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ABSTRACT. We report how we could circumvent two major drawbacks in the potential scale up 

synthesis of mesoporous silica via the surfactant-based templating route. First, burning the organic 

templates to free porosity is costly and not environmental friendly. Most of the mesoporous silica 

materials show also extremely poor resistance to hydrothermal environments. These drawbacks 

have certainly contributed to prevent these materials meet practical use, and hampered any possible 

large-scale manufacturing. Unlike previous reports that claimed that supercritical carbon dioxide 

(scCO2) was ineffective in removing most of the organic templates, except amines, we describe 
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how the unique synergy we achieved between scCO2 extraction and our two-step synthesis of 

mesoporous silica with nonionic templates allowed us to overcome these drawbacks. We 

conducted different tests, and we report here the preparation of mesoporous materials with tunable 

pore size between 1 and 10nm, structure varying from 3D wormhole to hexagonal, and 

hydrothermal resistance. 

KEYWORDS: mesoporous; silica; synthesis; supercritical; scCO2 
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1. Introduction 

 

1.1. Issues in current manufacturing of mesoporous silica  

Since their identification as well-ordered mesostructured materials [1, 2] after older 

preliminary works [3], mesoporous silicates have aroused great interest in the community of 

materials and catalysis, marked by thousands of publications in this domain.[4, 5] Beyond the 

major breakthrough of a new paradigm in the synthesis of porous materials using molecular 

assemblies instead of single molecules as templates, hopes were great because these materials were 

seen as potential candidates for extending heterogeneous catalysis or adsorbents to domains where 

a pore size larger than zeolites, was required. Among the materials reported until now, probably 

the most renown are MCM-41 (> 4,600 refs with MCM-41 in the title), SBA-15 (> 3,100 refs) and 

HMS (> 850 refs). However, until now, few applications, or even none, have been brought to life. 

The reasons for this unsuccessful development are multiple, the principal being probably the lack 

of clear target market, but some others can be found: 

(i) Despite many claims, these syntheses lead usually to materials with a unique pore size: 

4.0 nm, 9.0 nm, and 2.5 nm for MCM-41 [6], SBA-15 [7], HMS [8], respectively; ways to modify 

these values were described, but they are rarely used. 

(ii) Even though trials with other templates were demonstrated, these syntheses are 

usually limited to only one single type of template: cetyltrimethylammonium for MCM-41, 

triblock copolymer Pluronic 123 for SBA-15, and dodecylamine for HMS. 

 (iii) These syntheses use 40-50 wt% organic templates, and scaling-up at industrial scale 

is hampered by the need for removing them to open the porosity. The faster and more efficient is 

usually via thermal treatment, which leads to an unacceptable costly loss of chemicals and 
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environmental impact. Solvent-based extraction has been successful, but too slow to go 

realistically beyond bench scale. 

(iv) Usually, these materials offer a rather low to no resistance to hydrothermal 

environments, if some specific conditions are not applied, like seeding with zeolites nuclei [9]. 

 

1.2. Specificity of the two-step synthesis of mesoporous silica  

We reported the first synthesis of mesoporous silica with polyethylene oxide (PEO) 

nonionic copolymers as templates (named MSU-X silica) [10], and we developed a two-step 

synthesis route [11], which offers many advantages over the initial method: (i) synthesis in mild 

conditions: water, open air pressure, mild acidity (pH 1-3), moderate temperature (20-60°C); (ii) 

use of any type of hydrophilic (HLB 9-15) nonionic surfactant including triblock copolymer like 

Pluronic 123; (iii) for the same template, an additional control of the particle size & shape, as well 

as pore size, via the synthesis parameters; (iv) thermodynamic control of the assembly and 

condensation reactions, with the intermediary formation of stable silicate/organic hybrid micelles, 

allowing for an easy scaling-up [12]. 

