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Abstract

:

Biogas, a product of anaerobic digestion process that consists mainly of methane and carbon dioxide is a suitable alternative fuel if unwanted impurities are removed as they have a negative impact on the equipment. The most significant technologically troublesome trace compounds that must be removed are siloxanes since they are converted into silica on gas surface engines and turbines resulting in equipment damage. The quality of the gas is certainly improved by reducing the amount of impurities and the end use determines the extent of biogas cleaning needed. The major aim of this study was to compile information that can assist researchers or even designers in selecting a suitable technology to remove siloxanes. Siloxane removal definitely can be achieved using different methods and the effectiveness of each method relies on careful consideration of the characteristics of both biogas and siloxane, as well as the technological aspects of the method. Herein, we review on different cleaning techniques for siloxanes in raw biogas, the negative effects they have, their levels and technologies to reduce their concentrations. This review also incorporates the sources of the siloxanes, the progress to date on their removal and possible ways of regenerating adsorbents. The reviewed literature suggests that biogas upgrading technology should be promoted and encouraged especially in siloxane removal as it has detrimental effects on engines. The parameters and effectiveness of adsorption processes are discussed, and individual adsorbents are compared.
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1. Introduction


The development of alternative energy sources is now of paramount importance as the conventional energy resources are being depleted accompanied by global warming intensification. Worldwide, the community has realized that use of biogas is among the efficacious strategies to alleviate the global energy crisis. The use of biogas, which is methane rich, is very feasible and can result in the reduction of odor, methane, and other harmful gas emissions into the environment, hence improving the quality of air [1]. The gas has proved to be one of the most reliable sources of energy because it is cheap and reduces greenhouse gas emissions [2,3].



The negative impacts and high long term costs of poor waste disposal has made people to realize a potential to turn the problem into an economic and sustainable initiative which is biogas production and upgrading. The increase in electricity prices and the high energy demands due to global population growth and rapid urbanization could be alleviated by the use of biogas with a high methane content has also motivated for biogas upgrading. Other households in developing countries have no electricity network and a possible alternative to this problem is the use of upgraded biogas to generate electricity, cooking, or even heating. The improved facilities in the village will result in less migration to cities too. The use of biogas has an advantage of helping to reduce its release into the atmosphere, hence minimizing the harmful greenhouse effect. To enable the usage of the gas in other applications and also increase its value, the biogas needs to be upgraded to get biomethane, which can be used as an alternative to natural gas and fossil fuels. When upgraded, it can be fed into the natural gas grid or used as a vehicle fuel. Its use as a vehicle fuel is considered to be one of the best alternative to natural gas and fossil fuels. The purity of the upgraded biogas needs to match the standard for vehicle fuel. The calorific value of biogas has been found to be similar to that of diesel and liquefied petroleum gas but higher than coal and wood [4]; hence, it is possible to be converted to electric or heat energy [5].



Biogas from anaerobic digestion is mainly composed of methane and carbon dioxide but also contains other gases in small quantities, such as water vapor, particulate matters, volatile organic compounds (VOCs), ammonia, siloxanes, and sulfur containing substances [6]. This composition differs in different plants because the feeds have different compositions and the difference in the conditions at which the anaerobic digesters are being operated.



The occurrence of siloxanes in biogas is a major obstacle on the utilization of biogas as a source of renewable energy; hence, the biogas needs to be cleaned or upgraded before it can be used and the extent to which the gas should be clean depends on where and how it will to be used since there are different quality demands aspects for biogas use. Different equipment has different gas certifications but it is always better to use cleaner gas to minimize and reduce costs maintaining the equipment although cleaning can compromise maintenance costs. If the gas is going to be used for generating heat for instance in boilers, hydrogen sulfide, siloxanes, and particles should be removed. Hydrogen sulfide can form sulfuric acid with water which can cause corrosion, whereas siloxanes and particles could clog small tubes in small boilers this may not happen in industrial boilers since their components are not small. The manufacturers of equipment have put specifications of the gas to be used and the maximum tolerance of certain impurities as their sensitivities to gas impurities differ. In engines that are used for power production, different gas compositions can be tolerated.



In order to effectively produce energy from biogas in a cost-efficient way, the biogas must have high methane content and very low pollutant level. Impurities have different effects if not removed and these include fouling, corrosion, and lower energy output. Hydrogen sulfide can cause corrosion, which can seriously damage equipment or other installations; water vapor if not eliminated can accumulate as a condensate in the pipe line; and carbon dioxide reduces the biogas’ energy content when the biogas is used as a natural gas or car fuel. The cost of converting biogas into electricity from digesters can be heavily affected by these contaminants; hence, it important to analyze the biogas to determine the levels of the trace compounds so as to find out the need for a cleaning process before using it. In order to minimize maintenance and renovation costs of equipment that use biogas, the siloxane concentration should be reduced to 0.002–2.3 ppm as specified by the manufacturers [7]. The processes involved in biogas production in an anaerobic digester system are shown in Figure 1.



Once the gas has been upgraded, the produced waste should be properly disposed and the upgraded biomethane slip should be avoided so as to prevent the environmental impact of the whole process. For instance, a lower impact when using water scrubbing in basic solutions can be achieved by replacing potassium hydroxide with sodium hydroxide. The water from the plants could recycled instead of being discharged into the environment but this entirely depends on the chemical composition.




