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Abstract

:

Special note


The article is dedicated to the 80th birthday of Bogdan Marciniec.




Abstract


A series of binary oxide systems with Ca/Si molar ratios of 0.05, 0.1, 0.25, 0.5 and 1.0 have been synthesized by the sol-gel technique from tetraethyl orthosilicate (TEOS) and metallic calcium powder. Upon calcination, a side effect of wollastonite formation as a result of the reaction between the components of the material has been observed in the two calcium-richest systems. The increase in calcium content produces an effect of porosity promotion. At high calcium contents, the homogeneity of the systems is limited by the ability of silica to disperse the calcium component. The properties of these systems are determined by the silica surface coverage with a large amount of the scattered CaCO3 fine microcrystallites (calcite), resulting from the phase segregation. The gels were characterized by X-ray powder diffraction, low temperature nitrogen adsorption, transmission and scanning electron microscopy (TEM, SEM and SEM/EDS), thermogravimetric analysis (TGA), and FT-IR spectra, to describe the parameters important from the point of view of their application as a support for metal-based catalysts.
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1. Introduction


Thanks to their chemical and physical properties, silica and calcium oxide are the subject of several studies [1]. They are used in absorption, catalysis, and as highly efficient catalysts obtained by the sol-gel process in the production of biodiesel [2]. The CaO-SiO2 system also exhibits activity in the retro-aldol reaction for diacetone alcohol production [3]. Many tertiary and quaternary compositions of CaO-SiO2 with other oxides (P2O5 and Na2O) in the form of glasses are known, which, thanks to their biological compatibility, can be combined with human tissues (bone tissue regeneration). These properties are determined both by the composition of such materials and their preparation method [4]. The benefits arising from the use of a sol-gel process allow for the production of glass of a larger surface area and higher purity as compared to traditional methods (melt-casting and grinding) and of greater bioactivity [5,6,7,8]. CaO-based systems are useful for hydrogen production from biomass, acting as a CO2 sorbent. In these processes, CaO-SiO2 have also been used successfully as an active phase support, increasing the specific surface area and porosity of the metallic catalyst [9]. A Ni-Cu catalyst supported on a CaO-SiO2 system obtained by the sol-gel method exhibits high conversion and H2 selectivity in the steam reforming of methanol [10].



A high temperature reaction between CaO and a SiO2 precursor mixture yields calcium silicate (wollastonite). Porous, synthetic, high mechanical strength wollastonite doped with hydroxyapatite is a promising biocompatible material for an artificial substituent of bone tissue and for applications in dentistry [11,12].



Instead of a precipitation method, a microwave-assisted solid phase synthesis of wollastonite is also feasible [13].



The bioactive properties of synthetic calcium silicate (wollastonite) activate various processes related to the growth and regeneration of bones and immunomodulation [14,15]. It can be also used as an auxiliary material in tooth restoration with dental implants to assist the regeneration of surrounding tissues [16]. The introduction of B2O3 as a sintering additive increases its flexural strength greatly [15]. Wollastonite is a component of glass-ceramic biocompatible materials [17].



Naturally available wollastonite powder can potentially be used to stabilize the soil structure before construction work or other civil engineering work is launched, in order to meet the geotechnical requirements [18]. Its properties make it a good reinforcing filler in composite construction and building materials (e.g., cement) and as an additive in many industrial products [19]. Among other industrial applications, it also shows catalytic activity e.g., in the dehydrogenation of isopropanol to acetone [20].



As opposed to the precipitation method, the proposed synthesis via the sol-gel route is a method of obtaining pure materials with no traces of inorganic admixtures and residual ionic content. It can be extended to other oxide systems.




2. Materials and Methods


2.1. Materials


Tetraethyl orthosilicate (TEOS, reagent grade, 98%), acetic acid (≥99.5%), metallic calcium (powder, max. particle size 400 μm, 99.9%) were purchased from Sigma-Aldrich and used as received, without any further treatment. Water was deionized.




