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Currently, the potential of biomethane derived from biogas is substantial, positioning it to fulfill a considerable share of the United Kingdom’s total energy needs. The primary challenge associated with raw biogas lies in purifying it to produce biomethane, a process that necessitates the removal of carbon dioxide and hydrogen sulfide. Among the various methods, adsorption of activated carbon (AC) stands out as a particularly effective and cost-efficient approach for converting biogas into biomethane, provided that the regeneration of AC proves economically viable. In this research, a segment of activated carbon was utilized to assess the adsorption properties when exposed to a gas mixture of CO2, H2S, and N2 within a regenerative activated carbon setup. This investigation encompassed the analysis of adsorption and desorption behaviors, process capacities, and the impact of regeneration. To enhance the adsorption of CO2, electro-conductive polymers (ECPs) were incorporated into the AC samples, leading to an extension in breakthrough time. Subsequent to adsorption, the electric potential swing desorption (EPSD) was employed for in situ regeneration of activated carbon samples, involving potentials of up to 30 V. The findings exhibited that the newly introduced EPSD technique considerably diminished desorption durations for both H2S and CO2. Moreover, it successfully rejuvenated the accessible adsorption sites, resulting in reduced desorption times compared to the initial breakthrough time during adsorption. Consequently, the EPSD system proves to be a promising candidate for in situ regeneration of activated carbon to eliminate CO2 and H2S from biogas. Notably, this approach offers inherent advantages over conventional methods including thermal swing adsorption (TSA) and pressure swing adsorption (PSA) in terms of regeneration. The demonstrated method underscores the potential for more efficient and economically viable cycles of adsorption and desorption, thereby enhancing the overall biogas-to-biomethane conversion process to achieve SDGs 7 and 13 for clean and green energy applications.
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1 INTRODUCTION
Biogas has emerged as a promising renewable energy source, boasting of abundant availability, cost-effectiveness, and positive environmental attributes. It results from the anaerobic digestion of organic materials like agricultural waste, municipal solid waste, and wastewater sludge, yielding a gas mixture consisting of methane (CH4), carbon dioxide (CO2), and minor amounts of hydrogen sulfide (H2S), ammonia (NH3), and water vapor (H2O) (Zhao et al., 2023a; Zhao et al., 2023b; Feng et al., 2023). Nonetheless, the presence of impurities, particularly CO2 and H2S, impedes its utilization as a clean energy resource (Farooq et al., 2017; Yuan, J et al., 2023).
Biogas upgradation to biomethane usually involves the removal of CO2, H2S, and other non-methane gases and adjusting the calorific value to make biomethane compatible with fossil natural gas (NG) and liquefied natural gas (LNG), as shown in Table 1 (Cheah et al., 2016). Biomethane typically consists of 86%–96% CH4, 2%–6% CO2, and H2S <10 ppm and can be used in vehicles or injected in national natural gas grids (Ghafoori 2021). In comparison, NG and LNG have H2S contents well below 1 ppm since an H2S level even below 2 ppm is toxic to the nervous system of humans and corrosive to the equipment including engines and pipes and causes multiple environmental issues (Díaz et al., 2015). The concentration of CO2 and H2S in biogas varies with the AD feedstocks, and the concentration of H2S is high in sewerage and agriculture and animal waste, where it ranges from 600 ppm to 20,000 ppm, as compared to municipal and landfill waste, where it varies from 3 ppm to 3,000 ppm (Kanjanarong et al., 2017). The necessity to reduce the CO2 and H2S concentration to be in compliance with grid injection standards is a challenge (Memetova et al., 2022). Hence, for many European countries, the H2S concentration in biomethane is allowed to be 5–10 ppm, which is significantly higher than that typical for NG or LNG. According to ISO 15403:2006 and the European Association for the Streamlining of Energy Exchange-gas (EASEE), H2S is allowed up to <5 mg/m3 for the natural gas and up to <3.3–5 mg/m3 for LNG, but it is typically below 1 ppm in practice due to issues caused by its odor. For biomethane, different European countries generally allow significant H2S levels, where UK, Austria, Belgium, France, Denmark, Holland, and Germany have levels typically ≤5 mg/m3, whereas Italy has a level of ≤6.6 mg/m3, Poland and the Czech Republic ≤7 mg/m3, and Brazil and Sweden ≤10 mg/m3 (Svensson et al., 2019). The Wobbe Index (WI) in Table 1 also of biomethane is less than that of LNG and NG. The WI of biomethane is low compared to that of LNG and NG because of a higher CO2 content since the allowed CO2 quantity ranges from 2%–6%. The Wobbe Index is the main indicator of the interchangeability of fuel gases and is frequently defined in the specifications of gas supply and transport utilities (Molino et al., 2013).
