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Abstract

:

This study presents a comparative analysis of the CO2 sorption properties of natural zeolites sourced from the Tayzhuzgen (Tg) and Shankanay (Sh) deposits in Kazakhstan. The Tayzhuzgen zeolite was characterized by a Si/Al ratio of 5.6, suggesting partial dealumination, and demonstrated enhanced specific surface area following mechanical activation. Modification of the Tayzhuzgen zeolite with magnesium oxide significantly improved its CO2 sorption capacity, reaching 8.46 mmol CO2/g, attributed to the formation of the CaMg(Si2O6) phase and the resulting increase in basic active sites. TPD-CO2 analysis confirmed that MgO/Tg exhibited the highest basicity of the modified samples, further validating its potential for CO2 capture applications.
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1. Introduction


Carbon dioxide (CO2) is a primary greenhouse gas contributing significantly to climate change, with emissions primarily resulting from industrial activities and fossil fuel combustion [1,2]. The urgent need to mitigate CO2 emissions has driven intensive research into carbon capture and storage (CCS) technologies, which aim to capture CO2 directly from industrial sources and prevent its release into the atmosphere [3]. Several methodologies are currently employed for CO2 capture, each with distinct advantages and challenges.



One of the most common approaches is chemical absorption, where CO2 is absorbed into solvents, such as amines, which form chemical bonds with the gas [4]. This method is widely used in industry due to its high efficiency, but it is energy-intensive, particularly during the regeneration process of the solvent. Physical absorption, another method, utilizes non-reactive solvents like methanol to dissolve CO2 under high pressure. However, this approach is effective only under specific conditions, such as low temperatures and high CO2 concentrations, limiting its broader application [5].



Adsorption methods, which rely on solid sorbents, are gaining attention due to their lower energy demands and potential for regeneration [6]. Among these, solid adsorbents such as zeolites, metal–organic frameworks (MOFs), and activated carbons offer high CO2 selectivity and adsorption capacities, especially at elevated temperatures [7]. The primary limitation with synthetic adsorbents, however, lies in their high cost and complex synthesis processes, which can restrict their scalability for industrial applications. Compared to synthetic zeolites, natural zeolites offer an economical and efficient solution as they can be used directly with minimal processing [8,9].



Natural zeolites, a group of aluminosilicate minerals formed through volcanic processes, have emerged as promising candidates for CO2 capture due to their unique physicochemical properties [9,10]. Their highly porous structure enables them to function as molecular sieves, making them ideal sorbents for capturing gasses such as CO2. The global reserves of natural zeolites are substantial, and their use spans various industries, including environmental protection, water purification, and air filtration [11]. Among the common types of zeolites are clinoptilolite, mordenite, phillipsite, and chabazite, which are classified based on their mineral content into high-grade (more than 70% zeolite), medium-grade (50–70%), and low-grade (15–50%) varieties [12].



While zeolites are widely recognized for their ability to adsorb and retain various substances, including toxic and radioactive compounds [13,14], their application in CO2 capture, particularly under industrial conditions, remains a relatively underexplored area. In Kazakhstan, the Tayzhuzgen (with confirmed reserves of 7 million tons and estimated reserves of 215 million tons) and Shankanay (with confirmed reserves of 5.5 million tons and estimated reserves of 120 million tons) deposits represent some of the country’s largest natural zeolite reserves [15,16]. These deposits hold significant promise for industrial applications due to the high quality of their zeolites, especially in the context of CO2 capture technologies.



Research on Kazakhstan’s natural zeolites has primarily focused on their ability to remove heavy metals, such as lead and cadmium, from aqueous solutions [17,18,19,20]. In addition, zeolites are used in agriculture as feed additives to improve the productivity of livestock and poultry, as well as to increase the yield of agricultural crops. However, their potential for CO2 adsorption is yet to be comprehensively examined, presenting new research opportunities.



