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Abstract

:

Hydrogen sulfide (H2S) removal from various industrial gases is crucial because it can cause huge damage to humans, the environment, and industrial production. Zeolite possesses huge specific surface area and well-developed pore structure, making it a promising adsorbent for H2S removal. This review attempts to comprehensively compile the current studies in the literature on H2S removal in gas purification processes using zeolites, including experimental and simulation studies, mechanism theory, and practical applications. Si/Al ratio, cations of zeolite, industrial gas composition and operating conditions, and H2S diffusion in zeolites affect desulfurization performance. However, further efforts are still needed to figure out the influence rules of the factors above and H2S removal mechanisms. Based on an extensive compilation of literature, we attempt to shed light on new perspectives for further research in the future.
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1. Introduction


Hydrogen sulfide (H2S) is a colorless, odorous, corrosive, and highly toxic impure gas that occurs in different industrial products, such as natural gas, biogas, syngas, and crude oil [1,2]. It is deadly for humans with a threshold limit value of 10 part per million (ppm) for 8-h exposure [3], immediate danger limit value of 20 ppm. H2S paralyzes the sense of smell and irritates eyes and lungs when the concentration is greater than 100 ppm. At ~1000 ppm, breathing stops immediately [4]. The properties of H2S are shown in Table 1 [5]. The acidity of H2S makes it corrosive to industrial facilities and pipelines. In addition, the combustion of H2S leads to the release of sulfur oxides, which is a main compound causing acid rain [6]. However, with the development of science and technology, more and more industrial processes prefer H2S levels below 1 ppm. In particular, the concentration of H2S in H2 used for fuel cells is regulated below 0.004 ppm [7]. Therefore, H2S removal, especially trace H2S removal from industrial gases, is of vital importance and great significance for both humans and the environment.



In order to remove H2S efficiently and economically, some technologies have been developed over the past decades, such as amine absorption [8], catalytic oxidation [9,10], Claus process [11], biological desulfurization [12], and adsorption. Among these technologies, adsorption processes have attracted extensive attention since they are easy to operate and cost-effective, and achieved ultra-deep H2S removal (below 1 ppm) [13]. Over the past decades, numerous studies have been carried out to develop high-performance adsorbents with high activity, sulfur capacity and selectivity, excellent thermal durability, and regeneration, including activated carbon, metal oxide [14,15], zeolite [16], mesoporous silica [17,18], and MOFs [19,20]. Zeolite is a promising adsorbent compared to others, as it has a wide range of sources and good thermal stability.



Zeolite is a class of three-dimensional ordered crystal material composed of SiO4 or AlO4 tetrahedra connected in a certain order by sharing oxygen atoms [21]. More than 250 zeolites have been discovered. Zeolite is widely used in adsorption, catalysis, and other fields as it has large specific surface area and molecular-level pores [22,23]. In addition, zeolites have many “cages” in their structure, which not only facilitate the diffusion of guest gas molecules inside the zeolite, but also provide space for accommodating other cations beneficial for subsequent further modification. Figure 1 shows the structure of several zeolites. So far, many zeolites have been studied as adsorbents for H2S removal and some progress has been made. However, the differences in structure, composition, and chemical properties result in different H2S adsorption mechanisms. Note that the pore size of zeolite is in the same order as the dynamic diameter of H2S. This pore dimension leads to potential H2S affinity as a result of physical confinement but also causes unavoidable diffusion barriers. These issues need to be taken into consideration when developing zeolite-based adsorbents for H2S removal.



This paper reviews the current status and issues of zeolite-based adsorbents used to remove H2S from industrial gases. Particular attention is paid to the adsorption mechanism and the measures as to how to enhance the adsorption performance. The results show that zeolites can remove H2S through both physical and chemical mechanisms, and the desulfurization performance can be improved by various modification methods. Some components in the industrial gas, such as CO2 and H2O, make an impact on H2S removal performance, and thus selectivity becomes a key parameter when assessing the adsorption performance. In addition, the studies of hydrogen sulfide removal by molecular simulation are also reviewed here. Based on these studies, we attempt to shed light on new perspectives for the further research.




2. Physical Adsorption


Owing to huge specific surface area and molecular-level pore channels allowing diffusion of guest gaseous molecules through the structure easily, zeolite is an excellent physical adsorbent. Physical mechanisms of H2S adsorption on faujasite-type (FAU) zeolite and Linde-Type-A (LTA) zeolite were studied [25,26]. When the partial pressure of H2S was high (above ~2.5 kPa), H2S molecules could coordinate with surface Na+ cations without dissociation.



Currently, pressure swing adsorption (PSA) is the most widely used technology for gas separation. Commonly used adsorbents in PSA processes include zeolites, activated carbon, silica, etc. Since these adsorbents are sensitive to water, and the adsorbent after water adsorption is hard to recover during PSA processes, water-free gases are preferred for the processes. At present, the performance evaluation standards for adsorbents have not been unified. However, compared to other adsorbents, zeolites have uniform pore structure with narrowly distributed channels and relatively good regeneration ability, thus they are preferred to be used in adsorption separation processes. For the demands on the process economic efficiency and product purity, excellent regeneration ability and selectivity of zeolites are required, and proper operation pressure and temperature are important as well. Since the 1970s, PSA technology with zeolite as adsorbents has been studied for separating and removing hydrogen sulfide from industrial gas streams. In 1978, a pioneering work was carried out by Karge and Rasko [25]. They investigated the desulfurization ability of FAU, focusing on the effect of different Si/Al ratios. The results indicated that NaY, which has a Si/Al ratio higher than 2.5, adsorbed H2S reversibly, while zeolite with a lower Si/Al ratio, such as 13X, could be a catalyst for H2S dissociation, leading to the formation of solid products, which result in poor regeneration performance. Similarly, Salman and Bishara [27] evaluated four types of zeolites as adsorbents for removing H2S from H2: 4A, 13X, NaY, and Y (rare earth). NaY zeolite had the highest sulfur capacity (80.5 mg/g zeolite) and adsorption efficiency among these four zeolites. As mentioned before, though zeolite 13X had relatively poor regeneration ability, it exhibited high adsorption capacity. Melo et al. [28] investigated the use of 13X for H2S removal from CH4. The results showed that a maximum adsorption capacity (52.7 mg/g) was obtained at 25 °C, 49 Pa. The best H2S adsorption capacity using 13X was reported by Cruz et al. [29], it reached nearly 170 mg/g at partial pressure of 8 kPa, 25 °C. Moreover, 13X had a satisfying ability of selective removal of the trace H2S from propane with a storage capacity of more than 62% (2500 kPa, 25 °C) [30].



H2S adsorption by LTA zeolite was also studied. The separation of bulk quantities of H2S from CO2 was investigated through a series of pressure swing adsorption experiments utilizing zeolite 4A, 5A, and 13X by Tomadakis and co-workers [31]. The feed gas mixed with pure H2S and CO2 was supplied into the bed after the column was pressurized by nitrogen to the desired adsorption pressure. Gas samples were drawn regularly and analyzed by a gas chromatograph. According to the results, high selectivity for H2S over CO2 was encountered with all three types of adsorbents, reaching up to 11.9 for 13X at 84% H2S concentration, 5.4 for 5A at 85% H2S concentration, and 2 for 4A at 61% H2S concentration. The best desorption recovery results obtained with 4A zeolites were between 76–91%. Furthermore, the group conducted another study to separate trace H2S from equimolar mixtures of CO2 and CH4 [32]. The H2S feed volume fraction was varied from 0.1% to 0.7% to determine the effect of H2S concentration on PSA process efficiency. The results indicated that zeolite 13X and 5A were capable of producing high purity methane (up to 98%) of zero or nearly zero H2S concentration in adsorption stage, and high purity carbon dioxide (up to 99.6%) in the desorption stage, H2S was enriched in desorption product gas (0.04–5.6%). Zeolite 4A achieved the highest average H2S desorption recovery efficiency and the most pronounced improvement in H2S concentration (in the collected desorption product vs. the feed), which was 72% and 2.9% vs. 0.3%, respectively. Furthermore, Wynnyk et al. [33] carried out a series of high pressure experiments to measure self-consistent adsorption isotherms and adsorption capacities for sour gas species (CO2, COS, CH4 and H2S) on zeolite 4A with Si/Al ratios between 1.14 and 1.15 at different temperature(0, 25, 50 °C). Zeolite 4A was activated under ultra-high vacuum (10−8 kPa) up to 400 °C. The saturation adsorption capacities at 0 °C extrapolated from the fitted isotherm of CO2, COS, CH4, and H2S were 7.25, 3.11, 9.16, and 5.87 mmol/g, respectively. The enthalpy of adsorption was also calculated using isotherms at different temperatures; at low loadings, the enthalpy value of CH4 and COS was 20 kJ/mol, while CO2 and H2S was ~35 kJ/mol (near saturation loading). Such small enthalpy values cannot suggest a chemisorption behavior.



All pure-silica zeolites are free of aluminum, resulting in their extremely low polarity and strong hydrophobicity [34]. Maghsoudi et al. [35] investigated pure component adsorption of H2S, CO2, and CH4 in an all-silica zeolite of chabazite (CHA) framework for the first time. Adsorption isotherms were measured over pressure range of 0–190 kPa and temperatures at 25, 50, and 75 °C. The results showed H2S adsorption mechanism was physical and H2S adsorption capacity was ~130 mg/g at 25 °C, 200 kPa.



