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Abstract

:

The goal of this work is to investigate the effectiveness of amorphous SiO2−FexOy loaded by functionalization with Ce(SO4)2, Li2SO4, and 3-aminopropyltriethoxysilane (APTES) for CO2 adsorption. Silica and iron-based materials are gaining popularity due to their wide range of applications, such as catalysis, photocatalysis, imaging, etc.; however, there are very few studies regarding the adsorption of CO2 with the aforementioned materials. In our study, we proposed to test their ability in this direction by adding cerium sulfate and lithium sulfate. Three base materials were obtained and characterized using XRD, FTIR, RAMAN, TG, SEM, and BET followed by their functionalization with amino groups by using of the APTES precursor. The SEM images indicate an increase in size, forming clusters from 100 nm for base materials to 500 nm for functionalized materials. The results indicate a maximum CO2 adsorption of 1.58 mmol/g material for the SiO2−FexOy−Li−APTES sample.
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1. Introduction


Iron oxides with silica matrix materials are widely used in many technologies due to their properties and emerging potential applications [1,2,3]. The popularity of the iron compounds should be also attributed to their low toxicity and inexpensive costs in comparison to the rest of the widely used metals [4]. Many research studies have shown that iron compounds are very effective for the degradation of toxic substances, especially in the case of aromatic compounds [4,5,6]. One of their particular uses includes the degradation of pollutants; for example, the biodegradation of biphenyl, which is known for its stability and insolubility in water [4]. More precisely, FeCl3, Fe(NO3)3, Fe2O3, and FeSO4 solutions with the concentration of 10−4 M have shown very effective results in this field [4,5]. However, it is clear that the utility of any iron source depends solely on its properties, where those properties are highly influenced by the particle size of the iron component [1,6].



Regarding the iron precursor used for SiO2−FexOy – based materials, various sources were used [4,5]. Still, to our knowledge, FeSO4⋅7H2O – type material was never used for CO2 adsorption applications. However, interactions between iron and silica are not solely in the form of SiO2−FexOy since the preparation conditions or even the order of the component material introduction can lead to the formation of other related materials. Among them is Fe2SiO4, which is known for its usage as a refractory material, cement additive, ceramic pigment, and acid attack-resistant container, as well as for its adsorption of cation contaminants. Other important qualities pertain to the electrical properties of this material; whereas, in comparison to the cobalt orthosilicates used for rechargeable lithium batteries, Fe2SiO4 is far more suitable as an anode. Fe2SiO4 material exhibits two crystalline structures: α- Fe2SiO4, known as fayalite; and the spinel phase, γ−Fe2SiO4. The most prominent differences between these crystalline structures include their stability and magnetic properties at different temperatures and pressures. Although spinel structure is stable in a wide range of temperatures and pressures, fayalite, which is stable at room temperature, is far more useful from a magnetic point of view, exhibiting paramagnetic behavior in normal conditions and changing to antiferromagnetic below 65 K [7,8].



As regards the presence of silica in the material, it is already well known that γ−Fe2 O3 (maghemite) transforms to α−Fe2O3 (hematite) at temperatures around 350 °C; hence, the material stabilization could be achieved by incorporation in glassy, polymeric, or ceramic matrices, highlighting the role of the silica usage [1]. Alongside silica, iron-based materials have been treated with organic-related compounds such as surfactants or polymers, as well as carbon, precious metals, or oxides [9]. Hence, depending on the used material, various new applications could arise. Although iron–silica materials are used in CO2 capture, especially due to the facile magnetic recovery of iron [9] and the wide range of silica applications, improvements are still needed in this field, especially because silica has low porosity and small surface area and iron’s tendency toward oxidation, limiting the full potential of the compound. Still, it is possible to obtain mesoporous silica by using surfactants as porogenic agents, which is considered a revolutionary achievement in this field. An important task is to evaluate the properties of these materials, such as texture, shape, and morphology, and the environment in which they are developed.