Given the abundance and lower cost of natural zeolites compared to synthetic alternatives, their potential in CO2 capture has garnered increasing attention. Additionally, modifications with alkali and alkaline earth metals can further enhance the sorption properties of zeolites, making them more effective in capturing CO2 at elevated temperatures. The aim of this study is to investigate the CO2 capture properties of natural zeolites from the Tayzhuzgen and Shankanay deposits. While previous research has focused on the removal of heavy metals, this is the first comprehensive study exploring their CO2 adsorption capacity. The primary objective is to assess the physicochemical properties of these zeolites and evaluate their effectiveness in capturing CO2. The results of this study will contribute to expanding the knowledge base on natural zeolites and their environmental applications, particularly in reducing CO2 emissions. Understanding the sorption characteristics of these materials may reveal their potential as low-cost and efficient sorbents for CO2 capture, thereby supporting global efforts to mitigate climate change.




2. Materials and Reagents


The chemicals used in this research were of the highest purity, obtained from reliable commercial sources to ensure accuracy and consistency in the experimental procedures. Magnesium nitrate, lithium nitrate, and sodium carbonate were obtained from Sigma-Aldrich, a trusted provider of high-purity reagents. All zeolite samples were prepared using deionized water, which was employed to eliminate potential contaminants and maintain the integrity of the chemical processes. For the preparation of natural zeolite suspensions, deionized water was used to maintain stringent control over the purity of the experimental conditions. In the subsequent CO2 adsorption experiments, gasses such as high-purity (99.99%) carbon dioxide (CO2), argon (Ar), and helium (He) were supplied by Ihsan Technogas LLP (Almaty, Kazakhstan) ensuring accuracy in the adsorption–desorption cycles.



Sorbent Synthesis


To evaluate the CO2 adsorption efficiency of natural zeolites from Kazakhstan, samples were collected from the Tayzhuzgen and Shankanay deposits. The initial preparation involved reducing the particle size of the zeolite samples to 0.25–0.5 mm through mechanical crushing. After sieving, the samples were mixed with deionized water to form a uniform paste, which was then molded into cylindrical pellets with a diameter and height of 2.7 mm. The prepared paste was placed in a small mold (Figure 1), allowing for the formation of uniformly shaped granules in a single technological step. The pellets underwent controlled heating in a muffle furnace set to 600 °C for 5 h, with the temperature incrementally increasing at a rate of 2 °C per minute.



Mechanical activation of the zeolite specimens was carried out using a high-energy planetary grinder (model XQM-0.4A, Tencan, Changsha, China) operating at 800 rpm for 60 min. Stainless steel balls of varying diameters (5–30 mm) served as the grinding media, with a media-to-zeolite mass ratio of 6:1. This activation process aimed to enhance the available surface area and create additional reactive sites for improved CO2 capture.



The chemical modification of the zeolites was performed by incorporating 2 wt.% of magnesium oxide (MgO), sodium oxide (Na2O), or lithium oxide (Li2O) relative to the total mass of the zeolite, resulting in a final concentration of 98 wt.% zeolite in each modified sample. Chemical modification of the zeolites was carried out by the mechanical mixing of zeolite and salts (magnesium nitrate, lithium nitrate, and sodium carbonate). The resulting mixtures were mixed with deionized water to form a paste, which was placed in a mini mold. Samples using magnesium nitrate and sodium carbonate were calcined at 600 °C with a heating rate of 2 °C per min. The sample with lithium nitrate was dried at 200 °C for 2 h and then calcined at 750 °C for 3 h. Figure 2 shows photographic images of the samples before and after calcination.



