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Abstract

:

Natural opal is a widespread mineral formed by the aqueous alteration of silicate rocks. It occurs as a mixture of silica nano-to-micro-structures (e.g., nanograins, spheres) and silica hydrogel cement, with variations in the proportions of these components leading to significant differences in the physico-chemical properties of opals. However, the detailed process of their formation in nature and the influence of the mixing ratio are not fully understood, as opal has not been yet synthesized under geologically relevant conditions. This study aims to develop a method of opal synthesis in conditions close to continental weathering conditions (<50 °C, ambient pressure) using relevant chemicals that could be employed to gain insight into the processes that give rise to opal on Earth and Mars. Our synthesis method enabled us to synthesize opal-A with different mixing ratios, of which four were then studied to determine the effect on the material’s properties. Changes in the proportion of the hydrogel cement affect the porosity and the total water content, as well as the proportion of “water” species (H2O and OH). Moreover, the synthetic opal obtained with a 1:1 ratio shows the closest similarity to natural opal-AG. Finally, our results support the hypothesized multistage process for opal formation in nature.
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1. Introduction


Natural opal (amorphous hydrated silica, or opaline silica, SiO2·nH2O) is an amorphous-to-poorly-crystallized species of silica containing up to 18 wt% of cumulated molecular water and bound hydroxyls (Si-OH, silanols) [1,2,3,4,5]. On the basis of X-ray diffraction, the structural classification of opal defines three main types: opal-A, which is amorphous to highly disordered; opal-CT, amorphous with α-cristobalite crystallites with α-tridymite stacking defects; and opal-C, amorphous with well-ordered α-cristobalite [2,6,7,8,9,10]. These opal types also provide specific NMR, Raman, and infrared signatures [3,11,12,13,14,15,16,17]. Opal-C proved to be a variety of opal-CT without any tridymitic defect stacking [7] As a consequence, in this manuscript, we use the term “opal-CT”, in order to include opal-C. Additionally, opal-A has been subdivided into opal-AG (G for gel) and opal-AN (N for network) on the basis of small-angle X-ray diffraction and neutron scattering [3].



At a larger scale, and independently of the atomic structure, natural opals are composed of silica nanograins about 25 nm in diameter cemented by an amorphous silica hydrogel (to the exception of opal-AN) [8].



Depending on the deposit, the formation processes, and the type of opal (A or CT), the nanograins can arrange into a large variety of structures. Opal-A nanograins assemble in concentric agglomerates called ‘spheres’, while opal-CT nanograins assemble in one-dimensional ‘fibers’, two-dimensional ‘platelets’, stacked platelets, called ‘tablets’, and interlocking platelets in spherical aggregates, called ‘lepisheres’ [8].



A gemological distinction is also made between opal that shows play-of-color, with pure spectral colors moving on the surface of the stone as it is tilted (also referred to as precious opal), and common opal, which does not display such play-of-color [18].



Besides the biomineralization of opal by living organisms for their skeleton, opal forms through the aqueous alteration of silicate rocks. This occurs through either continental weathering [19,20,21,22,23,24,25,26,27] or hydrothermal alteration [28,29,30,31,32,33,34,35], in various geological contexts (e.g., acidic volcanic traps, alluvial fans and deltas, hydrothermal hot springs). Terrestrial observations, coupled with water–rock alteration experiments, show that opal forms at various scales (large outcrops of up to several km), at the expense of various minerals (e.g., feldspars, volcanic glass, clays, and olivine) [14,23,24,26,36]. Opal forms surface deposits such as silica sinters, or occurs as underground cavity or porosity filler [14,26,36,37,38,39,40,41]. For all these abiotic processes, the formation process of opal in nature is supposed to follow several continuous steps that may overlap and depend on multiple physico-chemical parameters (temperature, pH, ionic strength, and silica concentration) (Figure 1), as follows:




	
Monomeric silica in groundwater polymerizes and progressively forms polysilicic acids. These silica polymers internally condense into nanometer-sized silica colloids named “nanograins” (nucleation process) [42,43,44].



	
The colloids grow and merge by Ostwald ripening and by the addition of low polymeric silica in their outer layer [42,43,44].



	
Depending on the fluid’s chemical composition and evolution, physical parameters (e.g., viscosity), and changes in dynamics (e.g., flow rate), the silica nanograins eventually arrange into an aggregated structure [45,46,47], hereafter called “spheres”.



	
Deposition by gravity and the arrangement of the nanograins and the eventual spheres at the bottom of the cavity. This optionally may lead to a diffracting array responsible for play-of-color [8,48].



	
The pores between the deposited silica nanograins and/or the spheres are partially or entirely filled by amorphous silica hydrogel [42], thus closing the fluid percolating system.








However, this scenario for opal formation has not been extensively tested yet in the laboratory. Several attempts to synthetize opal have been conducted, and the resulting products share some similarities with natural opal, but none of the synthesis methods have used geologically relevant compounds or conditions. The most commonly used method, established by Stöber in the late 1960s [49], is based on the hydrolysis of tetraethoxysilane (TEOS) in organic solvent with ammonia. Recent adaptations of this method mainly used organic compounds as the main solvent [50,51,52,53,54,55], or more exotic routines involving high-temperature or high-pressure conditions [56,57,58]. The synthesis of silica spheres with diameters ranging from 150 to 300 nanometers opened the way for the synthesis of colloidal photonic crystals mimicking the visual play-of-color of natural opal. The synthesis of silica nanograins and spheres is now widely studied, and several methods have been developed for applications in various domains, such as chemistry (e.g., catalyst bases), textile and papers (e.g., pigments and latex–foam products), medicine (e.g., drug delivery), etc. [42,59,60,61]. However, the syntheses developed in these studies are unrealistic for geological contexts and conditions. For example, the spheres are grown in organic compounds (ethanol or others) as the main solvents, whereas the main solvent on the Earth’s surface remains water.