Zeolites could be divided into synthetic zeolites and natural zeolites, and all the above mentioned were synthetic ones. However, there are many natural zeolites in nature. These zeolites have some advantages compared to synthetic ones, such as easy access and inexpensive. Yaşyerli et al. [36] investigated H2S adsorption properties of Western Anatolian clinoptilolite in a fixed-bed system at different temperatures between 100 and 600 °C in atmosphere. The clinoptilolite H2S capacity was found to decrease with the temperature increasing from 100 (92.4 mg/g) to 600 °C (31.9 mg/g). The results indicated that clinoptilolite could be used for H2S removal at temperatures lower than 600 °C. However, natural zeolites have a certain amount of impurities in the pores, which limits their applications [37]. The drawback could be improved through different activation methods and chemical and thermal treatment are the most used ones [38,39,40]. Moldovan et al. [38] treated clinoptilolite by chemical (2M NaCl), thermal (150 °C for 24 h), and thermo-chemical (2M NaCl, 150 °C for 24 h) method and compared their ability to remove NH4+ and H2S simultaneously from drinking and waste water. The zeolite structure did not change significantly after activation. Adsorption results showed that thermally activated zeolite possessed the highest removal efficiency both for NH4+ (77%, after 48 h) and H2S (87%, after 72 h), and H2S removal capacity was 0.87 mg/kg for drinking water (0.5 mg/L NH4+ and 0.5 mg/L H2S), 1.58mg/kg for wastewater (3.2 mg/L NH4+ and 2.5 mg/L H2S). Alonso et al. [39] compared the behavior of zeolite 5A, 13X, and clinoptilolite for H2S removal and upgrading of biogas. Prior to use, clinoptilolites were washed and calcinated to remove the soluble impurities and volatile compounds presented in their cavities or channels. Clinoptilolite washed at 40 °C and calcinated at 220 °C showed the H2S breakthrough capacity of 1.39 mg/g at 1 cm/s biogas (CH4/CO2/H2S) feeding velocity, 25 °C, 700 kPa, which was nearly 14 times higher than the original ones. Moreover, an unexpected behavior was observed for clinoptilolite because its H2S adsorption capacity improved remarkably with the number of cycles and stabilized from cycle 4. The author believed this phenomenon might be related to chemical adsorption mechanism. Ion-exchange method could be another choice for natural zeolite activation. The sulfur capacity of clinoptilolite could be improved by ion-exchange treatment with some metal ions, such as Zn2+, Fe3+, Mn2+, Cu2+, and Ni2+. After activation, adsorption occurred through physisorption on Bronsted centers and chemisorption over cations [41], and sulfur compound could interact with cations through π-complexation which resulted in significant increment of adsorption capacity [42].



In recent years, molecular simulations have become a powerful tool in material science to calculate material properties, predict material behavior, and validate experimental results. Applying these techniques can reduce the cost of experiments, improve safety, and enable difficult-to-perform experiments [43]. Cosoli et al. [44,45] carried out Grand Canonical Monte Carlo (GCMC) and ab initio quantum mechanics simulations for H2S removal by four different zeolites, including FAU (NaX, NaY), LTA, and MFI. The authors focused on the adsorption of pure H2S at 25 °C (with pressures from 10 to 1000 Pa), as well as competitive adsorption of H2S, CH4, and CO2 under typical biogas composition (CO2 and CH4 as bulk components, and H2S present in trace), a total pressure of about 100 kPa, and temperature of 25 °C. The results indicated that hydrophilic zeolites were preferred for H2S adsorption, mostly because of the higher calculated values of the isosteric heat of adsorption. Moreover, all hydrophilic zeolites showed higher selectivity of H2S with respect to CH4. A significant competitive adsorption by CO2 and CH4 was highlighted, especially in LTA and MFI frameworks, and these zeolites barely adsorbed H2S when the typical biogas composition was considered in the calculations. Shah et al. [46] carried out Gibbs ensemble Monte Carlo simulations to investigate the adsorption behavior of seven silica zeolites (CHA, DDR, FER, IFR, MFI, MOR, and MWW) for H2S and CH4, both pure-component and mixture, over a wide range of temperatures (25, 70 °C), pressures (100–5000 kPa), and compositions. The simulation results were in good agreement with experimental data reported by Maghsoudi et al. [35]; the force field of H2S and zeolite were verified at the same time [47,48]. The simulations demonstrated that selectivity increased with the increase of H2S concentration. Due to the favorable interactions between H2S and the zeolites, zeolite MOR and MFI exhibited the highest selectivity and the most favorable enthalpy of adsorption for H2S at low H2S concentration (below 10%) and high H2S concentration, respectively. In subsequent research, Shah et al. [49] also carried out a vast computational study of the adsorption of binary H2S/CH4 and H2S/C2H6 mixtures in the all-silica forms of 386 zeolitic frameworks. Figure 2 showed the performance of 62 adsorbents with the highest selectivities (the H2S/CH4 selectivity, SH2S/CH4; the H2S/C2H6 selectivity, SH2S/C2H6). According to the binary adsorption selectivities and capacities, they selected 16 promising zeolites and investigated the adsorption performance for a five-component mixture involving H2S, CO2, CH4, C2H6, and N2 in a 25:10:50:10:5 mole ratio. It was found that different sorbents allow for optimal H2S removal depending on the fractions of CH4, C2H6, and CO2. These studies provided the basis for the synthesis and application of all-silica zeolites in H2S removal.



Silicoaluminophosphate (SAPO) is an important class of microporous zeotype and has proven useful for industrial catalysis and separation. SAPO-43 is one of the SAPO zeolites, its structural information is shown in Figure 3. However, it is unsuitable for sour gas removal from other gases due to its low thermal stability. To improve the shortcoming, Hernandez-Maldonado et al. [50] calcined SAPO-43 partially and applied the treated samples to separate CO2, H2S, and H2O from natural gas. Elemental analysis results and CO2 heats of adsorption pointed to the presence of amine-like compounds entrapped in the surface of SAPO-43. In general, it was found that H2S adsorption capacity was 88 mg/g at 25 °C and atmospheric conditions. The authors proposed that regeneration using chemicals such as H2O2 might help remove H2S thoroughly without the need to thermal regeneration.




3. Chemical Adsorption


Chemical adsorption (chemisorption) occurs when electrons are transferred, exchanged, or shared between the adsorbate and solid adsorbent surface atoms, or molecules, to form a covalent or ionic bond. Different from all silica zeolites, aluminosilicate zeolites framework is composed of SiO4 and AlO4, which causes Bronsted acid sites and Lewis acid sites. In order to keep overall charge balance, aluminosilicate zeolites framework needs cations such as Na+, K+, Ca2+, etc. [51], which allow the possibility of strong interactions with H2S. Thus, in addition to physical adsorption, chemisorption also occurs during the adsorption processes. There are two mechanisms for H2S chemisorption adsorption by bare zeolite: sulfide–zeolite π-complexation and sulfur–metal bond formation. Generally, in order to achieve better desulfurization performance, zeolite needs to be modified before use. However, different modification methods may lead to different desulfurization mechanisms. Relevant studies are reviewed by modification methods as follows.



3.1. Ion-Exchange Modification


Certain metal ions can be introduced to zeolites through ion-exchange modification that improves its activity and selectivity on H2S removal. As zeolites contain Bronsted and Lewis acid sites, they can act as catalysts when an oxidant (such as SO2) is present and the Claus reaction occurs [52,53,54,55,56]. In more cases, no oxidant is present in the gas composition. Kumar et al. [57] prepared silver and copper cations ion-exchange zeolites X and Y. Then, they studied the H2S adsorption capacities of these zeolites for 10 ppm H2S in He and N2 in the absence and presence of CO2 (20%), CO (2%), and H2O (2%) in gas mixtures using a fixed-bed reactor (Figure 4).



The results showed that AgX possessed the highest H2S adsorption capacity under different gas components at both room temperature and 150 °C, exceeding 40 mg/g. H2S adsorption capacities reduced in the order of AgX > AgY > CuX > CuY > NaX at room temperature. Interestingly, H2S could not be removed by CuX and CuY in the presence of 2% CO. This was because the copper in these zeolites mainly existed in the form of Cu+, which adsorbed CO selectively. Similarly, Chen et al. [58] prepared Ag, Zn, and Co modified NaX zeolites by ion-exchange method and studied their adsorption performance of H2S and COS removal from Claus tail gas at 25 °C. After modification, the microscopic properties of zeolites had been changed. The surface of zeolites became rougher, and some zeolite particles were broken. Due to the smaller ionic radius and higher valence of Zn2+ and Co2+, ZnX and CoX had more inside vacant spaces than NaX, resulting in larger specific area and pore volume. In this study, AgX also achieved the highest H2S adsorption breakthrough capacity (52 mg/g) under normal pressure and temperature, and H2S adsorption breakthrough capacities reduced in the order of AgX > ZnX > CoX > NaX. The authors also carried out regeneration experiments, the results showed that the adsorption capacity of used AgX reached up to 93.5% of the fresh one after treatment at 350 °C under air atmosphere. Furthermore, density functional theory (DFT) calculations were used to explore the adsorption mechanism. Figure 5 showed the adsorption configurations of H2S on these zeolites cluster models. The study indicated that the S-M bond was formed between H2S and metal ion, and Ag-sulfide bond was the strongest with the Mayer bond order at 0.639.