The study of the sorption properties of natural zeolites was conducted using a laboratory-scale flow system. The setup includes a reactor, thermocouple, electric furnace, control unit, and gas flow regulation system. For the experiments, CO2 (supplied by LLP “Ihsan Technogas”, with 99.99% purity) was used as the adsorbate, and He was used as a carrier gas to flush the line from the reactor to the chromatograph (also supplied by LLP “Ihsan Technogas”, with 99.99% purity). The reactor was made of quartz glass with an inner diameter of 10 mm and a length of 25 cm. A 2 mL sample of sorbent was weighed and placed in a fixed bed within the reactor. CO2 adsorption on natural zeolites (Tg) and (Sh) was conducted at temperatures of 25 °C, 150 °C, 300 °C, and 500 °C over a period of 30 min, with CO2 flowing at a rate of 15 mL/min. Subsequently, CO2 desorption was performed at 700 °C for 30 min. The amount of CO2 adsorbed by each sample during the experiments was measured using chromatographic analysis with a Chromos GC-1000 gas chromatograph equipped with a thermal conductivity detector (TCD).



To characterize the zeolite samples, their specific surface area was determined using low-temperature nitrogen adsorption at 77 K (BEL Japan Inc., Toyonaka, Japan) on a BELSORP-mini II analyzer. Prior to the measurements, the samples were degassed at elevated temperatures to remove adsorbed gasses and vapors.



The morphology of the samples was studied using a low-vacuum scanning electron microscope (JSM-6490 LA, Jeol Ltd., Tokyo, Japan) equipped with an energy-dispersive X-ray analysis (EDX) system. The primary electron beam was generated by a heated tungsten filament or a field emission gun and accelerated with a voltage ranging from 1 to 30 kV. Electromagnetic lenses were used to focus the beam on a nanometer-scale spot. The surface morphology of the samples was analyzed using data acquired from a secondary electron detector.



The phase composition analysis was performed using a DRON-3 automated diffractometer with CuKα radiation (β-filter). The measurement conditions included a tube voltage of 35 kV, a tube current of 20 mA, a θ–2θ scan mode, and a detector speed of 2 °/min. Semi-quantitative analysis was carried out on powder diffraction patterns using the equal-weight method and artificial mixtures. Data interpretation was conducted with the PDF-2 database (Release 2022) and HighScore Plus software (version 4.7).



The structural analysis of the samples was performed using Raman spectroscopy on a Solver Spectrum instrument (NT-MDT). A 473 nm laser was used as the excitation source and focused on the sample through a 100× objective, creating a spot size of 2 μm. The signal was recorded using a 600/600 diffraction grating, providing a spectral resolution of 4 cm−1.



The basicity of the sorbent surface was evaluated using CO2 temperature-programmed desorption (TPD) on a UNISIT chemisorption analyzer (USGA-101, Moscow, Russia). A 0.06 g powdered sample was placed in a quartz reactor, secured between quartz wool plugs, and preheated at 500 °C for 2 h under a helium flow. The surface of the sample was subsequently saturated with CO2 (20 mL/min) at room temperature for 30 min. After removing weakly adsorbed CO2 by purging with helium at 50 °C for 30 min, the desorption process was performed by heating the sample to 800 °C at a ramp rate of 10 °C/min in a helium flow of 20 mL/min.



The elemental composition of the studied samples was determined using energy-dispersive X-ray fluorescence spectrometry (EDXRF) on a NEX CG II spectrometer (Rigaku, Tokyo, Japan). The analysis was conducted in a helium atmosphere with the use of five secondary targets: Al, Mo, Cu, RX9, and Si. The operational parameters of the spectrometer were as follows: tube voltage—50 kV (for Al, Mo, and Cu) and 25 kV (for RX9 and Si); tube current—1 mA (for Al, Mo, and Cu) and 2 mA (for RX9 and Si); exposure time—100 s (for Al, Mo, and Cu) and 200 s (for RX9 and Si). Prior to the analysis, the samples were finely ground using an agate mortar to ensure homogeneity. The powder samples were prepared for analysis using 4-micron polypropylene film. This methodology ensured high accuracy and the reproducibility of the results. The designation of sorbents is provided in Table 1.