Another series of studies attempted to produce silica particles under much more geologically relevant conditions, using only silica dissolved in pure water [43,44,62,63,64,65]. In some studies, this was motivated by the understanding of formation of silica scale in geothermal industry [66,67,68]. Although these experimental studies successfully produced silica particles, they did not produce solids, mostly because of very low yields, due to the low silica solubility in the investigated pH range.



For these reasons, we developed a method to produce synthetic opals starting from a solution and ending with a cohesive solid product, with properties as close as possible to the natural ones, using compounds and processes compatible with natural conditions: we stirred the solutions in order to model the fluid flow that naturally occurs; we used water as the solvent; the temperature was restricted to the 20–50 °C range, coinciding with known weathering temperatures; and drying in an oven at 80 °C was performed to remove the excess of water in order to model the drying of natural silica. Preliminary experiments with drying at 50 °C provided samples with exactly the same properties, but this required a much longer experimental time. In order to save time, we performed drying at 80 °C, although this temperature is too high for continental weathering conditions. Additionally, we conceded an anomalously high pH in order to increase silica solubility and, hence, increase the synthesis yield.



First, we investigated the formation and growth of silica nanograins in an aqueous potassium hydroxide solution and the aggregation of these nanograins into larger structures. We chose potassium hydroxide for this first attempt at chemical modeling of a natural system, because potassium is a common impurity in natural opal, and potassium plays a role in the growth of the silica nanograins [42]. To obtain a microstructure resembling that of natural opal, we incorporated silica hydrogel in various proportions (varying silica nanograins/hydrogel volume ratios). Second, we investigated the effect of this volume ratio (silica nanograins/hydrogel) on the material properties.



Due to the diversity and complexity of the formation environments and the opals themselves [8,69], it is particularly challenging to assess the impact of each formation condition (e.g., pH, temperature) and the chemical composition of the fluids on both opal chemistry and properties (e.g., atomic structure, silica structure). Therefore, in order to better understand opals, it is necessary to find alternatives, such as synthesis, in conditions approaching geologically relevant conditions on Earth. The intended application of this work extends beyond the terrestrial context, as we also seek to better understand the local aqueous environments leading to opal precipitation on ancient Mars. Opal is a common alteration product that has been found throughout Mars in terrains spanning geological eons, and that has been proposed to belong to a subset of known terrestrial settings [70,71].




2. Experimental Method


2.1. Materials


Sodium metasilicate (Na2SiO3; CAS# 6834-92-0, 50 to 53% of SiO2), potassium hydroxide (KOH; CAS# 1310-58-3, ≥90% purity), and the cation exchange resin (Amberlite IRC120 H form, CAS# 39389-20-3) used for the synthesis of opal were purchased from Sigma-Aldrich (Burlington, Massachusetts, United States). Ultrapure water (0.055 µS/cm conductivity and 18.2 MΩ resistivity at 25 °C) was produced at the Laboratoire de Planétologie et Géosciences (Nantes, France) with a Merck Millipore Milli Q Integral 10 and used as the only solvent. All materials were used as received.




2.2. Experimental Procedure


In order to simulate the natural release of silica in solution, we used an ion-exchange method with sodium metasilicate [72]. This technique substitutes sodium atoms with hydrogen on the exchange sites. It allows the release of monomeric silica (soluble silica) without adding any other chemical compound not found in nature that could induce undesired in situ reactions.



The synthesis method involvesthree main steps designed to mimic the hypothesized natural opal growth steps: (1) synthesis of silica nanograins; (2) synthesis of silica hydrogel; (3) combination of nanograins and hydrogel. The temperature was maintained in a range between 20 °C and 50 °C.



2.2.1. Preparation of Silica Nanograins


A total of 14 g of sodium metasilicate (Na2SiO3) powder was dissolved in 100 mL of ultrapure water (1.147 mol/L) by stirring using a magnetic bar at 300 rpm; the solution was passed through a 300 mL column filled with cation exchange resin (Figure 2, part 1). We assumed that every mole of Na2SiO3 was exchanged into Si(OH)4. The resulting silicic acid solution (1.456 mol/L of Si(OH)4 at pH = 3) was then added, at a speed of 2 mL per minute using a peristaltic pump, into a beaker containing 0.5 g of potassium hydroxide dissolved in 20 mL of ultrapure water (1.147 mol/L) (0.445 mol/L; pH > 13.5) (Figure 2, part 2). In accordance with the diffusion-limited growth equations in [73], a slow release of silica monomer was chosen to limit nucleation and thus promote the growth of colloids. Potassium acts as a natural pH buffer and as an extra electrolyte in the solution, which compresses the thickness of the electrical double layer on colloidal silica surfaces [72,74]. Thus, it tends to inhibit aggregation of silica nanograins and favor their individual and progressive growth. Although the alkaline pH is likely to change a proportion of the silica monomers into deprotonated species such as SiO(OH)3− and SiO2(OH)22− and generate dimers, trimers, and tetramers [75], we did not investigate the effect of such changes on the obtained synthetic product. During the incorporation, the receiving beaker was stirred with an orbital shaker set to 100 rpm and heated at 50 °C. Next, the solution was placed at room temperature (21 °C) for 40 h under stirring with an orbital shaker set to 100 rpm, to attempt to increase the size of the silica colloids (growth step) to a dimension close to that of natural nanograins in opals (up to 25 nm) (Figure 2, part 3).




