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Characterisation of full scale carbon contactors for siloxane removal from biogas using online FTIR spectroscopy
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Abstract
In this study, online FTIR has been used to generate the first comprehensive characterisation of full scale carbon contactors for siloxane removal from biogas. Using FTIR, two clear operational regions within the exhaustion cycle were evidenced: an initial period of pseudo steady state where the outlet siloxane concentration was consistently below the proposed siloxane limits; and, a second period characterised by a progressive rise in outlet siloxane concentration to breakthrough. Due to the sharp breakthrough front identified, existing detection methods which comprise field sampling coupled with laboratory based chromatographic determination are insufficiently responsive to define breakthrough thus carbon contactors currently remain in service whilst providing limited protection to the CHP engine. Integration of the exhaustion cycle to breakthrough identified average specific media capacities of 8.5 to 21.5 gsiloxane kgGAC-1 which are lower than has been reported for vapour phase GAC. Further speciation of the biogas phase identified co-separation of alkanes and aromatics which will inevitably reduce siloxane capacity. However, comparison of five full scale contactors identified that greater media capacity was accessible through operating contactors at velocities sufficient to diminish axial dispersion effects. In addition to enabling significant insight into gas phase GAC contactors, the use of FTIR for on-line control of GAC for siloxane removal is also presented. 
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1. Introduction
In the UK approximately 1% of electricity produced is used to process municipal wastewater (Parliamentary Office of Science and Technology, 2007). Under pressure to reduce costs to customers, water utilities are increasingly focused on using combined heat and power (CHP) systems to generate electricity from anaerobic digester biogas to offset consumption which currently generates an estimated 549 GWhe annually (Ref). However, a group of trace compounds collectively known as siloxanes are detrimental to the economic utilisation of biogas. Decamethylcyclopentasiloxane (D5) is generally regarded as the most prevalent cyclic siloxane within biogas produced from anaerobic digestion and when passed into the CHP engine it undergoes oxidation during combustion to form silicon dioxide: 

						(1)
Some of this SiO2 formed is deposited within the engine which causes abrasion to the engine (Schweigkofler and Niessner, 2001), valve clogging (Accettola et al., 2008) and a reduction in conversion efficiency (Ohannessian et al., 2008). The estimated cost to industry is around 1.5p kWh-1 of electricity produced or 16% of product value (Lemar, 2005). Consequently several CHP engine manufacturers have proposed limiting siloxane concentrations of between 12 and 30 mgsiloxane m-3 within the engine warranty specification which therefore requires application of abatement technology to clean the biogas before injection into the CHP engine (Table 1). 
Siloxane removal from biogas is primarily undertaken by adsorption which is presently regarded as the most viable solution (Doczyck, 2003 after Ahjar review). Granular activated carbon (GAC) is generally favoured for siloxane removal (Ajhar et al., 2010a). However, the media is non-regenerable for this application and so requires periodic media exchanges at a cost of around €2000 per change per contactor and on some biogas sites, media exchange frequencies of one per week have been reported (Dewil et al., 2006 as cited in Ahjar et al., 2010 - review). Consequently the operation of siloxane abatement technology is also a costly undertaking. Despite the significance of GAC contactor operation in determining the economic viability of biogas use, there remains a paucity of data in the literature on the operation of full scale GAC. This can be attributed to current analytical limitations where indirect methods are currently used which combine grab sampling (Ajhar, 2010; Schweigkofler, 1999) with subsequent laboratory analysis by gas chromatography. These techniques introduce a significant lag time and due to the limited number of samples analysed, provide an incomplete description of the GAC adsorption breakthrough cycle and only a very approximate guide to media siloxanes capacity. Arnold and Kajolinna (2010) and Oshita et al. (2010) introduced on-line analytical methods to quantify siloxane concentration in real biogas in real-time. The authors identified that D5 was the dominant siloxane compound in biogas produced from municipal sewage sludge and further demonstrated that biogas siloxane concentration was highly transient which has not been quantified previously due to limited data resolution. However, to date on-line siloxane analysis has not been used to characterise GAC contactor performance for siloxane removal. In this present study, we therefore use on-line Fourier transform infrared (FTIR) analysis to establish the dynamics of full scale GAC contactor operation in real time. Specifically, we seek to: (i) determine whether existing full scale GAC contactors can consistently achieve the proposed siloxane limits set out in the warranty specification; (ii) characterise breakthrough curves and determine GAC media utilisation; and (iii) compare the five full-scale GAC contactor designs to ascertain whether differences in design can improve operational performance.    