2.2. Preparation


CaCO3-SiO2 systems with Ca/Si molar ratios of 0.05, 0.1, 0.25, 0.5 and 1.0 were synthesized by aqueous sol-gel chemistry [21,22]. TEOS was used as a precursor of the starting silica gel, while acetic acid was applied as a main moderator of hydrolysis and condensation rates (regulation of pH). The reaction was performed in a two-liter glass reactor upon stirring under reflux. The silica precursor (100 cm3, 94 g of TEOS) was slowly added and hydrolyzed in 700 cm3 of water at 75 °C and after 2 h of stirring the resulting slurry was peptized with 29.4 g (28 cm3) of anhydrous acetic acid. In all preparations the molar ratio of TEOS, water and acetic acid was constant and equal to 1:85:1.06. The sol was refluxed for 24 h at 95 °C. After cooling to room temperature, metallic calcium granules were added stepwise as the second oxide component precursor. The resulting mixture was refluxed upon vigorous stirring for 18 h at 95 °C. The final product was a homogeneous liquid gel. The gel was poured onto the Petri dishes and dried at 65 °C for 72 h to obtain a monolithic xerogel used for thermogravimetric analysis. Next, the dry gel was heated at 100 °C for 12 h, followed by annealing in a tube furnace at 600 °C for 6 h under air flow. The annealed gel was ground in a mortar and sieved to collect the two required grain fractions, 0.1–0.2 mm and <0.1 mm. For the porous structure determination, the grain size fraction of 0.1–0.2 mm diameter was used (in order to maintain the consistency with the results of our previous studies on similar oxide compositions). For the X-ray powder diffraction (XRPD) and electron microscopy analysis, the latter fraction was used.



Table 1 shows the labeling and composition of the samples, and the amount of calcium in each system (per 100 cm3 of TEOS).




2.3. Characterization


The samples synthesized in this work were characterized using the following techniques.



2.3.1. X-ray Diffraction Analysis


The X-ray powder diffraction (XRPD) and small angle X-ray scattering (SAXS) measurements were carried out using a Philips PW1050 diffractometer (Poznan, Poland) working in the θ–2θ geometry with Ni-filtered CuKα (λ = 0.15406 nm) radiation. The following measurement conditions were applied: 2θ 5–100°, voltage 35 kV, current 20 mA, scan step 0.040° at 1° per minute. The SAXS data were directly derived from the XRPD measurements, recalculated in a spreadsheet using the scattering vector formula and presented in a graph.




2.3.2. Thermal Analysis


The thermal transformation of the unprocessed gel samples was carried out on a NETZSCH TG 209 F1 Libra thermogravimetric apparatus (Poznan, Poland). A 5 mg sample was placed in an alumina crucible (85 μL volume) and heated at a rate of 20 °C ·min−1 to 1000 °C. For all the experiments the fraction of the grain size below 0.1 mm was used. The TG curves were recorded in an air atmosphere with a resolution of 0.1 μg. No drying under vacuum or at an elevated temperature was applied.




2.3.3. SEM, TEM and EDS (Energy Dispersive X-ray Spectroscopy) Analysis


The surface morphology of the oxide gels was depicted by a scanning electron microscope (QUANTA 250 FEG Scanning Electron Microscope (Poznan, Poland)) which was operated in high vacuum conditions at a 5 kV acceleration voltage. The energy dispersive spectroscopy (EDS) analyses were conducted at a beam acceleration voltage of 15 kV using an EDAX Octane SDD detector. EDS maps of elements overlay were made with a resolution of 0.3 µm. TEM analyses were performed using a JEOL 200 CX transmission electron microscope operated at 80 kV.




2.3.4. Porous Structure


The porous structure was determined by the low temperature nitrogen adsorption measurements carried out on an Autosorb iQ Station 2 (Quantachrome Instruments (Poznan, Poland)) in standard analysis mode, using 200–300 mg of material with the grain size fraction between 0.1 and 0.2 mm. Prior to the nitrogen adsorption all samples were outgassed for about 10 h at 350 °C at 0.4 Pa till a constant weight was achieved. Both adsorptive and desorptive branches of the isotherm were taken in the range of p/p0 0–1. Reports were provided by Quantachrome ASiQwin software (version 2.0). The distribution of pore area and pore volume was calculated using the de Boer t-method and the BJH method. The pore volume and pore diameter were taken from the adsorptive branch of the isotherm using the BJH method. The surface area was calculated using the multi-point BET linear regression method using the p/p0 0.1–0.3 window and the seven degrees of freedom available (nine data points).