The CO2 adsorption capacity in each experiment was determined using a model to quantify the amount of CO2 adsorbed by the sorbent. The adsorption capacity, denoted as q (mmol CO2/g), was calculated based on the following equation [21]:


  q =    Q ×   P   C O 2     m ×   M   w      ×   ∫  0   1           C   0   − C   1 − C        d t ×      T   0     T     



(1)







In this equation: q is the adsorption capacity (mmol CO2/g); Q represents the volumetric flow rate of the gas (mL/min); PCO2 is the density of CO2 (g/cm3); m is the mass of the adsorbent (g); MW denotes the molecular weight of CO2 (mg/mmol); C0 and C correspond to the CO2 concentrations at the reactor inlet and outlet (%), respectively; T0 is the reference temperature (°C); T is the experimental temperature (°C); t represents the time of adsorption (min).





3. Results


Table 2 provides the composition analysis of zeolites obtained from the Tayzhuzgen (Tg) and Shankanay (Sh) sites. These data highlight the variation in the composition between the two deposits, particularly in terms of the relative concentrations of major oxides such as aluminum oxide (Al2O3), silicon dioxide (SiO2), and calcium oxide (CaO). For the zeolite from the Tg deposit, a high SiO2 content of 72.2 wt.% and an Al2O3 content of 12.9 wt.% were observed, alongside smaller quantities of calcium oxide (5.6 wt.%) and trace amounts of zinc oxide (ZnO) and indium oxide (In2O3). In contrast, the Sh deposit zeolite exhibited a significantly higher CaO content (15.2 wt.%) and notable levels of Fe2O3 (14.7 wt.%), while lacking the zinc and indium oxides found in the Tayzhuzgen zeolite [22].



A critical factor in evaluating zeolite structure is the silicon-to-aluminum (Si/Al) ratio. The results indicate that the zeolites from the Tayzhuzgen deposit have a significantly higher silicon-to-aluminum ratio of 5.6, in contrast to the Shankanay deposit, where the ratio is lower at 2.9.



The Si/Al ratio of 5.6 observed for the Tayzhuzgen (Tg) zeolite indicates a relatively high silica content, which is consistent with partially dealuminated natural clinoptilolites. Similar values have been reported in the literature for clinoptilolite samples from other deposits, such as Khonguruu, where Si/Al ratios of up to 5.57 have been recorded [23]. This elevated ratio may result from the unique geological conditions of the Tayzhuzgen deposit, leading to a higher degree of silica enrichment. Additionally, such a ratio aligns with the characteristics of clinoptilolites known to exhibit improved thermal stability and CO2 adsorption efficiency due to enhanced framework basicity.



Following mechanical activation, the zeolite from the Tg deposit, characterized by a high Si/Al ratio, showed a significant improvement in its specific surface area. The BET analysis demonstrated an increase from 11.1 m2/g to 16.0 m2/g, as outlined in Table 3, indicating the enhanced textural properties of the material post activation.



Upon mechanical activation, the intensity of this band increases significantly, indicating a greater dispersion of the zeolite particles and enhanced structural changes. Further analysis of the particle morphology was conducted using scanning electron microscopy (SEM), providing detailed insights into the physical modifications induced by the mechanical treatment (Figure 3).



The SEM images reveal distinct morphological differences between the mechanically activated and non-activated samples of the zeolite from the Tayzhuzgen deposit (Tg). In the non-activated sample, zeolite particles appear as aggregates of various shapes and sizes, ranging from 100 to 500 µm. However, after mechanical activation, there is a notable reduction in particle size to a range of 0.2 to 6.45 µm, resulting in a more homogeneous and finely dispersed distribution. The images primarily depict amorphous particles within this size range. Figure 4 presents the phase characteristics of the zeolite, comparing its structure prior to and following mechanical activation, and emphasizing the structural changes brought about by this process.