2. [bookmark: _Toc345320625]Materials and Methods
2.1 Site description
The sewage treatment works serves 1.75 million population equivalents and also imports sewage sludge from satellite works increasing the total to 2.5 million population equivalents. A total of sixteen anaerobic digesters produce around 3400 m3 h-1 of biogas from the sludge which is directly utilised in a CHP plant.  The biogas abatement technology installed comprises seven granular activated carbon contactors of four different designs. The contactors are divided into five contactor arrangements (GAC1-5, Table 2) with GAC4 and GAC5 comprising contactor pairs which are operated in series to effectively double contactor length. Biogas flow is split upstream of the five contactor arrangements. As such all contactors are subject to the same feed gas composition allowing direct comparison to be made. The contactors are cylindrical with height and diameters ranging 1.6 to 2.0 m and 0.9 to 1.6 m respectively and contain between 450 and 3000 kg of carbon. Gas flow is upwards for all contactors with gas distribution achieved using a perforated plate.  The GAC media in each vessel is identical and is characterised by an approximate diameter of 4 mm and BET surface area of 782.3 m2 g-1 (Table 2). The media in each vessel is exchanged periodically with all vessels undergoing media exchange simultaneously. 

2.2 On-line Fourier Transform Infrared (FTIR) analysis
The FTIR spectrometer comprised a 2 m path length (Antaris IGS, Thermo Fisher Scientific Inc, Waltham, MA). The gas cell was operated at 80°C to reduce the likelihood for condensation. The mirrors within the gas cell were coated with gold to diminish the likelihood of deposition. Cyclic and linear siloxanes were discriminated at 798 to 817 cm-1 and 837 to 867 cm-1 respectively. Gas samples were subject to twenty scans over 120 seconds where the reported value comprised an average value from the scan. Background spectra (found by scanning with the gas cell evacuated) were subtracted from the sample spectrum. The manufacturer limit of detection was stated as 7 mg m-3 with an accuracy of 10 %. Cyclic siloxane data measured in real biogas using the FT-IR were compared to data provided using a UKAS accredited GC-MS method on comparable samples. The method comparison presented a linear response within 95% confidence limits. A coarse filter was sited upstream of the instrument to protect from free water ingress and any carbon fines. Gas samples were drawn into the cell using a vacuum pump linked to a multipoint valve assembly which enabled samples to be drawn from upstream of the contactors (biogas feed) and from downstream of each contactor (six actuating ports in total) which enabled simultaneous data collection from all contactors. Before drawing a sample into the gas cell, gas lines were purged for two minutes which was equivalent to greater than three retention times.

2.3 Data analysis
Time to breakthrough (tb) was defined as the time at which the outlet siloxane concentration exceeded 30 mg m-3 for the third consecutive measurement. This concentration corresponds to the upper limit proposed within the engine warranty specifications (Table 1). The volume of gas treated before breakthrough V(tb) is calculated by integrating the gas flow over time: 
					(2)
where V(t) is the cumulative gas volume (measured in bed volumes), F(t) is the flow in m3 h-1 and h(t) is the hours elapsed since the previous bed change, and Bv is the volume of the contactor (m3). The mass of siloxanes adsorbed before breakthrough (MSX,ad[tb]) was calculated by integrating the product of the siloxane concentration and the gas flow rate over time:  
			(3)
where MSX,in(t) and MSX,out(t) are cumulative masses of siloxane in kg having entered and exited the contactor at time t and CSX,in(t) and CSX,out(t) are the inlet and outlet concentrations of siloxane in mg m-3 at time t. The height of the mass transfer zone (MTZ) in the contactors was also calculated from the breakthrough curve:
	
	(4)


where Z is the height of the contactor in meters and te is the time of exhaustion.   