As for all other methods, the scale-up of this synthesis was still hitting the requirement 

for a rapid and sustainable non-destructive removal of the organic templates, which could not be 

provided by the multi-hour thermal treatment we used to apply. However, unlike self-assembly 

mechanisms of MCM-41 (basic pH) or SBA-15 (highly acidic pH) that are based on charge density 

matching, hence strong electrostatic interactions between the organic templates and inorganic 

building blocks [13, 14], the two-step synthesis of MSU-type silica works at a pH (1.7-3.5) close 

to the isoelectric point (IEP) of silica [15]. It results that templating proceeds via weaker neutral 
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hydrophilic interactions [12], which is expected to ease a solvent-based extraction of surfactants, 

as already demonstrated with HMS materials [8]. 

1.3. Advantages of scCO2 as a green solvent  

In industry, “green chemistry” processes using supercritical carbon dioxide (scCO2) as a 

solvent, are now favored [16-18],[19], and scCO2 is now used as a routine reacting medium, 

especially for the synthesis of nanomaterials [16, 20]. Very few studies have actually combined 

mesoporous materials with scCO2: to our knowledge, it was only used as a reacting medium or 

additive in the synthesis of mesoporous materials [21-25], as an “impregnation” agent for 

incorporating active molecules in mesoporous matrices [26-28], and only as an extraction agent 

for amine templates in the synthesis of HMS [29-31], and for the extraction of fluoronic surfactants 

from mesoporous thin films [32].  

1.3. Objectives and main outcomes of our study  

We demonstrate in the following how the combination of scCO2 as an extractive agent, 

with the two-step synthesis of MSU silica, creates a unique synergy that allowed us to validate a 

rapid and facile extraction of templating molecules. These first results open up the way to future 

easy to scale-up manufacturing, with a cost-effective sustainable synthesis of structurally tunable 

mesoporous silica. In this preliminary report, we explore the potential of this method, identify the 

significant parameters, and describe the structural differences resulting from both (thermal and 

scCO2) extraction methods. We present also promising results regarding the good resistance of 

these materials to hydrolysis, another challenge for the industrial use. This resistance might be 

improved further when we will combine well-known methods, which is not covered in this short 

communication [33-35].  
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All syntheses were conducted according to the double-step synthesis of MSU silica as 

reported before [36]. Details are given in the Electronic Supplementary Information (ESI). This 

synthesis involves the formation of stable silicate/surfactant hybrid micelles at a pH 1-3, in water. 

This pH allows for the hydrolysis of the silicon alkoxide (TEOS), but not silica condensation. The 

silicate oligomers resulting from hydrolysis, create hydrophilic interactions with the oxygen atoms 

on the PEO chains, leading to stable hybrid micelles [12]. The precipitation of silica is induced by 

the addition of a fluoride salt (eg. NaF), the fluoride ion acting as a silica condensation catalyst 

[37]. The temperature-dependent reversible swelling of nonionic micelles is still observed in the 

hybrid micelles, and variation of the synthesis temperature, can easily help to adapt the final pore 

size within a 2.0 to 6.0 nm range, of even higher when Pluronic P123 is used [38]. 

In the usual process, the as-synthesized materials are dried, then calcined at 600°C during a 13 h 

total thermal treatment in air. With the new method, the as-synthesized powder obtained after 

filtration, is dispersed in ethanol in an ultra-sound bath for 5 minutes, to dilute as much as possible 

the remaining water with ethanol, before being recovered by filtration. The washing ethanol can 

be recovered and reused many times. Since the aim of this preliminary study was to validate the 

effectiveness of this process, the powders were purposely placed for a limited time (30 min) in a 

continuous flow scCO2 (35°C, 100 bar). The powder was then recovered and used without any 

further treatment. This new method offers many advantages: (i) the surfactant remains intact and 

can be reused, since it can be recovered pure at the outlet of the reactor (CO2 is released as a gas), 

(ii) the time required for this surfactant extraction is drastically reduced, with around one hour 

total including the pressure and temperature adjustment in our bench top apparatus, compared to 

13 hours for the thermal treatment, (iii) there is a major energy saving since heating furnaces are 
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not required, (iv) the process does not release effluents or produces flue gas, and (v) it is even 

possible to reuse the washing ethanol involved in this process. 

We observed also that the structure of materials obtained via our new scCO2/two-step 

synthesis is improved, and present larger pores and higher crystallinity. This is due to the absence 

of thermal treatment, which prevents any shrinkage and stress of the silica framework. 