2. Biogas Composition


The main components of biogas are methane (CH4) (47–65%, v%) and carbon dioxide (30–40%, v%), its heating value ranges between 15 and 30 MJ/Nm3 [5]. In addition to CH4 and CO2, the biogas also consists of trace amounts of undesirable compounds which include siloxanes, hydrogen sulfide, sulfur containing compounds, aromatics, and halogen containing compounds. Table 1 shows composition of biogas produced from an anaerobic digester process and landfill.



2.1. Siloxanes


These are a class of organometallic compounds that contain the ‘‘Si-O-Si’’ linkages and the regular ones in biogas are volatile methylsiloxanes (VMS), with each silicon atom having two methyl groups. The repeating structural units are shown in Figure 2. The cyclic siloxanes found in biogas are denoted ‘‘D’’ whereas the linear are denoted ‘‘L’’ configuration. The regular organic silicon compounds are shown in Table 2. They are quite difficult trace compounds to control in the biogas. VMS are chemically and thermally stable, less viscous and almost insoluble in water (usually <1, mg/L) suggesting that their removal by decomposition reaction methods may not be effective [11]. The D3 siloxane is one of the quite difficult siloxanes to detect and quantify since it is not stable.



2.1.1. Sources of Siloxanes


If the substrate getting into the digester contains siloxanes, small amounts of the siloxane will also be present in the resulting biogas since some of these compounds evaporate. Most personal care products which include shampoos, lotions, hygiene products, and hair products contain siloxanes and these are released into the wastewater which then get adsorbed by sludge. They do not biologically decompose, but accumulate in the activated sludge [15]. The volatile ones are released into the atmosphere through volatilization, whereas the relatively stable siloxanes remain in the sludge. The siloxanes that are found in biogas originate mainly from anaerobic sludge digestion in municipal wastewater treatment plants or landfills.



In the wastewater treatment process, the siloxanes have a tendency of accumulating on active sludge resulting in their removal from wastewater. Previous studies have shown that about 68% of siloxanes remained in the sludge, whereas the rest is discharged through effluent or lost via volatilization [16]. This is different from anaerobic digestion process where siloxanes are mainly released from extracellular polymeric substances. Larger molecular weight siloxanes are degraded into small compounds and or volatile compounds, which eventually are found in biogas and the rest remain. The volatilization process of the siloxanes is influenced by several factors of which the mains ones are temperature, fermentation, and retention time of the substrate [1]. The biogas siloxanes amounts vary according to feedstock used and it was estimated that between 20 and 50% of D5 in wastewater and activated sludge transfers ends up in the biogas [14]. Generally, in the bioreactor produced gas, the main volatile siloxane components are D5 and D4 which both often make more than 90% of the total siloxane concentration of biogas. In the digesters, the siloxanes that are soluble in water are not found in the biogas as they remain in the water phase and get discharged, whereas the insoluble remain in the sludge. The other source of siloxanes are silicones that are used as anti-foaming agents in digesters which are broken down into siloxanes [12].



The primary origin of landfill siloxanes includes detergents, cosmetics, sewage sludge disposed of in the landfill, jars that contain the remains of silicon-concentrated products, and also from landfill where sewage sludge was discarded off. Their levels are usually higher in active landfills than closed landfills. The siloxane content of biogas from landfills or anaerobic sludge digestion is two to three times higher than that of biogas from agricultural feedstock [17,18]. The major components of siloxanes in a landfill biogas arear L2, L3, D3, D4, and D5, and they follow the order D4 > L2 > D5 > L3, and the main component is D4 constituting an average of about 60% of the total siloxanes [1,5]. In addition to siloxanes, silanols are also found in biogas but their concentration is low is biogas produced from municipal sludge digestion due to the fact that they are soluble in water [15].




2.1.2. Negative Effects of Siloxanes


Among all the impurities found in biogas, siloxanes are among the trace compounds that are very difficult to control and have the strongest unpleasant effect on the utilization of biogas [5]. The presence of silicon compounds in the biogas has serious effects on the combustion engine where it is used. During the combustion process, siloxanes in the biogas are oxidized to form silicon dioxide which is then deposited on engine components such as spark plugs, valves and the turbo compressor resulting in shortening of engine life and in jeopardizing the warranties of the engines. The combustion oxidation reaction to form silicon dioxide (SiO2) is shown in Equation (1).


    (   (   CH  3  )  2  2 SiO )  n    + 4   nO  2  →   nSiO  2  + 2   nCO  2  + 3   nH  2  O  



(1)







The formed silica has severe effects on the combustion engine or generator due to its abrasive nature and can act as an electrical and thermal insulator resulting in reduced engine performance [19]. This insulating layer represses the function of spark plugs and can interfere with the sensors in the engine thus affecting heat transfer. The formed silica could be deposited on the engine combustion chamber’s wall surfaces resulting in the wearing down of the cylinder surface, reduced sealability of the engine, and lubricant distribution that is oil adherence on the surface is impaired [17]. All these problems both increase the maintenance costs of the engine and reduced maintenance intervals from between 40,000 and 20,000 h to about 14,000 h. It has been reported that silicon dioxide nanoparticles that are not deposited on the engine surfaces can be released into the atmosphere in the outlet gases and these are mutagenic, toxic, and carcinogenic [1,20].



When siloxanes are found in biogas, they reduce the electrical output in the equipment used for electricity production. Their presence and also other impurities in biogas increase the risk on downstream equipment and domestic gas boilers; hence, a standard was established. In Spain and Austria, the maximum siloxane constraint concentration was set at 10 mg/m3 [21] and in Holland it is 5 ppmv. In Germany, the siloxane concentration limit was 6 mg/m3 in biogas to be used in thermoelectric units. For heat and power generation, the allowed siloxane levels were 10 mg/m3 in Switzerland. In general, all utilization standards for the allowed siloxane concentration was revised due to the increase in siloxane concentration in biogas.