Similarly, Long et al. [59] synthesized ZnX, CuX, MnX, CaX, NiX, and CoX by ion-exchange method and investigated the adsorptive of H2S at room temperature. The results showed that ZnX possessed the highest capacity of 23.5 mg/g. They proposed the mechanism of H2S removal by ZnX: Zn2+ + H2S → (Zn−SH2)2+ads, (Zn−SH2)2+ads → ZnS + 2H+. Tran et al. [60] found that the desulfurization ability of NaX treated by Co2+ ion-exchange and heating was enhanced significantly due to the increase in the mesopore volume. They also proposed the chemisorption mechanism: H2S + [Co(Ox)6]2+X2− → CoS↓+ H2X + Ox. Another DFT study was conducted by Sung et al. [61] The authors investigated the capabilities of Cu-Y and Ag-Y zeolite for selective H2S removal from Claus tail gas and compared their adsorption energies with Li-Y, Na-Y, and K-Y. According to the adsorption energies, Ag-Y had the best predicted selectivity for the adsorption of H2S, while Cu-Y and alkali metal-exchanged Y zeolites tended to adsorb CO and H2O strongly, respectively. Subsequently, the authors carried out further DFT research to compute the adsorption energies of H2S and other Claus tail gas components (CO, H2O, N2, and CO2) using zeolite cluster model to explore the potential use of Zn(II)Y, Ni(II)Y, and Ga(III)Y, as selective adsorbents for H2S [62]. It was found that these zeolites were all favorable for strong adsorption of H2O, and they proposed that using Cu(II)Y zeolites for H2O removal, followed by H2S removal using GaY, might be a useful strategy for adsorptive desulfurization. DFT calculations were also carried out to investigate natural gas compounds (H2S, COS, CO2, and CH4) adsorption on FeY, CoY, NiY, CuY, and ZnY zeolite clusters [63]. H2S, COS, and CO2 adsorption on these zeolites were shown to be dominated by charge-transfer and polarization energy contributions, indicating the occurrence of a chemical reaction. Furthermore, H2S adsorption energy on Co-Y and Ni-Y zeolite was −147.02 and −128.78 kJ/mol, respectively, which was at least 50% greater than that of CO2, COS, and CH4. Moreover, compared to CoY, NiY was more selective in H2S adsorption due to its stronger interaction with H2S than CH4. These results demonstrated that Ni-Y zeolite was a promising selective adsorbent material for natural gas desulfurization. More recently, Bareschino et al. [56] studied and modeled H2S adsorption from a synthetic biogas mixture by NaX in a fixed bed adsorption column and a one dimensional coupled heat and mass transfer model based on Linear Driving Force (LDF) was proposed. The parameters of the model were in good agreement with previous literature.



To gain a deeper understanding of the mechanism of H2S adsorption by ion-exchanged zeolite, IR analysis was applied. According to IR results, the first H2S molecule was adsorbed dissociatively on aluminum-rich FAU zeolite to produce OH groups [64], and at higher coverages, H2S dissociated into HS− and H+, as shown in Figure 6. The type A zeolites were also investigated [65]. Upon adsorption of H2S onto ZnNaA and MnNaA zeolites, a band at 2560 cm−1 was found in the result. It was concluded that the band was due to the product of both dissociative and non-dissociative adsorption. Water formation was observed on adsorption of H2S onto MnNaA, ZnNaA, and CoNaA, which was in consistent with previous studies [55,66,67]. However, the source of O in H2O remained unclear.



Recently, Sigot et al. [68,69] investigated the effect of moisture on the H2S removal performance of zeolite and proposed an adsorption-oxidation mechanism for H2S adsorption by 13X at the presence of H2O. The mechanism involved five stages: H2S adsorption on the surface of zeolite (H2S(g) → H2S(ads)), dissolution of H2S in water film deposited on the surface (H2S(ads) → H2S(aq)), dissociation of H2S (H2S(aq) + H2O(l) → HS−(aq) + H3O+(aq)), oxidation of HS− by adsorbed oxygen to form element sulfur (HS−(aq) + O(ads) → S(ads) + OH−(aq)), and conversion of element sulfur to stable sulfur polymers (xS(ads) → Sx(ads)). The formation of stable sulfur polymers comprised the thermal regeneration of 13X. Thus, the other regeneration methods were proposed by the authors, such as high temperature desorption at 500–600 °C in inert atmosphere, desorption–oxidation in air at a temperature <400 °C, desorption under reduced pressure and chemical dissolution with organic solvents.



When CO2 exists in feed gas, in addition to the competitive adsorption, it also reacts with H2S. The reaction H2S + CO2 ⇄ COS + H2O was reported on reactive adsorption of H2S and CO2 on cation-exchanged LTA and FAU zeolites in several studies [70,71,72]. As we know, zeolites were favorable for H2O adsorption, resulting in the above reaction moving to the right. The results showed that H2S conversion on LTA reached up to 50% for a Si/Al ratio of 1, and nearly zero for a Si/Al ratio of 3 [70]. These studies inspired us to focus on the COS breakthrough when investigating H2S breakthrough behavior on cationic zeolites in the presence of CO2.



Titanosilicates were a class of microporous zeolites that were obtained in 1989 for the first time [73,74]. Rezaei et al. [75] investigated low temperature reactive H2S removal using different copper-exchanged Engelhard titanosilicates, named ETS-2, ETS-4, and ETS-10. The copper loading of Cu-ETS-2, Cu-ETS-4, and Cu-ETS-10 were 12.5%, 4.8%, and 8.4%, respectively. The adsorption results showed that Cu-ETS-2, activated at 100 °C, had the highest H2S breakthrough capacity of 47 mg/g with the copper utilization of 71%. It was capable of maintaining a column outlet concentration of H2S of less than 0.5 ppm for ∼27 h, which was superior to commercial adsorbents. The H2S adsorption behavior of Cu-ETS-2 at high temperature was also studied to explain whether the structural changes due to high temperature (>500 °C) affected the H2S capacity of the adsorbent [76]. Below 750 °C, the adsorbent could remove 99% of H2S from the feed gas (500 ppm H2S in He) and achieve the breakthrough capacity of more than 50 mg/g. Above this temperature, H2S adsorption capacity reduced due to the reduction of Cu2+ in the presence of H2 generated from thermally dissociated H2S. Furthermore, the authors prepared Ag, Ca, Cu, and Zn ion-exchanged ETS-2 and investigated their desulfurization performance of 10 ppm H2S in He at room temperature [77]. Breakthrough experimental results showed that Cu-ETS-2 had the highest sulfur adsorption capacity of 29.7 mg/g, even higher than that of commercial samples (R3-11G, 36 wt% CuO, BASF). Recently, Cu-ETS-2, Cu-Cr-ETS-2, and Ce-ETS-2 were prepared by ion-exchange method and tested for their H2S removal performance in the temperature range of 75–950 °C under hydrogen-rich and water-rich atmospheres [78]. The gas mixture was composed of He (69%), H2 (14% or 28%), H2O (17% or 3%), and 500 ppm H2S. Cu-ETS-2, Cu-Cr-ETS-2, and Ce-ETS-2 exhibited H2S capacities of 41 mg/g at 350 °C, 20 mg/g at 75 °C, and 3 mg/g at 250 °C, respectively. It was found that the adsorption of H2S by the adsorbents was promoted in the presence of water. As for Cu-Cr-ETS-2, the presence of chromium effectively stabilized the copper against reduction to metallic copper up to 950 °C [79]. The H2S capacity remained ~61mg/g from 350 °C to 950 °C.




3.2. Metal Oxide Loading


In 1970s, Westmoreland and Harrison [80] concluded that oxides of Zn, Cu, Fe, Mn, Co, Mo, Ca, V, Sr, Ba, and W had the potential for high-temperature desulfurization by using free energy minimization method, and metal oxide desulfurizers quickly became a research hotspot. However, bulk metal oxides have limited desulfurization kinetics and active component utilization due to their low specific surface areas, insufficient porosity and poor dispersion [81]. In order to improve these disadvantages, loading metal oxide particles on porous supports is an effective method [82,83,84,85,86]. Since zeolites have regular channels and high hydrothermal stability, they become good adsorbent carriers. Loading active metal oxides onto zeolites can compensate for the shortcomings of bulk metal oxides and obtain high-performance desulfurization adsorbents.



Pi et al. [87] prepared a series of NaX-WO3 by a mechanical mixing method using NaX powder and WO3 powder. The desulfurization test was carried out in a fixed bed with the composition of feed gas: 2% H2S, 1% of O2, 10% H2O and N2. Because of the stronger adsorption of H2O on NaX, the presence of H2O significantly decreased the activity of NaX. The authors confirmed that the addition of WO3 caused either a decrease of the strong adsorption of water vapor on the zeolite NaX or an increase of the reducibility of WO3 by some interactions between zeolite NaX and WO3. Lee et al. [88] synthesized NaA zeolites from smelting slag and prepared iron-incorporated NaA zeolite. They found that the maximum concentration of iron that can be accommodated into the NaA zeolite was 78 mM, and the highest H2S adsorption capacity at 30 °C, 101 kPa was 15 mg/g which was higher than commercial zeolites such as 4A and 13X. Liu et al. [89] synthesized a novel regenerable hybrid TiO2/zeolite composite with double advantages of zeolite adsorption and TiO2 photocatalysis. The materials showed an excellent performance in selective H2S removal and simultaneously SO2 emission reduction in biogas purification process. They also built a setup for biogas purification: a UV-light was placed in the center of the columns to supply irradiation (3 mW/cm2, 365 nm), and a compound parabolic concentrator was used for providing irradiation in the back of the columns. Simulated biogases with different compositions were passed through the columns and the concentrations of H2S and SO2 in the outlet gas were measured. The results showed that the hybrid TiO2/zeolite composite possessed the highest H2S capacity (4.4 mg/g) compared to that of the bare zeolite (1.7 mg/g) and TiO2 (2.4 mg/g) and released the lowest SO2 at the same time.