As examples of this method, we describe now the materials resulting from syntheses 

carried out at different temperatures (6°C, 21°C, 35°C, 45°C) with two templates representative of 

the large range of possibilities offered by this method: an alkyl-PEO diblock copolymer 

(Tergitol™ 15S12: C15-(EO)12; samples referred as “T15S12” in the following), and a triblock 

copolymer (Pluronic™ P123: PEO20-PPO70-PEO20; samples referred as “P123” in the following). 

The mesostructure of silica synthesized with the two-step method, and especially with P123, is 

highly dependent on the synthesis temperature, because both the Critical Micelle Temperature 

(CMT) and Cloud Point (CP) affect the structure and dynamic of hybrid micelles, hence the final 

structure of silica.[38] For our comparison between the two extraction methods (thermal & scCO2), 

materials were from the same batch, and half were thermally treated, and half scCO2 extracted. 

 

2. Experiments 

2.1 Materials and syntheses 

Synthesis with Tergitol 15S12: In a typical synthesis, TEOS (tetraethylorthosilicate 

Si(OCH2CH3)4, Sigma Aldrich Chemicals, Mw = 208g) was dispersed in a 0.02 M solution of 

Tergitol 15S12 ([CH3(CH2)14(EO)12], Dow Chemicals, Mw = 756g; EO: ethylenoxide) up to a 

TEOS/surf. molar ratio of 10. TEOS is hydrolyzed by the acidic medium, but the pH value 

corresponds to the minimum of the silica condensation kinetics, which prevents the silicate 
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oligomers resulting from hydrolysis, to react and precipitate. Instead, they interact with the 

micelles of copolymers to form silicate/organic hybrid micelles. Once stabilized, sodium fluoride 

(NaF) was used as a reaction catalyst to induce silica condensation, with a NaF/TEOS molar ratio 

equal to 0.01.  

7.5 g of Tergitol 15S12 was dissolved at room temperature in 500mL of deionized water, 

acidified beforehand at pH 2 with HCl. After full dissolution, 20.8 g of TEOS were added under 

mechanical stirring tuned to allow the TEOS droplets to be well-dispersed enough within the 

aqueous solution. The solution, initially turbid as a result of the TEOS oily droplets, turned 

progressively transparent within 10 minutes, once the whole TEOS had been fully hydrolyzed. The 

remaining solution was left at rest in a fridge (6°C) overnight, to achieve the full formation of 

silicate/organic hybrid micelles. This mother solution was left at 6°C and aliquots were taken off 

as required. This achieved the first step (the assembly step) of this two-step synthesis.  

100 mL aliquots of the mother solution were taken off, left to return (if required) at room 

temperature, then set at the suitable temperature: 6°C (fridge), 21°C (room temperature), 35°C or 

45°C (thermostated bath). Each aliquot contained 4.16g TEOS (0.02 mol) and 1.5g Tergitol 15S12; 

0.8 mL (2.10-4 mol) of a 0.25M aqueous solution NaF were added to achieve a 0.01 NaF/TEOS 

molar ratio. The fluoride ion of NaF is used as a condensation catalyst. This achieved the second 

step (the silica condensation step) of this two-step synthesis.  

The solutions were left at the required temperature for the whole reaction time: 72h for 

the 6°C synthesis, 48h for the 21°C synthesis, and 24h for the 35°C & 45°C synthesis. These 

reaction time were chosen to be sure that the reaction was fully achieved, but most of it was usually 

achieved within the first couple of hours (except for the reaction at 6°C). The as-synthesized 

powders were filtered and dried at 60°C overnight.  
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When applied, the powders were calcined in air with the following procedure: a 3°C.min-

1 ramp, with a 4 h plateau at 220°C, a 2 h plateau at 450°C, and a 4 h plateau at 600°C. The whole 

thermal treatment lasted for 13 hours.  

When applied, the extraction with supercritical CO2 (denoted scCO2 in the following) was 

proceeded in a small cylindrical autoclave, under CO2 flow, at 35°C and 100 bars, for 30 min. The 

whole procedure took 45 minutes. Compared with the thermal treatment, the dried powders had 

been left in ethanol for 5 min. under sonication, to exchange as much as possible the impregnated 

water with alcohol. The ethanol used for this process can be reused multiple times as it is mostly 

used as a "washing" solvent.  

