.175+0.014 1.019-1.484 0.719+0.017  0.894+0.010 0.69 and 3.74
8-SCO, 13.64 825.5+£3.5 0.090+0.004 0.551-0.961 1.241+0.014 1.331+0.013 0.72 and 3.88
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Fig. 2. Nitrogen adsorption/desorption isotherms for samples syn-
thesized from Na,Si,0,.
1-N: @ - adsorption, O - desorption; 2-N: A - adsorption, A -
desorption; 3-N: Il - adsorption, [] - desorption; 4-VCO,: 4 -
adsorption, <> - desorption; 5-SCO,: X - adsorption, + - de-
sorption.
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Fig. 3. Nitrogen adsorption/desorption isotherms for samples syn-
thesized from TEOS.
6-N: @ - adsorption; O - desorption; 7-SCO,: A - adsorption;
A - desorption; 8-SCO,: M - adsorption, [ - desorption.

materials obtained by template removal by calcination. Each experi-
mental point on adsorption/desorption branches of nitrogen isotherms
is accompanied with its CSU.

As follows from Fig. 2, isotherms for all samples synthesized
from Na,Si;0, are of complex (mixed) types: Type I with H4 hystere-
sis loop according to [IUPAC classification [30] or Type Ib accord-
ing to Rouquerol et al. [21]. Earlier [21], such narrow hysteresis
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Fig. 4. oiplots for samples synthesized from Na,Si,O, and TEOS.

I-N: @;2-N: A; 3-N: H; 4-VCO,: @; 5-SCO,: X ;6-N: O;
7-SCO,: A\ 8- SCO,: L.

12 ¢

An®/Ar

Effective micropore size, nm

Fig. 5. Micropore size distribution for samples synthesized from
Na,Si;O0, and TEOS.
I-N: @;2-N: A; 3-N: H; 4-VCO,: @; 5-SCO,: X ; 6-N: O;
7-SCO,: A ; 8- SCO,: L.

loops were attributed to the presence of predominantly micropores
with very small amount of narrow slit-like mesopores. However,
mesoporous silicas also exhibited similar hysteresis loops for cylin-
drical mesopores [31]. Interpreting very narrow hysteresis loops
(almost within CSUs of experimental data points) between the ad-
sorption and desorption branches of these nitrogen isotherms as the
beginning of mesopore formation, we conclude, that 1-N and 2-N
samples are predominantly microporous. Accordingly, the 3-N sam-
ple contains very small amounts of micro- and mesopores. From
the shallow slope of these isotherms we conclude that these mate-
rials have small external area where multilayer nitrogen adsorption
occurs [21]. The oxplot analysis revealed primary and secondary
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Fig. 6. Mesopore size distribution for samples synthesized from
Na,Si,O, and TEOS.
I-N: @;2-N: A; 3-N: H; 4-VCO,: ®; 5-SCO,: <; 6N: O;
7-SCO,: A ; 8- SCO,: L.

micropore filling by nitrogen molecules. These micropores exhibit
wide pore size distributions, which are visible from the shape of
nitrogen adsorption isotherms with a gradual approach to full micro-
pore filling occurring at 040-0.42p° and pore size distribution curves
shown in Fig. 5. Ryoo et al. [32] using (W, < Ager)/ Vi, -ratio ex-
plained the presence of microporosity in synthesized mesoporous
silicas. In our case, this ratio varies from 4.2 to 8.4 for samples syn-
thesized from Na,Si,0,, and from 1.7 to 4.8 for samples synthe-
sized from TEOS, with the higher values indicating the presence
of greater degree of complementary intrawall micropores.

Different nitrogen adsorption behavior was observed for sam-
ples synthesized from TEOS (Fig. 3): all nitrogen isotherms are with
limiting adsorption at high relative pressures of Type IV with H1
loop [30] or Type IVa [21]. The closure of desorption branches of
nitrogen isotherms at relative pressures of 0.40-0.42p° correspond-
ing to the lower hysteresis limit for nitrogen adsorption at 77 K in-
dicates capillary condensation with liquid-like nitrogen-adsorbate
in mesopores [21]. Nitrogen isotherm for sample 8-SCO, is almost
leveled off at pressures 0.9 to 1.0p°. Extrapolation of linear ox-plot
resulted in negligible micropore volume; these silicas are predomi-
nantly mesoporous. Data from desorption branches of nitrogen iso-
therms were used for the evaluation of mesopore size distribution.
As the result of sample calcinations, desorption branches of these
nitrogen isotherms are non-vertical indicating to a broader meso-
pore size distribution (Fig. 5).
3. Effect of an Ageing Time

Ageing times of 6 and 24 hours were applied to samples 1-N and
2-N synthesized from Na,Si,O, at sub-critical conditions (room tem-
perature and atmospheric pressure). The increase in the ageing time
at 293.15 K caused an enhanced nitrogen adsorption by =34.0% at
0.95p° and an increased A,;; by =10.4% (54.4 m’/g) and V., by
=26.9% (0.057 cm’/g) due to a formation of new micropores with
slightly wider effective diameter (0.81 nm). Mesopore volume con-
stituted =9.8% of the total pore volume for sample 1-N, and for sam-
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ple 2-N=14.6% of the total pore volume. However, in absolute num-
bers mesopore volume has doubled (see Table 5) due to mesopore
widening from 3.81 to 427 nm. A similar behavior was reported
by Gobin et al. [33] for SBA-16 synthesized using TEOS.