ZnO is a promising H2S adsorbent because of the low cost and high desulfurization precision. ZnO (10–30 wt% loading) impregnated on NaA zeolite was prepared by Abdullah et al. [90]. The adsorption of H2S from biogas was also investigated in a fixed bed reactor. According to the results, dispersion of ZnO took place at the surface and internal pores of NaA zeolite, which resulted in the reduction of micropore surface area and micropore volume of NaA zeolite. Furthermore, ZnO loading concentration needed to be controlled at less than the critical dispersion capacity to avoid forming bulk zinc oxide. NaA zeolite with 20 wt% ZnO loading achieved the highest capacity of 15.75 mg/g. The authors further used Response Surface Methodology (RSM) and Box–Behnken experimental design to study the effects of adsorption variables (reaction temperature, inlet H2S concentration, inlet flow rate), on the adsorbent adsorption capacity. The results showed that all three variables had significant effects on adsorption breakthrough capacity. The highest adsorption capacity of 33 mg/g was obtained at optimum conditions: reaction temperature 28 °C, inlet flow rate 22 mL/min, and inlet H2S concentration 111 ppm.



Silicoaluminophosphate zeolites loaded with metal oxides were also studied. In order to figure out the effect of different incorporation methods on H2S adsorption, Elmutasim et al. [91] prepared copper modified AlPO4-5 and SAPO-5 via isomorphic substitution, liquid ion exchange (LIE), vapor phase ion exchange (VIE), and nanoparticles inclusion during hydrothermal synthesis. The adsorption experiments were conducted in a fixed bed reactor, where the feed gas was comprised of 100 ppm H2S and balance N2. The parent AlPO4-5 showed the lowest sulfur capacity among these samples, attributed to the lack of acid sites coupled with the weak interaction of H2S with its surface. AlPO4-5 modified by isomorphic substitution had almost no desulfurization ability due to the strong interaction between Cu and AlPO4-5 lattice thus hindering its reactivity. The highest sulfur removal capacity at 150 °C was obtained over the CuO nanoparticles supported in AlPO4-5 (10% CuO/AlPO4-5), followed by a sample prepared by VIE (Cu-VIE-0.2), accounting for H2S breakthrough capacities of 10.5 and 5.8 mg/g, respectively. Liu et al. [92] carried out a pilot study to synthesize SAPO-34@as-prepared SBA-15 (SS) as a support. The support was used for Zn-based spinel loading (Figure 7). The results showed that ZnCo2O4 spinel loaded onto SS exhibited an outstanding desulfurization behavior and higher breakthrough capacity (138.08 mg/g) for simulate coal gas at 550 °C compared to other sorbents whose partial Co was substituted by Mn or Fe in spinel B-site. This was because the formation of Mn3(PO4)2 or Fe3(PO4)2 exacerbates the instability of spinel nano-crystallites. According to the desulfurization-regeneration cycles test, the breakthrough capacity of ZnCo2/SS declined during the successive recycles, which was related with the evaporative Zn substance, the remains of high stable sulfides and the partial sintering of ZnCo2/SS. This study also verified the action of phosphate ions with H2S during desulfurization.



The synergetic effect of mixed metal oxides was investigated by Gasper-Galvin et al. [93]. The authors prepared oxides of Cu-, Mo-, and Mn-supported SP-115 zeolite and investigated their hot gas desulfurization performance at 871 °C and 205 kPa. The copper oxide was the main active component to react with H2S, while Mo and Mn oxides acted as catalysts/promoters to enhance the initial desulfurization activity and the crush strength, respectively. The as-prepared materials maintained their reactivity and stability during successive multicycle sulfidation/regeneration.





4. Zeolite Membrane


Over the past three decades, membrane processes have received a lot of attention for gas separations due to their intrinsic properties such as low carbon footprint, good selectivity, and no phase change during operation. These factors lead to the reduction costs of construction and operation [94,95,96]. Due to the uniform pore texture, zeolite membranes have high selectivity and stability. Separation of CO2 and hydrocarbons using zeolite membranes have been reported by several studies [97,98]. However, there are few studies focusing on the removal of H2S using zeolite membranes.



Maghsoudi and Soltanieh [99] prepared high silica (Si/Al~5) CHA type zeolite membranes and studied the H2S removal ability of these materials from ternary (H2S-CO2-CH4) gas mixture. The 20 μm-thick zeolite was synthesized by in situ crystallization method on a plate-like α-alumina support, as shown in Figure 8. A good separation ability of H2S and CH4 was achieved because H2S was adsorbed physically on the zeolite. The authors carried out an experiment at 25 °C and 400 kPa pressure difference to evaluate the membrane separation performance. A ternary gas mixture with the composition CO2: 2.13 mol%, H2S: 0.3 mol%, and CH4: 97.57 mol%, was used. The results demonstrated that the as-prepared materials were able to separate H2S from CH4, with the H2S permeance of 1.70 × 10−8 mol/m2s Pa and H2S/CH4 selectivity of 3.24. The results showed the potential of zeolite membranes for desulfurization in industry.




5. Intracrystalline Diffusion of H2S


Molecular diffusion, a basic form of mass transfer, is caused by irregular particle movement. Since the pore diameter of zeolite is similar to the gas molecular diameter, diffusion resistance is inevitable when gas molecules diffuse through the zeolite. However, the diffusion of gas molecules confined in zeolite is essential for adsorption (especially chemisorption), catalytic reaction rate etc. [100]. There are several factors affecting gas molecules diffusion behavior in zeolites, such as the topological structure of zeolite, temperature, and concentrations. Research on the intracrystalline diffusion of hydrocarbons in different zeolites has been carried out extensively [101,102,103], but similar studies on H2S are very limited.



Sun and Han [104] carried out a systematic study on the diffusion behavior of H2S, SO2, N2, and O2 in zeolites MFI and 4A by molecular dynamics simulations under different temperature and loading. The results showed that higher temperature was favored for gas molecules diffusion in zeolite, and the gas self-diffusivity value decreased in the order of O2 > N2 > H2S > SO2 at high loadings and temperatures in both two zeolites. However, the gas diffusion order was different in the two zeolites at lower loadings because of the different topological structure of MFI (straight channels) and 4A (α-cages). Interestingly, the diffusion coefficients of guest molecules in the two zeolites showed different trends with the increase of loadings: decrease in MFI and increase in 4A, which was because the relatively lower saturation level of guest molecules in 4A. The authors also calculated the center of mass (COM) probability densities to give insight into molecular-level diffusion process. The authors believed that the reason why probability density values of H2S were lower than that of SO2 was that the formation of H-bond between H2S and zeolite framework decrease the probability density values of H2S in MFI and 4A.




6. Conclusions and Perspectives


Removal of H2S from various industrial gases is critical because of its highly toxic and corrosive nature. In this review, recent experimental and simulation progress in H2S removal using zeolites has been summarized briefly according to different mechanisms. Zeolite possesses huge specific area and ordered pore structure. Different types of zeolites have different mechanisms for hydrogen sulfide adsorption due to different pore size, Si/Al ratios, cation species, and active components loading, which can be divided into physical adsorption and chemical adsorption. The adsorption process is not only affected by the properties of the zeolite itself, but also by the composition of the feed gas and the desulfurization conditions. Some impurities in industrial gas, especially H2O and CO2, have competitive adsorption with H2S; moreover, CO2 may react with H2S under the catalysis of certain zeolites to produce COS, affecting the desulfurization efficiency. The H2S removal efficiency also varies with temperature and pressure. Unfortunately, H2S removal mechanism by zeolite and the influence rules of various external factors have not been clarified, and further research is needed.



Based on the review, suitable zeolites should be chosen according to different gas compositions and desulfurization conditions in actual industrial production. Furthermore, as some industrial processes require higher gas purity, hydrogen sulfide needs to be removed to an extremely low level (ppb level). Therefore, in future research, we not only need to focus on improving the selectivity of zeolite adsorption, but also develop a novel type of zeolite used for trace H2S removal. At present, some progress has been made in improving desulfurization of zeolite treated by means of ion exchange, metal oxide loading, etc., but the desulfurization mechanism theories are still needed to be developed. Meanwhile, the study on the intracrystalline diffusion of H2S in zeolites is still insufficient, which is essential for zeolite applications and needs to be taken seriously. In particular, experimental and simulation calculations of diffusivities of zeolites with intracrystalline defects, as well as reactions need to be done for further research. In this aspect, molecular simulations and artificial intelligence can also be used to help us screen materials or guide the synthesis of proper materials. In addition, zeolite membrane occupies advantages in both zeolite adsorption and membrane separation, which has a potential industrial application and becomes another important research highlight for the future.







