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Introduction

Silica-based mesoporous materials with extremely high surface areas and ordered mesostructures [1,2] are of great interest to scientists in many disciplines, with potential applications as catalysts, biocatalysts, separation media and drug delivery [3]. A vast majority of such synthetic approaches use a silicon alkoxide source and a synthetic/petroleum-based surfactant as structure directing agent (SDA) [2]. Moreover, some of these materials are synthesized under extreme pH conditions. From a sustainable point of view, the main limitations for these approaches are the cost of the reactants, requirement of catalysts and/or alcoholic media and potential environmental impact of these molecules [4]. Two approaches can be used to make the process more environment-friendly: use of (1) aqueous silicates as the silica source and (2) surfactants with limited environmental impact [4a]. A large number of reports describe the use of low-cost soluble silicates to make mesostructured silica [1g, 5,6], but involving synthetic surfactants as SDAs. However, more than 1000 molecules of different origins were reported as biosurfactants either because they are extracted from plants or microbial medium or because they are produced from natural molecules like saccharides, aminoacids or fatty acids [7]. The main advantage of natural amphiphiles is their limited toxicity due to their easy biodegradation. However, there are only limited reported attempts to use biosurfactants as SDAs in the synthesis of ordered mesostructures [8] and, to our knowledge, only one uses sodium silicate solutions as the source of inorganic precursors [9].

One of the limitations in using biosurfactants is that they are often obtained as mixtures whose purification increases both the cost and the environmental impact. This is not a problem when they are used as such, within formulations. However, it represents a real challenge if one wishes to use them as SDA because each of the components may interact differently with inorganic precursors, preventing a suitable organization of the porous network. Until now, this point has not been addressed in the literature.

The search for special surfactants is stimulated from the fast growing demands for green approaches for material synthesis. The driving force is the growing awareness that we are responsible for our environment and an increasing concern about our own health. Amino acid based surfactants such as sodium lauroyil sarcosinate and sodium cocoyl glutamate were commercially produced and are important ingredients for medical non-alkaline bar cleansers. Indeed, these surfactants are regarded as having very low toxicity, antimicrobial activity, are less irritating to skin, and are highly biodegradable in natural environments [10]. With the aim of using natural surfactant formulations as structuring directing agent, we selected two surfactants derived from glutamic acid and leucine for the synthesis of mesostructured silica from sodium silicate under fully benign conditions.

Experimental section

Materials

L-Glutamic acid (>99%, Sigma), L-leucine (>99%, Sigma), dodecanoyl chloride (99.9%, Aldrich), sodium hydroxide (NaOH, 99.9%, Aldrich), hydrochloric acid (HCl, 37%, Merck), sodium silicate (SiO2 27%, Na2O 10%, Riedel-de Haën) were used as received.

Preparation of surfactant formulation

A long chain fatty acyl group is introduced to the nitrogen part of amino acid by using an acid chloride. This Schotten-Baumann method is a classical and useful way to synthesise N-acylamino acids in good yields [11a]. In the present approach the amino acids were treated with an excess of dodecanoyl chloride in alkaline aqueous medium, resulting in sodium salts of a N α -lauroylamino acid and fatty acid mixture (ca. 50 w%) ( Scheme 1) [11b].

Scheme 1

Preparation and characterization of hybrid-silica based materials

In a typical synthesis experiment, 50 mL of millimolar sodium silicate solution, neutralized to pH 7 by dilute hydrochloric acid addition was added slowly to 50 mL of the surfactant solution. Details about the combination of various concentrations of sodium silicate and surfactant employed in the investigation are described in the supporting informations (SI-1). The mixture was stirred for 72 h at room temperature and white solid was recovered by filtration or by centrifugation at 10,000 rpm. The product was washed several times with deionised water and air-dried.

Powder X-ray diffraction study was performed on Bruker D8 Advance diffractometer using Cu-Kα (1.54056 Å) radiation. Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-5510LV instrument operating at 20 kV. Transmission electron microscopy (TEM) images were obtained with JEOL 1011 equipped with a numeric camera, operating at a low accelerating voltage (60 kV) to avoid sample degradation under the intense electron beam.

Results and discussion

The amino acid based surfactant compositions typically represent mixtures of amphiphilic anionic surfactants, both contributing to the properties of a typical formulation. Measurements of surface-active properties such as critical micelle concentration (CMC), surface tension at the CMC (ST) and foaming capacity (FC) demonstrate that they possess desired properties of surfactants, which are comparable to petroleum-based surfactants such as cetyltrimethylammonium bromide (CTAB) (Table 1).

