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Abstract

:

The desulphurisation of biogas for hydrogen sulphide (H2S) removal constitutes a significant challenge in the area of biogas research. This is because the retention of H2S in biogas presents negative consequences on human health and equipment durability. The negative impacts are reflective of the potentially fatal and corrosive consequences reported when biogas containing H2S is inhaled and employed as a boiler biofuel, respectively. Recognising the importance of producing H2S-free biogas, this paper explores the current state of research in the area of desulphurisation of biogas. In the present paper, physical–chemical, biological, in-situ, and post-biogas desulphurisation strategies were extensively reviewed as the basis for providing a qualitative comparison of the strategies. Additionally, a review of the costing data combined with an analysis of the inherent data uncertainties due underlying estimation assumptions have also been undertaken to provide a basis for quantitative comparison of the desulphurisation strategies. It is anticipated that the combination of the qualitative and quantitative comparison approaches employed in assessing the desulphurisation strategies reviewed in the present paper will aid in future decisions involving the selection of the preferred biogas desulphurisation strategy to satisfy specific economic and performance-related targets.
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1. Introduction: Hydrogen Sulphide (H2S) Formation During Anaerobic Digestion and Its Effect on Biogas Utilisation


Bioenergy recovery from biomass resources may be achieved via the employment of several biomass conversion pathways [1,2]. A review of literatures, however, highlights an upsurge in the application of anaerobic digestion (AD) technologies in recent times [3,4]. This observation may be reflective of the strategic preference of this conversion pathway due to its capability to facilitate a simultaneous management of high moisture organic waste streams while also generating bioenergy in the form of biogas at a reduced cost [2,5]. The biogas product is typically composed of carbon dioxide (CO2) and biomethane (CH4) which are present in volumetric percentages of 30–40% and 60–70%, respectively [6]. However, although AD technologies for biogas production can be employed in the conversion of a multitude of organic streams to biogas under the action of suitable microbes, the degradation of sulphur containing organics, i.e., proteins, and the reduction of anionic species, i.e., SO42−, will result in the associated generation of hydrogen sulphide (H2S) together with the biomethane [7,8]. The H2S product may be formed during the anaerobic digestion process via macromolecules undergoing transformations either via an assimilatory pathway or a dissimilatory pathway [9]. These pathways lead to the conversion of sulphur containing compounds (SCC) either to soluble sulphides (HS−), which is a precursor to H2S formation, or the consumption of SCC for biosynthesis of amino acids (cysteine and methionine), considered fundamental for intracellular adenosine-5-phosphosulphate activation within the microbes [9,10]. In some cases, however, assimilatory reduction of sulphate ions is achieved via so-called ‘trophic reactions’, thus leading to direct H2S formation [9,10,11]. According to Mackie et al., [9], bacteria capable of assimilatory sulphate reduction are ubiquitous in digestion substrates, with notable examples belonging to the genera of Veillonella, Megasphaera, and Enterobacteria. On the other hand, the transformation of sulphur containing macromolecules via the dissimilatory pathway always results in bisulfide (HS−) formation rather than the characteristic amino acid production of the assimilatory pathway [9]. Notable examples of microbes capable of sulphur reduction via HS− formation include neutrophilic Desulfotomaculum solfataricum and Desulfotomaculum thermosapovorans [12,13]. Microbes of Desulfotomaculum solfataricum and Desulfotomaculum thermosapovorans are capable of thriving under temperature conditions as high as 60 °C and 50 °C, respectively [12,13]. The formation of HS- via the dissimilatory pathway occurs via the reduction of inorganic and organic sulphur forms (i.e., sulphates) present in the organic feedstock, which occurs as illustrated by the following example equations [9,14,15];


CH3COO−+ SO42−+H+→HS−+4H2O



(1)






C2H5COO−+34SO42−→34HS−+CH3COO−+HCO3−+14H+



(2)






C2H5COO−+74SO42−+14H+→74HS−+ 3HCO3−+12H++14OH−



(3)






C3H7COO−+12SO42−→12HS−+ 2C2H5COO−+12H+



(4)






C3H7COO−+52SO42−+12H2O→52HS− + 4HCO3−+34H++34OH−



(5)







Equations (1)–(5) illustrate the formation of soluble sulphides (HS−) via reactions involving intermediate products of the anaerobic digestion (AD) of acetates (Equation (1)), propionates (Equations (2) and (3)), and butyrates (Equations (4) and (5)). This shows that sulphate reducers will outcompete with methanogens because they have better affinities for acetate and H2 [16]. Examples of microbes capable of dissimilatory sulphur reductions are organotrophic mesophilic isolated strains of Deltaproteobacteria with some Archaea (Archaeoglobus fulgidus) [17]. It is important to state that dissimilatory sulphate reductions are enzymologically distinct from the assimilatory sulphate reductions. This is because dissimilatory sulphur reductions can only occur under the action of bacteria capable of consuming specific compounds of sulphates, sulphites, or thiosulphates, as opposed to assimulatory sulphur reductions, which are applicable to all sulphur-containing macromolecules [18].



Equations (1)–(5) highlights the formation of soluble sulphides (HS−) within the digester, which may be converted to dissolved H2S as follows;


H2S↔H++HS−



(6)




where the concentrations of the species of HS− and H2S in the aqueous phase are determined using the Henderson–Hasselbach, relationship as follows [19];


Log10[HS−][H2S]=pH+Log10Ka



(7)




where [HS−] denotes the concentration of bisulphide ions present in the substrate in molar (M), and [H2S] denotes the concentration of dissolved H2S, present in the substrate, in molar (M), pH is the pH level of the substrate, Ka denotes the first ionisation constant of H2S, specified to be 9.1 × 10−8 [20].



Using Equations (6) and (7) above, it can be shown that the concentrations of H2S and HS− within the digester are continually in competition, as the pH within the digester changes from 1 to 14, as highlighted in Figure 1.



The importance of the H2S content of biogas is reinforced by the possibility of generating biogas with H2S concentrations of about 18,000 mg/m3 (≈1.32% v/v) [7,8]. High H2S concentration in biogas is undesirable, since there is a risk of H2S release (during biogas collection and transfer) which may lead to pulmonary oedema in humans at concentrations higher than ~400 mg/m3 (≈ 0.029% v/v) [21]. Furthermore, the utilisation of biogas containing H2S as a biofuel for combined heat and power generation also has the potential of leading to the corrosion of engines and the rapid degradation of engine lube oil [22]. The combustion of biogas containing H2S also leads to the formation of sulphur dioxide (SO2), via the reaction presented in Equation (1) [22,23].


2H2S+3O2→2SO2+2H2O



(8)







SO2 is a precursor for acid rain formation that is responsible for several negative impacts on the environment, such as the destruction of agricultural vegetation and pollution of the surrounding aquatic environment [22,23]. It is also possible for the formation of H2SO4, which is a strongly corrosive acid that may be formed when H2S reacts with water, leading to corrosive effects on equipment [24]. It is therefore necessary to ensure that the H2S content in biogas is minimised, thus limiting the occurrence of the negative effects discussed above. Indeed, the European committee of standards specifies that the preferred biogas product for use as biofuel should have a H2S concentration of <20 mg/m3 (≈ 0.0015% v/v) [25]. The biogas composition must be ascertained prior to its utilisation, with appropriate strategies employed to limit the H2S content of biogas and facilitate the generation of ‘H2S-free’ biogas.