Author Contributions


Conceptualization, T.Y.; methodology, T.Y.; investigation, T.Y.; writing—original draft preparation, T.Y.; writing—review and editing, Y.W., J.X., Z.L. and Z.C.; supervision, Z.L., J.X. and Y.W.; project administration, J.X. and Y.W.; funding acquisition, J.X. and Y.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant numbers 22178196, 22108147, and 22025801. The APC was funded by the National Natural Science Foundation of China, grant numbers 22178196.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This work was supported by the National Natural Science Foundation of China, grant numbers 22178196, 22108147, and 22025801.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



De Falco, G.; Montagnaro, F.; Balsamo, M.; Erto, A.; Deorsola, A.F.; Lisi, L.; Cimino, S. Synergic effect of Zn and Cu oxides dispersed on activated carbon during reactive adsorption of H2S at room temperature. Microporous Mesoporous Mater. 2018, 257, 135–146. [Google Scholar] [CrossRef]

	



Peluso, A.; Gargiulo, N.; Aprea, P.; Pepe, F.; Caputo, D. Nanoporous Materials as H2S Adsorbents for Biogas Purification: A Review. Sep. Purif. Rev. 2019, 48, 78–89. [Google Scholar] [CrossRef]

	



Chen, Y.-J.; Gao, X.-M.; Di, X.-P.; Ouyang, Q.-Y.; Gao, P.; Qi, L.-H.; Li, C.-Y.; Zhu, C.-L. Porous Iron Molybdate Nanorods: In situ Diffusion Synthesis and Low-Temperature H2S Gas Sensing. ACS Appl. Mater. Interfaces 2013, 5, 3267–3274. [Google Scholar] [CrossRef] [PubMed]

	



Guidotti, T.L. Hydrogen Sulfide: Advances in Understanding Human Toxicity. Int. J. Toxicol. 2010, 29, 569–581. [Google Scholar] [CrossRef]

	



PubChem. Hydrogen Sulfide [A/OL]. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/402 (accessed on 12 June 2022).

	



Liu, G.; Huang, Z.-H.; Kang, F. Preparation of ZnO/SiO2 gel composites and their performance of H2S removal at room temperature. J. Hazard. Mater. 2012, 215-216, 166–172. [Google Scholar] [CrossRef] [PubMed]

	



Du, Z.; Liu, C.; Zhai, J.; Zhai, J.; Guo, X.; Xiong, Y.; Su, W.; He, G. A Review of Hydrogen Purification Technologies for Fuel Cell Vehicles. Catalysts 2021, 11, 393. [Google Scholar] [CrossRef]

	



Mandal, B.P.; Biswas, A.K.; Bandyopadhyay, S.S. Selective absorption of H2S from gas streams containing H2S and CO2 into aqueous solutions of N-methyldiethanolamine and 2-amino-2-methyl-1-propanol. Sep. Purif. Technol. 2004, 35, 191–202. [Google Scholar] [CrossRef]

	



Mi, J.; Liu, F.; Chen, W.; Chen, X.; Shen, L.; Cao, Y.; Au, C.; Huang, K.; Zheng, A.; Jiang, L. Design of Efficient, Hierarchical Porous Polymers Endowed with Tunable Structural Base Sites for Direct Catalytic Elimination of COS and H2S. ACS Appl. Mater. Interfaces 2019, 11, 29950–29959. [Google Scholar] [CrossRef]

	



Basina, G.; Elmutasim, O.; Gaber, D.A.; Gaber, S.A.; Lu, X.; Tzitzios, V.; Vaithilingam, B.V.; Baikousi, M.; Asimakopoulos, G.; Karakassides, M.A.; et al. On the selective oxidation of H2S by heavy loaded Nanoparticles Embedded in Mesoporous Matrix (NEMMs). Appl. Catal. B Environ. 2020, 278, 119338. [Google Scholar] [CrossRef]

	



Eow, J.S. Recovery of sulfur from sour acid gas: A review of the technology. Environ. Prog. 2002, 21, 143–162. [Google Scholar] [CrossRef]

	



Muñoz, R.; Meier, L.; Diaz, I.; Jeison, D. A review on the state-of-the-art of physical/chemical and biological technologies for biogas upgrading. Rev. Environ. Sci. Bio/Technol. 2015, 14, 727–759. [Google Scholar] [CrossRef]

	



Shah, M.S.; Tsapatsis, M.; Siepmann, J.I. Hydrogen Sulfide Capture: From Absorption in Polar Liquids to Oxide, Zeolite, and Metal–Organic Framework Adsorbents and Membranes. Chem. Rev. 2017, 117, 9755–9803. [Google Scholar] [CrossRef] [PubMed]

	



Cimino, S.; Lisi, L.; de Falco, G.; Montagnaro, F.; Balsamo, M.; Erto, A. Highlighting the effect of the support during H2S adsorption at low temperature over composite Zn-Cu sorbents. Fuel 2018, 221, 374–379. [Google Scholar] [CrossRef]

	



Yu, T.; Chen, Z.; Wang, Y.; Xu, J. Synthesis of ZnO-CuO and ZnO-Co3O4 Materials with Three-Dimensionally Ordered Macroporous Structure and Its H2S Removal Performance at Low-Temperature. Processes 2021, 9, 1925. [Google Scholar] [CrossRef]

	



Liu, X.; Wang, R. Effective removal of hydrogen sulfide using 4A molecular sieve zeolite synthesized from attapulgite. J. Hazard. Mater. 2017, 326, 157–164. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Wang, X.; Song, C. “Molecular Basket” Sorbents for Separation of CO2 and H2S from Various Gas Streams. J. Am. Chem. Soc. 2009, 131, 5777–5783. [Google Scholar] [CrossRef]

	



Okonkwo, C.N.; Okolie, C.; Sujan, A.; Zhu, G.; Jones, C.W. Role of Amine Structure on Hydrogen Sulfide Capture from Dilute Gas Streams Using Solid Adsorbents. Energy Fuels 2018, 32, 6926–6933. [Google Scholar] [CrossRef]

	



Hamon, L.; Serre, C.; Devic, T.; Loiseau, T.; Millange, F.; Fe’rey, G.; Weireld, G.D. Comparative Study of Hydrogen Sulfide Adsorption in the MIL-53(Al, Cr, Fe), MIL-47(V), MIL-100(Cr), and MIL-101(Cr) Metal−Organic Frameworks at Room Temperature. J. Am. Chem. Soc. 2009, 131, 8775–8777. [Google Scholar] [CrossRef]

	



Belmabkhout, Y.; Bhatt, P.M.; Adil, K.; Pillai, R.S.; Cadiau, A.; Shkurenko, A.; Maurin, G.; Liu, G.; Koros, W.J.; Eddaoudi, M. Natural gas upgrading using a fluorinated MOF with tuned H2S and CO2 adsorption selectivity. Nat. Energy 2018, 3, 1059–1066. [Google Scholar] [CrossRef]

	



Koohsaryan, E.; Anbia, M. Nanosized and hierarchical zeolites: A short review. Chin. J. Catal. 2016, 37, 447–467. [Google Scholar] [CrossRef]

	



Kokuryo, S.; Miyake, K.; Uchida, Y.; Mizusawa, A.; Kubo, T.; Nishiyama, N. Defect engineering to boost catalytic activity of Beta zeolite on low-density polyethylene cracking. Mater. Today Sustain. 2022, 17, 100098. [Google Scholar] [CrossRef]

	



Dusselier, M.; Van Wouwe, P.; Dewaele, A.; Jacobs, P.A.; Sels, B.F. Shape-selective zeolite catalysis for bioplastics production. Science 2015, 349, 78–80. [Google Scholar] [CrossRef]

	



Weitkamp, J. Zeolites and catalysis. Solid State Ion. 2000, 131, 175–188. [Google Scholar] [CrossRef]

	



Karge, H.G.; Raskó, J. Hydrogen sulfide adsorption on faujasite-type zeolites with systematically varied Si-Al ratios. J. Colloid Interface Sci. 1978, 64, 522–532. [Google Scholar] [CrossRef]

	



Maugé, F.; Sahibed-Dine, A.; Gaillard, M.; Ziolek, M. Modification of the Acidic Properties of NaY Zeolite by H2S Adsorption—An Infrared Study. J. Catal. 2002, 207, 353–360. [Google Scholar] [CrossRef]

	



Salman, O.A.; Bishara, A.I. Selective separation of hydrogen sulfide by pressure-swing adsorption. Energy 1987, 12, 1275–1279. [Google Scholar] [CrossRef]

	



Melo, D.M.A.; De Souza, J.R.; Melo, M.A.F.; Martinelli, A.E.; Cachima, G.H.B.; Cunha, J.D. Evaluation of the zinox and zeolite materials as adsorbents to remove H2S from natural gas. Colloids Surf. A Physicochem. Eng. Asp. 2006, 272, 32–36. [Google Scholar] [CrossRef]

	



Cruz, A.J.; Pires, J.; Carvalho, A.P.; Carvalho, M.B.D. Physical Adsorption of H2S Related to the Conservation of Works of Art: The Role of the Pore Structure at Low Relative Pressure. Adsorption 2005, 11, 569–576. [Google Scholar] [CrossRef]

	



Bandarchian, F.; Anbia, M. Conventional hydrothermal synthesis of nanoporous molecular sieve 13X for selective adsorption of trace amount of hydrogen sulfide from mixture with propane. J. Nat. Gas Sci. Eng. 2015, 26, 1380–1387. [Google Scholar] [CrossRef]

	