The X-ray diffraction (XRD) pattern of the Tayzhuzgen (Tg) zeolite prior to mechanical activation displays distinct reflections at 9.9°, 19.03°, 22.3°, 26.8°, 28.3°, 29.5°, 32.4°, 36.6°, 39.7°, 40.4°, 42.7°, 45.8°, and 50.3°. These peaks are characteristic of the presence of clinoptilolite, consistent with reference data from JCPDS card 3-0427. As documented in prior studies [24,25,26], the most prominent peaks for crystalline clinoptilolite typically occur at diffraction angles 2θ: 9.86°, 11.06°, 13.03°, 14.82°, 16.86°, 17.2°, 19.04°, 22.35°, 25.04°, 28.09°, 31.71°, and 32.67°. Following mechanical activation, the intensity of these reflections diminishes, which can be attributed to the increased structural disorder and the emergence of amorphous phases caused by the milling process. These changes indicate a breakdown of the crystalline structure, leading to the amorphization of the material. Additional phase characterization was performed using Raman spectroscopy, as shown in Figure 5.



The Raman spectrum shows characteristic peaks at 408, 488, and 604 cm−1, suggesting clinoptilolite within the zeolite framework, consistent with findings reported in previous studies [27]. After mechanical activation, a notable reduction in the intensity of these peaks is observed, attributed to the formation of amorphous phases within the zeolite. It is well-established [28,29] that the increased dispersion of particles leads to higher defect densities, resulting in a less pronounced spectral response.



The sorption capacity of zeolites can be enhanced by incorporating various modifying additives into their structure. The most effective modifiers are compounds of alkali and alkaline earth metals [30,31]. Therefore, the mechanically activated Tg zeolite was modified using magnesium, lithium, and sodium compounds. The modified sorbents were evaluated in a flow reactor under atmospheric pressure, targeting CO2 capture. Adsorption capacity was assessed over various temperatures, spanning 50 °C to 500 °C, including intermediate points at 150 °C and 300 °C. Figure 6 presents a comparative analysis of the sorption properties of Shankanay (Sh) zeolite, as well as non-activated and mechanically activated Tg zeolite, under the specified conditions.



When comparing the CO2 sorption capacities of non-activated zeolites sourced from deposits at Tg and Sh, it is evident that the Tg zeolite exhibits superior sorption capabilities. Mechanical activation of the Tg zeolite results in a slight enhancement in CO2 sorption capacity, attributed to the increased dispersion of the zeolite particles. The increase in the dispersion of Tg zeolite particles after mechanical activation is confirmed by the results of XRD and Raman spectroscopy. Modification with magnesium, lithium, and sodium oxides leads to a change in the sorption capacity of the Tg zeolite. The CO2 sorption capacity of the sorbents is presented in Figure 7.



The incorporation of sodium and lithium carbonates into the Tg zeolite composition results in a reduction in sorption capacity across all adsorption temperatures. Introducing magnesium carbonate results in a notable enhancement of the sorption capacity of the Tg zeolite [32,33]. Comparison of the CO2 adsorption capacity of magnesium-containing samples derived from natural zeolite from the Tg deposit with other magnesium-based sorbents (Table 4) indicates that the MgO/Tg 6:1 sorbent demonstrates excellent adsorption capacity at elevated temperatures relative to other magnesium-based materials.



Figure 8 illustrates the comparison of the phase composition of the sorbents before and after CO2 adsorption and desorption.