TABLE 1 | Typical commercial natural gas, LNG, and biomethane composition.
[image: Table 1]The commercial technologies used for biogas upgradation are mainly absorptive and adsorptive processes, as well as processes based on membrane filtration or cryogenic separation. These established techniques are facing significant challenges in terms of energy consumption and operating costs, which may add substantial costs to the upgraded gas (Papurello et al., 2022).
The main barrier for increased biogas utilization is its upgradation to biomethane, where elimination of CO2 and H2S is required (Weiland, 2020; Rasi et al., 2011; Farooq et al., 2012; Bai et al., 2023). These are Renewable Heat Incentives (RHIs) that provide 7.5 p/KWh to the producers of biomethane of all capacities (Jenkins et al., 2016). In recent times, carbon capture and adsorbent regeneration methods have garnered significant attention for their potential to enhance biogas purification efficiency and mitigate CO2 emissions. Carbon capture technologies encompass the separation and extraction of CO2 from biogas, offering possibilities for applications like enhanced oil recovery, carbon utilization, and sequestration (Chinea et al., 2023; Zhang et al., 2021). Adsorbent regeneration methods involve the restoration of spent adsorbents, which can be reused post-regeneration, thereby reducing purification costs (Tinnirello et al., 2020).
Hydrogen sulfide stands as a noxious and corrosive gas, formed naturally in the anaerobic digestion process that yields biogas. With a distinctively pungent odor, H2S poses risks to human wellbeing, inducing respiratory and neurological complications at elevated levels (Papurello et al., 2014). Furthermore, unaddressed H2S within biogas can induce complications downstream, notably within power generation and heating systems. Combusting biogas containing H2S results in sulfur dioxide (SO2) formation, a prime contributor to acid rain and a potent greenhouse gas. Furthermore, H2S can initiate corrosion within equipment and pipelines involved in biogas handling, transportation, and utilization (Tang et al., 2023). Consequently, the elimination of H2S from biogas serves two primary purposes: safeguarding human health and averting environmental contamination.
Numerous techniques exist for H2S removal from biogas, with method selection contingent upon diverse factors encompassing H2S concentration, flow rate, temperature, and intended biogas application downstream (Tabish et al., 2022). Collectively, expunging H2S from biogas is a pivotal step to ensure the secure and efficient harnessing of biogas as a renewable energy source, while simultaneously mitigating its adverse environmental consequences.
The cost of biogas upgradation shows that the cost of biogas cleaning reduced with the increase in the plant capacity (Svensson et al., 2019). These values were used for the comparison analysis of biomethane production by activated carbon adsorption (Jiang et al., 2022). The total projected capital and operating costs with the activated carbon equates to a reduction of 17.3% and 64.5%, respectively, which shows the economic viability of this method. The cost of the upgrade is significantly reduced by the physical adsorption of activated carbon. Hence, there is a strong political drive toward decreasing the cost of biomethane production.