Synthesis with Pluronic P123: All procedures were similar to those used with Tergitol 

15S12, except for the amount of reagents: 7.5g of Pluronic P123 ([(EO)20(PO)70(EO)20], Sigma 

Aldrich Chemicals, Mw ≈ 7,750g; EO: ethylenoxide, PO: propyleneoxide) was added into 500 mL 

of deionized water at pH 2. 33.3g TEOS were added. The rest of the procedure was similar.  

Resistance to hydrothermal conditions: Some samples were also tested against aqueous 

hydrolysis to probe their resistance to hydrothermal conditions: (i) samples after scCO2 extraction 

or calcination at 600°C, were sunk into hot water (90°C) for 3 h; scCO2 extracted samples were 

thermally treated at 400°C for 2 h, then sunk into hot water (90°C) for 3 h.  

2.2 Experimental. 

The samples were characterized by small angle X-ray scattering (SAXS) on a Nanostar 

(Bruker Co.), equipped with a Siemens Copper anode (40kV, 35mA). The apparatus is equipped 

with two crossed Goebel mirrors in order to select the CuKα wavelength (0.154 nm) and produces 

a parallel beam, the final collimation being adjusted with a 3-pinhole setup (with a 300µm diameter 

for pinhole-2 setting the beam size). SAXS patterns were acquired using a 22x22cm 2D gas 

detector HiStar from Bruker Co., positioned at a distance D of the sample. Silver behenate was 
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used as a calibration standard, yielding D=1.06m. The scattering wave vector range used was 0.1 

- 2.0 nm-1.  

The N2 adsorption isotherms were measured with a Quantachrome AUTOSORB-1. The 

samples were outgassed at 200°C under vacuum for 12 h before the measurement. Surface area 

was determined by the BET method in a relative pressure range of 0.05−0.25.  

The samples were dried in a 60C oven and the TGA (TA-Instruments) were ran from 25-

600C at 2C.min-1.  

The set-up for CO2 extraction is composed of a reactor in stainless steel (volume V = 

20mL) with a frit in stainless steel (porosity : 5 µm) heated at 35 °C and pressurized at 100 bar. 

The pressure of CO2 is increased thanks to a high pressure pump (Milton Roy, MD23) and is 

injected in the reactor continuously at the operating pressure with a flowrate of 0.7 L/h. This 

pressure is controlled with a back pressure regulator (Jasco, BP-2080plus).  

 

3. Results and Discussion 

3.1 Efficiency and influence of the scCO2 extraction. 

 We validated first the actual extraction of organics by TGA (Figure 1).  

 

INSERT HERE FIGURE 1 

 

Mass loss relevant to organics is the difference between the as-synthesized (blue line) and 

calcined (green dotted) losses after 150°C. For T15S12 prepared at 35°C (Figure 1a), this loss is 

(46-22)=24 wt% of the total dried mass at 150°C. The scCO2 extraction contributes to the 

extraction of (46-24)/(46-22)= 92 wt% of the organics, in only 30 minutes. For P123 prepared at 

6°C (Figure 1b) and 45°C (Figure 1c), the extraction is 55wt% and 52wt% of the total organics, 
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respectively. So, TGA confirms the actual, still not complete, extraction of organic templates even 

after a rather short (30 min) extraction time. We assign the difference in extraction efficiency to 

differences in pore morphology. Silica prepared with T15S12 have a highly connected 3D 

wormhole porous framework, while the synthesis with P123 at 6°C leads to small micropores, and 

long straight mesopores for the 45°C synthesis. 

SAXS peak intensity results from two parameters: (i) the electron density contrast 

between the walls and pores [39], and (ii) cristallinity referred as the order of the porous structure. 

TGA results showing a lower extraction of organics for scCO2, compared to thermal treatment, 

tells us that any higher SAXS peak intensity for scCO2 extracted samples will only result from a 

higher cristallinity. 