The morphology of the materials is the key factor in determining the most suitable method. In this sense, Yusuf et al. points out that CaO-, MgO-, or CeO2- modified fibrous silica can improve CO2 adsorption [10], whereas the basicity of the porous adsorbent increases with the addition of metal oxides, leading to the increased selectivity and adsorption capacity of CO2 [11]. Oxides of alkaline earth metals have been proposed for the development of CO2 capture due to their high basic properties and because they act as strong adsorbents [12,13]. On the other hand, it is believed that the presence of the strong Lewis base on CeO2 or LiO2 can potentially enhance the CO2 adsorption capacity. In addition, the ability of CeO2 or LiO2 to adsorb water and/or CO2 molecules at room temperature takes place due to the oxygen vacancy [14]. Additionally, many researchers favor the use of cerium as a metal for improved CO2 adsorption capacity, such as Kanahara et al. (2019) and Slostowski et al. (2017), while several research groups show that the use of lithium in the synthesis can positively influence the adsorption capacity of CO2 [15,16,17,18,19,20]. Other related studies were undertaken by Lahuri, et al. [21], Baumann [22], Zheng et al. [23], with the aim of highlighting the importance of cerium in providing active sites for CO2 adsorption; whereas Mizunuma et al. show that the presence of lithium-based composites improved adsorption results, with a capacity over 30% of the material’s own weight [24]. In addition, Belgamwar et al. indicate that Lithium silicate is one of the best known high-temperature CO2 capture sorbents, with an adsorption capacity that achieves 35% [25]. The positive outcome in the presence of lithium was also confirmed by Hu [26] and Zhou et al. [27].



In addition to the aforementioned adsorbent materials, amines have great potential in this matter as a result of their ability to lower the gas desorption temperature [28,29,30,31,32]. From the preparation method to the structure of the resulting link, the amines with which the material surfaces are functionalized can be classified into three subclasses: impregnated amines (class I); grafted amines (class II); and in situ (class III) [28,29,33,34,35]. In situ polymerized amines (class III) represent a new class with high potential in terms of adsorption capacity and cyclic stability [28,29]. From the preparation point of view, there are plenty of possible synthesis procedures, including hydrothermal, pyrolysis, electrochemical or sol–gel. However, the sol–gel method has been proven to be the most suitable, taking into account the controllable structure, phases, dispersity, size, and homogeneity of the final product that can be achieved using this synthesis method [1,36].



In the present work, the synthesized materials were realized, starting from silica and iron oxide matrix. The obtained material was then modified by adding cerium sulfate or lithium sulfate in order to improve the relationship between the physicochemical properties and the CO2 adsorption efficiency. The main observation highlights how the presence of the two sulfates, in addition to the silica and iron oxide matrix, changes the size of the particles and influences the adsorption of CO2. In the final step of this study, the synthesized materials were functionalized with 3-aminopropyltriethoxysilane and subjected to CO2 adsorption studies.




2. Materials and Methods


2.1. Materials Synthesis


Three samples were obtained using the sol–gel method. The main precursors used in this recipe are TEOS (Si(OC2H5)4- (SigmaAldrich)), iron sulfate (FeSO4·7H2O, (SigmaAldrich)), cerium sulfate (Ce(SO4)2, (Reactivul Bucuresti SRL)), lithium sulfate (Li2SO4, (Reactivul Bucuresti SRL)), ethanol (SC CHIMOPAR TRADING SRL), sodium hydroxide (NaOH, (Reactivul Bucuresti SRL)), and distilled water.



For the initial sample, the following steps were taken: (i) 5 mL of TEOS were used and mixed with 20 mL of distilled water for half an hour; (ii) at the same time, a solution of 4 g of FeSO4·7 H2O and 25 mL of ethanol was prepared, which was later placed on the TEOS solution (TEOS molecular ratio: FeSO4 ·7 H2O = 1:1); (iii) to obtain an alkaline medium, a concentrated solution of NaOH was made using 5 g of NaOH in 10 mL of water. From this solution, 2 mL of NaOH solution was added after another 3 h of mechanical mixing over the previously formed solution, obtaining a gel. For samples II and III, a similar process was carried out, only the precursors of cerium sulfate (0.5 g) and lithium sulfate (0.5 g) precursors, respectively, were added together with FeSO4·7 H2O in 25 mL of ethanol. The three obtained samples were denoted as SiO2−FexOy, SiO2−FexOy−Ce, and SiO2−FexOy−Li. They were dried for 24 h at 100 °C and calcined at 300 °C in an inert atmosphere for 3 h.