To render biogas suitable for fuel applications, a purification process is vital for impurity removal. Various biogas purification techniques, spanning physical, chemical, and biological methods, have been developed to address this issue. Among these methods, adsorption stands out as a highly effective and widely employed approach, not only eliminating impurities but also enabling the recovery of valuable components from biogas. Physical adsorption by activated carbon bed is the most attractive and convenient desulfurization method (Evangelisti et al., 2015). Hence, adsorption by activated carbon (AC) could be an efficient and economical approach because activated carbon is a cost-effective material compared to other adsorbents like alumina, silica, and zeolites (Farooq et al., 2020; Xi et al., 2021). Activated carbon has risen to prominence as a remarkably efficient and widely utilized adsorbent for carbon capture. With its extensive porosity and substantial surface area, activated carbon offers an ideal platform for capturing CO2 from flue gases and other sources. This adsorption process has attributes of efficiency, cost-effectiveness, and environmental compatibility (Roque-Malherbe 2007; Wang et al., 2023). Derived from diverse carbonaceous sources like coal, coconut shells, and wood, activated carbon undergoes chemical treatment and high-temperature processing for the development of its porous structure. This structure, characterized by a significant surface area, greatly enhances the adsorption process. The material’s pronounced affinity for CO2 renders it an exceptional choice for capturing this gas from high-CO2-content flue gases. The reversibility of the adsorption process makes it reusable, contributing to its efficiency and cost-effectiveness. A notable benefit of employing activated carbon lies in its versatility, allowing customization for specific applications. Adjusting the pore size, surface area, and chemical composition can augment activated carbon’s adsorption capacity, making it adaptable to diverse industrial requirements. Another advantage of activated carbon is its ability to concurrently capture other pollutants alongside CO2. Its substantial porosity and surface area enable the capture of sulfur dioxide (SO2), nitrogen oxides (NOx), and other contaminants, extending its utility beyond carbon capture. Furthermore, activated carbon boasts of advantages such as affordability, straightforward regeneration, and compatibility with various processing conditions (Farooq et al., 2021). Its eco-friendliness stems from its renewable origin and the potential for regeneration and recycling. Activated carbon stands as a versatile and effective adsorbent for carbon capture. Its remarkable surface area, customizable properties, and positive environmental attributes position it favorably for a range of industrial applications. Continued development of activated carbon in the context of carbon capture is poised to play a significant role in reducing greenhouse gas emissions and addressing climate change concerns (Farooq et al., 2017).
This paper presents a comprehensive overview of biogas purification techniques, with a specific focus on carbon capture and adsorbent regeneration methods. It delves into adsorption and regeneration techniques by evaluating their efficacy in eliminating biogas impurities. In the present research, the adsorption and desorption analyses of carbon dioxide and hydrogen sulfide were conducted separately with the help of regenerative activated carbon rigs. The activated carbon sample was first loaded with the H2S gas mixture. Adsorption with repeated loading was analyzed to observe the effect of recyclability and consistency of the adsorbent. The breakthrough times, volume, and capacities of AC were determined at normal conditions. Following the adsorption process, desorption was carried out with low electric potentials of 0, 10, 20, and 30 V and purging with nitrogen gas. Data of complete adsorption/desorption cycles were used for the comparison of repeated adsorption and the effect of desorption with and without the electric potentials. Accordingly, desorption kinetics were compared with the adsorption breakthrough time to analyze the need for additional adsorption/desorption columns.
2 MATERIALS AND METHODS
Table 2 summarizes the characteristics of the activated carbon sample, for which the surface area, elemental, and proximate analyses were conducted. The proximate analysis of the activated carbon sample was performed. The proximate composition of the AC sample is 9.57% water, as it can be seen that when the temperature increases to 100°C from 25°C, there is a weight loss of approximately 10%. The VM was observed at 81% of the sample weight %, whereas the content of the remnant was 19.83%, which is the ash content present in the sample. The amount of fixed carbon was calculated by subtracting all the content from 100, which was 60.2% for the AC sample.
TABLE 2 | Characteristics of activated carbon.
[image: Table 2]The CO2 and H2S adsorption and desorption analyses with the activated carbon samples were conducted in a packed-bed regenerative activated carbon column, as shown in Figure 1. The gas manifold system comprises three different lines each fitted with volume flowmeters ranging from 1 to 100 mL/min. The first line was used to feed in the inert gas, nitrogen. The other two lines were used to feed in CO2 and 1% H2S/99% N2, in order to use the different gas mixtures. These gases were mixed at the next joint to vent in the mass spectrometer (MS). Valves V-1 and V-2 were installed before and after the regenerative activated carbon rig to control the input gas for the MS, which was further attached with mass software, where these gases were quantified. Due to safety reasons, the 1 vol% hydrogen sulfide/99 vol% nitrogen gas mixture was placed inside the fume hood, where the gas was connected through a pipe connection with the apparatus. The system was equipped with a mass spectrometer with mass software for continuously analyzing the gas. The concentration of hydrogen sulfide and nitrogen was analyzed before and after the activated carbon rig.