Reflections at 20°, 26.6°, and 50°, observed in all sorbents, correspond to the SiO2 phase [45,46,47]. The addition of lithium oxide leads to the appearance of an intense peak at 27.5°, which is attributed to the formation of LixAlxSi1−xO2 [48,49,50]. The addition of sodium carbonate leads to a reduction in the SiO2 peak intensity, possibly as a result of the enhanced amorphous characteristics of the sorbent particles. Peaks observed at 21.8°, 23.6°, 27.6°, 29.8°, 35.5°, 39.1°, and 49.8° correspond to the NaAlSi3O8 phase. According to the literature, lithium aluminosilicates are less effective as sorbents for CO2 capture compared to lithium orthosilicate. This is due to the more complex structure and lower surface activity of lithium aluminosilicates, which can lead to a decrease in sorption capacity [51,52,53,54]. The addition of magnesium oxide to zeolite results in the formation of the CaMg(Si2O6) phase. CaMg(Si2O6) is a typical binary compound formed from calcium and magnesium silicates, and it can be synthesized via the following reaction: CaO + MgCO3 + 2SiO2 = CaMg(Si2O6) + CO2 [55]. CaMg(Si2O6) demonstrates a high capacity for CO2 adsorption. As shown in [56], during the grinding of CaMg(Si2O6), deep carbonation occurs due to the adsorption of CO2 from the surrounding atmosphere, with the adsorbed CO2 present in the form of carbonate ions. These ions are likely associated with calcium and magnesium cations within the silicate material. The reaction between carbon dioxide and CaMg(Si2O6) proceeds according to the following equation [55,57]:


CaMg(Si2O6) + 2CO2 = CaCO3 + MgCO3 + 2SiO2



(2)







However, in the XRD spectra of the MgO/Tg 6:1 sample after CO2 desorption, no reflections corresponding to CaCO3 or MgCO3 were observed. Instead, reflections from the SiO2, MgO, and MgSiO3 phases were detected. These data suggest that at a desorption temperature of 700 °C, magnesium carbonate may decompose further into magnesium oxide and carbon dioxide [58,59]. The decomposition temperature of calcium carbonate is significantly higher, around 900 °C or more, so in our experimental conditions, it is unlikely to decompose further [60,61]. The absence of CaCO3 reflections in the spent samples may be attributed to its low content. The formation of MgSiO3 is likely due to several reactions, including the following [62,63]:


MgCO3 + SiO2 = MgSiO3 + CO2



(3)






MgO + SiO2 = MgSiO3



(4)







Identification of the MgO/Tg 6:1, Na2O/Tg 6:1, and Li2O/Tg 6:1 phases was carried out by Raman spectroscopy (Figure 9).



In the spectrum of Li2O/Tg 6:1 prior to reaction, distinct bands are observed at 140, 232, 290, 398, 526, and 639 cm−1. The peak in the range of 232–526 cm−1 is associated with vibrations of oxygen ions and the bonds between lithium and oxygen ions in the Li-O bond. The band observed at 600 cm−1 is associated with the vibrations of Al–O–Al bonds and may correspond to LixAlxSi1−xO2 [50,64].



In this instance of MgO/Tg 6:1, the corresponding bands can be as follows: 99–107, 466, 653–684 cm−1. The peak at 653 cm−1 is due to Si-O-Si intertetrahedral bonds and can be detected in both calcium and magnesium silicates [65,66,67]. The spectrum of Na2O/Tg 6:1 is characterized by bands at 473, 505, 639, 922, and 966 cm−1. The bands within 200 to 639 cm−1 are indicative of intertetrahedral T–O–T (T = Si or Al) vibrational modes. Meanwhile, the band between 922 and 966 cm−1 corresponds to the T–O stretching vibrations in NaAlSi3O8 [68].



The main properties of the investigated sorbents were studied using the TPD-CO2 method (Figure 10). According to the literature, weak basic sites are observed in the low-temperature range (50–175 °C), medium basic sites in the range of 175–400 °C, while strong basic sites are characterized by desorption at high temperatures exceeding 400 °C [69].



The TPD-CO2 results indicate that the intensity of the peaks associated with weak basic sites (50–175 °C) on the Na2O/Tg 6:1 sorbent is lower than that on Li2O/Tg 6:1 and MgO/Tg 6:1. However, in the medium-temperature range (175–400 °C), the desorption peak intensity on Na2O/Tg 6:1 exceeds that of Li2O/Tg 6:1 and MgO/Tg 6/1, indicating a more pronounced presence of medium basic sites. The MgO/Tg 6:1 sorbent exhibits the highest intensity of CO2 desorption peaks in both the 50–175 °C and above 400 °C temperature ranges.