4. Effect of Temperature and CO, Conditions

Physical properties such as diffusion coefficient, viscosity, and
interfacial tension affect the overall supercritical and near-critical
solution structure [11]. Although every effort was made to ensure
uniform and equivalent mixing for both syntheses, clearly the silica
source imparts considerably different particle growth dynamics,
leading to a localized order and porosity. These differences in pore
structure may be due to the differences in nucleation or transport
processes [13,34]. At low-to-moderate pressures, Chun and Wilkin-
son [35] observed the reduction in interfacial tension of aqueous
ethanol-CO, solutions with pressure. These authors indicate that
this happens due to an increased solubility of CO, and its prefer-
ence for the interface in the aqueous phase, which then translates
to increased surface excess energy of the above solutions.

According to Table 2, a temperature increase from 293.15 to 338.15
K for 1-N and 3-N samples synthesized from Na,Si,O, dramatically
reduced A, by =75.2% (379.0 m’/g), V..., by =68.4% (0.145 cm’/
g), but V., increased by =47.8% (0.011 cm’/g), but still remained
relatively low. Although the average micropore effective diameter
increased slightly from 0.75 to 0.81 nm, the amount of micropores
was significantly reduced. This was caused by intrawall micropores
structure collapse to form smaller mesopores [36]. Consequently,
mesopore volume increase was accompanied with a slight shift of
average mesopore width from 3.9 to 3.4 nm. This is interpreted from
the slight increase of hysteresis loop height (see Fig. 2).

Synthesis of 5-SCO, sample (Na,Si;0,) compared to the sample
2-N reduced A by =19.4% (108.2 m*/g), reduced V,,., by =44.3%
(0.119 cm*/g), but appreciably increased Vmeso by =3.8 times (0.129
cm’/g), suggesting that the formation of smaller mesopores (3.51 nm)
occurred at the expense of intrawall micropores.

Although paying much attention to better solvating properties of
LCO, and SCO,, we observed that CO, in vaporous state with den-
sity of 158.47 kg/m’® [28] also is able to develop mesopores (e.g.,
4-VCO, in Tables 1 and 5). The slopes of the nitrogen isotherm in-
creased together with the total nitrogen amount adsorbed as well as
the hysteresis loop height when compared with sample 1-N. V...,
remained unchanged within CSUs, but v,,,, increased almost three
times, but still not significant in absolute value, =0.074 cm’/g, while
the mean mesopore width slightly reduced from 3.81 to 3.34 nm.
Therefore, compared with the normal synthesis conditions, VCO,
promotes mesopore formation.

A gradual increase in A, and mesopore volume was observed
for samples synthesized from TEOS at supercritical CO, conditions
(Table 5). An increase in V,,,,, of =77.1% (0.313 cm’/g) was accom-
panied with increase in V,,,, by =9.2 times (0.156 cm’/g) for 7-
SCO, sample. A further increase of V., up to 1.241 cm’/g was ob-
served for sample 8-SCO, synthesized at slightly different super-
critical conditions. In this case, by lowering the temperature and
pressure of CO, we increased its density from 483.58 to 566.31 kg/
m’ [28], thus improving the mesopore development. Synthesis con-
ditions approaching critical promote mesopore formation, suggest-
ing that the application of SCO, with its enhanced solvating prop-
erties is an appropriate technique for the formation of mesopores.
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Fig. 7. TEM images of mesoporous silica sample 8-SCO,.

According to Wakayama et al. [14], SCO, acts as an excellent solvent
able to penetrate into the nano-scaled porous structures. Lower sur-
face tension of SCO, also determines the amount of the solvent pene-
trating the matrix.

Disordered mesoporous structure of silicas synthesized from TEOS
using SCO, in the present study is visible from the transmission
electron micrograph (TEM) image for sample 8-SCO, (see Fig. 7).
‘We obtained mesoporous silica with disordered wormhole-like pore
structures. Similar mesoporous structures with pores sizes from 3.2
to 5.1 nm and A, varied from 525 to 1190 synthesized from TEOS
using nonionic PEO surfactant as a neutral organic template were
reported elsewhere [37,38]. Our SCO, synthesis conditions pro-
duced silicas with a higher mesopore volume - 1.241 against 0.90
cm’/g [38].

5. Effect of Silica Source

Average micropore size for samples synthesized during the ‘nor-
mal’ procedure from Na,Si;0, and TEOS, 3-N and 6-N, respec-
tively, is 0.81 and 0.96 nm (see Fig. 5). Synthesis by VCO, and SCO,
led to a classical micropore formation for samples 4-VCO, and 7-
SCO,. All samples synthesized from TEOS exhibit higher mesopore
width and greater mesopore volumes than those from Na,Si;O, as
follows from Table 5 and Fig. 6. SCO, synthesis conditions have a
more pronounced effect on the mesopore width for samples syn-
thesized from TEOS.

CONCLUSIONS

The use of SCO, with TEOS leads to increased A, micro- and
mesopore volumes, compared with synthesis in aqueous and sub-
critical conditions. Sodium silicate has a lesser influence under simi-
lar conditions. Mesopore size distribution covers the range of pore
width from about 3.51 to 3.88 nm for both silica source materials.
Materials synthesized from sodium silicate and TEOS experienced
enhanced adsorption, resulting in the increased amount of nitrogen
adsorbed at 0.95P°. LCO, due to its higher solubility in polymeric
template at below critical temperature better removes this template

than SCO,.
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