The present study will therefore provide a qualitative review of major desulphurisation technologies while also incorporating a quantitative dimension to the comparison of these technologies. The importance of this review is reinforced by the absence of publications that provide an exhaustive review of all major technologies integrated with simplified quantitative economic considerations.




2. Methodology Employed


In this present study, an initial qualitative review of the alternative desulphurisation technologies was undertaken via a structured approach which incorporates several steps, namely, relevant study identification, screening of existing study contributions, and the analysis of previously reported data as a basis for establishing logical review conclusions. These steps are identified as crucial requirements in achieving a systematic review of any subject matter [26]. The comparison of alternative desulphurisation technologies was achieved through a rigorous consideration of relevant journal papers and books available from the institute for scientific information (ISI) web of knowledge database. Numerous searches were conducted using key phrases such as ‘desulphurisation of biogas’ and ‘technologies for H2S removal’ to enable an efficient web-search for relevant publications.



After qualitative reviews of the different biogas desulphurisation strategies were concluded, comparative quantitative assessments were undertaken to aid future decisions with respect to the selection of the preferred desulphurisation strategy. Quantitative assessments were undertaken by comparing estimated unit desulphurisation costs. In undertaking a quantitative analysis of the different desulphurisation technologies, difficulties associated with obtaining costing data for the different desulphurisation technologies in a unified manner were appreciated. In other words, it may be difficult to truly represent economic differences for data obtained from different sources. This is a common challenge when comparisons of processes are undertaken based on economic data obtained from the literature, with Ref. [27] employing economic data published in the European Union as an approach to reduce possible interpretational discrepancies. The quantitative review in the present paper therefore sought to utilise data, obtained based on studies undertaken in the member countries of the organisation for economic co-operation and development (OECD). Thus, while a comprehensive unification of the costing data obtained from different countries may be difficult, it is expected that the cost estimates and the conclusions reached may give an overall impression of the most economically favourable desulphurisation technology. In an attempt to further improve the applicability of the costing estimates obtained, the results were assessed via an incorporation of uncertainties for 50% to 150% variations in the annual operating cost and the annualised capital costs. The inclusion of uncertainty considerations is discussed further in Section 2.2 below.



Based on literature obtained costing data, the unit desulphurisation cost, Uc, in US $/m3 of biogas was therefore calculated as follows;


Uc=C2019+P2019V2019



(9)




where C2019 and P2019 are the annualised capital cost and the annual operating cost in US $, and V2019 is the volume of biogas desulphurised in the year of 2019. In the present study it was assumed that all desulphurisation technologies are capable of operating for 7200 h per year. The methods employed in estimating the annualised capital cost and the annual operating cost components are discussed in the subsequent subsections.



2.1. Annual Operating and Annualised Capital Cost per Unit Volume Cost


Depending on data availability, several methods were employed in estimating the annualised capital cost and annual operating cost. In one approach, the capital cost per unit volume of biogas desulphurised, c, in US $/m3 and operating cost per unit volume of biogas desulphurised, p, in US $/m3 were available in the literature and thus utilised as a basis for estimating the annualised capital cost, Ci, in US $, in the ith year and the annual operating cost, Pi, in US $, in the ith year as follows:


cv=Ci



(10)






pv=Pi



(11)




where v specifies the biogas desulphurisation capacity in m3.



To reflect possible effects of inflation, the annualised capital cost in the present year of 2019 (C2019) was estimated from the calculated annualised capital cost for the reference year of i (Ci), using the chemical engineering plant cost (CEPCI) index as follows [28];


C2019=Ci[CEPCI2019CEPCIi]



(12)




where CEPCI2019 was specified as 603.1 [29], which is the mean value reported for the year 2018, as the authors had no access to the CEPCI value for the year 2019 at the time of drafting this manuscript. The value of the CEPCIi employed will be determined by the reference year, i, from whence the data was obtained.



In another approach, the purchase costs for equipment employed in the desulphurisation technologies were available in the literature. The equipment purchase costs were employed in calculating necessary costing inputs for the estimation of the inside battery costs (ISBL) and the investment cost as follows [30,31];


ISBLi,vref=fL∑anCosta,vref



(13)






Ti,vref=2.05×ISBLi,vref



(14)




where the Costa,vref denotes the purchase cost of the ath equipment in the desulphurisation system of reference capacity, vref in m3, ISBLi,vref is the inside battery cost in US $ for the year, i, and for the desulphurisation system of reference capacity, vref in m3, fL is the Lang factor specified as 2.47; 2.05 is the conversion factor of ISBLi,vref to the total investment cost, Ti,vref in US $ estimated for the year, i, for the desulphurisation system of reference capacity, vref in m3 [30,31];



The annualised capital cost in US $ for year i, for biogas desulphurisation system, with reference capacity, vref in m3, and denoted by Ci,vref was subsequently estimated as follows [28];


Ci,vref=Ti,vref[(1+j)n×i(1+j)n−1]



(15)




where n is the plant lifespan assumed to be 10 years and j is the discount rate assumed to be 10%.



The calculation of the annualised capital cost estimate for a different capacity, v in m3, from the annualised capital cost for the reference gas capacity, vref in m3, was achieved as follows [32];


Ci=Ci,vref(vvref)k



(16)




where Ci is the annualised capital cost for a desulphurisation plant with a capacity of v, in m3, Ci,vref is the annualised capital cost for a plant with a reference capacity vref, in m3, and k is the scaling factor specified as 0.7 [32]. All estimates in Equation (16) are for the year i.



To account for inflation considerations, annualised capital cost in the present year of 2019 (C2019) was estimated using the CEPCI, as described in Equation (12). During the course of the review of the economic performances of the alternative desulphurisation technologies, a basis of 1000 m3/h of H2S containing biogas (also called sour biogas) has been assumed to be available. It has also been assumed that operating costing estimates obtained from the literature did not change significantly over the years. In addition to the aforementioned assumptions, it is important to recognise that the economic assessments of competing desulphurisation technologies are strongly influenced by peculiar properties (i.e., temperature, H2S concentration) of the biogas product [33]. This clearly implies that any conclusions based on the economic assessments, are largely indicative, and capable of serving only as a guide to support decisions regarding the applicability of the desulphurisation technologies in practice.




2.2. A Consideration of the Inherent Uncertainties in the Costing Data


Due to the limitations of the economic approach discussed in Section 2.1 above, the applicability of the economic assessment results was tested by assessing uncertainties in the unit desulphurisation cost Uc. The uncertainties in the unit desulphurisation cost Uc were estimated for the different desulphurisation technologies for 50% to 150% variations in the annual operating cost and the annualised capital costs. Investigations into uncertainties in the Uc estimates for the different desulphurisation technologies were achieved via Monte Carlo simulations that employ randomised sequences of estimates to numerically determine its probability density according to the probability density function, defined as follows [28];


f(x)=12π⋅σ⋅e−12(x−μσ)2



(17)




where x represents the values of the Uc for different values of annual operating cost, annualised capital cost, interest rate, and the project lifetime, μ represents the mean value of Uc, and σ represents the standard deviation of Uc.