3. [bookmark: _Toc345320632]Results
3.1 Evaluation of siloxane concentration in the treated biogas 
A median biogas inlet siloxane concentration of 77.3 mg m-3 was recorded (Table 3) although the inlet siloxane concentration was characterised by sharp fluctuations in concentration (Figure 1) with a maximum inlet siloxane concentration of 314 mg m-3 noted. Whilst siloxane concentration in the feed gas presented significant instability, a consistent outlet concentration was maintained in the early stages of the media exhaustion cycle (Figure 1). The siloxane concentration in the GAC treated biogas (or leakage concentration) corresponding to the early period of the exhaustion cycle was between 7 mg m-3 (the limit of detection (LOD) for the FTIR) and 8.9 mg m-3 for all five full scale GAC contactors studied, which is below the siloxane limits proposed by several CHP engine manufacturers (Table 1). During this period, mean removal efficiency for all five GAC contactors was between 84.6% and 98.8%. However, in the latter stages of the exhaustion cycle, siloxane concentration increased in the treated biogas and the proposed siloxane limit was exceeded before the GAC contactors were stopped for media replacement.
Whilst the early stage of the exhaustion cycle is characterised by a period of steady state operation and the treated biogas is below the proposed siloxane limits, statistical analysis of several consecutive exhaustion cycles (defined as operation between media exchange) of one of the GAC contactors (GAC1) illustrates that these limits of 12 and 30 mg m-3 are met in only 50% and 74% of samples analysed over the full exhaustion cycle up to contactor media exchange (Figure 2). Treated biogas siloxanes concentrations from all five GAC contactors was subsequently compared using data collected during simultaneous contactor operation in the same media exhaustion cycle (Figure 3). Sample conformity of 52% and 92% were recorded for the proposed limits of 12 and 30 mg m-3. However, in this single cycle comparison, the lower limit of 12 mg m-3 was met in >82% of samples in the breakthrough cycle from all contactors except GAC5. 

3.2 [bookmark: _Toc345320635]Analysis of siloxane uptake in the GAC contactors
Breakthrough was identified for four of the five GAC contactors following analysis of the exhaustion cycle data which was defined as the time at which the outlet siloxane concentration exceeded 30 mg m-3 (Figure 4). Whilst the comparative GAC contactor data was assimilated from simultaneous exhaustion cycles (indicating that each contactor was subject to the same biogas phase), breakthrough occurred for each contactor following a different number of bed volumes of biogas treated with GAC 4 breaking through earliest. The breakthrough curves could be differentiated into two shapes, a sharp fronted curve which characterised GAC contactors with early breakthrough (GAC2 and GAC4) and a broad fronted curve which more adequately described those with longer breakthrough cycles (Figure 4). Over the seven exhaustion cycles monitored, the mean number of bed volumes (Bv) passed before breakthrough ranged 34587 Bv (GAC4) to 119040 Bv. This corresponded to mean specific GAC media capacities at breakthrough ranging between 8.5 (GAC4) and 21.5 gsiloxane kgGAC-1 (GAC1). Exhausted media was collected from GAC1 and GAC4 after the contactors were shut down at the end of an exhaustion cycle for media exchange. The exhausted media were radially cross sectioned to semi-quantitatively evaluate Si media uptake and indicated that media collected from GAC1 comprised higher Si content than that sampled from GAC4 (Figure5).
	Onsite biogas samples were collected for wider speciation of trace biogas components (Table 5). Biogas sampled upstream comprised cyclic siloxanes D4 and D5 and also notable concentrations of both alkanes (nonane, decane) and aromatics (toluene, ethyl benzene, o,m,p - xylene). Mass balances across one of the filters indicated considerable co-separation of these trace components with the cyclic siloxanes and suggests that siloxanes only represent around 20% (by weight) of the total mass of trace biogas components absorbed during the exhaustion cycle.  

3.3	Analysis of GAC contactor operational conditions
Mean total biogas flow rate was 3353 m3 h-1 and was consistent during contactor characterisation (median 3342 m3 h-1) which subsequently provided stable empty bed contact times (EBCT). However, EBCT (defined by contactor length/superficial velocity) used in each contactor was different and yielded EBCTs ranging 12s to 57s (Table 3). A general positive trend in the number of bed volumes treated before breakthrough (BvBB) was illustrated when using EBCT as the dependent variable (Figure 6). The difference in EBCT also provided differences in superficial velocity for each contactor which was evaluated through conversion to the modified Reynolds number (Rep) for packed beds (Figure 7). The general trend indicates that an increase in the number of BvBB is achieved through increasing the Rep up to a limiting value of between Rep 81 and 162. 