Tomadakis, M.M.; Heck, H.H.; Jubran, M.E.; Al-harthi, K. Pressure-Swing Adsorption Separation of H2S from CO2 with Molecular Sieves 4A, 5A, and 13X. Sep. Sci. Technol. 2011, 46, 428–433. [Google Scholar] [CrossRef]

	



Heck, H.H.; Hall, M.L.; Dos Santos, R.; Tomadakis, M.M. Pressure swing adsorption separation of H2S/CO2/CH4 gas mixtures with molecular sieves 4A, 5A, and 13X. Sep. Sci. Technol. 2018, 53, 1490–1497. [Google Scholar] [CrossRef]

	



Wynnyk, K.G.; Hojjati, B.; Pirzadeh, P.; Marriott, R.A. High-pressure sour gas adsorption on zeolite 4A. Adsorption 2017, 23, 149–162. [Google Scholar] [CrossRef]

	



Flanigen, E.M.; Bennett, J.M.; Grose, R.W.; Cohen, J.P.; Patton, R.L.; Kirchner, R.M.; Smith, J.V. Silicalite, a new hydrophobic crystalline silica molecular sieve. Nature 1978, 271, 512–516. [Google Scholar] [CrossRef]

	



Maghsoudi, H.; Soltanieh, M.; Bozorgzadeh, H.; Mohamadalizadeh, A. Adsorption isotherms and ideal selectivities of hydrogen sulfide and carbon dioxide over methane for the Si-CHA zeolite: Comparison of carbon dioxide and methane adsorption with the all-silica DD3R zeolite. Adsorption 2013, 19, 1045–1053. [Google Scholar] [CrossRef]

	



Yaşyerli, S.; Ar, İ.; Doğu, G.; Doğu, T. Removal of hydrogen sulfide by clinoptilolite in a fixed bed adsorber. Chem. Eng. Process. Process Intensif. 2002, 41, 785–792. [Google Scholar] [CrossRef]

	



Ackley, M.W.; Rege, S.U.; Saxena, H. Application of natural zeolites in the purification and separation of gases. Microporous Mesoporous Mater. 2003, 61, 25–42. [Google Scholar] [CrossRef]

	



Moldovan, A.; Cadar, O.; Levei, E.A.; Puskas, F.; Senila, M. Natural and Activated Zeolites as Effective Adsorbents in Drinking Water and Wastewater Treatment. In Proceedings of the International Multidisciplinary Scientific GeoConference: SGEM, Sofia, Bulgaria, 27 Jun–6 July 2020; Volume 20, pp. 281–288. [Google Scholar]

	



Alonso-Vicario, A.; Ochoa-Gómez, J.R.; Gil-Río, S.; Gómez-Jiménez-Aberasturi, O.; Ramírez-López, C.A.; Torrecilla-Soria, J.; Domínguez, A. Purification and upgrading of biogas by pressure swing adsorption on synthetic and natural zeolites. Microporous Mesoporous Mater. 2010, 134, 100–107. [Google Scholar] [CrossRef]

	



Wahono, S.K.; Prasetyo, D.J.; Jatmiko, T.H.; Suwanto, A.; Pratiwi, D.; Hernawan; Vasilev, K. Transformation of Mordenite-Clinoptilolite Natural Zeolite at Different Calcination Temperatures. In Proceedings of the IOP Conference Series: Earth and Environmental Science, Tangerang, Indonesia, 1–2 November 2018; Volume 251, p. 012009. [Google Scholar]

	



Akhalbedashvili, L.; Beruashvili, T.; Jalagania, S.; Janashvili, N.; Merabashvili, N. Adsorption of H2S from Thermal Water Using Clinoptilolite. In Proceedings of the IOP Conference Series: Earth and Environmental Science, Prague, Czech Republic, 6–10 September 2021; Volume 906, p. 012047. [Google Scholar]

	



Moradi, M.; Karimzadeh, R.; Moosavi, E.S. Modified and ion exchanged clinoptilolite for the adsorptive removal of sulfur compounds in a model fuel: New adsorbents for desulfurization. Fuel 2018, 217, 467–477. [Google Scholar] [CrossRef]

	



Charpentier, J.-C. The triplet “molecular processes–product–process” engineering: The future of chemical engineering? Chem. Eng. Sci. 2002, 57, 4667–4690. [Google Scholar] [CrossRef]

	



Cosoli, P.; Ferrone, M.; Pricl, S.; Fermeglia, M. Hydrogen sulphide removal from biogas by zeolite adsorption Part, I. GCMC molecular simulations. Chem. Eng. J. 2008, 145, 86–92. [Google Scholar] [CrossRef]

	



Cosoli, P.; Ferrone, M.; Pricl, S.; Fermeglia, M. Hydrogen sulfide removal from biogas by zeolite adsorption. Part II. MD simulations. Chem. Eng. J. 2008, 145, 93–99. [Google Scholar] [CrossRef]

	



Shah, M.S.; Tsapatsis, M.; Siepmann, J.I. Monte Carlo Simulations Probing the Adsorptive Separation of Hydrogen Sulfide/Methane Mixtures Using All-Silica Zeolites. Langmuir 2015, 31, 12268–12278. [Google Scholar] [CrossRef]

	



Shah, M.S.; Tsapatsis, M.; Siepmann, J.I. Development of the Transferable Potentials for Phase Equilibria Model for Hydrogen Sulfide. J. Phys. Chem. B 2015, 119, 7041–7052. [Google Scholar] [CrossRef]

	



Bai, P.; Tsapatsis, M.; Siepmann, J.I. TraPPE-zeo: Transferable Potentials for Phase Equilibria Force Field for All-Silica Zeolites. J. Phys. Chem. C 2013, 117, 24375–24387. [Google Scholar] [CrossRef]

	



Shah, M.S.; Tsapatsis, M.; Siepmann, J.I. Identifying Optimal Zeolitic Sorbents for Sweetening of Highly Sour Natural Gas. Angew. Chem. 2016, 128, 6042–6046. [Google Scholar] [CrossRef]

	



Hernández-Maldonado, A.J.; Yang, R.T.; Chinn, D.; Munson, C.L. Partially Calcined Gismondine Type Silicoaluminophosphate SAPO-43: Isopropylamine Elimination and Separation of Carbon Dioxide, Hydrogen Sulfide, and Water. Langmuir 2003, 19, 2193–2200. [Google Scholar] [CrossRef]

	



Kesraoui-Ouki, S.; Cheeseman, C.R.; Perry, R. Natural zeolite utilisation in pollution control: A review of applications to metals’ effluents. J. Chem. Technol. Biotechnol. 1994, 59, 121–126. [Google Scholar] [CrossRef]

	



Piéplu, A.; Saur, O.; Lavalley, J.-C.; Legendre, O.; Nédez, C. Claus Catalysis and H2S Selective Oxidation. Catal. Rev. 1998, 40, 409–450. [Google Scholar] [CrossRef]

	



Kerr, G.T.; Johnson, G.C. Catalytic Oxidation of Hydrogen Sulfide to Sulfur over a Crystalline Aluminosilicate. J. Phys. Chem. 1960, 64, 381–382. [Google Scholar] [CrossRef]

	



Dudzik, Z.; Ziólek, M. The specific catalytic activity of sodium faujasites in H2S oxidation. J. Catal. 1978, 51, 345–354. [Google Scholar] [CrossRef]

	



Deo, A.V.; Lana, I.G.D.; Habgood, H.W. Infrared studies of the adsorption and surface reactions of hydrogen sulfide and sulfur dioxide on some aluminas and zeolites. J. Catal. 1971, 21, 270–281. [Google Scholar] [CrossRef]

	



Bareschino, P.; Mancusi, E.; Forgione, A.; Pepe, F. Biogas purification on Na-X Zeolite: Experimental and numerical results. Chem. Eng. Sci. 2020, 223, 115744. [Google Scholar] [CrossRef]

	



Kumar, P.; Sung, C.-Y.; Muraza, O.; Cococcioni, M.; Hashimi, S.A.; McCormick, A.; Tsapatsis, M. H2S adsorption by Ag and Cu ion exchanged faujasites. Microporous Mesoporous Mater. 2011, 146, 127–133. [Google Scholar] [CrossRef]

	



Chen, X.; Shen, B.; Sun, H.; Zhan, G. Ion-exchange modified zeolites X for selective adsorption desulfurization from Claus tail gas: Experimental and computational investigations. Microporous Mesoporous Mater. 2018, 261, 227–236. [Google Scholar] [CrossRef]

	



Long, N.Q.; Vuong, H.T.; Ha, H.K.P.; Kuniawan, W.; Hinode, H.; Baba, T. Preparation, Characterization and H2S Adsorptive Removal of Ion-Exchanged Zeolite X. ASEAN Eng. J. 2016, 5, 4–14. [Google Scholar]

	



Tran, H.-L.; Kuo, M.-S.; Yang, W.-D.; Huang, Y.-C. Hydrogen sulfide adsorption by thermally treated cobalt (II)-exchanged NaX zeolite. Adsorpt. Sci. Technol. 2016, 34, 275–286. [Google Scholar] [CrossRef]

	



Sung, C.-Y.; Al Hashimi, S.; McCormick, A.; Tsapatsis, M.; Cococcioni, M. Density Functional Theory Study on the Adsorption of H2S and Other Claus Process Tail Gas Components on Copper- and Silver-Exchanged Y Zeolites. J. Phys. Chem. C 2012, 116, 3561–3575. [Google Scholar] [CrossRef]

	