This approach has been employed in a previous study [28], where the area under the curve of f(x) for the interval (a,b) specifies the probability, β, of Uc existing within that interval (a,b) and is calculated using the probability density function as follows [28];


β(a<x<b)=∫abf(x)dx



(18)







In the present study, 1000 different combinations of the annual operating cost and annualised capital cost estimates have been generated using Minitab ® V17 (Minitab, LEAD Technologies, Inc., Charlotte, NC, USA) to reduce computational time. To aid an easy comparison of the results obtained for the different desulphurisation technologies investigated, a box and whisker plot was utilized, rather than a probability distribution plot, for each individual technology.





3. Qualitative Review of the Strategies for Biogas Desulphurisation


In this section, major desulphurisation technologies have been qualitatively reviewed. The technologies have been categorised into major classifications of physical–chemical desulphurisation strategies and biotechnological desulphurisation strategies. These classifications are discussed in subsequent subsections.



3.1. Physical–Chemical Desulphurisation Methods


Physical–chemical desulphurisation methods typically involve technologies that employ physical or chemical phenomena in preventing or limiting the formation of H2S during anaerobic digestion processes.



3.1.1. In-Situ Chemical Precipitation


The in-situ chemical precipitation desulphurisation strategy refers to approaches that are localised within the digester and that can limit the conversion of dissolved sulphides in the digester to H2S via their conversion to insolubles within the digester [34,35]. The formation of insolubles is achieved via the dosing of the digester using chemicals that are capable of converting dissolved sulphides to either insoluble metallic sulphide compounds or insoluble elemental sulphur [35,36]. Generally speaking, divalent (Fe2+) and trivalent (Fe3+) iron salts are the most commonly employed chemicals to enable the precipitation of sulphides [37]. These salts include chlorides of Fe3+ and Fe2+, iron (III) oxide-hydroxide (FeOOH), and iron (III) hydroxide (Fe (OH)3) [34,38]. The precipitation of sulphides occurs via reactions as follows [34,38];


FeCl2+HS−+H+→FeS+2HCl



(19)






FeCl3+2HS−+H+→FeS+3HCl+S



(20)






2FeOOH+3HS−+3H+→2FeS+S+4H2O



(21)






2Fe(OH)3+3HS−+3H+→2FeS+S+6H2O



(22)







According to SevernWye [39], the chemical dosing desulphurisation approach for sulphite precipitation using salts of Fe2+ and Fe3+ constitutes an easy approach that can be readily retrofitted to existing plants, such that handling and monitoring concerns are minimal. However, while the method is clearly straightforward, the employment of chemicals to aid sulphide precipitation suggests a constant dosing requirement if the desulphurisation process is to be sustained. The need therefore arises for the introduction of auxiliary equipment, such as pumps, to maintain a chemical supply, thus increasing the number of unit operations [40]. Furthermore, although it is possible to approximate the mass of Fe ions (either Fe2+ or Fe3+) employed in dosing the substrate for sulphide precipitation using empirical relations, such as Equation (23) [41], there still exist significant difficulties in controlling the actual degree of desulphurisation that can be achieved [39].


Fe=βMFeMS[(H2SfH2SVsubstrate)+(ΔH2S1000ρH2SVbiogas)]



(23)




where Fe represents the iron ions supplied in g/d, H2S denotes the total mass of dissolved H2S in g/m3, fH2S denotes the mass fraction of total dissolved sulphur present as dissolved H2S, ΔH2S denotes the mass of H2S that is removed from the biogas in ppmv, VSubstrate represents feed rate of the substrate in m3/d, Vbiogas denotes the biogas flowrate in m3/d, ρH2S denotes the density of H2S in g/L under prevailing conditions of temperature and pressure, MFe represents the molecular mass of iron in gmole, MS denotes the molecular mass of sulphur in gmole, and β denotes the correction factor introduced to account for over dosing, since the iron ions may react with other organics, such as phosphates, that may be present in the system. The β value may range from 1.7 to 5 [41].



The challenge of the need for sustained chemical dosing may be responsible for the prevalence of technological applications on small scale operations [42], with a few studies (i.e., the study of [43]) exploring the technology on a large scale. In addition to the need for a sustained supply of chemicals for sulphide oxidation, recent studies have also shown that dosing of substrates with salts of Fe2+ and Fe3+ may impede the bioavailability of useful phosphates, thus hindering the ability of micro-organisms to metabolise organic substrates for biomethane formation [44,45]. Indeed, in the studies undertaken by Al-Imarah et al. [45] and Ofverstrom et al. [46], volumetric biomethane (and net biogas) reductions of 20% and 30%, respectively, were observed when substrate was dosed with salts of Fe2+ and Fe3+ compared to the volume of biogas produced in the absence of substrate chemical dosing. Another possible limitation to the utilisation iron salts for sulphide removal is the risk of system clogging due to the accumulation of precipitated metallic sulphides along the piping line [47].




3.1.2. Absorption Technologies


This approach involves the direct interaction of biogas with water or the direct interaction of biogas with suitable organic solvents via conventional gas–liquid contactors (packed bed or spray towers) [48]. Such interactions will enable the physical absorption of H2S by water or the chemical conversion of H2S to elemental sulphur or metal sulphide, depending on the organic solvent utilised [48]. The physical absorption of H2S using water is also called water scrubbing and is based on the physical effect of dissolving gases in liquids, more so, H2S is significantly more soluble than biomethane under similar conditions [49]. For instance, the solubility of biomethane and the solubility of H2S at a temperature of 20 °C are reported to be 0.023 g/kg of water and 3.78 g/kg of water, respectively [50]. While the physical absorption desulphurisation approach is a cheap technique that can enable the generation of energy dense biogas characterised with a biomethane content greater than 97% v/v, some issues associated with unwanted microbial growth on the surface of packing material have been reported [51]. These issues of microbial growth may lead to reduced flexibility toward compositional variability of the biogas input and significant water consumption, moreso if the absorption efficiency is to be sustained [51]. As stated briefly above, in addition to the use of water, physical absorption may be achieved using other organic solvents, such as the dimethyl ether of polyethylene glycol (commercially known as Selexol), which has a general formula of CH3O(C2H4O)nCH3 (n = 2 to 9) [48,52]. This dimethyl ether of polyethylene glycol has been reported to show an enhanced affinity for H2S (five times compared to water) [48,52]. The higher solubility of H2S in the organic solvent of Selexol suggests that a reduced mass of Selexol will be required compared to the mass of water required for an equivalent absorption efficiency. The utilisation of solvents to enable the absorption of H2S via its solubility may be loosely referred to as physical absorption. In other cases, chemicals are employed to enhance the removal of H2S from biogas via the so-called chemical absorption. In other words, the functionality of such chemical absorbers is not solely dependent on the physically solubility of H2S in the solvent, but also on the oxidation of S−2 to S or conversion to sulphide salts via chemical reactions. The use of several chemical reagents as H2S absorbers have been reported in the literatures, such as NaOH, FeCl2, Fe3+/MgO, Fe (OH)3, Fe3+/CuSO4, and Fe3+/ ethylene diamine tetra-acetic acid (EDTA) [48]. It should be immediately clear that after the initial dissolution of H2S gas in the chemical reaction solution, oxidation of H2S in the solution of chemical reagents of FeCl2 and Fe(OH)3 for appropriate iron salt precipitate formation occurs according to the reaction equations previously described in Section 3.1.1 above. According to [53], the utilisation of NaOH in chemical absorption constitutes one of the oldest approaches employed in H2S removal from biogas, with the associated formation of either Na2S or NaHS in accordance with the following reaction equations;