Table 1

In a first step, the C12-glutamic acid based surfactant formulation at CMC was mixed at room temperature with a diluted sodium silicate solution at neutral pH (see experimental section). Based on typical mesoporous silica preparation, [2] the [Si]/[surfactant] ratio was adjusted to 10. The XRD pattern of the recovered powder is shown on Fig. 1a, exhibiting a series of diffraction peaks at 2θ = 2.6°, 3.3 °, 5.2°, 6.5 ° and 7.8°. Considering the relative intensity of these peaks, it can be proposed that two lamellar organization L1 and L2 co-exist within the hybrid materials with respective wall-to-wall inter distance d of 3.4 nm and 2.8 nm, respectively. It is worth noting that the first value is very close to interbasal distance obtained for CTAB-based lamellar silica (MCM-50). When observed by SEM, the resulting materials consist of micrometer-size platelets (Fig 2a) while TEM indicates the presence of lamellar structure (Fig 3a). Noticeably, the wall-to-wall distance obtained from TEM was ca. 3 nm, in good agreement with the XRD attribution.

Figure 1

Under similar experimental conditions as for the C12-Glutamic acid/silica system, the C12-Leucine surfactant formulation also gave rise to a multiphase mesostructured material (Fig. 1b). In this case, it was possible to identify a lamellar structure L'2 whose interplanar distance, d = 2.8 nm, is comparable to the L2 phase of the C12-Glutamic acid/silica sample. In addition, the L'2 seems to co-exist with a second phase which is identified by the peaks labeled as C at 2θ = 4.6° and 5.3°. After several attempts, we could tentatively attribute these peaks to the 211 and 220 reflections of a Ia3d cubic mesophase. The corresponding calculated cell parameter a is 4.8 nm. The peak attribution could be confirmed by TEM observations, which show the coexistence of lamellar and cubic mesostructures within the silica materials (Fig 3b). Additional SEM experiments show a layered solid, which also suggests a long-range lamellar organization (Fig. 2b).

Figure 2

Noticeably, the d parameter for CTAB-based MCM-50 lamellar silica was reported to be ca. 3 nm, [1] supporting our attribution of the lamellar phase for both samples. In contrast, the typical a parameter for the CTAB-based MCM-48 cubic phase is in the 8.5-9 nm range, [1] significantly higher than the present investigation value, suggesting that another component of the formulation is involved in the templating process.

Figure 3

In order to substantiate the influence of amino acid based surfactant formulation on the formation of mesostructured silica, we have performed blank experiments in the absence of surfactants, which did not lead to the precipitation of silica even after two weeks. Trials with dodecanoyl chloride, dodecanoic acid (lauric acid) or a 1:1 mixture of the C12-Glutamic acid formulation and lauric acid as structure directing agents have led to the precipitation of disordered silica materials in few days.

It is also worth noting that neither the C12-Glutamic acid/silica nor the C12-Leucine/silica mesostructured materials maintained any level of organization after calcination at 600°C, as checked by XRD and TEM. This is in good agreement with the fact that lamellar silica mesostructures tend to collapse upon surfactant withdrawing [1]. However, SEM indicates that a lamellar morphology was still present after SDA removal (Fig 2c ,2d).

It is very important to emphasize that the combination of amino acid-based surfactant formulations, sodium silicate and neutral pH conditions made the synthesis of these materials a harsh task. In fact, in order to achieve the reaction at pH = 7 to avoid the degradation of the surfactant via hydrolysis reactions, sodium silicate solution could only be used at concentrations lower than ca. 80 mM. Moreover, any attempt to obtain a structured solid at sodium silicate concentrations higher than ca.

25 mM systematically failed. In these conditions, only a low amount of material could be recovered. In addition, due to the presence of a formulation, exact calculations based on molarity are obviously approximate.

Conclusions

Overall, these data suggest that formulations based on acylated amino acids can be used as structure directing agents to form mesostructured silica in the presence of aqueous sources of silica, in solventfree conditions, at neutral pH and room temperature. However, a mixture of meso-organizations is obtained, probably due to the initial presence of several surface-active agents in the formulation.

Moreover, these organizations are obtained only in a very narrow range of compositions, indicating the strong influence of silica-surfactant interactions on the structuring process. Nevertheless, these results demonstrate that extensive purification of surfactants, a step which often has a strong influence on processing cost and environmental impact [4], is not always required, opening the possibility to use a wide variety of natural extracts and commercial formulations as structure directing agents for the formation of mesostructured materials under benign conditions. 
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Figure 2 .

 2 Figure 2. SEM images of (a) C12-Glutamic acid/silica, (b) C12-Leucine/silica as-prepared and (c) C12-
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 3 Figure 3. TEM images of (a) C12-Glutamic acid/silica (scale bar = 20 nm), (b) C12-Leucine/silica (scale
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 1 Critical micelle concentration (CMC), surface tension at the CMC (ST) and foaming capacity
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Mesostructured silica from amino acid-based surfactant formulations and sodium silicate at neutral pH Bejoy Thomas, Niki Baccile, Sylvie Masse, Caroline Rondel, Isabelle Alric, Romain Valentin, Zéphirin Mouloungui, Florence Babonneau, and a Considering the C12-glutamic acid and C12-leucine based formulations a 50:50 wt % mixture of the aminoacid amide and sodium salt of lauric acid, the molar concentration of surfactants were calculated from the average molecular weight of the amide and sodium laurate.

SI-1:

Experimental conditions evaluated for mesostrctured silica formation in the presence of C12glutamic acid and C12-leucine surfactant formulations.