[image: Figure 1]FIGURE 1 | Experimental setup of the regenerative activated carbon unit (Farooq et al., 2017).
3 RESULTS AND DISCUSSIONS
3.1 Effect of adsorption and repeated loading on activated carbon at different temperatures of 25°C, 50°C, and 75°C
Figure 2 compares the effect of repeated loading of the activated carbon sample at different temperatures of 25, 50°C, and 75°C. It was carried out in the TGA with continuous adsorption and desorption cycles, where nitrogen was used for desorption and carbon dioxide for adsorption. This time a different protocol was used compared with the previous TGA process of the AC sample. Initially, the sample was heated at 100°C to remove any moisture content from the sample. The temperature was then decreased to 25°C for the first adsorption cycle, where the adsorption occurred at 93.6% and desorption occurred at 89.2%. This corresponds to the weight % difference of the TGA profile for AC loading at 25°C temperature. Similar values of adsorption and desorption were observed upon repetition for the second and third cycles at the same temperature. The temperature in the TGA was increased from 25°C to 50°C to analyze the repeated loading behavior at an increased temperature. It was observed that the adsorption and desorption curve showed a reduction as compared to that at 25°C. The weight drop for adsorption was 91.68% for 50°C, which is approximately 2% less than that occurred at 25°C. Desorption also decreases at 88.6% as compared with 89.2% at 25°C. These adsorption desorption cycles were repeated twice at the same temperature. The temperature of the sample was then further increased to 75°C. Adsorption was decreased as the temperature increased, which was 3.75% and 1.64% less compared to that at 25°C and 50°C, respectively. This confirms the adsorption decrease with the increase in the temperature (Sreńscek-Nazzal et al., 2016). However, the recyclability for the same temperature was observed very close. It gives very smooth curves at different temperatures and repeated loading for the same sample. Initially, the baseline was observed at 88 wt% at 100°C, which was established to an increased value of 89.1% at a lower temperature of 25°C. This baseline was observed as 88.6% and 88.2% at 50°C and 75°C, respectively, which means that the temperature profile is necessary for determining the baseline. To achieve the baseline with the dried sample, the temperature needs to be increased, which was carried out at the start of the adsorption–desorption profiles in the TGA analysis.
[image: Figure 2]FIGURE 2 | Effect of repeated loading of AC at different temperatures of 25°C, 50°C, and 75°C.
3.2 Effect of adsorption and desorption for combined CO2 and H2S in the experimental rig with activated carbon
Figure 3 compares the co-adsorption and desorption analysis of CO2 and H2S in the activated carbon rig with the AC sample at normal conditions. The process of H2S adsorption was too long with a low volume flow rate, which is why due to safety reasons, it was not possible to run H2S for long hours. CO2 was considered the base for the comparison purpose. Cycles were operated at different timings, but the experimental conditions taken were the same. Since the adsorption and breakthrough of H2S was observed longer than for CO2, separate vertical axes were used for both gases. Furthermore, the horizontal axis used was graded in minutes instead of seconds for the unit of time because a number of repetitions of CO2 were carried out until it reached the breakthrough point for H2S. Breakthrough of the CO2 was observed after 8.5 min. After the breakthrough of CO2, the adsorption curve shows an increase with the same pattern, which was previously observed. However, H2S keeps on adsorbing with the AC sample. CO2 reached its maximum saturated level in approximately 40 min, whereas the adsorption was continued for approximately 1 h and H2S was continuously adsorbed. The desorption process was started after approximately 1 h of adsorption to observe the behavior of both gases. Desorption was carried out for approximately 30 min for most of the CO2 desorbed, whereas a very small amount of H2S was desorbed. This is because there was no H2S supply during desorption and only N2 was used during desorption. After 30 min of desorption, the next cycle of adsorption was started with the same conditions, whereas H2S continued adsorption and CO2 proceeded with the same steps of breakthrough and adsorption. The second, third, and fourth adsorption cycles were carried out for approximately 30 min, 30 min, and 60 min, respectively, whereas desorption was carried out for approximately 30 min, 50 min, and 50 min, respectively, during these cycles. This repetition was continued until the fifth adsorption cycle, when H2S breakthrough starts after 172 min of the adsorption time. Breakthrough and adsorption and desorption properties of CO2 are comparable because of the same flow rate of the gas used, as 25 mL/min was used earlier.