H2S+2NaOH→Na2S+H2O



(24)






H2S+NaOH→NaHS+H2O



(25)







The utilisation of the chemical absorber of Fe3+/EDTA (Fe3+ to EDTA ratio ranging from 0.909 to 0.5) enables H2S removal via its oxidation to elemental sulphur [54]. Since the formation of elemental sulphur is encouraged, the utilisation of chelates to enable H2S removal is considered a more environmentally favourable approach compared to the utilisation of simple chemical absorbers that produce metallic sulphides [55]. This process of H2S removal is also known as the oxidative absorption process [56]. EDTA is a chelant that performs the function of preventing the formation of insoluble iron compounds without impeding the ability of iron to undergo reduction during the desulphurisation process and oxidation during the regeneration process as follows [54];


H2S+2Fe3+/EDTAn−→S+2H++2Fe2+/EDTAn−



(26)




with the regeneration of the chelant occurring as follows;


O2+4Fe2+/EDTAn−+2H2O→4Fe3+/EDTAn−+4OH−



(27)




where ‘n’ represents the charge of the chelant anion. Oxidative absorption processes using chelates occur at conditions of moderate temperatures of 20–60 °C, atmospheric pressure condition (1 atm), and pH conditions ranging from 4–8 [54]. Most importantly, the capacity to directly regenerate the chelant coupled with an enhanced H2S (chemical) absorption attainable suggests that lower masses of the chelate will be required, compared to the masses, required when chemicals such as NaOH, discussed earlier above, are employed.



In conclusion, H2S removal from biogas via absorption process have been demonstrated to present removal efficiencies of 99% and 98% on lab-scale and pilot scale operations, respectively, with a strong argument for its industrial application, since a scaled up absorption process presents a removal efficiency of as high as 97% [57,58].




3.1.3. Adsorption Technologies


The employment of adsorption technologies for the desulphurisation of biogas are sometimes classified based on the nature of the adsorption forces employed in the desulphurisation process [59,60]. Adsorption processes typically occur at conditions of high pressures ranging from 2 to 7 bar and temperatures of about 70 °C [61]. In general terms, adsorption may be classified as either physisorption or chemisorption processes, with their major differences summarised in Table 1.



In the context of the present review interest, the adsorbate is H2S gas, while the adsorbent may be a solid such as activated carbon, impregnated activated carbon, zeolites, or an iron oxide-based material [64]. Activated carbon is commonly employed as the preferred adsorbent because it is a highly porous material with a high adsorption capacity and is reported as being efficient in the removal of low concentrations of H2S from biogas via the physisorption process [65]. When an adsorbent such as activated carbon is treated or impregnated using a suitable basic solution, such as NaOH and KOH, the adsorption capacity of the activated carbon is further enhanced, since additional sulphide oxidation processes are occurring via the formation of sulphide salts according to reactions previously described in Section 3.1.1 above. Some studies have employed other chemicals such as CdSO4 for adsorbent ‘impregnation’ to facilitate H2S removal as follows [66];


CdSO4+H2S→CdS+H2SO4



(28)







Another useful adsorbent is zeolite. Zeolites have been employed in previous studies, with adsorption hypothesised to be achieved via chemisorption in the form of reactions occurring between cations present in the zeolite structure and H2S as follows;


H2S+Cn+(Z)→HZ+Cn+(HS)



(29)




where Cn+ represents the positively charged cations such as K+, Ca2+, Mg2+, and Na+ present in the zeolite (Z) structure.



Zeolites have however been reported as presenting a poorer H2S removal performance than alternative adsorbents, such as activated carbon, under moderate temperatures of 30 °C, although its performance increases significantly after steam treatment [67]. Other studies have demonstrated the possibility of enhancing the H2S adsorption properties of Zeolites via the addition of atoms of Cu and Zn which can present as d-block metal cations [68]. The improved H2S adsorption performance of zeolites after steam treatment is hypothesised to be due to the additional chemisorption processes as steam treatment encourages the controlled oxidation of metals, leading to the formation of thin metallic oxides [69]. These additional chemisorption processes are due to the reaction that occurs between the cationic basic oxides and H2S as follows [69];


H2S+Cn+O2−→H2O+Cn+S2−



(30)







Enhanced adsorption of H2S after atom substitution with Cu2+ and Zn2+ is largely due to the stronger interaction with H2S due to the improved stability of resulting CuS and ZnS [68]. Additional effects of increases in the spaces present within the zeolite cages due to the introduction of a divalent metallic ion may further improve the adsorption capacity of zeolites for polar molecules, but present minimal favourable effects on the adsorption of H2S [68]. The introduction of an appropriate divalent metallic ion may be achieved via ion exchange, pores necking, or prior to an initial adsorption of polar molecules [67]. According to Wang [70], the utilisation of the adsorbent of iron oxide (Fe2O3) is one of the oldest techniques employed in the desulphurisation of dry H2S. Iron oxide adsorbents are capable of H2S removal via chemisorption reactions that result in the formation of insoluble iron sulphides as follows [70];


H2S+13Fe2O3→H2O+13Fe2S3



(31)







It is also possible to employ iron (III) hydroxide as an adsorbent for biogas desulphurisation as follows;


3H2S+2Fe(OH)3→6H2O+Fe2S3



(32)







In both cases discussed above, the resulting iron sulphides can be oxidised to enable the formation of elemental sulphur and the regeneration of the iron oxide adsorbent as follows [71];


12O2+13Fe2S3→S+13Fe2O3



(33)







This oxidation of the resulting iron sulphides would however result in clogging issues in the adsorbent system due to large masses of elemental sulphur produced, causing the need for the intermittent replacement of the adsorption media [70].



According to [72], adsorbents employed in desulphurisation are typically selected based on their adsorption capacity for H2S, the kinetics of the adsorption process, the durability as reflected by the mechanical properties, stability of chemical properties, and the multi-functionality of removing other contaminants, such as NH3, from biogas. Additionally, H2S removal from biogas via adsorption has been reported to be quite effective since H2S content of gas can be reduced to low residual concentrations of <1 ppm [73]. This desulphurisation strategy is currently employed mainly in small scale operations [74], possibly due to the high specific cost. Furthermore, previous work has also highlighted challenges associated with competitive adsorption between CO2 and H2S biogas components, such that the performance of the adsorbent with respect to H2S removal from biogas is diminished by the presence of CO2 in biogas [75]. This is due to the CO2 and H2S biogas components competing for the same adsorption sites [75].





3.2. Biotechnological Desulphurisation Strategies


These strategies combine innovative technologies and the sulphide oxidative capacities of specific micro-organisms are mainly in-situ microaeration and biofiltration technologies. These technologies are discussed further in subsequent subsections.