2.3.5. FT-IR Measurements


The FT-IR measurements were carried out using a Thermo Scientific Nicolet iS50 FT-IR spectrometer (Poznan, Poland) in transmission mode. Four mg samples were mixed with 200 mg KBr and pressed at 10 tons pressed into the form of discs. The spectra were recorded using eight scans of background and sixteen scans of sample measurements in the 400–4000 cm−1 using a DTGS detector and a KBr beamsplitter at 0.5 nm resolution.






3. Results and Discussion


Table 2 shows the pH values of the gels after the synthesis. With the addition of the calcium component precursor (present in the gel solution as calcium ions), the acidity of the solution decreases continuously in the series of samples to neutral. Only for the Ca/Si 1.0 composition is there an insufficient amount of acid to react with the whole metallic calcium added and the pH value is basic. For that system, approximately 23% of the metallic calcium (remaining after consumption of the whole acetic acid) reacts with water, giving calcium hydroxide that increases the pH value. The pH of the solution changes the net surface charge of the sol particles that depends on the point of zero charge (PZC) of oxide components. Silica particles are charged negatively at a pH higher than the PZC of SiO2 (pHPZC < 4, but also values as low as 1.8 were reported [23]) and can attract positively charged calcium species in a basic solution. For the Ca/Si 1.0 system, we assume that the basic pH of the silica solution changes the hydrolysis–condensation reaction ratio and results in a different gel morphology after calcination, consisting of spherical, and not linear particles forming under these conditions.



During calcination in air, calcium hydroxide initially present in the freshly synthesized Ca/Si 1.0 system is carbonized to CaCO3 with CO2 produced during oxidation of organic residues (ethanol from TEOS hydrolysis) and acetone, the formation of which accompanies the thermal decomposition of calcium acetate.



3.1. X-ray Powder Diffraction


Presence of some crystalline calcium precursor phase after synthesis that disappears after calcination is visible in X-ray powder diffraction patterns of the Ca/Si dried gels samples shown in Figure 1a. The position of the reflexes differs significantly from the reference patterns of the calcium acetate hydrate, which is caused by differences in the amount of water coordinated to the molecules of calcium acetate [24]. The position of the broad diffraction peak corresponds to the amorphous silica. After the calcination (6 h at 600 °C under oxygen flow) the crystalline calcite phase appears as a result of calcium acetate decomposition (Figure 1b), however its presence is observed in the Ca/Si 0.5 and 1.0 systems only, but with similar intensity. Both these samples show one prominent reflex and a few weak ones originating from wollastonite (CaSiO3), that may be formed in a reaction between the oxide components of the systems during thermal processing. An amount of crystalline calcium hydroxide phase has been identified in the XRPD pattern of Ca/Si 0.5 system [25], but not in the Ca/Si 1.0 where the presence of a significant amount was expected. This can be explained by the carbonization of Ca(OH)2 by the CO2 formed as a result of acetone oxidation during calcination in an air atmosphere. Acetone is a product of calcium acetate thermal decomposition.



A SAXS intensity profile I(q) is shown in Figure 1c. The scattering vector q is given by the formula q = (4πsinθ)/λ, where θ is a measurement angle, and λ is a wavelength of the CuKα radiation equal to 0.15406 nm [26].



Both calcined and uncalcined (not shown) samples of Ca/Si 0.5, 1.0 and 0.05 (uncalcined only) gels show strong X-ray scattering on nanometric size particles and pores of these systems. This indicates that the structure of these gels may consist of randomly packed agglomerates of colloidal particles [27] also observed on TEM images formed under more basic conditions (Table 2).