2.2.2. Preparation of Silica Hydrogel


A total of 14 g of sodium metasilicate (Na2SiO3) was dissolved in 100 mL of ultrapure water and passed through a 300 mL column filled with cation exchange resin. The resulting silicic acid solution (1.456 mol/L of Si(OH)4; pH = 3) was then stored for 2 to 3 h at room temperature (Figure 2, part 4).




2.2.3. Opal Synthesis


The silica hydrogel solution (pH = 3) was added to the silica nanograin solution (pH = 10.5) and stirred with a continuously decreasing speed from 100 to 0 rpm for 5 h (Figure 2, part 5) at room temperature. The obtained solution (pH = 8.5) was stored for 3 days (72h) to allow time for the aggregates to settle at the bottom of the beaker and for the hydrogel to harden. Due to the change in pH, the potassium no longer acted as an extra electrolyte, but as a flocculating agent (bridging ion) [42]. Finally, the solution was placed in an oven at 80 °C to evaporate the excess water. The heating was stopped when a compact, solid material was formed and no liquid solution remained (approximately 10 days).



This experimental procedure corresponds to a volume ratio of 1:1 between colloidal silica and hydrogel solutions. This synthesis is named Op1:1 hereafter. In order to study different proportions and interactions between hydrogel and nanograins, we varied this ratio by adding more or less hydrogel solution. Four mixtures of nanograins and hydrogel were prepared (Op1:0, Op1:0.5, Op1:1 and Op1:2), from no hydrogel (Op1:0) to hydrogel constituting two-thirds of the product volume (Op1:2) (Table 1).





2.3. Methods


2.3.1. Dynamic Light Scattering (DLS)


The hydrodynamic diameter of nanograins was determined by Dynamic Light Scattering (DLS) using a Malvern Zetasizer NanoZS at the Institut des Matériaux Jean Rouxel (Nantes Université, Nantes, France). The measurements were performed in a 1 mL polystyrene cell using a 633 nm He-Ne laser source, with a scattering angle of 173° calibrated on the main refractive index of silica (1.458) and on the viscosity of water at 25 °C. The data were acquired during the growth step of the preparation of silica nanograins. Measurements were taken over 70 s and reproduced 3 times on each sample with manual stirring between each measurement. Indeed, according to the Stokes equation for the flow of a Newtonian incompressible fluid in steady state and at low Reynolds number, a silica particle with small size has a fast falling speed (5.39 × 10−3 cm/s for a silica particle 30 nm in diameter based on Stokes equations). It is therefore mandatory to shake the cell before each measurement in order to identify the true population of silica particles. The data were then processed using the same software used for the acquisition.




2.3.2. Scanning Electron Microscopy (SEM)


We acquired secondary electron images of our samples using two distinct Scanning Electron Microscopes (SEM), both operating at 5 kV: a JEOL JSM 7600F at the Institut des Matériaux Jean Rouxel (Nantes Université, Nantes, France) on fresh break surfaces, and a JEOL JSM-7900F at the Centre Interdisciplinaire de Nanosciences de Marseille (CINAM, Marseille, France) (both operating at 10−5 mbar) on powdered samples, all coated with platinum. The samples did not require hydrofluoric acid treatment, which is typically necessary for the preparation of natural opal samples in order to reveal the underlying structure hidden by the hydrogel. In turn, the porosity of the samples induced significant charge accumulation effects under the electron beam, which rendered difficult the acquisition of high-magnification images.




2.3.3. Loss on Drying (LOD)


Weight Loss On Drying (LOD) experiments were performed using a Ney Vulcan 3-1450 box furnace at the Laboratoire de Planétologie et Géosciences (Nantes Université, Nantes, France). For each measurement, 1 g of sample was coarsely powdered using an agate mortar and then transferred into an alumina crucible that was put into the furnace at 1050 °C for 1 h. The initial amount of water (wt.%) was estimated by the difference in mass of the samples before and after drying.




2.3.4. Gas Adsorption


Nitrogen adsorption–desorption isotherms were measured at 77 K on a Micromeritics Gemini apparatus at the MADIREL laboratory (Aix-Marseille Université, Marseille, France). For some samples, the isotherms were also measured using a BELSORP Max 1, in the same laboratory. This apparatus allows lower pressure values and thus enables the characterization of microporosity in the samples. Prior to the sorption measurements, the samples were evacuated in a dynamic vacuum at 80 °C for 15 h in order to remove adsorbed species on their surfaces. About 80–100 mg of powdered sample were used for each measurement. The total porous volume was determined for p/p° = 0.99 (with p the relative equilibrium pressure of the adsorbable gas, and p° its saturating vapor pressure), as all pores were filled in with adsorbable nitrogen at this value. The available surface area was calculated using the Brunauer–Emmett–Teller (BET) method [76] and the Barrett, Joyner, and Halenda (BJH) method [77] was applied to the desorption branch of the isotherms to estimate the pore size distribution.