Equipment such as turbines which operate at elevated temperature are very susceptible to damage as a result of the presence of siloxanes. Siloxanes also have a huge negative impact on the performance of solid oxide fuel cells (SOFCs). Haga et al. 2009 carried out a study to determine the effect of decamethylcyclopentasiloxane (D5) which is the dominant siloxane in biogas from digesters, on SOFC anodes electrochemical activity [22]. They found out that siloxane poisoning decreased the voltages gradually with time leading to serious deterioration of the performance of the cell as a result of the formation of silicon dioxide both on top and within the porous anode as described in Equations (2) and (3). All these negative impacts discussed show that is really necessary to remove siloxanes in biogas utilization so that the energy use efficiency in industry and fuels is greatly improved.


    (   (   CH  3  )  2  SiO )  5    + 25      H   2   O    → 5    Si    ( OH )  4  + 10    CO  + 30      H   2   



(2)
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3. Abatement Techniques


It is recommended that the biogas that will be utilized as transport fuel be clean so as to have a high energy content. There are different standards used for biogas utilized as vehicle fuel for instance in Sweden, there is standard for biogas employed as vehicle fuel, which regulates methane, hydrogen sulfide, and water contents. The biogas to be used in the grid should meet the gas grid quality demands, irrespective of the end use. Generally, the limit of 15 mg/m3 of siloxanes have been imposed by several engine manufacturers and if it exceeds this, a gas pre-treatment is highly recommended. The recommended concentration of siloxanes in biogas for electricity production vary according to the equipment/engine used, for instance, per cubic meter of CH4, the siloxane concentration were suggested to be; microturbine (<0.01 ppm), turbine (0.087 ppm), fuel cell (<0.01), reciprocating engine (9–44 ppm), and Stirling engine (0.42 ppm for D4); these values depends also on the suppler [23,24]. Turbines are more prone to damage caused by siloxanes due to the fact that they work under high temperature. The engine manufacturers also set the quality of gas to be used in their equipment for warranties, the following siloxanes concentrations were set; Caterpillar (<21 ppm/m3CH4), Deutz (<10 ppm/m3CH4), Jenbacher without catalyzer (10 ppm/m3CH4), Man (<5 ppm/m3CH4), Waukesha (<50 ppm/m3CH4), and should not be detectable in Jenbacher with catalyzer [25].



There are several methods available for the removal of siloxanes from biogas and some of these are presented in Table 3. The methods include adsorption which involves adsorption on the adsorbent material’s surface, refrigeration/condensation, biological degradation, and membrane separation [26]. To increase the performance of the system, a combination of these methods is employed. The choice of the method depends entirely on the composition and properties of the compounds, for instance the volatilization method is capable of removing D3 and D6 but cannot completely remove D4 and D5 implying that another method such as degradation is required [27]. The siloxanes which are large and linear are not stable and they have a tendency of breaking into small compounds. Cyclic siloxanes such as D3, which are smaller can easily, volatilize but siloxanes with high molecular weight such as D5 due to their relatively low vapor pressures do not volatilize [28].



Table 3 shows some methods that can be used to remove siloxanes from biogas, their efficiency, advantages, and disadvantages.



3.1. Adsorption


This process also referred to as chemisorption involves the physical attraction of the adsorbate on the adsorbent. The siloxane molecules are attracted to available sites on the adsorption material’s surface. This adsorption process is not selective hence other trace compounds in the gas which are irrelevant when considering as utilization are adsorbed too. There are several factors that determine the efficient removal of the siloxanes and these include high surface areas and large adsorbent micropore diameter which determines the accessibility of the molecules to the adsorption surface. In a typical biogas treatment unit, adsorbents are put in columns whose size are based on the material’s adsorption capacity and the levels of the siloxanes that need to be removed. With repeated use, the adsorbent becomes saturated with the adsorbate and in that case replacement adsorbent needs to be replaced or even regeneration although the adsorption capacity will not be the same, between 5 and 25% less than the initial adsorption capacity [31].



The adsorbents can be silicon or carbon-based materials as shown in Figure 3 and have been used for the removal of siloxanes. These include activated carbon (AC), activated alumina [32], natural clay minerals [33], molecular sieves [34], alkaline oxide [35], and silica gel, which has good retention properties [36]. The adsorbents differ in their performances in adsorbing different types of siloxanes, i.e., adsorption capacity depends strongly on the siloxane type (since they have different polarities), relative humidity of the biogas, and nature of the adsorbent. The adsorption capacity of the siloxanes differs from one molecule to another depending on the chemical structure of the compound. A lot of research has been done on siloxane removal by adsorption but to come up with an efficient, stable, and easily regenerated adsorbent that is significant cost-effective remains a challenge. A comprehensive discussion on the various adsorbents that have been used so far for siloxane removal is given the following sections.