3.2.1. In-Situ Microaeration Desulphurisation


As the name implies, it may be intuitively deduced that this technology serves to limit H2S formation via the incorporation of technologies for aeration of the digester headspace [47,76]. The potential for unwanted H2S generation during anaerobic digestion processes may be reduced via the oxidation of soluble sulphides in the substrate, with oxidation aided by the presence of sulphur oxidising bacteria, and small volumes of oxygen (or air) [41,77,78]. The introduction of small doses of air at levels of <1 L of O2 per 1 L of substrate, 1–10 L per 1 L of substrate, and >10 L per 1 L of substrate specify the conditions for micro, limited, and full aeration [42]. Some examples of bacteria capable of encouraging the oxidation of H2S in the presence of molecular oxygen include Acidithiobacillus thiooxidans, Thiomonas intermedia, and Thiomonas perometabolis [79]. It was suggested in previous studies that microaeration integrated both chemical and biological reactions for H2S removal [80,81]. Microaeration enables the oxidation of H2S present in both the gaseous and aqueous phase to elemental sulphur [82]. According to [83], while elemental sulphur is widely reported as the common sulphide oxidation product, the final product of the microaeration desulphurisation process is largely dependent on the prevailing H2S to oxygen mole ratio. Reactions highlighting the reaction for producing different sulphide oxidation products (S or/and SO42−) are as follows [83];


H2S+12O2→S+H2O



(34)






S+H2O+32O2→SO42−+2H+



(35)






H2S+2O2→SO42−+2H+



(36)







Other studies also highlight the possibility of the oxidation of dissolved sulphide to generate thiosulphates as follows [84,85];


2HS−+2O2→S2O32−+H2O



(37)







This method is established to be highly efficient, since previous studies have reported the possibility of achieving H2S removal efficiencies of greater than 99% when operated on a laboratory scale [77]. Long-term large-scale systems have also been reported to present high H2S removal efficiencies of up to 90%, thus clearly highlighting the functionality of this technology under industrial scenarios [86]. While recognising the high desulphurisation efficiencies attainable via the in-situ microaeration approach, it is possible that oxygen introduction may present negative effects on the methanogenic activity of some microbes [42,87,88]. Additionally, further oxidation of elemental sulphur may lead to the production of sulphates, which may also inhibit methanogenic activity [89]. It must be stated that microaeration has additional drawbacks associated with the risk of clogging of oxygen supply pipes with elemental sulphur from the partial oxidation of soluble substrates [42]. Additionally, sulfuric acid formation due to H2S oxidation in the presence of water vapour may lead to associated corrosion problems within the digester [90].



In an attempt to overcome the aforementioned challenges associated with in-situ microaeration desulphurisation strategy, recent investigations have explored the possibility of introducing a membrane to separate the biogas from the oxygen supply pipes [91,92]. In the studies presented in Ref. [91] and Ref. [92], it was demonstrated that it was possible to utilise an internal silicone membrane and a polyvinylidene fluoride membrane to prevent the clogging problems while maintaining high sulphide removal efficiency of 96% and 99.99%, respectively. These challenges may also be limited by the utilisation of a compartment, distinct from the anaerobic digestion vessel, where the microaeration process for H2S oxidation is taking place [93].




3.2.2. Biofiltration Technologies


Biofiltration technologies employed in the removal of H2S from biogas include biotrickling filters (BTFs), biofilters (BFs), and bioscrubbers (BS). Biotrickling filters (BTFs) are bioreactors that employ chemically inert packing materials used in immobilising micro-organisms that are capable of sulphide oxidation while also localising wet organic materials as a nutrient source for microorganisms, thus forming a so-called ‘filter bed’ [94,95]. These microbes grow as biofilms on the packing materials within the filter bed [96]. Given that biofilm formation occurs on the packing material, the packing material that best supports microbial growth must be selected. Typically, the best packing materials are materials that have large surface areas relative to their bulk volumes, such as plastic fibres, honeycomb, or open pore polyurethane foam, which are characterised by specific surface areas greater than 600 m−1 [97,98,99]. Larger surface areas are important since it encourages microbial growth [100]. Other useful properties of packing materials include hydrophobicity and its resistance to degradation from mechanical, chemical, or biological attacks [99]. Additionally, it is important that the moisture content of the filter bed is maintained either by spraying the filter bed with water or by ensuring that a high enough humid gas flow is maintained [101]. BTFs are particularly effective in the removal of H2S, since they support diverse bacteria populations [102]. This may be the basis of its ability to remove other contaminants such as NH3, volatile organic compounds (VOCs), and odours with great efficiency [103,104].



The operation of BTFs involves the passing of the contaminated biogas through the wet filter bed over which an aqueous phase is continuously trickled [95]. The passage of the contaminated biogas thorough the wet filter bed enables the dissolution of H2S gas contaminant to the aqueous phase, followed by the diffusion of the dissolved H2S to the biofilm containing the microbes [105]. The dissolved H2S is subjected to microbial action, leading to its oxidation to elemental sulphur or sulphates [105]. This BTF technology may be considered as a mature technology which has been shown to present high H2S removal efficiencies of ≥99% when employed on bench, pilot, and full-scale operations [106,107,108].



It is important to note that there is a simpler configuration of the BTF called the biofilter [109]. Simple block diagrams to highlight the difference between the BTF and the simpler biofilter are presented in Figure 2. Figure 2 clearly shows that a biofilter [B] differs from the BTF [A] in terms of the movement of nutrient solution, since the nutrient solution is only occasionally replenished compared to the BTFs, where there is a sustained tricking of nutrient laden water for enhanced nutrient circulation within the filter bed [110]. Generally speaking, biofilters constitute an interesting technology that has been explored in previous studies as bench scale [111] and pilot scale operations [112], with large-scale biofilters expected to lead to further improvements in the economic performance [41].



Although Figure 2 highlights the configurational simplicity of the biofilter compared to the BTF, biofilters have the major drawback of presenting poor performances, largely due to poor microbial density in the filter beds [109]. Poor microbial density may be a result of reduced access to nutrients by the microbes. Issues of filter bed clogging are, however, common in biofilters and BTFs, suggesting the need for regular cleaning operations [109]. In an attempt to mitigate the aforementioned limitations, biofilter technologies have been developed that exhibit properties similar to biotrickling filters such that water nutrient solution addition, although not continuously available, is supplied intermittently at a higher frequency [113]. There is also some interest in the possibility of utilising sulphur oxidising fungi rather than sulphur oxidising bacteria, since fungi present a higher resistance to acids and low moisture conditions, compared to bacterial biofilms [113]. Bioscrubbers constitute another useful technology that has been shown to be quite effective when employed in pilot scale operations [114]. However, while there are currently a significant number of installations of large-scale biotrickling filters and biofilters globally, the installations of large-scale bioscrubbers constitute the dominant biofilteration technology in small niche markets [113]. The bioscrubbers are able to facilitate the separation of the unwanted H2S present in the biogas via the incorporation of an initial absorption stage for the dissolution of H2S gas, followed by the biological treatment of the resulting H2S containing solution using a reactor containing a suitable microbial population [115,116]. The incorporation of these two stages of H2S absorption and biological sulphide oxidation is highlighted in Figure 3.