2.3.5. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)


The quantification of major elements was carried out using a Thermo-Fisher iCAP 6300 ICP-OES at the Laboratoire de Planétologie et Géosciences (Nantes Université, Nantes, France). In total, 100 mg of sample were finely powdered using an agate mortar and mixed with 300 mg of lithium metaborate (LiBO2). The mixed product was placed in a Ney Vulcan 3-1450 box furnace at 1030 °C for 15 min up to the complete fusion of the sample. The glass obtained was then immersed in a 10% nitric acid solution (HNO3) until complete dissolution. Standard solutions were prepared with the same method. JW-2, GSP2, USGS AGV-2, USGS BIR-1, and USGS BHVO-2 [78] rock standards were used as reference material for calibration, as well as for instrument drift correction in the case of JW-2. All elemental concentrations were calculated relative to the 11B isotope chosen as the standard. Elemental concentrations were calculated using the Reduce internal software of the Laboratoire de Planétologie et Géosciences (Nantes Université, Nantes, France), and instrumental drift was corrected by linear interpolation using the same software.




2.3.6. Raman Spectroscopy


Raman spectroscopy was performed using a Horiba Jobin-Yvon LabRamHRevo spectrometer equipped with an 1800 lines/mm grating and a ×50 Olympus objective, at the Laboratoire de Planétologie et Géosciences (Nantes Université, Nantes, France). The light source was a solid-state unpolarized laser operating at 532 nm with a power of 150 mW. We used a 200 μm hole. The spectrometer was calibrated on a silicium plate between each sample measurement. Spectra were acquired continuously between 100 and 4000 cm−1 in 5 segments by LabSpec 6 acquisition software for durations between 20 and 40 s (depending on the quality of the spectrum), with an average of 10 repetitions. Measurements were taken on fresh break surfaces. Raman spectra were then processed using the OriginPro 8 software (OriginLab, Northampton, MA, USA).






3. Results


3.1. Silica Nanograin Dimensions


The average hydrodynamic diameter of the silica nanograins progressively increases with stirring from 8 nm at t = 0 h (99.9% volume), through 14 nm at t = 20 h (97.1% volume), to 34 nm at t = 40 h (88.8% volume). Figure 3 shows DLS plots of the evolution of the nanograins’ hydrodynamic diameters in the colloidal solution during the 40 h of stirring at 0 h, 20 h, and 40h (Figure 3). The presence of another population with sizes between 100 and 500 nm progressively increases with the stirring time, from 2.7% volume at 20 h to 11% volume at 40 h. Due to the wide size range (100–500 nm) and their relative increase in proportion with time compared to the silica nanograins, it was deduced that such populations correspond to silica nanograin aggregates, i.e., spheres (see Figure 1) that are formed during the stirring, and not individual particles.




3.2. Synthetic Opal Characterization


3.2.1. Visual Aspect


The samples are white and did not show any play-of-color. Figure 4 shows photographs of the top and side of the synthesized sample fragments. When increasing the volume ratio of the hydrogel solution in the synthesis, the samples become more transparent and smoother to the touch. Most of the samples containing hydrogel show an increasing in transparency from the bottom to the top. Op1:1 shows a homogeneous translucent white appearance. Soaked in water, all the samples become colorless and transparent. This phenomenon, observed in some natural opals, is referred to as the “hydrophane” character in the geological and gemological literature [18]. The white color is due to the presence of pores that scatter the visible light. This optical phenomenon is fully reversible by re-drying the solid at room temperature and does not alter the brittleness of the opal. The optical transition from translucent to transparent takes a few seconds for the samples with low hydrogel content (Op1:0.5) or no hydrogel (Op1:0), and about one minute for the samples with higher hydrogel content (Op1:1, Op1:2).




3.2.2. Microscopic Aspect


Figure 5 shows SEM microphotographs of the fresh break surfaces of the four samples. All the samples show rounded silica nanograins with diameters between 25 and 40 nm (a closer view is given in Figure 6 for Op1:1, as an example), consistent with the DLS measurements. Without the presence of hydrogel cement (Op1:0, Figure 5a), the nanograins are remarkably well visible, and chaotically arranged in more or less compacted regions. In all the samples, the nanograins tend to coalesce into larger aggregates, protospheres (50–300 nm) composed of a few joined nanograins (Figure 6). The incorporation of hydrogel increased the amount of spherical structures in the synthesized products. Hence, the protospheres are no longer simply fused at the nanograin interfaces, but also cemented by the hydrogel (Figure 6). By increasing the volume ratio of the hydrogel solution, the products contain fewer visible large mesopores and the observed surface becomes much smoother and more homogeneous (Figure 5b,c). The hydrogel seems to act as a porosity filler and so a cement of the solid material composed of nanograins, as shown in Figure 6.




3.2.3. Texture


The adsorption–desorption isotherms are given in Figure 7a. According to the IUPAC classification, they can be assigned to the type-IV isotherms given by the mesoporous samples. Except for Op1:2, the saturation plateau is very short and limited to a few pressure values, which suggests the presence of large mesopores. Increasing the amount of hydrogel in the samples leads to higher specific surface areas (from 21 to 158 m2/g) and porous volumes (from 0.20 to 0.39). The C parameter values, related to surface polarity, are similar for all the samples, suggesting that the surface polarity is not modified by the hydrogel proportion. The specific surface areas are given in Table 2, together with the C parameter. The total porous volume calculated at p/p° = 0.99 is also given.



The hysteresis between the adsorption and desorption branches becomes larger whith increasing the amount of hydrogel in the sample. This is accompanied by the onset in the desorption branch of a shoulder (clearly visible for Op1:1, see arrow in Figure 7a). These features suggest that the pore size decreases and that, especially for Op1:0.5 and Op1.1, a second pore size population is present.