In order to functionalize the material, 1 g of initial material was added to a round bottom flask, over which 60 mL of toluene and 3 mL of APTES (C9H23NO3Si, 99%, Fluka) were poured. The flask content was mixed under reflux at a temperature of 120 °C for 6 h. After this, the obtained material was washed with 50 mL of methanol and dried at 80 °C for 12 h.




2.2. Materials Characterization


X-ray diffraction (XRD) was evaluated by PANalytical PW 3040/60 X’Pert PRO diffractometer (Malvern Panalytical, Malvern, UK) and Rigaku Ultima IV diffractometer (for functionalized sample), using Cu–Kα radiation in the range 2θ = 10–80°.



FT-IR spectra were recorded by using KBr pellets with JASCO FT/IR-4200 apparatus. Raman spectra were conducted with Shamrock 500i Spectrograph from ANDOR, United Kingdom. Thermogravimetric analysis was carried out between 25 and 800 °C in nitrogen and air flow at a heating rate of 10 °C/min, using an 851-LF 1100-Mettler Toledo apparatus. Surface morphology (SEM/EDX) was investigated by scanning electron microscopy, Inspect S, FEI Company. N2 adsorption desorption studies were obtained by using Quantachrome Nova 1200e. Prior to this, the samples were degassed at 80 °C for 5 h. The BET (Brunauer–Emmet–Teller) method was used to determine the surface area. The DFT (density functional theory) method was used for calculation of pore width, and the total pore volume was determined from the last point of isotherm close to 1 P/Po.



CO2 adsorption–desorption tests were carried out using the same thermogravimetric analyzer connected to a gas delivery manifold. High purity CO2 and 30% CO2 in N2 at 1 atm were used for the adsorption runs, and N2 was used as a regenerating purge gas for CO2 desorption. The measurement of the samples was performed taking 40 mg of the sample in a Pt crucible. Each sample was pretreated in flowing N2 at 150 °C, then cooled to the desired adsorption temperature (30 °C) and exposed to 30% CO2/N2 (70 mL/min) for 90 min. The adsorption capacity of the adsorbent in milligrams of CO2 per gram of adsorbent was calculated from the weight gain of the sample in the adsorption process.





3. Results and Discussion


3.1. Material Characterization


3.1.1. XRD


The structural properties of the obtained samples were identified by X-ray diffraction and presented in Figure 1. All samples analyzed and presented in Figure 1 show a strong amorphism. The data show that the material has a crystallinity of approximately 10%, being represented in majority from the SiO2 phase (01-083-2467) [37] and Fe2SiO4 (01-083-2074) [38]. In the case of the sample where cerium sulfate and lithium sulfate were introduced, the Ce2Si2O7 (00-022-0545) [39] and Li2SiO3 (00-030-0766) crystalline phases [40] were obtained. It is also observed that most of the phases have diffraction peaks that overlap, making it very difficult to be identified.



The peaks observed at 2θ = 23° are specific for amorphous silica. The peaks specific to the 3 1 1 (hkl) line obtained at 2θ = 36° indicate the formation of Fe2SiO4 which is shown for all samples. In the case of samples with cerium sulfate, we observed at 2θ = 26°, specific to 0 3 1 (hkl), that Ce2Si2O7 is formed, but it is overlapped by the amorphous silica phase. When lithium sulfate is added, the peak specific for Li2SiO3 was obtained at 2θ = 18°, specific to 1 1 0 (hkl).



The diffractograms specific for samples functionalized with APTES, SiO2−FexOy−APTES, SiO2−FexOy–Ce–APTES, and SiO2−FexOy−Li−APTES are presented in Figure 2. After functionalization, the SiO2−FexOy−APTES sample undergoes several changes as, alongside SiO2 (01-083-2467) and Fe2SiO4 (01-083-2074), the sample presents the formation of FeCO3 (00-003-0746) phase [41]. The peaks specific to FeCO3 at 2θ = 31° with 1 0 4 (hkl) were observed for all functionalized samples. Similarly, in the case of SiO2-FexOy–Li–APTES sample, we also observed the formation of FeCO3.



In sample SiO2−FexOy−Ce−APTES, we observed some important changes because Ce2Si2O7 is not present but Ce7O12 (01-071-0567) [42] was obtained. The cerium oxide obtained is observed at 2θ = 28° with 2 1 1(hkl). Still, the amorphous phase of the sample is present of about 80%.