The absorption of H2S biogas can be achieved using a suitable solvent (i.e., alkaline solution) and technologies such as a spray empty column, a packed column, or a venturi scrubber [117]. The oxidation of the dissolved sulphide is achieved under the action of relevant sulphide oxidising bacteria that oxidises H2S to either produce S and/or SO42− [117]. General speaking, autotropic sulphur oxidising bacteria are typically photoautotrophs or chemolithotrophs [118], and may be employed in BTF, BF, and BS technologies. Due to the importance of photoautotropes, further discussions regarding these sulphur oxidising bacteria have been presented in a stand-alone section below.



Chemolithotrophs, on the other hand, are able to oxidise the sulphides using oxygen (i.e., aerobic species) as electron acceptors and as presented in microaeration discussions above, or nitrate and nitrite (anaerobic species) as electron acceptors. Discussions with respect to the sulphur oxidising bacteria capable of utilising oxygen as electron acceptors have already been discussed in the in-situ microaeration section above, thus will not be discussed further to avoid repetition.



Sulphide oxidising bacteria that employ nitrates (NO3−) or nitrites (NO2−) present in the filter bed and absorption column of the BTFs or BFs and BS, respectively, as electron acceptors belong to a family of colourless sulphide-oxidising bacteria [119]. These microbes are sometimes referred to as autotropic denitrifies [119] and may include morphologically distinct microbes such as Thiobacillus denitrificans [120] and Thiomicrospira denitrificans [121]. The autotropic denitrifies are present in highly diverse ecosystems such as soils, sediments, and hydrothermal vents [122]. The oxidation of dissolved sulphides using nitrates or nitrites as electron acceptors may lead to the formation of elemental sulphur or sulphate and nitrite or nitrogen, depending on the sulphide to nitrates or sulphide to nitrites mole ratio, as illustrated in reaction equations as follows [119,123];


S2−+1.6NO3−+1.6H+→SO42−+0.8N2+0.8H2O



(38)






S2−+0.4NO3−+2.4H+→S+0.2N2+1.2H2O



(39)






S2−+NO3−+2H+→S+NO2−+H2O



(40)






S2−+4NO3−→SO42−+4NO2−



(41)






HS−+0.25NO3−+1.5H+→S+0.25NH4++0.75H2O



(42)







Further oxidation of elemental sulphur and thiosulphides may also occur in the presence of nitrates to produce sulphates as follows [119];


S+1.2NO3−+0.4H2O→SO42−+0.6N2+0.8H+



(43)






S2O32−+1.6NO3−+0.2H2O→2SO42−+0.8N2+0.4H+



(44)







A notable study that employed autotropic denitrifies in achieving the desulphurisation of biogas is presented in Ref. [97] where BTFs employed nitrate-rich effluent of sequencing batch reactor as both the bacteria source and the nutrient solution. The SBR effluent was also used as the source of microorganisms for the inoculation. Another study presented in Ref. [124] also investigated H2S removal using an anoxic BTF, which was operated using synthetic wastewater as the nitrate source. Another study undertaken in Ref. [125] not only tested the effectiveness of H2S removal in an anoxic biotrickling filter, but also demonstrated that the composition of the microbial community varied for different H2S and NO3− loads. Generally speaking, the employment of biological agents in facilitating the oxidation of sulphides as in the case with in-situ microaeration, BTF and BF can intuitively be considered a more environmentally friendly approach compared to the in-situ chemical dosing strategy discussed above, since all inputs occur in nature with no chemicals employed. It is the view of the authors of the present paper that the major issues associated with employing biological desulphurisation strategies may include the problems of microbe recovery, microbial culturing, and sustained microbial growth via temperature and pH control. Bioscrubbers have the advantages of having improved predictability, reliability, and pH control, with reduced clogging issues compared to the BTFs and biofilters [116]. Bioscrubbers are, however, characterised by lower abatement efficiencies, a more complicated start up, and waste sludge disposal issues [116,126]. The biotechnological approaches discussed so far have been demonstrated to be a sufficient and competitive treatment technology for biogas conditioning when compared to physical–chemical technologies [94,95,127].




3.2.3. Phototrophic Sulphur Oxidation


In addition to the chemolithotrophic sulphur oxidising bacteria discussed in Section 3.2.2 above, some previous studies have also demonstrated the possibility of employing phototrophic bacteria to oxidise sulphides to elemental sulphur and sulphates [128,129]. These phototrophic bacteria may be incorporated in the biotechnologies discussed above. The bacteria have the capability to oxidise sulphides to elemental sulphur and sulphate in the presence of light, CO2, and necessary nutrients, with the intensity of the light required dependent on the concentration of sulphides to be oxidised [129]. The relationship between the concentration of the H2S oxidised and light intensity is aptly highlighted using the van Niel curve as presented in Figure 4.



Biological desulphurisation via phototropic bacteria activity for H2S removal occurs according to the general equation below [128,129];


2H2S + CO2→Light2S+CH2O+H2O



(45)







Under conditions of constant high light intensity and low sulphide concentration, previous studies suggested that biological desulphurisation may lead to the formation of sulphates as follows [128,129];


H2S+2CO2+2H2O→LightSO42−+2CH2O+H2O



(46)







In Equations (45) and (46), CO2 functions as the electron acceptor (oxidising agent). According to Pokorna and Zabranska [131], commonly used phototrophic bacteria employed in desulphurisation include the sulphide-oxidizing green bacteria (genera of Chlorobium and Chromatium) and the sulphide-oxidizing purple bacteria (genera of Allochromatium, Chromatium, Thioalkalicoccus). It is important to reiterate that although this desulphurisation strategy achieves the oxidation of dissolved sulphides in the absence of oxygen, some of these microbes have the capability for biological desulphurisation even when molecular oxygen is present [132]. While recognising that there are a multitude of bacteria capable of oxidising dissolved sulphides, such that each bacterial genera is characterised by unique physiological and biological characteristics, the present review will provide a brief summary of some commonalities and differences between different sulphur oxidising bacteria. A brief summary of some characteristics of sulphur oxidising bacteria has been provided, since an extensive investigation of sulphur oxidising physiology bacteria does not constitute an objective of this review paper. Some notable characteristics of some sulphur oxidising bacteria are therefore summarised in Table 2.






4. Quantitative Analysis of the Desulphurisation Alternatives


A review of literatures provides some costing input that would be valuable in undertaking economic assessments and uncertainty analysis of the alternative desulphurisation technologies. The literature obtained costing input are summarised in Table 3 and Table 4. Since the data presented in Table 3 and Table 4 are obtained for the year 2015 and 2011, the associated CEPCIref(s), discussed earlier in Section 2 above, are specified as 556.8 [29] and 585.7 [155], respectively.