In order to further document the pores in our samples, the pore size distributions were calculated using BJH formalism (Figure 7). The pore size distribution is monomodal for three samples. The pore size decreases from samples Op1:0 to Op1:0.5 to Op1:2. Only sample Op1:1 shows a bimodal distribution, with a minor contribution of pores about 4 nm in size, and a major contribution of pores 10 to 40 nm in size. If this last population of large pores is considered separately, the average pore size decreases from 20 nm to 4 nm as the amount of hydrogel is increased.




3.2.4. Chemical Composition


The chemical composition of the samples was measured by ICP-OES and LOD. All the samples contain a detectable amount of silicon, potassium, and water (Table 3). The amount of water in the samples increases as the volume ratio of the hydrogel increases, from 8.2 ± 0.10 wt% (Op1:0.5) to 12 ± 3.54 wt% (Op1:1) to 34 ± 7.10 wt% (Op1:2), with the notable exception of sample Op1:0 (which does not contain hydrogel), which had 9.0 ± 0.14 wt% of water.




3.2.5. Raman Properties


The Raman spectra of all the samples are shown in Figure 8, together with the spectrum of a white opal-AG from Honduras, taken as a natural reference opal (named opal-AG in Figure 8). All the spectra share peaks in common with the natural opal-A at 430, 490, 795, 830, 970, 1065, 1190, 1620, 3240, 3410, 3595, and 3650 cm−1, although they vary in intensity. Moreover, the synthesized samples show two additional peaks at 910 and 1025 cm−1 that are absent in the spectrum of the natural opal-AG.



The large band between 900 and 1100 cm−1 encompasses several components, as revealed by multiple shoulders at 910, 970, and 1065 cm−1, which are attributed to vibration modes of the silica structure [79,80,81,82,83,84,85]. The 1025 cm−1 contribution regularly decreases in intensity from sample Op1:0 to Op1:2, and, hence, with increasing hydrogel proportion.



The broad and complex band between 3000 and 3700 cm−1 is attributed to water and silanol groups in the literature [79,81,82,86,87]. It is also composed of several components, as revealed by several shoulders at 3240, 3410, 3595, and 3650 cm−1. Its global shape varies between samples: the components at 3240 and 3410 cm−1 dominate for Op1:0, Op1:1, and Op1:2, and the components at 3595 and 3650 cm−1 dominate for Op1:0.5, inducing a softer slope between 3000 and 3500 cm−1. In this area, the spectrum of the natural opal-AG is remarkably similar to that of sample Op1:1. The integrated area of this complex band between 3000 and 3700 cm−1 (normalized to the 430 cm−1 peak) varies, in decreasing order, as follows: 434 for Op1:2, 174 for Op1:1, 163 for Op1:0, and 85 for Op1:0.5. Hence, the more hydrogel in the synthesis, the more the water arrangements differ (except for Op1:0.5).






4. Discussion


4.1. Synthesized Products: Opal-A Analogs


4.1.1. Atomic Structure


The Raman spectra in Figure 8 show that our synthetic opals present the same broad band at 430 cm−1 (bending Si-O vibration) and at 795 cm−1 (symmetric stretching Si-O vibration) as the natural opal-A [88,89]. By analogy with natural opals, the complex region between 900 and 1000 cm−1 in our product can be assigned to a mix of stretching vibrations from silanols and Si-O for Q1 and Q2 units [82]. The band at 970 cm−1 is related to the stretching of silanols linked to the silica structure [88,89,90,91]. The intensity of this signal is the highest in Op1:0, without hydrogel solution, which possesses the largest pores, and the lowest in Op1:2, which contains twice more hydrogel solution than nanograin solution. A larger pore size may induce more silanol groups in the terminating position and, therefore, an increase in their number in the atomic structure. This could explain why Op1:0 shows a more intense signal of the 970 cm−1 band. This contribution can be linked to the 490 cm−1 shoulder, as the latter is the signature of defect-like structural features in the atomic structure caused by silanols [92]. The peaks at 910, 1065, and 1190 cm−1 are related to the stretching vibration of Si-O for Q2, Q3, and Q4 units respectively [79,80,81,82,83,84]. The peak at 910 cm−1, clearly visible in all the syntheses, may reflect a higher relative abundance of Q2 units in their silica structure than in natural opals. Finally, the intense band at 1025 cm−1 is observed only in the spectra of synthetic samples and absent in natural ones. We propose two interpretations for this band. First, the KOH pellets we used for the method display a sharp Raman peak at 1050 cm−1 (Figure S1). Hence, the 1025 cm−1 band may be due to KOH nanoparticles deposited within the porosity of our synthetic opal. The shift in position, which is concomitant with the broadening, is typical of the commonly observed Raman signal evolution with crystal size diminution. Second, this 1050 cm−1 band has been attributed in the infrared either to dimer (Si2O7) or to HSiO3− [6], but it has not yet been observed in similar materials by Raman spectroscopy. The juvenility of the synthesized products compared to the natural ones may explain why the bands at 910 (and possibly the one at 1025 cm−1) show dissimilarities between the synthetic and the natural samples. In nature, opal may benefit from the ageing effect induced by a long timescale of formation and residence, allowing the progressive reorganization of the silica network [93]. This could lead to a diminution in Q1 and Q2 and a concomitant increase in Q3 and Q4, as well as the disappearance of the 1025 cm−1 band due to the polymerization of the overall atomic structure. In this hypothesis, the 1025 cm−1 band would be ascribed to HSiO3− rather than to Si2O7, the later indicating an already high order of polymerization. Another example of opal transformation with time is the development of cracks in opal due to internal atomic re-arrangement [94]. This juvenility may also explain why the synthetic sample that did not require HF treatment was not required for SEM observation of the structure, when it is usually required for natural samples, which are much older.