3.1.2. FT-IR Spectroscopy


The specific FT-IR bands recorded for the obtained materials are presented in Figure 3. The resulting SiO2 phase is confirmed by the presence of specific bands at 800 cm−1 and 1100 cm−1, where Si-O-Si siloxane bonds are formed. At the same time, the presence of OH species is highlighted at 3400 cm−1 and 1640 cm−1. The presence of Fe-O bonds is highlighted by the specific band at 620 cm−1. The specific bands for iron sulphate, cerium sulfate, and lithium sulfate, respectively, are present and shown in Figure 1. It can be seen that most of the bands overlap with those specific to silica and iron oxide (Fe2O3), with small shifts due to the addition of cerium and lithium sulfate. One of the main bands, SO42, also appears at 1100 cm−1, and the shifts are due to the new bonds formed with the silica matrix [43]. The specific band for SO42− can also be observed at 1430 cm−1.



From the FT-IR spectrum, the formation of specific amine bands is observed as a consequence of their functionalization (Figure 4). At 3100 and 2900 cm−1, the specific N-H stretching band is put in evidence, followed by the 1520 cm−1 specific for N-H bending band. It is observed that once cerium sulfate or lithium sulfate is introduced, hypochromic effects influence the aforementioned bands [44].




3.1.3. RAMAN Spectroscopy


The Raman spectra are presented in Figure 5. Regarding the composition of the materials, sulfate related and Si-O bonds are expected to be observed. Since Raman spectroscopy has lower accuracy regarding the metals, they are not expected to be very visible. Although, alongside Fe, other metal sources are present (Li and Ce), there are not expected to be changes between the compounds, since the metal interactions are usually weak and the added content is relatively small in concentration. The intensity of the aforementioned peaks may also vary, since some of the materials are exhibiting higher fluorescence, making it difficult to distinguish the existent bands. Spectra of the starting materials (FeSO4·7H2O, Ce(SO4)2, Li2SO4) were also included for better clarity. Since there are similarities for all compounds, in the 900–1100 cm−1 region, the vibrations characteristic for SO42− anion shows a symmetric and asymmetric S−O stretching mode. In the 450–1100 cm−1 region, due to sulfate–water interactions, a symmetric and asymmetric O−S−O bending mode takes place [45,46,47].



After the synthesis, all the materials showed increased fluorescence as a result of changes in the structure with the introduction of TEOS; however, the main peaks found in precursors are still present but slightly shifted. The changes are present due to the different water molecule and SO4 content [48], resulting in ionic association as a consequence of the water and sulfate ions interaction [47,49]. Starting from the salts in aqueous media, together with additional solvents and water, to the final step involving the crystallization of the sol–gel method, ionic association plays an important role regarding the outcome of the existent bands and their appearance [47]. It should also be mentioned, however, that that the Si-O specific peaks are in the same regions as related in previous literature [50]. Rull (1995), on the other hand points, out the presence of rototranslational modes of the polyatomic ions and water molecules [47]. This information was attributed for the Li2SO4 material; whereas, at the same time, he compared several spectra of Li2SO4 that resulted in lower intensity and increasing asymmetry with the concentration decrease. However, the low band around 380 cm−1 is presumed to belong to the Li–water stretching vibration [47], which also corresponds to the other metal-containing precursors (Ce and Fe). The influence of hydrogen or water content in the material was emphasized by Gorelik et al., whereas it is clear that the obtained spectra show different band intensities depending on their constituents [49].



A related study involving water influence was reported by Le Losq et al. (2015) regarding the hydrous alkali silicate glasses. They claimed that the increase in the ionic radius of component alkali resulted in a decrease in the O-O distances of H2O and OH-containing groups, which further led to perturbances of the assigned O-H stretching vibrations [50]. In the same study, the band near 800 cm−1 changes its intensity with the change of water content; still, its shape is not influenced, as this band may arise from vibrations involving the motion of the Si in its oxygen cage. Aside from the Si band, other bands and shoulders between 450–650 cm−1 are expected due to the water content of the glasses as well as due to the presence of different type of alkali metal.