3.2. Thermal Analysis


TG and DTG curves of the Ca/Si dry gels recorded under air flow conditions (Figure 2a) are a superposition of the silica gel and calcium acetate hydrate thermograms. For these systems, two characteristic maxima of the thermal effects (at 420–450 °C and 650–750 °C) associated with the transformation of calcium acetate are observed. The first DTG maximum (Figure 2b) is a result of CaCO3 formation and the second one corresponds to its decomposition into CaO. The extent of these effects and the total mass loss are proportional to the content of calcium acetate phase in the compositions, and the completeness of these processes at each stage is stated. The maxima of the acetate and carbonate decomposition temperatures increase with the calcium content in the systems. The change of the CaCO3 formation temperature over the whole composition range is less than 50 °C, while for its decomposition it is less than 100 °C. For the Ca/Si 0.1 system, the effect of the calcium acetate decomposition is accompanied by an additional overlapping process related probably to some degree of calcium acetate phase inhomogeneity in the silica matrix. At temperatures below 300 °C, the effects of water release from the silica gel structure, silica dehydroxylation and calcium acetate (hydrate) dehydration occur. Table 3 shows quantitative effects of mass loss in the studied Ca/Si systems.



The calcium acetate and calcium carbonate decomposition maxima (Figure 2b) are shifted to higher temperatures, compared to the standard samples analyzed under a nitrogen atmosphere, however a part of this effect can also be explained by the dependence of the maxima position on the heating rate, which was relatively high (20 °C·min−1) for the binary systems.



Significantly lower temperatures of calcium component transformation and decomposition may be a result of its interaction with the silica matrix that provides the dispersion thereof and an effect on its lower particle size. This may be valid with respect to the high surface coverage of the systems with a calcium component, as described in the following paragraph.



At 740–800 °C, the effect of wollastonite formation (Figure 1b) should be observed, but this process has not been registered either on the TG or the DTG curves, even in the systems with the highest Ca content.




3.3. SEM, TEM and EDS Analysis


SEM microscopy provides information on the morphology of the gels after calcination. At a low calcium content (Figure 3a), the gel structure is homogenous and amorphous. The surface is well developed and its texture is wrinkled. The surface of the Ca/Si 1.0 (Figure 3b) is completely covered with a thin layer of randomly distributed calcite crystallites of an approximate length of 2–10 μm and ca. 0.2–0.5 μm width.



TEM images (Figure 4) reveal two different non-uniform silica phases occurring alongside the binary oxides after calcination. One is related to the loose, amorphous silica and the other one consists of highly aggregated, non-spherical, roughly 15–30 nm silica particles. Due to the phase segregation effect, calcium phase particles are not visible at that scale of magnification.



EDS mapping (Figure 5) shows the distribution of the elements at the surface of uncalcined samples of the gels. At low concentration, calcium is dispersed at the surface of silica, but in high concentration this phase is almost completely covering the surface of the silica matrix. The atomic ratio of Ca to Si obtained from the EDS map of Ca/Si 0.1 gel is slightly higher (0.118) than that of the theoretical composition. For the Ca/Si 1.0 gel, the Ca/Si atomic ratio of 13.9 indicates a high degree of the phase segregation in the calcium-rich systems and an increase in the surface coverage with the acetate crystals.




3.4. Porous Structure-Low Temperature Nitrogen Adsorption-Desorption


Surface area, pore volume and pore diameter are presented in Table 4. The plots of isotherms, pore volume distribution and pore area distribution are shown in Figure 6.



Binary systems based on SiO2 with low calcium content have a high initial surface area (~500 m2/g) [28], that decreases almost linearly with the increasing content of the latter component. Small mesopores of an average size of approximately 3–4 nm have a major contribution to the surface area and their initial distribution is in a narrow range. Significant amounts of larger mesopores were not found. The low initial pore volume of the binary systems increases with the calcium content in the silica matrix; however, the pore diameter increases at high calcium content only. The adsorption isotherms are type IV(a) with the H2(b) hysteresis loop (IUPAC) present in the range of the relative pressure p/p0 0.4–1, characteristic for the mesoporous oxide materials. Unlike the above, the Ca/Si 0.05 system is characterized by the adsorption isotherm of type I(b), which indicates its microporosity [29], or the presence of narrow mesopores. For this system, the highest surface area and lowest pore volume was observed. The pore size distribution of the adsorption (and notably desorption) branch of the isotherms reveals that Ca/Si 0.1 and 0.25 calcined gel samples may be mostly microporous. For the Ca/Si 1.0 composition, the large area of the hysteresis loop is shifted towards higher p/p0 relative pressure, therefore the prevalence of larger mesopores is typical. It also displays both the highest average volume and diameter of pores in the series, and a relatively high surface area. The morphology of this system is defined by phase segregation and surface enrichment in the calcium component, as evidenced by the SEM observations (Figure 3b).