The SAXS of samples prepared with T15S12 (Figure 2a&b &Table S1 in ESI) display 

the single correlation peak resulting from their 3D wormhole structure [10]. As the synthesis 

temperature increases, the diffraction peaks shift toward smaller q (resp. larger d-spacing) as a 

result of a pore size increasing [40]. When compared with thermal treatment, materials prepared 

with scCO2 extraction display two major variations. First, the intensity of the correlation scattering 

peak is higher, which we assign to a better crystallinity.  

 

INSERT HERE FIGURE 2 

 

Secondly, this peak points out at a smaller value of q (resp. larger d-spacing), as a result 

of a larger pore-to-pore distance. Correlations peaks of calcined samples appear at a higher q (resp. 

shorter d-spacing) as a result from the temperature-induced shrinkage of the silica framework. This 

is obviously not observed with the scCO2 extraction. However, as demonstrated below, it is worth 

reminding that both pore size and wall thickness contribute to the pore-to-pore distance. 
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Compared to T15S12, samples prepared with P123 display a broader variation of their 

SAXS pattern (Figure 2c&d, and Figure S1 in ESI) [38]. The sample prepared at 6°C, below the 

CMT, does not possess any mesostructure, because fully hydrophilic copolymers, create only 

microporosity. From 21°C up to 45°C, several diffraction peaks are observed, in the ratio 1; √3; 2; 

√7, corresponding to the (10), (11), (20), and (21) diffraction planes in a 2D hexagonal structure, 

respectively (Table S1). Since the peak intensity between calcined (Figure 2c) and scCO2 (Figure 

2d) is rather similar, despite the remaining presence of 50% organics in the pores in scCO2, we 

assume that the reduction in electron density contrast must be balanced by a higher cristallinity for 

the scCO2 samples. The same shift toward smaller q (resp. larger d-spacing) between thermally 

treated and scCO2 extracted samples is also observed. 

Figure 3 displays the Pore Size Distribution (PSD) (Figures S4 & S5 in ESI for individual 

curves) calculated from the nitrogen adsorption isotherms (Figure S2 & S3 in ESI) [41].  

 

INSERT HERE FIGURE 3 

 

All samples display open porosity, except for the scCO2 extracted P123 sample 

synthesized at 6°C. This material is microporous because copolymers below the CMT do not create 

micelles [38], and TGA confirmed that the same percentage of organics was removed, as for the 

sample prepared at 45°C that exhibits opened porosity. We conclude that the remaining molecules 

block access to these small micropores, while it cannot happen when larger mesopores are 

involved. 

These analyses confirm that the PSD increases with the synthesis temperature, and that 

the pore size is larger for scCO2 extracted samples than for thermally ones. The silica wall 

thickness was deduced by subtracting the pore diameter from the d-spacing (or a = 2d(10)/√3 for 
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hexagonal phases). These parameters (BET specific surface, pore size distribution (PSD), pore 

volume, surface roughness) are compared (Figure 4) for T15S12 and P123 samples prepared at 

45°C, and submitted to different extraction (thermal or scCO2) or hydrothermal treatments. Other 

parameters (BET, PSD, porous volume, wall thickness are compared in Figure S6 for T15S12 and 

P123 samples prepared at different temperatures an d either calcined or scCO2 extracted. All 

values are given in Table S1). 

 

INSERT HERE FIGURE 4 

 

Comparisons of results from Figure 4 & S6 reveal the following main observations: (i) 

the BET surface is similar (Figure 4a) or smaller (Figure S6a: 6, 21, 35°C) for the scCO2 samples 

than for the calcined ones. It is obviously smaller for the P123 sample (Figure 4a, bottom) because 

only 50% organics remain; (ii) the PSD (Figure 4b & S6b) is always higher for the scCO2 samples, 

due to the lack of structure shrinking; (iii) the mesoporous volume (Figure 4c & S6c) is quite 

similar (except for P123 because of the remaining organics); (iv) the silica surface roughness 

(Figure 4d) quantified by the Surface fractal dimension Ds, remains in the same range (see below); 

(v) the silica wall thickness (Figure S6d) is always higher for the scCO2 extracted samples. 

We conclude from these observations that the scCO2 extraction is an effective process for 

quickly removing the organic templates, without burning them, in a quicker and more sustainable 

way. The lack of thermal treatment reduces the stress on the silica structure and preserves a larger 

pore size and thicker silica walls. These values (larger pore, thicker silica wall, same pore volume) 

result physically into a smaller BET surface. 