Figure 6 shows the Raman spectra after functionalization with APTES. After the introduction of APTES in the material, the Raman spectra of the obtained compounds still show high fluorescence due to the main content of Si-O in the material, which also exhibits preponderant amorphic crystallinity, resulting in reduced clarity of some regions regarding the presence or absence of the specific peaks. However, there are some small changes observed after the introduction of APTES, the main difference being the presence of the NH2 peak, which is expected to be seen in multiple regions—1650–1550 cm−1 and 1370–1000 cm−1 (deformation vibrations)—together with a NH3 rocking vibration at 950–590 cm−1. The fact that present frequencies are lower due to the coordination and subsequent weakening of the N- H bond should be highlighted [51]. The aforementioned bands are visible in the spectra, hence more as a “shoulder” due to the fluorescence effect.




3.1.4. Thermogravimetric Analysis


From Figure 7, we can pursue the stability and structural changes that occur in the synthesized materials. It can be seen that the basic sample, SiO2−FexOy, indicates a total loss of 30%. The decomposition of the material takes place in four stages. The first part of the process indicates a mass loss of 4.8% in the range of 25–150 °C specific to the physically adsorbed water and corresponding to an endothermic process at 65 °C. In the case of samples with a cerium base, a second endothermic process take place at 120 °C, which is specific to a second loss of water molecules.



According to the Fe sulfate decomposition reactions [52], it is observed that the material keeps losing water up to temperatures of 300 °C. Thus, we can state that the endothermic process at 245 °C is specific to all chemically closely bound water. Exposed processes are specific to the silica in the material.



70−100 °C:


FeSO4 6H2O → FeSO4·4H2O + 2H2O;











95−190 °C:


FeSO4·4H2O → FeSO4·H2O + 3H2O;











245−310 °C:


FeSO4·H2O → FeSO4 + H2O.











In the last stage of decomposition, the material shows two prominent endothermic processes specific to the decomposition of iron sulfate and its transformation into α−Fe2O3 according to the reactions:



525−650 °C:


6FeSO4 → Fe2(SO4)3 + 2Fe2O3 + 2SO2;











625−710 °C:


Fe2(SO4)3 → Fe2O3 + 3SO2 + 3/2O2.











The specific mass loss in the temperature range 450–700 °C can also be attributed to the oligomeric siloxanes, assuming that the Si–O and Si–C bonds reorganize [53].



It is observed that after the introduction of cerium sulfate and lithium sulfate, the material shows important structural changes, having a total loss of 22% and 28%, respectively. The changes that take place in materials show the transformation of cerium sulfate and lithium sulfate into cerium silicates and lithium silicates, respectively, which is also confirmed by XRD analysis.



In Figure 8a–c, the materials functionalized with APTES were thermally analyzed in nitrogen atmosphere and compared to the initial nonfunctionalized samples.



For amino-functionalized samples, two endothermic processes at 63 and 184 °C are observed in the temperature range of 25 to 200 °C, specifically for the physically adsorbed water on silica as the base material. As in the case of the initial non-functionalized samples, the material keeps losing water up to temperatures of 300 °C which takes place in accordance with the decomposition reactions of Fe sulfate hexahydrate. For all three samples, the mass loss in the temperature range of 280–420 °C is attributed to the thermal decomposition of the aminopropyl functional group, which is highlighted by the endothermic effects located between 328 and 336 °C.




3.1.5. SEM (Scanning Electron Microscopy) Images


In Figure 9, the morphology of the materials is studied by SEM images using different magnifications: more specifically, 3000× and 12,000×.



In Figure 9a, the materials indicate that micrometric clusters are formed. It can be seen that by increasing the magnification from 3000× up to 12,000×, the shape of the particles becomes spherical. The size of the spheres is around 90 nm.



After the introduction of cerium sulfate, some changes in the structure can be observed (Figure 9b). In this case, it is noticed at 12,000× magnification that the size of the spheres increases to 100 nm, but at the same time, smaller size clusters are formed.



Therefore, after the addition of lithium sulfate, a more pronounced change in structure is detected (Figure 9c). The shape of the particles indicates overlapping plates. This material forms larger and more compact clusters.



Subsequently, the SEM images for the functionalized samples are presented in Figure 10a–c.



After the functionalization of the samples, a change in the structure can be observed. The larger clusters no longer show spherical shapes or plates. In this case, the particle size indicates a value of approximately 500 nm. Thus, we can conclude that the material presents higher rugosity after functionalization.