The Ca/Si 0.5 calcined gel shows transition properties between the two next systems in the series, in terms of isotherms shape, pore volume and area distribution.



For all the compositions based on SiO2, the calcium additive on the surface area and pore volume has a strong effect that is clearly visible in the size and shape of the hysteresis loops. The much smaller effect of the addition of the calcium component on the average diameter of pores was observed, however both the pore volume and diameter increase with calcium content and their distribution broadens as well. This suggests that the total number of the pores increases, while their diameter remains relatively constant.



The decrease in surface area is a result of the diminishing SiO2 content that has a dominant contribution to its value. The increase in pore volume and diameter in the subsequent two-component systems can be a result of the CaCO3 porosity. It may also be stimulated by the thermal decomposition process of its acetate precursor during calcination, and in the Ca/Si 1.0 system in part by the calcium hydroxide carbonization (CO2 from the oxidation of released acetone). The most pronounced impact of the calcium component on the SiO2 matrix is visible for the two systems in the series with its highest content, which is caused by morphological differences of these systems resulting from exposition of the calcium carbonate at the surface (Figure 3b). Taking into account the onset position of the adsorption isotherms, it can be concluded that the small mesopores on the silica phase disappear consecutively in the series, which can be explained by their blockage with the calcium component phase, or inaccessibility caused by the surface coverage with calcium carbonate.




3.5. FTIR Measurement


Figure 7 shows the FT-IR spectra of the Ca/Si system samples before and after calcination. For both types of the samples, the bands characteristic for the Si-O-Si bonds are visible: symmetric stretching vibrations in the range of 880–770 cm−1, asymmetric stretching (1100–1040 cm−1) and O-Si-O bending modes at 450–490 cm−1 [27,30] and a Ca(OH)2 around 1790 cm−1 band (for uncalcined samples present only in case of Ca/Si 1.0 gel). In the Ca/Si 1.0 system a sharp, intense band of calcium acetate at 855 cm−1, a band at 1610 cm−1, a group of bands thereof in the 700–600 cm−1 region are observed. Uncalcined samples also show characteristic, weak bands of asymmetric and symmetric vibrations of calcium acetate carboxylate groups in the 1650–1350 cm−1 range. After calcination, as a result of calcium acetate decomposition, these bands disappear and broad, intense bands of symmetric stretching at 1444 cm−1, bending at 876 cm−1 C-O vibration and 713 cm−1 of calcite [31] and a 1600–1680 cm−1 bridged bidentate carbonate band appear.



The sharp band at 876 cm−1, assigned to the ionic carbonate group (CO32−) confirms the presence of CaCO3 after thermal treatment in the systems [30]. The Si-O-Si asymmetric stretching vibrations around the 1060–1090 cm−1 band shifts to lower values and overlaps with the 952 cm−1 band of Si-O-Ca bond as the calcium content increases. A similar effect is observed for the Si-O-Si symmetric stretching vibrations around 799 cm−1 but the intensity of that band decreases. The shift of these bands is related to the depolymerization of the silica network [27] and in the former case, to the formation of wollastonite (CaSiO3).





4. Conclusions


The XRPD data indicate that the structures of the binary Ca/Si systems are mostly amorphous. In some of them, silica is present as an amorphous phase and as its porous agglomerates (Figure 1c). The ability of silica to disperse calcium carbonate in its structure is limited above the Ca/Si 0.25 composition (Figure 1b), and in the system with the highest calcium content this component is also present as a separate microcrystalline calcite phase covering the surface (Figure 3b). For the Ca/Si 0.5 and 1.0 calcined gels, the phase separation and surface excess of the calcium component influence the textural parameters. During the thermal treatment, a small amount of wollastonite is formed in these systems as a result of the reaction between their components.