The obtained unit cost (Uc) incurred in desulphurising a unit volume of biogas for the competing desulphurisation technologies discussed earlier above have been determined using methods described in Section 2, with results summarised in Table 5. In the present study, distinctions have not been made between the bacterial forms (denitrifying i.e., Thiobacillus denitrificans, Thiomicrospira denitrificans, or phototrophic) identified as capable of facilitating the biological oxidation of dissolved sulphides [120,121,122] using biotechnologies of BTFs, BFs, and BS, as discussed earlier above. Also, a generic adsorption desulphurisation process has been specified to simplify the analysis. Given that the purity of the oxygen source for desulphurisation via in-situ micro aeration may vary in terms of the purity of the oxygen supplied (i.e., ranging from 100% oxygen to air contain oxygen), the mean values of costing data for the in-situ microaeration desulphurisation technology utilising 100% of O2 (v/v), 95% of O2 (v/v) and air (~21% v/v) [32] as electron donors have been employed as the representative data for simplicity. Employing the literature obtained economic data presented in Table 3 and Table 4 the estimated annualised capital cost, annual operating cost, and the unit desulphurisation cost for the competing desulphurisation technologies are presented in Table 5 and Table 6.



It is immediately clear from Table 5 and Table 6 that biogas desulphurisation via in-situ oxidation of dissolved sulphides via in-situ chemical dosing, for the base case scenario, constitutes the cheapest desulphurisation strategy. However, recognising the risk of variations in the estimated unit desulphurisation cost due to uncertainties in the underlying assumptions incorporated in estimating the annualised capital and operation cost, Monte Carlo simulations have been undertaken, as discussed in Section 2 above. The results are presented in Figure 5.



Figure 5 shows the unit costs for different desulphurisation technologies investigated in the present study. It shows that the unit desulphurisation cost associated with in-situ chemical dosing (CD) and microaeration (MA) approaches are estimated to be the cheapest and second cheapest approaches, with their estimated median unit desulphurisation costs of US $0.01/m3 and US $0.015/m3, the unit costs of which range between US $0.003/m3 and US $0.004/m3, respectively. The low unit desulphurisation of CD is consistent with a previous study where reduced capital, maintenance, and repair costs were identified as significant advantages of the CD approach compared to other ‘post-digestion’ biogas scrubbing desulphurisation approaches [156]. It must however be emphasised that, as stated earlier, the introduction of chemicals into the digester to minimise H2S formation may also present negative effects on microbial activity, leading to diminishing biogas yields. In addition to possible challenges of diminished microbial activities due to the introduction of chemicals to the digester, there may be additional environmental costs associated with the disposal of the resulting sludge containing Fe2+ and Fe3+ compounds in surrounding land. This is because although iron (i.e., Fe2+ and Fe3+) constitutes an essential nutrient for plants, excessive amounts in soil may have toxic effects on plants due to its accumulation within plant cells [157]. The higher cost of the MA desulphurisation method compared to the CD method may be due to the additional cost associated with the purchase of auxiliary technologies, such as pumps for oxygen and air supply. Additionally, some studies have suggested the possibility of negative effects on biogas yields, due to the deterioration of the methanogenic activity of obligatory microbes necessary for biomethane production [42,87,88]. The possibility of these negative effects was however contradicted in studies presented in [158,159,160]. These contradictory observations suggest that the negative effect on biogas yields may depend on several factors, such as the level of oxygen tolerance by the methanogens present and the nature of the sludge substrate (i.e., granular or flocculent) [42]. This is because the sludge type may also influence the level of exposure of the methanogens to oxygen [42].



Figure 5 also shows that the traditional absorption desulphurisation strategy using NaOH constitutes the most expensive desulphurisation strategy, with a median unit cost of US $2.38/m3, which is about 10 times the cost of H2S absorption using the chelating iron, which presents an estimated median unit cost of US $0.244/m3. This high cost may explain why this approach is, at present, rarely employed as a viable desulphurisation strategy [53]. In addition to the high cost of traditional absorbers using NaOH, a high technical requirement is necessary to handle the caustic (NaOH) solution and manage associated secondary pollution challenges, since NaOH is typically not regenerated from its Na2S and NaHS reaction products. The unit desulphurisation cost of the adsorption system is estimated as the third most expensive desulphurisation strategy with a median cost of US $1.231/m3. The high unit desulphurisation cost estimated may be due to the cost incurred from the regular replacement of adsorbents as a result of clogging issues. This unit cost may be the reason for its preferred utilisation in desulphurisation operations when the concentration of the H2S in the biogas is relatively low [73]. Interestingly, Figure 5 also shows significant overlap the unit desulphurisation costs of the adsorption and biotrickling filter technologies. This overlap is emphasised when it is observed that the highest possible cost (the whiskers) using the adsorption system of US $1.842/m3 exceeds the median cost using the adsorption system of US $1.52/m3. This observation may suggest a close competition between the desulphurisation strategies of adsorption and biotrickling filter technologies based on strictly economic measures.



A comparison of the unit desulphurisation costs using biotrickling filters (BTFs), biofilters (BFs) and bioscrubbers (BS) shows that the BF system is the cheapest desulphurisation strategy. This observation is not unexpected since BF presents a simple design, composed of a fixed bed, equipped with cheap bedding materials and easily acquired microbes. On the other hand, the high median unit cost estimated as US $1.52/m3 for desulphurisation operations using biotrickling filters may be reflective of the additional cost required to sustain nutrient supply via the use of auxiliary trickling systems.



Noteworthy Considerations


As a note of caution, it is crucial to recognise that although the present study has presented the in-situ chemical dosing desulphurisation strategy as the most economically favorable approach, as illustrated by its low median unit desulphurisation cost of US $0.01/m3, several factors may impede its global acceptance. Some of these factors may include challenges of maintaining a supply of chemicals to the digester if the H2S oxidation process is to be sustained, possible negative effects on the biogas potential, and the risk of potentially negative environmental outcomes from the disposal of the sludge residues containing insoluble metallic precipitates (i.e., FeS). Logic may however suggest that this desulphurisation approach will be preferred when a small-scale desulphurisation operation requiring high rates of production of H2S-free biogas is necessary. In such a small-scale operation, the associated chemical cost and unfavourable environmental implications may not be considered significant enough to discourage its application. In other cases, the peculiar properties of the biogas being desulphurised may influence the selection of the appropriate technology to be employed. For instance, for cases involving the desulphurisation of biogas containing low concentrations of H2S, it may be more practical to implement the desulphurisation process using adsorbents. Also, in the absence of sufficient headspace in the digester, it is not uncommon for the utilisation of biotrickling filters to be preferred to the utilisation of in-situ microaeration, even though biotrickling filters constitute a more expensive approach [15].



Beyond economics, performance, and environmental impact considerations, another factor that may be considered in the selection of the appropriate desulphurisation technology to be employed may be their life cycle impacts, as investigated in the study of [161]. Clearly, therefore, the selection of the appropriate desulphurisation strategy may depend on not only a consideration of the economic performance of the different strategies, but also their respective capabilities to satisfy peculiar design concerns, such as environmental and desulphurisation efficiency performances. It may therefore be prudent to incorporate some form of decision support system, as proposed in Ref. [162], more so if the comparative economic performances of the desulphurisation technologies do not constitute the only design selection criterion.



In another approach, the integration of several desulphurisation strategies may be preferable to the use of a single desulphurisation approach, since such an integration will facilitate the incorporation of strengths while limiting the weaknesses of the component desulphurisation strategies of the different strategies. For instance, the utilisation of an iron sponge composed of Fe2O3 for chemical oxidation of HS- and inoculated with thiobacteria for biological oxidation of H2S may serve to reduce the mass of metallic precipitates generated, while also ensuring that the desulphurisation process is achieved in a short time.