The presence of weak basic sites is associated with surface hydroxyl groups [70]. The medium basic sites are related to metal ions (Mg2+, Na+, Li+) and O2−, where CO2 adsorption occurs. Strong basic sites correspond to low-coordinate oxide sites that interact with CO2, resulting in the formation of bidentate and/or monodentate carbonates [71]. The TPD-CO2 results showed that MgO/Tg 6:1 exhibits the highest overall basicity compared to Na2O/Tg 6:1 and Li2O/Tg 6:1, which positively influences its sorption capacity.



CO2 adsorption on zeolites involves both physical and chemical processes, the efficiency of which depends on the zeolite structure and its chemical modification [72]. Physical adsorption is mainly governed by the interaction of CO2 molecules with the surface of the material through van der Waals forces [73], where CO2 molecules are retained on the zeolite surface via weak non-covalent interactions. In contrast, chemical adsorption involves the interaction of CO2 molecules with active sites on the zeolite surface, leading to the formation of strong chemical bonds, including carbonate compounds. This process ensures more reliable retention of CO2 molecules and contributes to effective gas capture, especially at elevated temperatures. Furthermore, the modification of zeolites with various metal oxides can significantly enhance their adsorption properties by creating additional active sites on the surface. The mechanism of CO2 adsorption on the MgO/Tayzhuzgen 6:1 sorbent is illustrated in Figure 11. The dashed lines represent coordination bonds formed between Mg²⁺ and the oxygen atoms on the surface of the sorbent.



The addition of magnesium oxide (MgO) to the zeolite surface creates active sites in the form of Mg2+ and O2− ions, which significantly enhance the sorption capacity of the sorbent. The adsorption process begins with the physical interaction of CO2 molecules with the zeolite surface. However, the key role in CO2 retention is played by chemical adsorption, which occurs as a result of the reaction between CO2 molecules and the active sites of MgO. The CO2 molecules interact with Mg2+ and O2− ions on the surface, forming stable carbonate compounds, such as magnesium carbonate (MgCO3). This chemical interaction ensures the strong retention of CO2 on the sorbent surface, facilitating efficient gas capture at high temperatures. Thus, the efficiency of CO2 adsorption on modified zeolites depends on the type of oxide used for modification.




4. Conclusions


This study evaluated the physicochemical properties and CO2 adsorption capacities of natural zeolites from the Tayzhuzgen (Tg) and Shankanay (Sh) deposits. The Tayzhuzgen zeolite exhibited a Si/Al ratio of 5.6, indicating partial dealumination, which contributed to its enhanced structural stability and sorption efficiency. Mechanical activation improved the surface area and pore volume of the zeolite, further boosting its adsorption potential. The modification of the Tayzhuzgen zeolite with magnesium oxide (MgO/Tg) significantly enhanced its CO2 adsorption capacity, reaching 8.46 mmol CO2/g, owing to the formation of the CaMg(Si2O6) phase and increased basic active sites. Among the tested modifications, MgO/Tg demonstrated the highest basicity and sorption capacity, making it a promising candidate for high-temperature CO2 capture applications. These findings highlight the importance of understanding the textural and chemical properties of natural zeolites, particularly the role of the Si/Al ratio and surface modifications, in optimizing their adsorption performance. Future research should focus on scaling up the preparation of modified zeolites, testing their performance under industrially relevant conditions, and exploring their regeneration efficiency to ensure their viability in sustainable carbon capture technologies.
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Figure 1. The mini form for obtaining zeolites in the form of granules. 
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Figure 2. Photographic images of samples before and after calcination. 
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Figure 3. SEM micrographs: (a) Tg; (b) Tg 6:1. 






Figure 3. SEM micrographs: (a) Tg; (b) Tg 6:1.