3.1.1. Adsorption Using Silica Gel


Silica gel with molecular formula (SiO2)·nH2O is an amorphous porous material obtained by polymerizing silicic acid with an acid such as sulfuric acid and hydrochloric acid. It is normally used in bead form with diameters between 1 mm and 5 mm characterized by high porosity and high hydroscopicity. It is also polar, which makes it a good adsorbent of polar molecules such as siloxanes. The adsorption forces between the silica gel and adsorbate are quite weak, which makes the regeneration of silica gel easy with a desorption efficiency of up to 95% at 250 °C for 20 min which is higher than that of AC under the same conditions [1]. In previous studies it was found that silica gel’s adsorption capacity for siloxane was about 100 mg/g which was ten times greater than the adsorption capacity of AC under similar conditions [37]. In a different study by Wheless and Pierce, it was discovered that silica gel could make a 50% increase in siloxane loading capacity than AC [30]. Silica gel is not only better than AC but also molecular sieves as reported by Finocchio et al. who found out that it adsorbed D3 better than the molecular sieves [35].



To improve the adsorption capacity, the silica can be modified. Jafari et al. 2016 modified mesoporous silica by functionalizing with a methyl group which resulted in very good removal of siloxane impurities due to the increase in surface area from 391 m2/g to 798 m2/g [38]. In another study it was found that acetylated silica gel had better adsorption properties for siloxanes as compared to simple silica gel and it was eased to regenerate by heat treatment at 110 °C [39].



The adsorption capacity of three different adsorbents namely Chameleon R silica gel with surface area of 690 m2/g, 13X zeolite with a surface area of 700 m2/g and activated carbon with a surface area of 930 m2/g was investigated under the same conditions using D4 as an adsorbate, and silica gel showed the highest adsorption capacity [40]. It is worthwhile to take not of the fact that the surface chemistry of silica gel is dominated by Si-O-Si and Si-O-H groups that have an affinity for molecules similar to D4 thus improving adsorption. For the dry gas, the maximum silica gel loading capacity is about 0.1 g of siloxane per gram of silica gel. It can be easily be regenerated by heating at 250° C for about 20 min and in most cases almost 95% of the adsorbed siloxane is removed although the efficiency differs from siloxane to siloxane depending on how volatile the siloxane is.




3.1.2. Adsorption Using Activated Carbon


Activated carbon (AC) also known as activated charcoal is an amorphous, non-graphitic form of carbon with an extensive internal porous structure with micropores and mesopores that have large surface areas of between 600 and 1600 m2/g. ACs can have an acidic or basic character that is depended on the method of activation or impregnation [14], and have been used a lot to remove impurities in both gases and liquids for decades. Its non-polar nature makes it preferentially adsorbs molecules which are non-polar and/or those with a small degree of ionization, which makes it suitable for siloxane removal [41]. It is mainly suitable for applications such as microturbine and fuel cell application where the requirement for gas usage is low levels of siloxanes. Basically, there three types of AC: catalytic-impregnated which can be regenerated, impregnated carbons, and virgin carbons, which are carbons that are not impregnated [42]. The catalytic impregnated AC are made by treating with a chemical containing nitrogen such as urea resulting in addition of nitrogen functionalities. On the other hand, the impregnated AC are as a result of mixing with a solid or liquid chemical, such as sodium carbonate, potassium permanganate, and sodium hydroxide before, during, or after activation.



ACs have several advantages which include high porosity, large surface area, high adsorption capacity, inexpensive, easily availability, and stability. In addition to these advantages it also has disadvantages, such as (i) non selectivity adsorption for siloxanes; hence, there is competition with other impurities and also adsorbs methane resulting in reduced methane content. It was found that the adsorption of methane on AC is two times more as that of zeolite, (ii) blockage of pores is expected due siloxane polymerization, and (iii) regeneration not effective because siloxanes are difficult to desorb hence frequent replacement of adsorbent. For instance, at Trecatti in the United Kingdom where it is necessary to change AC on a weekly basis costs nearly €2000 per change [12].



Several studies have been done using ACs on the removal of siloxanes and they proved to be good [43,44]. The removal of cyclic siloxane by ACs was found to be more effective when compared to the removal of linear siloxanes due to the changes they undergo on its surface and the displacement of the previously adsorbed lighter linear siloxanes [30]. Matsui and Imamura investigated twenty-two different ACs and the found out that some ACs had a good ability of the siloxane adsorption of the siloxane (D4) compared with silica gel and molecular sieves [34]. In non-continuous operation, the siloxane concentration has been reported to be reduced below 0.1 mg/m3 [45].



The performance of ACs on the adsorption of siloxanes differ as they are influenced by several factors which include; the source and surface properties [46]. The properties of biogas such as moisture content and temperature also affect siloxane removal of which the moisture content is the most significant factor. To avoid reduced performance efficiency of the AC system, they are used in conjunction with other pre-treatment methods like refrigeration or condensation to remove water that might saturates the carbon filter. The removal of water from biogas before being subjected to AC unit increases the life of the AC and performance of the system. It has been found that when the gas if free from water, AC can adsorb from 5000 to 15,000 mg of siloxanes per kilogram of carbon [30]. Where siloxane concentrations are high, it is also advisable for the gas to be pre-treated by cooling prior to adsorption. According to Sigot et al., the adsorption of siloxanes decreased tenfold and higher when the relative humidity is between 50 and 70% [40]. This suggests that water should be removed from the biogas before it enters into AC units to improve adsorption of siloxanes. In addition to water, hydrogen sulfide can also be adsorbed saturating active sites causing poor siloxane removal [47].



Since both ACs and siloxanes are hydrophobic, physical adsorption would be the major mechanism of adsorption. An investigation on the relationship between D4 removal and characteristics of AC was carried and it was found out that the most favorable characteristics of AC to remove siloxanes are 1.7–3 nm pores, high surface areas, and a lot of super micropores and small mespores [46].