After adding cerium sulphate, the sample SiO2−FexOy−Ce−APTES indicates that the rugosity of sample starts to decrease, and the material is more compact. The lithium sulfate addition changes the structure of sample SiO2−FexOy−Li−APTES; it becomes more rugous, and the particles are much smaller (around 300 nm).



The cerium presence influences the morphology of the material, leading to much more spherically shaped particles, as suggested by Cardillo et al. (2013) [54]. They explain this change as a result of hindering crystal growth due to the appearance of the secondary phases of Ce-containing material. Chibison et al. (2022) suggest that the phase transition from octahedral to spherical in the case of cerium-based nanoparticles is due to the increase in their particle size [55]. Other information regarding this matter suggest that Fe-based materials doped with a transition metal or species from Group IV have an impact on the morphology; more precisely, the Si doped with iron oxide developed round-shaped particles [56]. Given this, it is clear that both Si and Ce led to the spherical morphology of the final compound.



In the case of Li, the more lamellar appearance can be attributed to the use of specific lithium-based precursor. A related example in this direction is the use of CH3COO-Li, which presented lamellar formations in comparison to the Li-OH and Li2CO3 that maintained the initial round shape of the particles [57]. Lithium content may also play an important role in the morphological change of the material since it was observed that with the increasing lithium content, particle’s size also increases. The appearance of larger crystalline blocks or palettes on the surface is also an indicator of crystal growth as a consequence of lithium in the composition [58,59].




3.1.6. Energy Dispersive Spectroscopy (EDS)


Figure S1a–c shows the EDS measurements for the obtained materials. The absence of the Li element in the EDS spectra is due to the small amount that was unable to be detected.



The EDS of the SiO2−FexOy sample indicates that the structure contains the specific elements: Si, Fe, and O. The presence of S in all materials indicates that S-O bonds are still present, as confirmed by FTIR and Raman spectroscopy. Even if the Li presence could not be detected due to the low concentration used in synthesis, the FT-IR and Raman spectroscopy show that important changes takes place in the material.



After the functionalization of the samples, a change in the EDS spectra can be observed. So, from the EDS images presented in Figure S2a–c, the existence of amino groups in the samples is confirmed by the presence of nitrogen peaks and the increased values of carbon peaks.



As in the previous case, lithium is absent from the material because of the low concentration.




3.1.7. N2 Adsorption Desorption Isotherms


In order to follow the textural properties of the material, we presented the nitrogen adsorption–desorption isotherms in Figure 11. From their analysis, following the IUPAC criteria [60], it appears that all materials present nitrogen adsorption–desorption isotherms of type II. Due to the presence of hysteresis, we can presume that in addition to type II isotherm, the material also presents type IV isotherm with hysteresis H3 specific to non-rigid aggregates of plate-like particles or materials that contain macropores in their network.



Table 1 shows the textural properties of the materials.



From the literature, the FHH method indicates that when the value is near 2, the rugosity of the sample is 2D; and when the value is near 3, the rugosity of the sample is more 3D. In our case, the samples indicate that the surface of the samples is somewhere between, albeit a little more in 3D aspect. The highest rugosity is obtained for sample SiO2-FexOy-Ce. Figure 12 shows the nitrogen adsorption of samples after functionalization. From Figure 12, we can observe that after functionalization, the materials are changed in structure, becoming more nonporous. By comparing with the IUPAC, we observed that materials tend to be type II isotherms.



The obtained results of textural parameters are presented in Table 2.



The results indicate that after functionalization, the amines groups create new pores, resulting in smaller surfaces areas.





3.2. Application, CO2 Adsorption Process


As we mentioned in the Experimental Section, the CO2 adsorption–desorption process was carried out by temperature-programmed desorption (TPD) method [61] using a thermogravimetric analyzer. The ratio between the amino groups grafted on the support and the silica as the base material can be calculated from the TG–DTG curves. The values of the NH2/SiO2 ratios for the three functionalized samples fall within the range of 0.4–0.45. The CO2 adsorption–desorption process using thermogravimetry was studied using the prepared samples grafted with amine. It should be emphasized that samples not functionalized with APTES are NOT active for CO2 capture (adsorption).



Figure 13a–c shows the adsorption process of CO2 for the functionalized materials.



In Figure 13a–c, we depict the steps by which the sample is prepared and then exposed to the adsorption–desorption processes as follows:




	
The sample is heated in nitrogen at 150 °C for 30 min. This stage consists of cleaning the surface of the sample of organic impurities or ambient CO2 and bringing the sample to constant mass.