[image: Figure 3]FIGURE 3 | Combined effect of CO2 and H2S with AC in the adsorption rig.
However, this could not be the case for the breakthrough time of H2S separately adsorbed and desorbed since a flow rate of 14 mL/min of H2S was used here, whereas in the earlier section, the maximum H2S concentration was measured at a flow of 90 mL/min. From the combined adsorption and desorption cycle, it could be concluded that the CO2 and H2S adsorbed and desorbed on the AC independently and did not have much interference with the surfaces of both gas molecules.
3.3 Effect of CO2 desorption at 0, 10, 20, and 30 V potentials with the AC sample
Figure 4A compares the effect of the regeneration of the exhausted AC sample at different low potentials of 0, 10, 20, and 30 V. Nevertheless, this carbon has a higher adsorption capacity and low desorption times and by applying electric potentials, the desorption becomes quicker. However, for a more specific data analysis, there is a need to discuss the normalized rate of desorption. Figure 4B compares the normalized rate of desorption of the AC sample from 0 to 30 V potentials. At C/C0 = 0.2, the no potential system and a 10 V potential were observed to be almost similar, whereas the 20 V and 30 V potentials were fast compared with the 0 V potential. However, the effect of these desorptions overlapped until C/C0 = 0.5, and it is clear that the potentials’ effect is increasing smoothly with the increasing potential values. The desorption rate of the AC sample was observed to be quicker. The complete desorption rate shows that with a 30 V potential, it takes approximately 1,000 s, whereas the no potential system takes about double the time for complete desorption. However, the desorption rates in general are not sufficient to get a clear idea about the overall desorption. It could be helpful in explaining the behavior at 50% and 90%.
[image: Figure 4]FIGURE 4 | (A) Effect of CO2 desorption with the GAC sample at 0, 10, 20, and 30 V potentials. (B) Comparison of the normalized rate of CO2 desorption at 0, 10, 20, and 30 V potentials.
3.4 Effect of 50% desorption for H2S at 0, 10, 20, and 30 V potentials with the AC sample
Figure 5 compares the H2S desorption rate at C/C0 = 0.5 for the potentials of 0, 10, 20, and 30 V. The pattern shows a great shift when desorption switched to the potential mode. It was observed that 50% desorption without potentials occurred at approximately 1,600 s, which reduced to approximately 100% of the time of desorption for the 10 V potential, with 832 s. The potential was increased to 20 V, which shows a further 9.1% decrease in desorption time compared with 10 V. The potential was increased to 30 V, which shows a further reduction in desorption time, which was observed at 704 s. This shows that applying potentials on the regenerative activated carbon system greatly helps the desorption behavior of H2S. The 90% desorption time without a potential occurred at approximately 6,700 s, which reduced to 3,130, 2,210, and 2,185 s for a potential of 10, 20, and 30 V, respectively.
[image: Figure 5]FIGURE 5 | 50% desorption of the AC sample with H2S at 0, 10, 20, and 30 V potentials.
3.5 Effect of 50% and 90% desorption of CO2 at 0, 10, 20, and 30 V potentials with the AC sample
For the specific observation of the desorption behavior of the AC sample, the normalized desorption rates were plotted at 50% and 90%. This is important for estimating how much time is required at these particular points. Figure 6A compares the desorption rate, which was explicitly drawn for the different low potentials at C/C0 = 0.5, that shows a very smooth decrease in time with the increase in potentials. However, it was different compared with the extruded carbon sample. At the 50% desorption rate, the time reduction for the AC sample was slower when applying low potentials compared with the no potential system, whereas the AC sample shows smooth behavior from 0 to 30 V.