3.1.3. Adsorption Using Activated Aluminum Oxide


Activated alumina is a porous solid that is comprised of aluminum oxide (Al2O3) that is partially hydroxylated. They are usually prepared by heat treatment of aluminum hydroxide precursors and are commonly used as adsorbents, catalysts, and support for catalysts. It has several advantages which include (i) effective thermal regeneration, (ii) has a lot of capillary channels and high surface area, and (iii) strong affinity for impurities in biogas. Its disadvantages include high costs and short effective life.



Alumina was demonstrated to be a providential material for siloxane elimination, in view of an investigation by other researchers [35]. The disintegration of hexamethylcyclopentasiloxane was tried at different temperatures that ranged between 200 °C and 400 °C on acidic as well as the basic oxides alumina (Al2O3), MgO, CaO, and silica. Results demonstrated that MgO, SiO2 and CaO indicated the negligible expulsion of D3. An absorption of 24 wt.% at 250 °C was indicated by the alumina, which was presented to a blend of carbon dioxide and methane and immersed with hexamethylcyclopentasiloxane at 25 °C. The utilization of humidified gas rose to a decrease by 5 wt.%. Nevertheless, at a temperature of 400 °C, the uptake of D3 re-expanded to 31 wt.%.



Lee et al. 2001 investigated the adsorption capability of different adsorbents; AC, molecular sieves 13×, and activated Al2O3 for D4 and they found out that activated Al2O3 was the best among the three adsorbents [48]. The adsorption capacity of mesoporous alumina was found to be stable and to retaining its adsorption capacity after repeated use (three cycles) when compared to AC and silica gel, meaning that it has high adsorption performance which is sustainable [49].





3.2. Absorption


This abatement technique depends on the siloxane solubility in high boiling points organic solvents such as tetradecane. Siloxanes which are cyclic and also linear are quite stable against both chemical and biochemical degradation but high temperatures, strong bases and strong acids catalyze the splitting of the bonds between silicon and oxygen. However, due to the formation of a lot of precipitated carbonates caused by high levels of carbon dioxide in biogas, strong bases are less preferred as it can prompt precipitation challenges in the equipment and increased operation costs. There are two ways in which siloxanes removal can be done: (i) physical absorption using long carbon chain organic solvents in a splashing device, and (ii) a packed column. A 100% removal of siloxanes is challenging to achieve on the basis that they are extremely volatile, and they are dismantled from the solvent at increased gas flow rates. This challenge is not there if siloxanes are chemically retained, because there is conversion of siloxanes to components of low volatility. The higher the volatility of a siloxane the more difficult it is to condense; hence, the reduction of the concentration of L2, D3, and L3 through cryogenic condensation is more difficult than D4, L4, and D5 [5].



An expulsion of siloxanes beyond 95% can be achieved with sulfuric acid and nitric acid solutions whose concentrations are 480 dm3 m−3 and 650 dm3 m−3, respectively at 60 °C. Phosphoric acid was observed as not effectual at a concentration of 850 dm3 m−3 fixation and a temperature of 60 °C. Acid utilization nevertheless could be challenging because of the corrosive/destructive potential they have. Their practicable implementation as adsorbent in biogas plants must be assessed with care due to the expected health and environmental hazards. Selexol can be utilized to accomplish great siloxane expulsion which are above 98% [30]. A few different solvents and mineral oils were additionally assessed for their absorptive capability in removing siloxanes, but yielded unsatisfactory outcomes [50]. This methodology is efficient depending on the type of contacting phase used; however, it also poses disadvantages including the operational expense that is very high, there is toxicity from solvents and also a lot of energy is needed to regenerate contacting phase; in addition, the solvents used are highly flammable as well. Huppmann et al. 1996 tested tetradecane and they proved that its efficiency for D4 collection was 97% [51]. A 60% removal of siloxanes was achieved by Stoddart et al. 1999 when they used an absorption system that utilized a hydrocarbon oil as a solvent [52].



Table 4 shows some absorption methods and their advantages and disadvantages.




3.3. Refrigeration/Condensation


At frosty temperatures and low pressure, some of the compounds that are in the biogas condenses and isolation is possible. This straightforward eminent technique can be utilized for the expulsion of siloxanes and moisture from the biogas. Nonetheless, significant expenses due to the consumption of a lot of energy can prohibit the utilization of this innovation. Normally, a unit comprises of a heat exchanger and also chamber for cooling, which allows compacted gas is distribution and cooling by a coil framework filled with a freezing operator that is siphoned and recycled from the fridge. It was noticed that refrigeration or condensation do not regularly accomplish satisfactory siloxane expulsion. The prediction made was that, cleaning the unit for cooling utilized for retaining siloxanes could be challenging; besides, the identification of the reference of this issue could be found. It has been reported that the efficiency of a refrigeration framework usually fluctuates from between 15 and 50% siloxane expulsion to 95% contingent upon the cooling temperatures applied [30]. To be able to remove above 99% of the siloxanes, freezing to −70 °C is necessary but it is energy intensive, hence a techno-economic analysis would be required so as to know if it is sustainable or not [45]. It has been reported that only 26% of siloxanes condense to liquids when the temperature is at −25 °C, [54]. Research on a few techniques for the removal of siloxanes from biogas was done and it was reported that refrigeration revealed lower execution for the removal of siloxane than adsorption strategies [37]. The main advantage of this innovation is that, it is not poisonous and there is no need for the removal of its adsorption media as it is in the initiated carbon technique.