 

3.2 Resistance to hydrolysis. 
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We ran also some tests to see how these materials can resist hydrothermal conditions. We 

left samples prepared at 45°C with T15S12 or P123, in water at 90°C for 3 h, then analyzed them 

by N2 adsorption. For the scCO2 treated samples, an alternative route was tested, with a thermal 

annealing at 400°C for 2 h after scCO2 extraction, before being exposed to water. The N2 isotherms 

are displayed in Figures S7 and S8 for T15S12 and P123, respectively, and the PSD in Figure S9 

and S10. Figure 4 displays the comparison between four physico-chemical parameters (see Table 

S2 for values, and Figures S7 to S12): (a) BET surface area, (b) pore size distribution, (c) pore 

volume, and (d) the surface fractal dimension. The surface fractal dimension Ds was calculated 

from the adsorption branch of the N2 isotherm [42]. Ds is a good gauge of the surface roughness, 

and expected to vary between 2 (smooth) and 3 (very rough). 

These tests show that the mesoporous silica presents a rather good resistance to 

hydrolysis, and do not collapse rapidly. For (T15S12 & P123) samples calcined at 600°C, the 

influence of hydrolysis (600°C +H2O) on the material structure leads to: (i) a 30% reduction of the 

specific surface; (ii) a pore size being unchanged; (iii) no obvious correlation with the pore volume: 

increasing for T15S12 and decreasing for P123; (iv) an unchanged fractal surface dimension Ds. 

Values of Ds are in agreement with previous reports [42]: they are significantly higher 

(Ds = 2.74) for P123 than T15S12 (Ds = 2.4), which means that silica prepared with P123 presents 

a rougher surface than prepared with T15S12. Ds, hence the roughness, is not modified after water 

treatment, which means that this roughness is intrinsic to the silica structure. The materials resist 

overall quite well to hydrolysis, and except for the BET surface, no noticeable change is observed. 

This is confirmed by the N2 isotherms (Figures S7 &S8) that the silica structure remains similar, 

with the same curve profiles, and only a vertical shift for the sample prepared with P123, as a result 

of a lower surface. 
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For samples extracted with scCO2, different observations are made: (i) a 30% reduction 

of the specific surface is observed for T15S12, and none for P123, but this latter was already 

significantly low; (ii) the pore size remains unchanged; (iii) no obvious correlation with the pore 

volume: at the opposite of thermally treated samples, it is decreasing for T15S12 and increasing 

for P123; (iv) the value of Ds is similar for T15S12, compared to the calcined samples, and lower 

with P123 (smoother surface). Both are slightly reduced after water treatment, but it is within the 

error range.  

In a final test, we assessed if a thermal post-treatment at 400°C after scCO2 extraction 

could improve the material resistance (“CO2 + 400°C” samples). This post-treatment aims at 

removing any organic residue and increasing the silica framework reticulation (increase oxolation 

vs olation). Such a post-treatment could be considered in an industrial process.  

Compared with samples only extracted (“CO2”), the “CO2 + 400°C” samples, present 

some surprising differences that reveal that the chosen temperature for this preliminary test is not 

optimum: (i) the BET surface is unchanged for T15S12 (963 to 946 m2.g-1) and significantly 

improved for P123 (from 184 to 434 m2.g-1), since organics left in the P123 sample are probably 

removed by the thermal treatment (the pore volume increases upon thermal post-treatment); (ii) 

the pore size does not fluctuate significantly; (iii) its volume is reduced for T15S12, but increases 

for P123 (see above); (iv) finally, the surface roughness is also unchanged for T15S12 and 

increases for P123.  