[image: Figure 6]FIGURE 6 | (A) 50% and (B) 90% desorption of the AC sample with CO2 at 0, 10, 20, and 30 V potentials.
Figure 6B compares the 90% desorption rate of the AC sample at 0, 10, 20, and 30 V. With different potential values, it gives a very good smooth relation in terms of the reduction of desorption time with the increase in potentials. Especially with the 20 and 30 V potentials, desorption against the adsorption breakthrough results in a good desorption rate. An interesting point is that the breakthrough point of adsorption time was achieved within the low potentials’ system and with the increase in potentials, the time reduced further. It could be reduced further with the increase in the potentials’ system, whereas the breakthrough time was slightly less in the case of the 90% desorption of the extruded sample at 30 V as well, which was because of the high adsorption time of the sample. With 30 V desorption being observed at approximately 380 s, the breakthrough time was approximately 510 s, which means that it occurred even before the breakthrough time, which is great.
3.6 Effect of AC desorption at mixing ratios of 0, 25, 50, 75, and 100% with ECPs
Figures 7A, B compare the effect of the desorption of AC with different mixing ratios of 0, 25, 50, 75, and 100% with ECPs. For the AC100 and ECP100, the previously calculated values were used, which were 187 and 130 s, respectively, at C/C0 = 0.5. The 50% desorption showed an increase in the desorption time compared with the AC100 as 52%, 56%, and 15% for the ECP mixing of 25, 50, and 75% with the AC sample, respectively. The time for the 90% desorption was reduced to 8%, 12%, 37%, and 45% with the addition of 25, 50, 75, and 100% of ECPs in the AC sample, respectively. The 90% desorption shows a fast desorption with the mixing of ECPs with the AC sample. At C/C0 = 0.9, the average desorption value of non-mixed AC and ECPs was calculated as 585 s, whereas the same desorption was observed as being 11% slower with the AC50ECP50 sample. This desorption was observed without any effect of the potential, so the analysis with the potential may affect desorption with different mixing values, which could be analyzed separately.
[image: Figure 7]FIGURE 7 | Mixing of AC desorption at mixing ratios of 0, 25, 50, 75, and 100% with ECPs. (A) Effect of desorption. (B) Effect of the normalized desorption rate.
3.7 Effect of 90% desorption reduction of the 0 and 30 V potential of AC with different mixing ratios of ECPs
Figure 8 compares the effect of 90% desorption reduction of AC mixing with ECPs at different ratios of 25, 50, and 75% from the 0 V potential to the 30 V potential. The AC sample was observed to have the maximum reduction in 90% desorption with 50% reduction in desorption time, whereas the ECP sample only decreased by 4.4%. The other mixed samples AC75ECP25, AC50ECP50, and AC25ECP75 had 16%, 10%, and 3% reduction in desorption time, respectively. This may be because of the packing issue in the fixed bed which caused this behavior of desorption. This confirms that the potential profile of ECPs did not help in desorption.
[image: Figure 8]FIGURE 8 | Effect of 90% desorption reduction of AC mixing with ECPs from 0 to 30 V potential.
4 CONCLUSION
The present research was established for to propose an effective and new method for in situ regeneration of activated carbon with electric potential swing desorption (EPSD) for the upgradation of biogas to biomethane. For this purpose, a regenerative activated carbon rig was installed in the laboratory and a commercial activated carbon referred to as AC was used. The baseline study of the AC sample was conducted using EA, BET, and TGA and proximate analyses. For the in situ regeneration of activated carbon, the AC sample was observed as the best suitable sample for regeneration using EPSD, which resulted in a reduction in desorption time compared to the no potential system. It is therefore concluded that EPSD desorption of H2S and CO2 is an effective method for the regeneration of activated carbon compared with the non-potential system. In general, activated carbon holds promise as a versatile and efficient substance for carbon capture uses. However, its actual performance and appropriateness for a given application are contingent upon the unique conditions and requirements of that particular situation.
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