Basically, the procedure of condensation and refrigeration is utilized as a measure for gas pretreatment preceding the utilization of activated carbon. Another report also reported an efficiency of up to 90% siloxane removal by using a deep refrigerator at approximately −30 °C for a sewage digester biogas [1,26]. A hypothetical model was built up by Ajhar et al., 2010, to assess and estimate the concentration of siloxane in an ideal gas through a purification by deep chilling at a pressure of 1 bar and a temperature of 70 °C [50]. The hypothetical expulsion effectiveness relies emphatically upon their intrinsic properties as well as the saturation partial pressure in a gas mixture. As per the model, the higher the siloxane volatility is, the more troublesome the condensation will be, hence, there is a direct proportionality. Sufficient and adequate siloxane removal cannot be accomplished by only using the condensation/refrigeration innovation hence to improve the efficiency of siloxane removal, refrigeration can be used together with other different methods, for example, enacted carbon adsorption to eliminate siloxane [45].




3.4. Membrane Separation Techniques


In relation to other techniques used for siloxane separation, peculiar to membrane separation is the certitude that the material applied (the membrane) can be an extremely thin layer, generally ranging at approximately around 0.220 mm, and space that is taken by the membrane is essentially quite lower contrasted to the different techniques. The major advantages of this technique are that they require low energy and the resulting methane purity is quite pure. The membranes used are either polymers or inorganic that are distinguished by big surface regions for partition whilst having a small capacity, although other materials for separation are bigger such that they can subscribe to high operational expenses. The penetrability and selectiveness of a membrane towards specific particles or molecules rely upon the pore sizes as well as interactions between molecules [55,56].



To enhance the methane content in the biogas, those membranes that have high siloxane or methane selectiveness can be utilized. Despite the fact that methods that use membrane for siloxane removal were accustomed very well for CO2 expulsion, including mechanical applications, there are only few publications showing the outcomes of the use of membranes for removing siloxanes where expulsion efficiency above 80% were acquired. The underlying speculations and operational expenses must be dissected properly before executing this strategy to suit a specific industrial office. The determination of the type of membrane is additionally significant for long-haul performance [50,57].



It has been reported that poly dimethyl siloxane-membranes can be utilized as an alternative for membrane separation of siloxanes and some volatile organic trace compounds [50]. Moreover, they exhibit high water characteristic permeance hence serve as a perfect dehumidifier. The reenacted membrane selectivity for siloxane was ranging between 20 and 70 folded more compared to nitrogen. This membrane is likewise portrayed by high water porousness, thus subsequently appropriate for the expulsion of water from the biogas. This membrane can be likewise utilized in removing other poisonous organic chemicals, including benzene, toluene, ethylbenzene, xylene and halogenated hydrocarbons. The membrane separation was checked for octylmethyltetrasiloxane and further tests could be led for other direct and cyclic siloxanes present in the biogas [50,57].



This mode of separation seems to be more advantageous as it is a simple way of removal of siloxanes. Moreover, it offers a large surface area and a small volume nevertheless there is high risk of membrane destruction due to the chemicals, pH, and excess pressure that will be used during the process. There is also a chance that the pressure will drop hence affecting the results. It is relatively expensive when compared to other abatement techniques as membranes need to be changed often due dangerous compounds from the biogas whose particles, and hydrogen sulfide, can significantly damage the membrane.




3.5. Catalytic Process


Catalytic frameworks are irregular regarding landfill locales. In spite of the fact that volatile organic compounds are normally decimated by catalytic strategies, a complex lattice, for instance, landfill biogas makes their expulsion more formidable, in light of the fact that numerous minor parts present in landfill gas (LFG) operate as toxic substances. Urban and his colleagues proposed a reactant filtration procedure merged together with landfill gas use in MCFC (molten carbonate fuel cells). The catalytic procedure converts the toxic landfill gas minor compounds to easily removable products fin the stream of gas by a resulting adsorption step. Two catalysts are involved in the procedure. The principal material is an economically enacted alumina that functions to eliminate high convergences of volatile siloxanes, which deleteriously affect both the resulting catalyst and a downstream liquid carbonate energy unit. Alumina gets deactivated after some time and should be supplanted intermittently. The subsequent material is a mercantile V2O5–TiO2 catalyst which influence a lot in the oxidation/hydrolysis of inorganic and organic model compounds into simple compounds, gases that are “corrosive” (HCl, HF, and SO2), that can be handily taken out through retention by alkalized alumina for instance. An ideal cycle temperature was discovered to be in the scope of 250–400 °C.




3.6. Biological Removal


In spite of the fact that siloxanes are accounted for to be generally stable against biological disintegration, some ongoing research and studies explored the chance of eliminating siloxanes by biological methods. Siloxane biodegradation has been explored by Accettola et al. 2008 to assess the chance of utilizing a biofiltration framework to treat biogas [29]. The analysis concentrated on the debasement of octamethylcyclotetrasiloxane D4 in cluster cultures as well as Hexamethylcyclopentasiloxane D3 in a bio-streaming filter by microorganisms present in an initiated muck from a civil wastewater plant and from a silicon-producing organization. Results showed that D4 can be biodegraded by a network of microorganisms. The prevailing genus was distinguished as Pseudomonas, while different microorganisms discovered included Zooglea, Xanthomonadacea, Rhodanobacter as well as Mesorhizobium. A disintegration compound from D4, dimethylsilanediol (DMSD), has moreover been discovered handful in bacterial cultures than in the treatment of an air stream contaminated with siloxane. Results indicated an expulsion percentage of 10–20% of D3, though a similar framework in abiotic conditions revealed zero elimination.