4.1.2. Nano- to Micro-Structure


All the synthetic opals we obtained are mesoporous. They show rounded silica nanograins, 25 to 40 nm in diameter, which are randomly arranged (Figure 6) and cemented by silica hydrogel. By increasing the volume of the hydrogel, large mesopores are progressively filled: the mean pore size progressively decreased from 20 nm down to 4 nm (with the exception of sample Op1:1, which still shows a major large pore contribution on BJH, possibly due to local heterogeneities in the sample). This suggests that the hydrogel gradually spreads over the surfaces of the large pores, thus reducing their size. This hypothesis is consistent with the observed macroscopic behavior of the samples when they are immersed in water: the smaller the pores, the longer it takes for water to enter them. In addition, the pore size in all our synthetic opals is consistent with the porosity of natural opals, which varies between approximately 1.5 and 10 nm, independently of the type of opal [4,5].



All the samples show some degree of nanograin aggregation, with protosphere structures (100–300 nm) composed of merged nanograins, cemented by the hydrogel (Figure 6). Such structures are consistent with those of natural opal-A [8]. More specifically, they correspond to that of common opal-AG (disordered nanograins assembly) much more than that of opal-AN [8]. The latter also displays a macroscopic botryoidal morphology that our synthetic opals do not display (Figure 4). This structure of opal-AG therefore possibly represents the early stage of the large spherical sur-structure typical of many natural opal-AGs. As shown by the DLS measurements (Figure 3) performed before the hydrogel incorporation, the formation of protospheres is first initiated, to a small extent, during the growing step in our experiment. However, we observe on SEM images (performed on the final, solid product) that the nanograins were mostly aggregated into protospheres (and not individual grains embedded in the hydrogel). This suggests that the majority of the protospheres formed during the incorporation of the hydrogel cement. We also show that the changes in hydrogel amount do not affect the proportions of nanograins or protospheres in the synthetic opals. However, we show that the changes in pH (from 13.5 to 10.5 in our experiment) affect the formation of these structures.



The studies conducted by Depasse and Watillon and by Iler [42,95] indicate that a decrease in pH below 11 results in a modification of the chemical function of potassium, which turns from a non-bridging into a bridging ion. The surfaces of the silica nanograins covered by acid groups form acid–base bonds with potassium, which subsequently leads to the coagulation of the silica nanograins into aggregates. The rate of aggregation by coagulation is proportional to the surface area of the silica per unit of volume. Consequently, particles or aggregates with greater surface areas are more likely to aggregate smaller grains. Furthermore, the uneven distribution of potassium on the surfaces of silica nanograins may induce an attraction between the nanograins, resulting in the aggregation of particles [96]. The aggregates that are formed by our method exhibit a rounded shape (Figure 6), indicating that coagulation occurred in suspension in the mixed solution before deposition by gravity (rather than in layers at the bottom of the beaker). Upon cessation of the agitation of the mixed solution, the protospheres settled by gravity at the bottom of the beaker, thereby stopping their growth by coagulation.



The structure of natural opal is therefore probably controlled by variations of intensive conditions (pH and temperature) that affect the ion properties and interactions with the silica matrix.




4.1.3. Chemistry


The chemical composition of three of our products (Op1:0, Op1:0,5 and Op1:1) is consistent with the typical composition of natural opals, which features between 2 and 18 wt% H2O [1,2,3,4,5].



By contrast, Op1:2 is richer in water content (34 wt%) and less rich in silica (62 wt%) (Table 3). These values are less consistent with those of natural opals. This may indicate that in nature, the ratio between the hydrogel cement and the nanograins should not exceed 1:1. The formation of a hydrogel cement would therefore be a ‘final stage’ in nature, taking place in the spaces left by the nanograins and their aggregated structures, formed previously.



The water concentration seems to be somehow linked to the amount of hydrogel cement incorporated in the sample. Concomitantly, the more hydrogel solution is added during synthesis, the lower the concentrations of potassium and silicon. It can thus be proposed that increases in the water amount lower the concentrations of silicon and potassium by a dilution effect: the silica content dropped from 85 ± 1.2 wt% down to 62.2 ± 0.7 wt%, and the potassium content dropped from 6.1 ± 0.1 wt% down to 1.8 ± 0.2 wt% for samples Op1:0 and Op1:2, respectively.



The potassium concentration is much higher in the synthetic samples (3 to 6 wt%) than in the natural opals, in which it does not exceed 1 wt% [14,69]. However, potassium being the only chemical element introduced during the synthesis, its concentration fits well with the sum of the impurities (Al, Ca, Na, K) in natural opal, typically ranging from 1 to 6 wt% [14,69].



In nature, opal chemistry is strongly influenced by the crystallization of other phases in the fluid if some elements reach saturation prior to opal formation. Opal hence incorporates the ‘leftovers’. These probably interact with the silica monomers and influence the nanograin’s formation and aggregated structures. These relationships between chemistry and structure are certainly to be considered further. After the study by Iler (1979), who investigated opal formation in conditions irrelevant to natural processes, further studies deserve to be conducted on the role of additional cations (Al, Ca, Na…) in the structure of geologically relevant synthetic opal.




4.1.4. Water State


The Raman spectra in Figure 8 show that our synthetic opals display the typical bands of molecular water (H2O) at 1620 cm−1 (bending) and at 3240–3410 cm−1 (stretching) [79,81,82,86,87]. The 3595 cm−1 band has been ascribed to silanol vibration [91,97]. Finally, the 3650 cm−1 shoulder corresponds to the stretching vibration of silanol [91]. All these spectral features are displayed similarly in the spectrum of the natural opal-A.