The high content of CaCO3 results in a diminishing of the specific surface area, the value of which the silica has a major contribution. With increasing calcium content, the porosity of the binary systems is enhanced by the CaCO3 phase. The narrow pore diameter distribution is broadened and shifted to higher values. The surface area and pore diameter are less affected by the calcium content than the pore volume, that increases over the whole range of the calcium content. In the Ca/Si 1.0 system, the carbonization of calcium hydroxide and its structural transformation to CaCO3 during calcination may additionally account for the formation of broad pores. Therefore, for this system, the change in the textural parameters is most pronounced. The calcium component exhibits a high impact on the textural parameters of the calcined gels that include a decrease in microporosity, the promotion of pore formation, a change of surface composition and new phase formation (wollastonite).



The proposed method allows the preparation of high purity materials in a simple way. Depending on the calcination temperature and time, the binary systems of CaCO3-SiO2 (500–600 °C) or CaO-SiO2 (above ca. 800 °C—note formation of CaSiO3 (wollastonite) as well) can be produced while maintaining relatively high textural parameters.
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Figure 1. XRPD patterns of Ca/Si systems: (a) before calcination; (b) after calcination at 600 °C in oxygen atmosphere; (c) SAXS scattering of calcined samples. 
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Figure 2. Thermogravimetric analysis of Ca/Si systems: (a) TG traces; (b) DTG traces. 
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Figure 3. SEM micrographs of the systems calcined at 600 °C at the Ca/Si molar ratio: (a) 0.1; (b) 1.0. 
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Figure 4. TEM micrographs of sol-gel calcined samples at the Ca/Si molar ratio: (a) 0.25; (b) 0.5; (c) 1.0. 
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Figure 5. SEM-EDS elements maps of Si/Ca systems gel monoliths before calcination at the Ca/Si molar ratio: (a) 0.1; (b) 1.0. 
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Figure 6. Isotherm, pore volume distribution and pore area distribution of Ca/Si systems. 
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Figure 7. FTIR spectra of Ca/Si systems: (a) before calcination, (b) after calcination. 
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Table 1. Composition and labeling of the studied systems and the amount of metallic calcium added.
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	Sample Name
	SiO2
	Ca/Si 0.05
	Ca/Si 0.1
	Ca/Si 0.25
	Ca/Si 0.5
	Ca/Si 1.0





	Relative molar amount of Si
	1
	1
	1
	1
	1
	1



	Relative molar amount of Ca
	0
	0.05
	0.10
	0.25
	0.50
	1



	Mass of added Ca [g]
	0
	0.904
	1.808
	4.520
	9.040
	18.085
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Table 2. Values of pH of the gels after synthesis.
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	System Composition
	pH





	SiO2
	3.11



	Ca/Si 0.05
	3.51



	Ca/Si 0.1
	4.24



	Ca/Si 0.25
	5.22



	Ca/Si 0.5
	7.33



	Ca/Si 1.0
	9.24










[image: Table] 





Table 3. Quantitative mass loss of the Ca/Si systems during thermogravimetric analysis.
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System Composition

	
Ca/Si 0.05

	
Ca/Si 0.1

	
Ca/Si 0.25

	
Ca/Si 0.5

	
Ca/Si 1.0




	
Temperature Range

	
Sample Mass Loss [%]






	
I 30–300 °C

	
8.2

	
11.3

	
12.9

	
7.9

	
6.3




	
II 300–600 °C

	
6.2

	
11.5

	
16.5

	
18.6

	
17.2




	
III 600–800 °C

	
0.9

	
0.5

	
1.0

	
6.0

	
13.8




	
Maximum of effect III [°C] (thermal decomposition of CaCO3)

	
not observed

	
not observed

	
667

	
727

	
750




	
Total mass loss [%]

	
15.3

	
23.3

	
30.3

	
32.5

	
37.3
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Table 4. Textural properties of Ca/Si systems.
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	System Composition
	Surface Area SBET [m2/g]
	Average Pore Diameter DBJH [nm]
	Average Pore Volume DBJH [cm3/g]





	Ca/Si 0.05
	512
	3
	0.04



	Ca/Si 0.1
	484
	3
	0.20



	Ca/Si 0.25
	385
	3
	0.17



	Ca/Si 0.5
	223
	5
	0.32



	Ca/Si 1.0
	146
	13
	0.59
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