[image: Processes 12 02592 g003]







[image: Processes 12 02592 g004] 





Figure 4. XRD profiles of Tg zeolite pre- and post-reaction. 
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Figure 5. Raman spectra of samples: 1—Tg with mechanical activation before reaction; 2—Tg without mechanical activation, 6:1 before reaction. 
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Figure 6. CO2 sorption capacity of natural zeolite. 
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Figure 7. CO2 sorption capacity of sorbents. 
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Figure 8. X-ray diffraction of samples: 1—Tg 6:1 before; 2—Tg 6:1 after; 3—Li2O/Tg 6:1 before; 4—Li2O/Tg 6:1 after; 5—MgO/Tg 6:1 before; 6—MgO/Tg 6:1 after; 7—Na2O/Tg 6:1 before; 8—Na2O/Tg 6:1 after. 
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Figure 9. Raman spectra of samples before reaction: 1—Na2O/Tg 6:1; 2—Li2O/Tg 6:1; 3—MgO/Tg 6:1. 
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Figure 10. TPD-CO2 sorbent profiles. 
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Figure 11. Mechanism of CO2 adsorption on the MgO/Tayzhuzgen 6:1 sorbent. 
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Table 1. Designation of sorbents.






Table 1. Designation of sorbents.





	Samples
	Abbreviation





	Zeolite Shankanay
	Sh



	Zeolite Tayzhuzgen
	Tg



	Zeolite Tayzhuzgen mechanically activated at 6:1
	Tg 6:1










 





Table 2. Elemental analysis of zeolites from Tg and Sh sites.
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	Composition, wt.%
	Al2O3
	SiO2
	CaO
	ZnO
	In2O3
	Fe2O3
	K2O





	Tg
	12.9
	72.2
	5.6
	1.2
	7.7
	0.4
	-



	Sh
	16.9
	49.5
	15.2
	-
	-
	14.7
	3.7










 





Table 3. The textural characteristics of the zeolites.
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	Samples
	Surface Area, m2/g





	Sh
	5.61



	Tg
	11.12



	Tg 6:1
	16.0










 





Table 4. Comparison of CO2 adsorption capacity on magnesium-containing adsorbents.
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Composition of Sorbents

	
Preparation Methods

	
CO2 Adsorption Temperature/°C

	
Adsorption Time (min)

	
Adsorption Capacity (wt. %)/mmol/g

	
Ref./This Work






	
Mg-MOF-74

	
sonochemical

method

	
25

	
-

	
35%

	
[34]




	
MgO/K2CO3

	
recipitation method

	
375

	
120

	
8.7

	
[35]




	
MgO-BM2.5h

	
solution–combustion

	
25 and 1 atm

	
30

	
1.611 mmol/g

	
[36]




	
MgO

	
sol–gel

	
30

	
-

	
0.68

	
[37]




	
PEI-MgO

	
sol–gel and impregnation

	
30

	
-

	
0.54 mmol/g




	
MgO-SiO2

	
acid leaching

	
75

	
-

	
0.41 mmol/g

	
[38]




	
MgOꞏKNO3

	
aerogel method

	
325

	
120

	
13.9%

	
[39]




	
MgO/Tg 6/1

	
capillary impregnation

	
500

	
30

	
8.46 mmol/g

	
[This work]




	
MgO-CeO2

	
sol–gel combustion

	
325

	
240

	
45%

	
[40]




	
Calcinated magnesite MgO

	
-

	
60 °C, 0.4 MПa

	
-

	
1.82 mmol/g

	
[41]




	
MgOꞏNa2CO3

	
aerogel method

	
325

	
240

	
4.3%

	
[42]




	
MgO

	
aerogel method

	
30

	
5

	
10%

	
[43]




	
MgO-SR

	
solid-state chemical reaction method

	
60

	
-

	
2.39 mmol/g

	
[22]




	
Mg-ZK-5

	
ion exchanges

	
30, 0.15 bar

	
-

	
1.9 mmol/g

	
[44]




	
Mg-CHA

	
ion exchanges

	
−0.15–60

0.15 bar

	
-

	
3.4 mmol/g

	
[31]
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