The variation observed for the sample prepared with P123 shows that a 30 min CO2 

extraction is effective, but probably too short for a complete extraction. Further studies will explore 

the influence of the treatment time on the organic removal efficiency. 
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We finally studied how these “CO2 + 400°C” samples can resist to hydrolysis ((“CO2 + 

400°C+H2O” samples). Our observations lead us think that this post-treatment temperature is not 

optimized toward hydrolysis because it leaves the silica framework in an intermediary 

unconsolidated state: (i) BET surfaces are drastically reduced for both samples: T15S12 (from 946 

to 313 m2.g-1) and P123 (from 434 to 129 m2.g-1); (ii) the pore size does not vary significantly for 

P123 while it is totally shifted to larger values (between 5 and 30nm) for T15S12, most probably 

as a result of the mesostructure collapse; (iii) variations of the pore volume are uncorrelated; (iv) 

the fractal surface dimension Ds is reduced for P123, and unchanged with T15S12.  

These preliminary results on the influence of a thermal post-treatment are not still fully 

conclusive. If it does not modify drastically the structure of samples prepared with T15S12, it 

contributes to remove the remaining surfactants left behind in the P123 sample, since the 30 min 

extraction with scCO2 was apparently not long enough to allow full extraction for these samples, 

as a result of the specific microstructure of the P123 samples (long pores). 

The influence of this post-treatment on the material stability against hydrolysis is mostly 

negative. We observed a significant reduction in the BET specific surface, and the T15S12 

structure most probably collapsed, or at least lost its mesoscopic order. We believe that this rather 

low temperature, has the main effect of activating the silica surface by cleaning the remaining 

organics, but is probably too low to consolidate the silica framework. As a result, it left silica more 

likely affected by hydrolysis. Additional work exploring the influence of different temperatures 

and time of post-treatment is now required for a better understanding and process optimization.  
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4. Conclusion 

We have established that the extraction of organic templates used in the synthesis of 

mesoporous silica, by supercritical CO2 can be successfully conducted, if applied to materials 

prepared with nonionic PEO-based templates. Such an extraction is allowed by the absence of 

electrostatic interactions between templates and silica. Compared with the thermal treatment, the 

only current pertinent solution, scCO2 extraction offers several advantages: fast and green process, 

ability to recover and reuse the templates.  

Our preliminary tests of resistance to hydrolysis are very promising: unlike many 

mesoporous silica, our materials do not collapse, even after having being sunk into boiling water 

for three hours. This resistance must still be increased. This can be done by a thermal post-

treatment, but our first results are still partially inconclusive.  

The synergy between scCO2 extraction and the two-step synthesis of mesoporous silica, 

working at moderate temperature and ambient pressure, in water, with the possibility to easily 

scale up the powder manufacturing and develop a large range of tailor-made porous materials, 

creates a true opportunity to develop an actual industrial process.  

Two main items will be developed in the future: (i) optimizing the scCO2 extraction (time, 

temperature) as a function of the type of material and (ii) explore how a post-extraction annealing 

(temperature, time) can improve or modify the material, especially in increasing the hydrothermal 

resistance.  
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Figure Caption 

Figure 1: TGA curves for mesoporous silica prepared with T15S12 or P123 at different 

temperatures: (a) T15S12, 35°C; (b) P123, 6°C; (c) P123, 45°C.  Comparisons between the as-

synthesized (blue line), the 600°C calcined (green dotted) and the scCO2 extracted (black dashed) 

samples. Mass loss are normalized at 150°C, once samples are fully dehydrated. 

Figure 2: SAXS patterns for mesoporous silica prepared at different temperatures (6°C, 21°C, 

35°C, 45°C) with T15S12 (a,b) or P123 (c,d), and either calcined at 600°C (a,c) or scCO2 extracted 

(b,d). (Figures c & d are in log Y axis; figures with linear axes are displayed in Figure S1). 

Figure 3: Pore size distribution calculated by DFT from the adsorption branch of the nitrogen 

adsorption isotherm for samples prepared with T15S12 (a) treated at 600°C or  (b) scCO2 extracted, 

or with P123 (c) treated at 600°C or  (d) scCO2 extracted. 

Figure 4: Physico-chemical characteristics of mesoporous silica prepared with T15S12 (red, top) 

or P123 (green, bottom) at 45°C, submitted to different post synthesis treatments: (a) BET specific 

surface area; (b) Pore Size Diameter calculated by DFT (the black lines correspond to the width of 

the PSD peak at half-height width); (c) Pore volume calculated by DFT; (d) Surface fractal 

dimension Ds. 
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