5. Conclusions


Recognising the negative implications of high H2S content in biogas on human health, environmental outcomes, and energy equipment durability, existing desulphurisation strategies were qualitatively and quantitative reviewed. Preliminary work based on data obtained from the literatures suggested that the in-situ chemical dosing approach constituted the cheapest biogas desulphurisation technique, even after underlying uncertainties in the estimates were incorporated. Concerns are however raised with respect to system control costs and environmental costs, more so as continued supply of chemicals may be required for sustained desulphurisation and secondary pollution generation concerns, respectively. Finally, recognising that each desulphurisation approach considered may present different advantages and disadvantages, the integration of several technologies was proposed as an approach to counter the individual weaknesses of desulphurisation strategies, while also combining their strengths.
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Figure 1. Illustrating the variation of concentrations of dissolved hydrogen sulphide (H2S) and bisulfide (HS−) in an aqueous solution with pH of the digester. 
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Figure 2. Simple illustration of a biotrickling filter (A) and a biofilter (B) desulphurisation set for biogas. 
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Figure 3. Simple illustration of a bioscrubber highlighting the two steps of initial H2S absorption followed by H2S oxidation. 
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Figure 4. The van Niel curve (adapted from [130]). 
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Figure 5. The unit desulphurisation cost distribution for technologies investigated in this paper. The mean unit desulphurisation cost of the desulphurisation technologies were investigated and their associated standard deviation are also presented. These values have been estimated for 50% to 150% changes in the estimated operating cost and capital cost components. 
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Table 1. Major differences between physisorption and chemisorption [62,63].
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	Differentiating Parameter
	Physisorption
	Chemisorption





	Bonding forces
	Van der Waals forces bond the adsorbate and absorbent with the adsorbate molecule retaining its gas phase electronic structure.
	Stronger covalent forces are employed leading to perturbation of the molecular electronic structure of the adsorbate molecule



	Adsorption heat
	The enthalpy change during the adsorption process is usually low and ranges from 30 to 40 kJ·mol−1.
	The enthalpy change during the adsorption process is usually high and ranges from 80 to 800 kJ·mol−1.



	Adsorption layers
	Multi-layer adsorption typically occurs.
	Monolayer adsorption typically occurs.



	Temperature requirement
	Varies with the specific adsorbate and adsorbent employed with low temperatures considered as favourable.
	Higher temperatures considered favourable.



	Kinetics
	It is a reversible process.
	Irreversible as new compounds are formed at the adsorbent surface.
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Table 2. Summary of some notable properties of sulphur oxidising bacteria considered in the present study.
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Some Properties

	
Sulphur Oxidising Bacteria

	




	
Photoautotrophs

	
Chemolithotrophs a

	
References




	
Green Sulphur Bacteria

	
Purple Sulphur Bacteria






	
Sulphide oxidation pathway

	
Reduces carbon dioxide to carbohydrates via the H2S oxidation.

	
Also capable of undergoing the phototropic conversion of carbon dioxide to carbohydrates via H2S oxidation.

	
May oxidize inorganic sulphur compounds using oxygen, generating energy (aerobic species such as Beggiatoa sp)

May also oxidize inorganic sulphur compounds using nitrogen oxides for energy generation. Also called autotropic dentrifiers (i.e., anaerobic species such as Thiomicrospira denitrificans.

	
[133,134]




	
Physiology

	
Green bacteria are either non-motile green or gliding filamentous green bacteria.

Gas vesicles are present and responsible for enhanced buoyancy. Chlorosome complexes are also present and that serve as ‘photosynthetic antennas’.

	
Most purple bacteria are flagellated. Typically, gas vesicles and chlorosomes are not present.

	
The chemolithotrophs are typically considered colourless due to the absence of photopigments. They may be motile, filamentous organisms (i.e., Thiobacillus denitrificans, Beggiatoa) as the mobility assists in migration to regions of higher oxygen concentration. They may also exist as non-motile organisms

(i.e., Thiomicrospira denitrificans)

	
[119,135,136,137,138,139]




	
Light response

	
Green sulphur bacteria are phototrophs thus require light. They absorb longer wavelengths of light than purple sulphur bacteria since have they have special adaptations to low light. A notable example is the green bacteria is Chlorobium phaeobacteroides which is reported to be capable of surviving under a light level of <0.25 μmol photons m−2 s−1.

	
Purple sulphur bacteria are phototrophs thus also require light. They require shorter wavelengths of light, highlighting the need for higher energy requirement by the purple bacteria.

	
Photo-inhibition even in low light intensities has been reported in previous studies, with protection from light considered desirable.

	
[133,140,141]




	
Oxygen tolerance

	
Strict obligate anaerobes

	
Can survive in the presence of molecular oxygen (facultative)

	
Some are dependent on oxygen, thus they are often localised at the interface between aerobic and anaerobic zones where low concentrations of oxygen and sulphide can coexist (i.e., Beggiatoa sp and Thioploca sp are aerobic). Other colorless bacteria may exist as absolute obligates (i.e., Thiomicrospira denitrificans) with some species (i.e., Thiobacillus denitrificans) capable of consuming low oxygen concentrations.

	
[132,139,142,143]




	
Sulphur availability

	
Elemental sulphur is deposited extracellularly, free of any encapsulation by proteins. If the sulphides are depleted in the substrate, extracellular sulphur globules may be oxidised completely to sulphate.

	
Elemental Sulphur is typically deposited intracellularly as spherical particles and is encapsulated by proteins. The sulphur is further oxidised and released from the cells as sulphates. Some species of the purple sulphur bacteria such as Ectothiorhodospira, Halorhodospira, Thiorhodospira also have the capability to deposit elemental sulphur extracellularly.

	
There may be an intracellular accumulation of elemental sulphur. In some cases, up to 30% of dry cell mass is sulphur (i.e., Beggiatoa sp).

Large internal vacuoles facilitated the storage of sulphur within the cell wall

	
[131,144,145,146,147]




	
Sulphide tolerance

	
Green sulphur bacteria exhibit a high tolerance for high concentrations of sulphides in solution of up to 5–10 mM. This is largely because sulphide oxidation occurs extracellularly.

	
High sulphide concentrations (5–10 mM) are considered toxic to purple sulphur bacteria largely because sulphides are oxidised internally.

	
They do not tolerate very high sulphide concentrations (i.e.,~>1920 mg/L).

	
[146,148,149,150]




	
CO2 fixation pathway

	
CO2 fixation is typically achieved via the reductive tricarboxylic acid (RTCA) cycle.

	
The reductive pentose phosphate (also called Calvin-Benson- Bassham) cycle is typically employed in CO2 fixation.

	
CO2 fixation is typically achieved via the reductive ribulosediphosphate (Calvin) cycle. Some may also be able to utilise small amounts of exogenous organic carbon as carbon sources.

	
[143,151,152,153]




	
Bacteriochlorophyll forms of types a,b,c,d,e and g (letters to illustrate slight changes in structure)

	
Bacteriochlorophylls of c, d, and e are present

	
Bacteriochlorophylls of a and b are present

	
Photopigments are absent.

	
[154]








a The characteristics of aerobic and anaerobic chemolithotrophs tend to overlap.
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