	
The temperature is lowered to the desired adsorption temperature—in our case, 30 °C—and it is maintained for another 15 min in the N2 atmosphere.



	
The adsorption stage lasts 90 min, during which the sample is exposed to a 30% CO2/N2 gas mixture (70 mL/min).



	
After the end of the adsorption, the sample is kept in N2 for another 30 min to remove physically adsorbed CO2.



	
The desorption process of chemosorbed CO2 on amine-grafted adsorbents takes place from 30 to 180 °C, with a heating rate of 10 °C/min and an isotherm of 30 min at 180 °C.








The main parameters of the adsorption–desorption process are as follows: CO2 adsorption capacity for a certain adsorbent measured in mmol of CO2 per gram of adsorbent; and adsorption efficiency for a certain adsorbent measured in mmol CO2/mmol NH2). The first parameter can be calculated from the increase in sample weight during the CO2 adsorption process. Adsorption efficiency is also an important parameter that provides information about the adsorption performance given by the amino groups grafted onto the support.



The results obtained at 30 °C for the functionalized samples are shown in Table 3. Therefore, the CO2 adsorption capacity for the three adsorbents has very close values between 1.53–1.58 mmol of CO2 per gram of adsorbent. On the other hand, the efficiency of amino groups is higher for sample SiO2-FexOy–Li-APTES, having a value of 0.26 mmol CO2/mmol NH2 compared to 0.21 for sample SiO2-FexOy-APTES.



For similar materials, the adsorption capacity was compared, and the results presented in Table 4. It could be seen that the values of adsorption capacity for our samples are comparable to, or even higher than, other adsorbent materials from the literature.



The modifications to the surface chemistry of the silica porous materials by incorporating the basic organic groups (various amines) increase CO2 adsorption capacity. The interaction of CO2 with the amine groups in a water-free environment gives rise to carbamates via the formation of the CO2-amine zwitterion, such as R-NH2+COO−.



Overall, this reaction requires two amine groups per CO2 molecule, i.e., adsorption efficiency, defined as the CO2/N molar ratio, equal to 0.5. The chemical interaction between CO2 and amine (APTES) can be expressed as follows [34,35]:


R-NH2 + CO2 = R-NH2+COO










R-NH2+COO− + R-NH2 = R-NHCOO− + RNH3+.











While during the desorption of CO2, regeneration of grafted mesoporous silica is expressed as follows:


R-NH-COO− + R-NH3+ + Heat = CO2 + 2R-NH2.











The formation of the carbamate involves equilibrium of the reaction and is, therefore reversible. It is also important to point out that while this mechanism corresponds to chemisorption, physisorption also takes place at higher partial pressures.





4. Conclusions


A total of six silica- and iron sulfate-based samples were obtained by the sol–gel method, while three of them were improved with cerium sulfate and lithium sulfate, and the other three were functionalized using the amino-APTES precursor. The TG, FTIR, and EDX results confirmed the successful functionalization. From the SEM images, it can be seen that the particle size of around 100 nm increased significantly to approximately 500 nm after functionalization. Before functionalization, the adsorption tests indicated that the samples do not adsorb CO2. After functionalization, a lower adsorption rate was observed with iron sulfate addition, whereas the test results for the functionalized sample containing lithium sulfate improved to a value of 0.26 mmol CO2/mmol NH2 compared to 0.21 for the basic functionalized sample.
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Figure 1. XRD samples for SiO2−FexOy, SiO2−FexOy−Ce, and SiO2−FexOy−Li. 
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Figure 2. XRD samples after functionalization with APTES. 
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Figure 3. FT-IR spectra for SiO2−FexOy, SiO2−FexOy−Ce, and SiO2−FexOy−Li. 
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Figure 4. FT-IR spectra of samples functionalized with APTES. 
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Figure 5. Raman spectra for SiO2−FexOy, SiO2 − FexOy−Ce, and SiO2−FexOy−Li. 
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Figure 6. Raman spectra of samples functionalized with APTES. 






Figure 6. Raman spectra of samples functionalized with APTES.