Xu et al., 2013, examined the expulsion productivity of activated sludge under anaerobic conditions. After 60 d handling, removal efficiencies of 3.0%, 44.4%, 62.8%, and 18.1% sequentially were obtained for D3, D4, D5, and D6. The outcome infers that siloxanes can be biodegradable, yet the effectiveness of biodegradation is exceptionally low.



Popat and Deshusses reviewed on a study where aerobic and anaerobic biotrickling filter (BTF) was used for siloxane removal executed at laboratory scale. The D4 in the test biogas at a gas stream rate of 0.5 L/min had a concentration of approximately 45 mg/m3 and was the solely carbon and fuel source in the entire activity framework. The examination proposed that siloxane expulsion by organic cycle needs to take a long residence time, and the evacuation proficiency of both anaerobic and vigorous framework was low. The examination additionally found that there fundamentally was a direct connection between the expulsion effectiveness and the vacant bed residence time [1,58]. Oftenly, hydrogen sulfide is regularly found together with siloxane in biogas. The presence of H2S ought to be contemplated for biological removal in biogas treatment. BTF under anoxic conditions, has just been demonstrated to eliminate H2S from biogas [59]. Hence, the possibilities for organic biogas treatment are establishing an extensive technique eliminating H2S and siloxane at low concentration concurrently from biogas, which could be an appealing financially savvy elective strategy contrasted and more costly conventional treatment.





4. Economic Aspect of Individual Adsorbents


When choosing adsorbents in an industrial equipment, it is always important to consider the economic balance of the used adsorbent. In some cases materials that with the high adsorption capacity for siloxanes are expensive to use hence the best choice will be that one which has the highest adsorption capacity when the price of required adsorbent to fill the adsorption tower is taken into consideration. It was found that the ration of ratio of adsorption capacity for siloxanes to the price of the adsorbent is very important for industrial use of some of the adsorbents. The cost of some systems for siloxane removal depend heavily on the concentration of inlet siloxane in the biogas and the frequency of replacing the adsorbent.



Some of the economic aspects to be considered are (i) interest on loan in the event that there is no enough money and one needs to take a loan from the bank, (ii) the current and future cost of construction materials, (iii) saving of foreign currency, (iv) the current and future cost of labor, and finally (v) the current/future cost of alternative fuels [60]. One would need to assess if there are no other cheaper fuels when compared to investing in biogas upgrading using expensive adsorbents. Some systems require a lot of energy to upgrade biogas whereas others require less.



Before a method to be used is chosen for biogas upgrading, it is necessary to also consider how different compounds present in the biogas affect the overall process, the produced gas, and the possible need for treatment of other streams such as waste gas or process water [61]. Another economical aspect is the cost of minimizing methane slip in an upgrading plant. It is inevitable but can be minimized and it can vary between plants using the same upgrading technique. In some cases, the cost of reducing the methane slip which can be achieved through altering the process design with more membrane steps or changed operational parameters could be more such that extra investment packages are needed to reach the lowest reported methane slip. Hence, in some case there is a tradeoff between methane slip and investment or operational cost.



There are several factors that affect the specific production cost for a biogas upgrading unit and these may differ for different techniques as they require different consumables such as energy and chemicals and their costs need to be taken into account. The units could be equipped with a heat recovery which could lower the operational costs but with slightly higher investment cost. Another aspect is that results in different costs is the service agreements that are available on the market, and this is related to the given guarantees.




5. Conclusions and Recommendations


The paper highlighted the problems that are related to siloxanes when they are found in biogas and it is very clear that the economical use of biogas can only be achieved when there is a proper siloxane removal technique. The removal of siloxane from biogas definitely can be achieved using different methods and the effectiveness of each method relies on careful consideration of the characteristics of the both biogas and siloxane, as well as the technological aspects of the method. In the event that two methods need to be combined for successful impurity removal, a cost benefit analysis might be required. Among the abatement techniques available for siloxane removal, adsorption seem to be quite important and we recommend its use because of several advantages discussed in the manuscript, but a lot of studies need to be conducted so that (i) the adsorbents do not also adsorb methane, i.e., selective siloxane removal, (ii) the regeneration process is easy and cheap, and (iii) and the efficiency of the regenerated material remains fairly high after repeated use. Since the quality of biogas required varies depending with applications, comprehensive information of biogas quality at every site is vital for planning upgrading facility.



The use of adsorbents for siloxane removal seem to be very viable; hence, further research is certainly required to increase the lifespan of the adsorbents and the efficiency of the regenerated adsorbents to make the process cheap, although poisoning by be other impurities is inevitable. The optimization of the process of each technique needs to be done so that optimum conditions are known for a cost-effective removal of siloxanes.



It is also recommended that before an abatement technique is chosen, the concentration of the siloxanes in the biogas should be determined so that the best method can be applied for the best results. The development of techniques which can remove siloxanes and other impurities, such hydrogen sulfide from biogas, need to be developed as it will definitely reduce the costs of the installations, reduce technological, and environmental risks. Having mentioned all that, something that would significantly increase costs and technical complexity in these processes should be avoided.