The nitrogen adsorption–desorption results suggest that increasing the volume ratio of the hydrogel induces a gradual filling of the large pores (Figure 7). The amount of water incorporated in the synthesis, both measured by LOD (Table 2) and estimated by Raman spectroscopy (Figure 8), correlates with the increase in the volume ratio of the hydrogel (Figure 9), with the exception of Op1:0. In particular, Op1:2 was synthesized with four times more hydrogel than Op1:0.5 and also contains roughly four times more water and a Raman water signal nearly four times more intense than that of Op1:0.5. This may suggest that in natural opals, water would be incorporated preferentially in the silica gel cementing the nanograins and aggregated structures. This merits further investigation into natural opals.



The case of Op1:0 (without any hydrogel) is different. This sample shows a rather high-water content (9.02 ± 0.1 wt%), as well as a rather intense Raman water signal, both of which are higher than the equivalent values in Op1:0.5 (Figure 9). This may indicate that the water present in Op1:0 is incorporated in a different manner from the three other synthetic samples (Op1:0.5, Op1:1 and Op1:2). The surface charge from silica particle surfaces, as well as confined nanopores, have been shown to be able to adsorb water in significant proportions [98,99,100]. The significant amount of water present in Op1:0 and the decreased water amount in Op1:0.5 suggest that the cement is likely to replacing the pore water between the silica nanograins. We note that Op1:0 displays the largest pores in our sample set. We suggest that the abundance of large pores would favor the adsorption of free water, despite the absence of hydrogel.



In accordance with all the points discussed above, we propose, in Figure 10, a schematic drawing of the repartition of water (H2O and OH) in our samples, modified after the previous work by Day and Jones (2008) [101].





4.2. Implications for Terrestrial Opal


Our experiment was designed to simulate many of the parameters believed to occur during natural opal formation. The 20–50 °C temperature range is consistent with most continental weathering systems, where opal forms in groundwater [19,20,21,22,23,24,25,26,27]. It is also consistent with the lowest temperatures observed in hydrothermal systems [29,30,31,32,33,34,35]. We used water as the only solvent, which is consistent with all that is known about terrestrial opal. We also avoided the use of irrelevant organic chemicals used in other opal synthesis methods, such as methanol or tetraethyl orthosilicate (TEOS), as these are rarely or never encountered in nature. However, we concede several exceptions, detailed below:




	
We used anomalously high pH thanks to a KOH solution. Thanks to this, we obtained significant yields in reasonable times, which allowed the structural and physical characterization of the final solid product.



	
We used potassium as the only chemical impurity in the system, although many others occur in nature, aluminum in particular [26,69,102,103,104,105].








We now plan to adjust our synthesis method toward more geologically relevant conditions, lower-pH conditions and the effect of the incorporation of chemical impurities (e.g., Al, Ca, Na…), in order to study the effect of such conditions on opal formation and properties.



From the observation standpoint, natural opal is a composite material, made of aggregated silica grains cemented within hydrogel. For this reason, we elaborated a synthesis method in three steps: first, the formation of silica nanograins; second, the formation of hydrogel; and third, the mixing of both to favor aggregation. The structural results shown in the SEM images (Figure 5 and Figure 6) are satisfactorily similar to those obtained for natural common opal-AG [8]. This may suggest that this three-step mechanism has some natural relevance, although these stepsmay well overlap in nature. Our structural results also suggest that, in nature, the cementation step takes place only after the formation, aggregation, and deposition of the nanograins, and that it is limited to the space between them.




4.3. Implications for Martian Opal


Opal is a common alteration product on Mars [106]. From orbit, it has been found over a wide range of latitudes and elevations, and it pertains to terrains ranging from the Noachian era (4.1–3.7 Ga) to, possibly, the Amazonian (<3 Ga). As far as is allowed by the orbital remote sensing of the mineralogy and geology, opals in various hydration and crystallinity states have been found, including opal-A, opal-CT, and chalcedony [71,107]. Based on the opal spectral features from near-infrared reflectance spectroscopy, the mineral associations, and the geomorphic evidence, some sites have been linked to low-temperature hydrothermal activity and impact-induced hydrothermal systems. Others have been linked to acid–fog weathering, pedogenic sequences, silcrete coatings, or even direct precipitation in bodies of water associated with alluvial fans and deltas [108]. Non-terrestrial geological settings may also have occurred. Opal-A, with 3–6 wt% H2O, has been found in situ by several rover missions in the form of, for example, diagenetic halos, attesting to groundwater circulation in lakebed sediments in Gale crater [70,109]. Despite this wealth of discoveries, critical outstanding questions for Mars opals that remain particularly because the formation of opal on Earth itself remains somehow elusive. As our study is a step toward a better understanding of opal formation, this may also help to understand its formation on Mars. We propose to use this experimental work as a framework to reproduce opal formation in more Mars-relevant conditions, such as by using CO2-rich fluids.