[image: Separations 10 00352 g006]







[image: Separations 10 00352 g007 550] 





Figure 7. Thermogravimetric analysis for SiO2 − FexOy, SiO2−FexOy−Ce, and SiO2−FexOy−Li samples in nitrogen. 
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Figure 8. (a) Thermogravimetric analysis of the SiO2−FexOy−APTES sample. (b) Thermogravimetric analysis for the SiO2−FexOy−Ce−APTES. (c) Thermogravimetric analysis for sample SiO2−FexOy−Li−APTES. 
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Figure 9. (a) SEM images for sample SiO2−FexOy at 3000× (left) and 12,000× (right). (b) SEM images for sample SiO2−FexOy−Ce at 3000× (left) and 12,000× (right). (c) SEM images for sample SiO2−FexOy−Li at 3000× (left) and 12,000× (right). 
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Figure 10. (a) SEM images for sample SiO2−FexOy−APTES at 3000× (left) and 12,000× (right). (b) SEM images for sample SiO2−FexOy−Ce−APTES at 3000× (left) and 12,000× (right). (c) SEM images for sample SiO2−FexOy−Li−APTES at 3000× (left) and 12,000× (right). 
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Figure 11. Nitrogen adsorption–desorption isotherms of the samples SiO2-FexOy, SiO2-FexOy-Ce, and SiO2-FexOy-Li. 
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Figure 12. Nitrogen adsorption–desorption isotherms for samples functionalized. 
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Figure 13. (a) TGA data for adsorption of CO2 for sample SiO2−FexOy−APTES. (b) TGA data for the adsorption of CO2 for sample SiO2−FexOy−Ce−APTES. (c) TGA data for adsorption of CO2 for sample SiO2−FexOy−Li−APTES. 
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Table 1. Textural parameters for samples SiO2−FexOy, SiO2−FexOy−Ce, and SiO2−FexOy−Li.
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	Sample Name
	Surface Area, BET Method, m2/g
	Pore Width, DFT Method, nm
	Average Pore Diameter, nm
	Total Pore Volume, cc/g
	FHH Method, D





	SiO2−FexOy
	38
	5.09
	10.03
	0.0950
	2.5942



	SiO2−FexOy−Ce
	33
	5.08
	7.59
	0.0618
	2.6478



	SiO2−FexOy−Li
	29
	3.77
	9.98
	0.0733
	2.5770
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Table 2. Textural parameters of SiO2−FexOy−APTES, SiO2−FexOy−Ce−APTES, and SiO2−FexOy−Li−APTES functionalized.
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	Sample Name
	Surface Area, BET Method, m2/g
	Pore Width, DFT Method, nm
	Average Pore Diameter, nm
	Total Pore Volume, cc/g
	FHH Method, D





	SiO2−FexOy−APTES
	12
	3.67
	5.26
	0.0457
	2.6731



	SiO2−FexOy−Ce−APTES
	9
	10.70
	12.52
	0.0092
	2.5322



	SiO2−FexOy−Li−APTES
	16
	3.65
	4.38
	0.0593
	2.6448
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Table 3. The amounts of CO2 adsorbed at 30 °C by the synthesized adsorbents.
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	No.
	Sample
	Temp

[ºC]
	nCO2/g SiO2−FexOy

[mmol/g SiO2-FexOy]
	nCO2/nNH2

[mmol/mmol]





	1.
	SiO2−FexOy−APTES
	30
	1.55
	0.218



	2.
	SiO2−FexOy−Ce−APTES
	30
	1.53
	0.226



	3.
	SiO2−FexOy−Li−APTES
	30
	1.58
	0.260
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Table 4. Comparison for CO2 adsorption capacity of different adsorbents.
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	Sample
	Surface Area, m2/g
	Adsorption Capacity (mmol/g)
	References





	Fibrous silica
	618
	0.54
	[10]



	Ce-fibrous silica
	391
	0.58
	[10]



	Silica monoliths
	760
	0.52
	[62]



	Carbon monoliths
	1225
	1.6
	[62]



	porous carbons from PET
	1690
	1.31
	[63]



	CB-FM
	157
	~1
	[64]



	Silica gels
	309
	0.773
	[65]



	FS
	23.48
	0.324
	[66]



	FSNM
	12.93
	0.48
	[66]



	APTES_MCM-41
	58.1
	1.01
	[67]



	APTES_SBA-15
	20.1
	1.75
	[67]



	MCM-41/FeO
	1453
	0.87
	[68]
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