Although the upgrading to biomethane can generally improve quality of the air and minimize greenhouse gas emissions, methane losses in the off-gas can greatly affect the sustainability of the whole process. Hence, it is highly recommended that the losses be minimized to avoid such.
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Figure 1. Anaerobic digester system [8]. Reproduced from [8], United States Environmental Protection Agency: 2015. 
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Figure 2. The repeating structural units for linear siloxanes (left) and cyclic (right) siloxanes. (e.g., n = 1: L2) [12]. 
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Figure 3. Silicon and carbon based adsorbents for siloxane removal from biogas. 
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Table 1. The composition of biogas from anaerobic digester and landfill gas [9,10]. Adapted from [9], Woodhead Publishing: 2013 & [10] Elsevier: 2015.






Table 1. The composition of biogas from anaerobic digester and landfill gas [9,10]. Adapted from [9], Woodhead Publishing: 2013 & [10] Elsevier: 2015.











	Compound
	Anaerobic Digester Biogas
	Landfill Gas
	Effects on Biogas Usage





	Methane
	50–80 mol%
	30–60
	



	Carbon dioxide
	15–50 mol%
	15–40
	
	
Reduces calorific value.



	
Causes corrosion



	
Anti-knock properties of engine








	Oxygen
	0–1 mol%
	0–10
	
	
Gives rise to corrosion








	Nitrogen
	0–5 mol%
	0–50
	
	
Decreases calorific value



	
Anti-knock properties of engines








	Hydrogen Sulfide
	100–10,000 mg/m3
	0–1000 mg/m3
	
	
Catalytic converter poison



	
Health hazard



	
Corrosion








	Ammonia
	0–100 mg/m3
	0–5 mg/m3
	
	
Emissions



	
Anti-knock properties of engines



	
Gives rise to corrosion








	Total chlorine
	0–100 mg/m3
	0–800 mg/m3
	-



	Total fluorine
	0–100 mg/m3
	0–800 mg/m3
	



	Siloxanes
	Not known
	0–50 mg/m3
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Table 2. Names and physical properties of typical siloxane compounds in biogas [13,14]. Adapted from [14], MDPI: 2020.
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	Name
	Formula
	Abbreviation
	Molecular Weight (g/mol)
	Water Solubility 25 °C (mg/L)
	Vapor Pressure 25 °C (kPa)
	Boiling Point (°C)





	Pentamethyldisiloxane
	C5H15OSi2
	-
	148
	-
	-
	86



	Hexamethyldisiloxane
	C6H18OSi2
	L2, MM
	162
	0.93
	5.613
	101



	Octamethyltrisiloxane
	C8H24O2Si3
	L3, MDM
	237
	0.034
	0.445
	153



	Decamethyltetrasiloxane
	C10H30O3Si4
	L4
	311
	0.00674
	0.05
	194



	Dodecamethylpentasiloxane
	C12H36O4Si5
	L5
	385
	0.000309
	0.013
	230



	Hexamethylcyclotrisiloxane
	C12H18O3Si3
	D3
	222
	1.56
	1.16
	135.2



	Octamethylcyclotetrasiloxane
	C8H24O4Si4
	D4
	297
	0.056
	0.14
	175.7



	Decamethylcyclopentasiloxane
	C10H30O5Si5
	D5
	371
	0.017
	0.03
	211.1



	Dodecamethylcyclohexasiloxane
	C12H36O6Si6
	D6
	445
	0.005
	0.003
	245
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Table 3. Methods for siloxane removal from biogas [5,26,29,30]. Adapted from [26], Canadian Biosystem Engineering: 2011.
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	Method
	Removal Efficiency (%)
	Advantages
	Disadvantages





	Adsorption e.g., silica-gel, activated carbon, zeolites
	90–99
	
	
It is simple.



	
Has high adsorption capacity.



	
High degree of regeneration is possible.



	
It is relatively cheap.





	
	
Adsorbent can be lost during the regeneration process



	
Activated carbon is not suitable for humid gases and is non-selective so it adsorbs irrelevant gases.



	
Adsorption capacity and material are lost after the regeneration process.



	
There is risk of pressure drop








	Degradation (using 97% sulfuric acid).
	95–99 (60 °C)

56–70 (at RT)
	
	
It is simple and cheap.



	
It is relatively non-toxic





	
	
Dangerous to handle and transport.



	
There is a risk of corrosion.








	Liquid Absorption
	97–99
	
	
It is efficient.





	
	
High operational costs.



	
Solvents are flammable and toxic which has a negative impact on the environment.



	
A lot of energy is needed for regeneration.








	Membrane
	-
	
	
It is simple and offers a large surface area and small volume.





	There is a possibility of fouling and membrane destruction by chemicals and excess pressure.



	Refrigeration/Condensation
	95 (−28.89 ℃)
	
	
It is simple.



	
Has low reagent cost and safe.



	
There is no media for disposal.





	Uses a lot of energy.



	Biotrickling filtration
	10–43
	
	
It is simple



	
It is cheap and economical





	
	
The efficiency is low.



	
There is risk of pressure drop, fouling and loss of material by regeneration process












RT: Room temperature.
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Table 4. Advantages and disadvantages of absorption methods [53].






Table 4. Advantages and disadvantages of absorption methods [53].










	Absorption Method
	Advantages
	Disadvantages





	Organic solvents
	Very high removal efficiency (97%)
	
	
100% removal of siloxanes is impossible.








	Strong acid
	High removal efficiency (<95%)
	
	
The system used can be corroded



	
It is not ecologically friendly



	
Dangerous and poisonous chemicals used








	Strong base
	Not used due to CO32− precipitation
	
	
Corrosion occurs



	
There is CO32− precipitation



	
Dangerous and poisonous chemicals used
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