5. Conclusions


We have developed a method for the synthesis of common opal-AG under geologically relevant conditions (<50 °C, ambient pressure, and realistic chemicals) in order to document the steps in its formation and explore the effect of various constituents’ proportions on opal properties. The synthesis method was designed to try to reproduce the supposed natural process of opal formation in water: first, we produced silica nanograins 25 to 40 nm in diameter, considered as the building blocks of the opal structure, and second, we cemented these nanograins and their aggregates (e.g., spheres) using a silica hydrogel cement. Four different synthetic opals were prepared with various mixing ratios between nanograins and silica hydrogel: Op1:0 (without hydrogel), Op1:0.5, Op1:1, and Op1:2 (with hydrogel constituting two-thirds of the volume of the product). We obtained the most relevant results from Op1:1, which exhibited Raman properties (both in the Si-O-Si region and in the water region), silica and water content (84 and 12 wt%, respectively), silica nanograin sizes, and pore sizes that are the closest to those of natural opal-AG. A higher hydrogel content (Op1:2) provides unrealistic water content (34 wt%), and no hydrogel content (Op1:0), forming a structurally irrelevant analogue. This may indicate that in nature, the formation of a hydrogel cement would be a systematic ‘final stage’, with the cement filling in the spaces left by the nanograins and aggregates previously formed.



As show by the correlation between our results, an increase in the hydrogel content in opal (1) increases the porous volume from 0.2 to 0.39, (2) decreases the size of the pores from 20 to 4 nm, and (3) increases the overall water content from 8 to 34 wt% (for both molecular water and chemically bonded silanol). This suggests that water is preferentially located in the cement (hydrogel) rather than in the nanograins. This may have implications for the understanding of the durability and ageing phenomena of opal in nature, particularly the fact that water remains in the opal structure for long times in arid and cold environments, such as on Mars.



Further experiments, such as 29Si Nuclear Magnetic Resonance (NMR) and infrared spectroscopy (IR) investigations, may help to obtain a more insightful characterization of Qn and water states in this synthetic product and its comparison with natural samples. For a better understanding of opal formation in nature, the synthesis of opals with the incorporation of additional impurities, such as Al and Ca, both relevant to natural opals, must now be achieved by adapting the method presented here.
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Figure 1. Schematic diagram showing the progressive organization of silica-forming natural opal-A. 
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Figure 2. Experimental apparatus for the synthesis routine used in this study. Numbers in circles refer to synthesis steps detailed in the text. 
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Figure 3. Hydrodynamic diameters of silica colloids at 0, 20, and 40 h of stirring during the growth step (21 °C). The three lines of same color on the graph correspond to three successive measurements of each solution. 
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Figure 4. Photographs of the four synthesized samples with, for each, both top and side views. 
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Figure 5. SEM micrographs (10,000×, secondary electrons) of fresh break surfaces of synthetized opal: (a) Op1:0, (b) Op1:05, (c) Op1:1 and (d) Op1:2. Pores appear in black. 
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Figure 6. SEM micrograph (×80,000, secondary electrons) of the powdered sample Op1:1. 
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Figure 7. (a) Nitrogen adsorption (full symbols) and desorption (open symbols) isotherms measured at 77 K for the four samples. The black arrow points to a change in the slope of the desorption branch of Op1:1 that can be attributed to the onset of a new pore. (b) Pore radius distribution curves of the four samples. 
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Figure 8. Raman spectra of the four synthetic opals and one natural white opal-A. (a) Silica structure region (100–1700 cm−1); (b) water region (2500–4000 cm−1). 
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Figure 9. Plot of the water content measured by LOD versus the area under the water Raman band. The dashed, gray line is the correlation trend excluding Op1:0 (see text for details). 
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Figure 10. Hypothetical water distribution (H2O and silanols) in our four synthetic samples, based on the previous work of Day and Jones (2008) [101], constrained by the results of Raman spectroscopy, loss on drying, and gas adsorption. 






Figure 10. Hypothetical water distribution (H2O and silanols) in our four synthetic samples, based on the previous work of Day and Jones (2008) [101], constrained by the results of Raman spectroscopy, loss on drying, and gas adsorption.



[image: Minerals 14 00969 g010]







 





Table 1. List of syntheses and adopted parameters.
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Sample

	
Nanograin Solution

	
Hydrogel Solution




	
Na2SiO3

	
KOH

	
Na2SiO3




	
C (mol/L)

	
V (mL)

	
C (mol/L)

	
V (mL)

	
C (mol/L)

	
V (mL)






	
Op1:0

	
1.147

	
100

	
0.445

	
20

	
/

	
/




	
Op1:0.5

	
1.147

	
100

	
0.445

	
20

	
1.147

	
50




	
Op1:1

	
1.147

	
100

	
0.445

	
20

	
1.147

	
100




	
Op1:2

	
1.147

	
100

	
0.445

	
20

	
1.147

	
200











 





Table 2. Results obtained by gas adsorption measurements.
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	Sample
	Specific Surface Area (m2/g)
	C Parameter
	Porous Volume at p/p° = 0.99





	Op1:0
	21 ± 1
	130
	0.20



	Op1:0.5
	44 ± 2
	143
	0.26



	Op1:1
	44 ± 2
	140
	0.32



	Op1:2
	158 ± 2
	145
	0.39










 





Table 3. ICP-OES (SiO2 and K2O) and LOD (H2O) measurements of the chemical composition of the synthetic opals expressed in weight percentage. Al2O3, MgO, CaO, and Na2O were measured and below detection limits (<0.0098, 0.0023, 0.0122, and 0.0034, respectively).
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	Sample
	SiO2
	K2O
	H2O





	Op1:0
	85 ± 1.2
	6.1 ± 0.1
	9.0 ± 0.14



	Op1:0.5
	86.5 ± 0.8
	5.1 ± 0.2
	8.2 ± 0.10



	Op1:1
	83.9 ± 1.0
	3.4 ± 0.3
	12.0 ± 3.54



	Op1:2
	62.2 ± 0.7
	1.8 ± 0.2
	34.0 ± 7.10
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