Sung, C.-Y.; Al Hashimi, S.; McCormick, A.; Cococcioni, M.; Tsapatsis, M. A DFT study on multivalent cation-exchanged Y zeolites as potential selective adsorbent for H2S. Microporous Mesoporous Mater. 2013, 172, 7–12. [Google Scholar] [CrossRef]

	



Braga, M.U.C.; Perin, G.H.; De Oliveira, L.H.; Arroyo, P.A. DFT calculations for adsorption of H2S and other natural gas compounds on (Fe, Co, Ni, Cu and Zn)–Y zeolite clusters. Microporous Mesoporous Mater. 2022, 331, 111643. [Google Scholar] [CrossRef]

	



Karge, H.G.; Ziółek, M.; Łaniecki, M. U.v./vis and i.r. spectroscopic study of hydrogen sulphide adsorption on faujasite-type zeolites. Zeolites 1987, 7, 197–202. [Google Scholar] [CrossRef]

	



Howard, J.; Kadir, Z.A. The adsorption of H2S on some transition metal exchanged zeolites: An infrared study. Spectrochim. Acta Part A Mol. Spectrosc. 1985, 41, 825–831. [Google Scholar] [CrossRef]

	



Förster, H.; Schuldt, M. Infrared spectroscopic study of the adsorption of hydrogen sulfide on zeolites NaA and NaCaA. J. Colloid Interface Sci. 1975, 52, 380–385. [Google Scholar] [CrossRef]

	



Garcia, C.L.; Lercher, J.A. Adsorption of hydrogen sulfide on ZSM-5 zeolites. J. Phys. Chem. 1992, 96, 2230–2235. [Google Scholar] [CrossRef]

	



Sigot, L.; Fontseré Obis, M.; Benbelkacem, H.; Germain, P.; Ducom, G. Comparing the performance of a 13X zeolite and an impregnated activated carbon for H2S removal from biogas to fuel an SOFC: Influence of water. Int. J. Hydrogen Energy 2016, 41, 18533–18541. [Google Scholar] [CrossRef]

	



Sigot, L.; Ducom, G.; Germain, P. Adsorption of hydrogen sulfide (H2S) on zeolite (Z): Retention mechanism. Chem. Eng. J. 2016, 287, 47–53. [Google Scholar] [CrossRef]

	



Fellmuth, P.; Lutz, W.; Bülow, M. Influence of weakly coordinated cations and basic sites upon the reaction of H2S and CO2 on zeolites. Zeolites 1987, 7, 367–371. [Google Scholar] [CrossRef]

	



Lutz, W.; Suckow, M.; Bülow, M. Adsorption of hydrogen sulphide on molecular sieves: No enrichment in the presence of carbon dioxide. Gas Sep. Purif. 1990, 4, 190–196. [Google Scholar] [CrossRef]

	



Bülow, M.; Lutz, W.; Suckow, M. The Mutual Transformation of Hydrogen Sulphide and Carbonyl Sulphide and Its Role for Gas Desulphurization Processes with Zeolitic Molecular Sieve Sorbents. In Studies in Surface Science and Catalysis; Dąbrowski, A., Ed.; Elsevier: Amsterdam, The Netherlands, 1999; Volume 120, pp. 301–345. [Google Scholar]

	



Oleksiienko, O.; Wolkersdorfer, C.; Sillanpää, M. Titanosilicates in cation adsorption and cation exchange—A review. Chem. Eng. J. 2017, 317, 570–585. [Google Scholar] [CrossRef]

	



Kuznicki, S.M. Large-Pored Crystalline Titanium Molecular Sieve Zeolites. U.S. Patent 4,853,202A, 1 August 1989. [Google Scholar]

	



Rezaei, S.; Tavana, A.; Sawada, J.A.; Wu, L.; Junaid, A.S.M.; Kuznicki, S.M. Novel Copper-Exchanged Titanosilicate Adsorbent for Low Temperature H2S Removal. Ind. Eng. Chem. Res. 2012, 51, 12430–12434. [Google Scholar] [CrossRef]

	



Yazdanbakhsh, F.; Bläsing, M.; Sawada, J.A.; Rezaei, S.; Mülle, M.; Baumann, S.; Kuznicki, S.M. Copper Exchanged Nanotitanate for High Temperature H2S Adsorption. Ind. Eng. Chem. Res. 2014, 53, 11734–11739. [Google Scholar] [CrossRef]

	



Rezaei, S.; Jarligo, M.O.D.; Wu, L.; Kuznicki, S.M. Breakthrough performances of metal-exchanged nanotitanate ETS-2 adsorbents for room temperature desulfurization. Chem. Eng. Sci. 2015, 123, 444–449. [Google Scholar] [CrossRef]

	



Roller, D.; Bläsing, M.; Dreger, I.; Yazdanbakhsh, F.; Sawada, J.A.; Kuznicki, S.M.; Mülle, M. Removal of Hydrogen Sulfide by Metal-Doped Nanotitanate under Gasification-Like Conditions. Ind. Eng. Chem. Res. 2016, 55, 3871–3878. [Google Scholar] [CrossRef]

	



Yazdanbakhsh, F.; Alizadehgiashi, M.; Bläsing, M.; Mülle, M.; Sawada, J.A.; Kuznicki, S.M. Cu–Cr–O Functionalized ETS-2 Nanoparticles for Hot Gas Desulfurization. J. Nanosci. Nanotechnol. 2016, 16, 878–884. [Google Scholar] [CrossRef]

	



Westmoreland, P.R.; Harrison, D.P. Evaluation of candidate solids for high-temperature desulfurization of low-Btu gases. Environ. Sci. Technol. 1976, 10, 659–661. [Google Scholar] [CrossRef]

	



Khabazipour, M.; Anbia, M. Removal of Hydrogen Sulfide from Gas Streams Using Porous Materials: A Review. Ind. Eng. Chem. Res. 2019, 58, 22133–22164. [Google Scholar] [CrossRef]

	



Su, Y.-M.; Huang, C.-Y.; Chyou, Y.-P.; Svoboda, K. Sulfidation/regeneration multi-cyclic testing of Fe2O3/Al2O3 sorbents for the high-temperature removal of hydrogen sulfide. J. Taiwan Inst. Chem. Eng. 2017, 74, 89–95. [Google Scholar] [CrossRef]

	



Balsamo, M.; Cimino, S.; De Falco, G.; Erto, A.; Lisi, L. ZnO-CuO supported on activated carbon for H2S removal at room temperature. Chem. Eng. J. 2016, 304, 399–407. [Google Scholar] [CrossRef]

	



Geng, Q.; Wang, L.-J.; Yang, C.; Zhang, H.-Y.; Zhang, Y.-R.; Fan, H.-L.; Huo, C. Room-temperature hydrogen sulfide removal with zinc oxide nanoparticle/molecular sieve prepared by melt infiltration. Fuel Process. Technol. 2019, 185, 26–37. [Google Scholar] [CrossRef]

	



Cara, C.; Rombi, E.; Mameli, V.; Ardu, A.; Angotzi, M.S.; Niznansky, D.; Musinu, A.; Cannas, C. γ-Fe2O3-M41S Sorbents for H2S Removal: Effect of Different Porous Structures and Silica Wall Thickness. J. Phys. Chem. C 2018, 122, 12231–12242. [Google Scholar] [CrossRef]

	



Cara, C.; Rombi, E.; Musinu, A.; Mameli, V.; Ardu, A.; Angotzi, M.S.; Atzori, L.; Niznansky, D.; Xin, H.; Cannas, C. MCM-41 support for ultrasmall γ-Fe2O3 nanoparticles for H2S removal. J. Mater. Chem. A 2017, 5, 21688–21698. [Google Scholar] [CrossRef]

	



Pi, J.-H.; Lee, D.-H.; Lee, J.-D.; Jun, J.H.; Park, N.-K.; Ryu, S.-O.; Lee, T.-J. The study on the selective oxidation of H2S over the mixture zeolite NaX-WO3 catalysts. Korean J. Chem. Eng. 2004, 21, 126–131. [Google Scholar] [CrossRef]

	



Lee, S.-K.; Jang, Y.-N.; Bae, I.-K.; Chae, S.-C.; Ryu, K.-W.; Kim, J.-K. Adsorption of Toxic Gases on Iron-Incorporated Na-A Zeolites Synthesized from Melting Slag. Mater. Trans. 2009, 50, 2476–2483. [Google Scholar] [CrossRef]

	



Liu, C.; Zhang, R.; Wei, S.; Wang, J.; Liu, Y.; Li, M.; Liu, R. Selective removal of H2S from biogas using a regenerable hybrid TiO2/zeolite composite. Fuel 2015, 157, 183–190. [Google Scholar] [CrossRef]

	



Abdullah, A.H.; Mat, R.; Somderam, S.; Aziz, A.S.A.; Mohamed, A. Hydrogen sulfide adsorption by zinc oxide-impregnated zeolite (synthesized from Malaysian kaolin) for biogas desulfurization. J. Ind. Eng. Chem. 2018, 65, 334–342. [Google Scholar] [CrossRef]

	



Elmutasim, O.; Basina, G.; Shami, D.A.; Gaber, D.; Gaber, S.; Karanikolos, G.N.; Wahedi, Y.A. On the impact of copper local environment on hydrogen sulfide adsorption within microporous AlPO4-5. J. Environ. Chem. Eng. 2020, 8, 104245. [Google Scholar] [CrossRef]

	



Liu, Q.; Liu, B.; Liu, Q.; Xu, R.; Xia, H. Lattice substitution and desulfurization kinetic analysis of Zn-based spinel sorbents loading onto porous silicoaluminophosphate zeolites. J. Hazard. Mater. 2020, 383, 121151. [Google Scholar] [CrossRef]

	



Gasper-Galvin, L.D.; Atimtay, A.T.; Gupta, R.P. Zeolite-Supported Metal Oxide Sorbents for Hot-Gas Desulfurization. Ind. Eng. Chem. Res. 1998, 37, 4157–4166. [Google Scholar] [CrossRef]

	



Babu, V.P.; Kraftschik, B.E.; Koros, W.J. Crosslinkable TEGMC asymmetric hollow fiber membranes for aggressive sour gas separations. J. Membr. Sci. 2018, 558, 94–105. [Google Scholar] [CrossRef]

	



Ma, Y.; Guo, H.; Selyanchyn, R.; Wang, B.; Deng, L.; Dai, Z.; Xia, J. Hydrogen sulfide removal from natural gas using membrane technology: A review. J. Mater. Chem. A 2021, 9, 20211–20240. [Google Scholar] [CrossRef]

	



Basu, S.; Khan, A.L.; Cano-Odena, A.; Liu, C.; Vankelecom, I.F.J. Membrane-based technologies for biogas separations. Chem. Soc. Rev. 2010, 39, 750–768. [Google Scholar] [CrossRef]

	



Poshusta, J.C.; Tuan, V.A.; Pape, E.A.; Noble, R.D.; Falconer, J.L. Separation of light gas mixtures using SAPO-34 membranes. AIChE J. 2000, 46, 779–789. [Google Scholar] [CrossRef]

	



Cui, Y.; Kita, H.; Okamoto, K. Preparation and gas separation performance of zeolite T membrane. J. Mater. Chem. 2004, 14, 924. [Google Scholar] [CrossRef]

	



Maghsoudi, H.; Soltanieh, M. Simultaneous separation of H2S and CO2 from CH4 by a high silica CHA-type zeolite membrane. J. Membr. Sci. 2014, 470, 159–165. [Google Scholar] [CrossRef]

	



Kärger, J.; Ruthven, D.M. Diffusion in nanoporous materials: Fundamental principles, insights and challenges. New J. Chem. 2016, 40, 4027–4048. [Google Scholar] [CrossRef]

	



Shen, B.; Chen, X.; Wang, H.; Xiong, H.; Bosch, E.G.T.; Lazić, I.; Cai, D.; Qian, W.; Jin, S.; Liu, X. A single-molecule van der Waals compass. Nature 2021, 592, 541–544. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Chu, Y.; Tang, X.; Huang, L.; Li, G.; Yi, X.; Zheng, A. Diffusion Dependence of the Dual-Cycle Mechanism for MTO Reaction inside ZSM-12 and ZSM-22 Zeolites. J. Phys. Chem. C 2017, 121, 22872–22882. [Google Scholar] [CrossRef]

	



Liu, Z.; Yi, X.; Wang, G.; Tang, X.; Li, G.; Huang, L.; Zheng, A. Roles of 8-ring and 12-ring channels in mordenite for carbonylation reaction: From the perspective of molecular adsorption and diffusion. J. Catal. 2019, 369, 335–344. [Google Scholar] [CrossRef]

	



Sun, Y.; Han, S. Diffusion of N2, O2, H2S and SO2 in MFI and 4A zeolites by molecular dynamics simulations. Mol. Simul. 2015, 41, 1095–1109. [Google Scholar] [CrossRef]








[image: Separations 09 00229 g001 550] 





Figure 1. Structures of four selected zeolites (from top to bottom: faujasite or zeolites X, Y; zeolite ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and dimensions. Reprinted with permission from Ref. [24]. 2000, Elsevier. 
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Figure 2. Selectivity (left axis) and ΔHads (right axis) in top-performing zeolite structures at yF = 0.50, T = 343 K, and p = 50 bar. SH2S/CH4 cyan triangles, SH2S/C2H6 magenta squares, and ΔHads (for the H2S/CH4 mixture) green bars. Reprinted with permission from Ref. [49]. 2016, Wiley. 
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Figure 3. Structural schematic of SAPO-43 viewed along [100] (left) and 8-ring viewed along [100] (right). Source: Database of Zeolite Structure of the International Zeolite Association (IZA): https://asia.iza-structure.org/IZA-SC/ftc_table.php. (accessed on 23 June 2022). 
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Figure 4. H2S adsorption capacities of NaX, AgY, AgX, CuX, and CuY zeolites for 10 ppm H2S in He and N2 in the absence and presence of CO2 (20%), CO (2%), and H2O (2%) in the feed at (a) room temperature and (b) 150 °C. Reprinted with permission from Ref. [57]. 2011, Elsevier. 
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Figure 5. Adsorption configurations of H2S on (a) NaX, (b) AgX, (c) ZnX(i), (d) ZnX(ii), (e) CoX(i), and (f) CoX(ii) cluster models. (Red: O, orange: Si, white: H, pink: Al, yellow: S, purple: Na, blue: Ag, grey: Zn, dark blue: Co.) Reprinted with permission from Ref. [58]. 2018, Elsevier. 
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Figure 6. Diagram of dissociative H2S adsorption on an aluminosilicate zeolite. 
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Figure 7. Schematic diagrams of (A) synthetic SS composite and (B) ZnCo2O4 structure. SEM photographs and EDS spectra of (C) SS, (D) ZnCo2/SS and (E) S-ZnCo2/SS. Reprinted with permission from Ref. [92]. 2020, Elsevier. 
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Figure 8. SEM photographs taken from surface and cross section of the membrane. Reprinted with permission from Ref. [99]. 2014, Elsevier. 
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Table 1. Summary of H2S properties.
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	Property
	Value





	Molar mass
	34.08 g/mol



	Relative gas density
	1.19



	Odor threshold low
	0.001 ppm



	Triple point
	187.6 K



	Explosive range
	4.5~46%



	Kinetic diameter
	0.36 nm



	Dipole moment
	0.97 D



	Odor
	Rotten eggs
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  separations-09-00229


  
    		
      separations-09-00229
    


  




  





media/file8.jpg
¢ <
o ©
¢
’
4
@ © o





media/file11.png
H./«.\.u.

Si





media/file6.jpg
cuy

9100 + )

CuX

=

F

MO +5H)
0 +5%)

3 :.w%.xm.k 3

—~
< =

S =

e a4 ® 3T © N @ § @ ¥ O
< < o8 o -~ - o© o

(B1oww) Ayoedeo uondiospe 5% (B/1oww) Ayoedeo uondiospe §PH






media/file1.png
Faujasite

XandY

» \ ‘.
/ Sodalite Unit \
N ZSM-12
—
. -

0.56 nm
. N e x 0.53 nm
SiO,,, -or \ a ZSM-5 0.55 nm
AIO,,” - s s Silicalite-1 x0.51nm
Tetrahedra ® \6\
Pentasil Unit N
0.45nm
\ OO0 x 0.55 nm
s Theta-1
——— & (A >
v ZSM-22






media/file13.png
B
Q rj\ Wk\ AIO, ¢ @

= i} P123 1.8 o Q
A O oo 2 .
(/\JVX\/ rz@—%@—@zr‘_—/ B0 ' o
| As-SBA-15 o 5
N O

po® NG P Py
ss G@\d\(\b 3 od._’\ﬁ\ el o O Tl ) S o , o
composite € ‘ P123 e | P123 o
zeolite < e e i
SRR LY © Co/Mn/Fe atom
() Zn atom O atom
. ) :

o e

Element-Atom%
0-62.13 Al-26.29

. Si-8.17 P-3.42

20

15

10

S

. 2 A 6 24

Energy [keV]

R A S B S

Rl Element-Atom%

* 0-63.53 AI-7.17

1

. Si-8.99 P-3.12

10 Zn&CO-11.64 Zn-5.56
Co

8 Co Zn

6

Element-Atom% |
- 0-58.35 Al-6.41 :
0 Si9.10 P-301 |
*\lm, co7.96 zn3es |
|
|
|
|
|

S$-11.50 H u






media/file10.jpg





media/file7.png
aHNO®H +S°H
8H/(0D +S%H)
8HA®0D +S%H)

aH/(OPH +S°H)

8H/(09D +S°H)

aH/NO®H + S*H)
aH/N0D +S%H)

e aH/(*0D +S°H)
]
S
o © A ! < o

(6/10ww) Ayoedes uondiospe S?H

CuY

CuX

AgX

AgY

aH/N(O%H + S°H)
aH/(09 +S°H)

CuX

AgX

AgY

8H/(0D +S%H)

8H/NO®H + S*H)

o aHA0D +S*H)
o aH/(*0D +S%H)
F4
o @H/SH
N © o ®© ¥ O

(610ww) Ayoedes uondiospe S?H





media/file12.jpg
PRE—— " 2
e SN woy L' =
o &t 5
2 ]
P Ze Bl
& ||
S
o
O 2Znatom e 0t






media/file9.png





media/file14.jpg





media/file5.png





media/file15.png
265.0kV 6.0 500X






media/file3.png
-1
AH 4 [k mol™]

10000

1000






media/file4.jpg





media/file0.jpg
® —

Sodalite Unit

Tetrahedra
Pentasil Unit

N B an






media/file2.jpg