4. [bookmark: _Toc345320639]Discussion
In this study, online FTIR has been used to generate the first comprehensive siloxane breakthrough curves from full scale carbon contactors used for biogas preconditioning. A key finding was that the mean outlet siloxane concentration of <LOD to 8.9 mg m-3 determined during the early stages of the exhaustion cycle were consistently below the siloxane limits cited in the engine manufacturers warranty specifications (12 to 30 mg m-3, Table 1). However, over the full operating cycle (i.e. to media change) only 50% to 80% conformity was observed due to continued contactor operation beyond breakthrough. Towers and Wetzel (2006) described the economic incentive that siloxane removal provided through reducing SiO2 deposition in the CHP engine but noted that SiO2 deposition still occurred during filter operation albeit at a significantly lower rate. In this study it is suggested that the primary source of continued siloxane deposition is not leakage during the initial stage of the GAC operational cycle but is instead continuous operation of contactors beyond breakthrough. To illustrate, for each mole of D5 oxidised during combustion five moles of SiO2 are formed (Equation 1, 0.82 mgSiO2 mgD5-1) which in this study equates to around 860 gSiO2 h-1 (using the assumption that contactors are operated at saturation following breakthrough). Towers (2003) postulated that up to 0.5% of the SiO2 formed during combustion was retained within the engine with around 45 gSiO2 deposition proving critical to trigger reactive engine maintenance intervention. This is equivalent to operating the GAC contactors in this study at saturation for only 11 h following breakthrough. Importantly, in this study on-line FTIR was used for the first time to characterise filter operation rather than control. Consequently, implementation of on-line FTIR is recommended to enable reactive filter shutdown prior to breakthrough which presents two advantages: (i) limiting SiO2 deposition post-breakthrough; and, (ii) enhancing conformity with the specified siloxane limits. Importantly, the contactors were characterised by a short mass transfer zone (generally less than 1.5% of total bed length) which is common for gas adsorption applications and can result in sharp breakthrough curves (Armenante, 2012; Crittenden and Thomas, 1998). Consequently, the transition from pseudo steady-state outlet siloxane concentration to breakthrough occurred in less than one hour for GAC2 and GAC4. Current detection methods generally couple grab sampling with laboratory based determination which introduces a lag time of up to 48 hours and so are insufficiently responsive to react to this type of breakthrough curve and underpins the important role hat on-line detection can have in enabling reactive filter shutdown once breakthrough is reached.
Specific media capacities of between 8.5 and 22 gsiloxane kgGAC-1 were recorded for the five parallel full scale GAC contactors which is below the adsorption capacity typically quoted for vapour phase GAC of around 100 g kg-1 (Kuo, 1999). Media capacities close to this value of up to 75 gsiloxane kgmedia-1 have been reported at full scale for siloxanes removal using a proprietary graphite based media (Tower and Wetzel, 2004, Table 6). However, data from this study is comparable to Wheless and Pierce (2004) who reported media capacities of a carbon/graphite mixed bed contactor ranging 5 to 15 gsiloxane kgGAC-1. In this study, the low capacity can be ascribed to co-separation of both alkane and aromatic groups with siloxanes during the exhaustion cycle (Table 5). Shin et al. (2002) also identified the presence of the BTEX aromatics in landfill biogas at similar concentrations to this study. The authors further identified specific capacities for pure toluene in a synthetic gas phase, for example, of up to 497 g kgGAC-1. The mean time to breakthrough in this study was less than 26 days which is less than has been reported at full scale. For example, Tower and Wetzel (2004) evidenced an exhaustion cycle of several months during the treatment of a biogas composed of 0.58-1 mgD5 m-3 and 4.52 - 13.0 mgD4 m-3. The contactors that the authors described were operated using a similar EBCT to this study but due to the low inlet siloxane concentration, siloxane loading was only 1.47 gsiloxane m3graphite h-1. In this study inlet siloxane concentration ranged from 22.9 to 313.8 mg m-3 which yielded siloxane loading of up to 97.5 gsiloxane m3GAC h-1. It is therefore posited that it is the high inlet siloxane concentration which induced comparatively shorter exhaustion cycles in this study.
Cooney (1999) proposed that if the same media is used in different contactors, then provided EBCT, bed velocity and column length are consistent, the contactors should process an equivalent number of bed volumes before breakthrough. However, whilst the same media was employed in each contactor, the number of bed volumes treated before breakthrough (mean range, 34587 to 119040) varied markedly between contactors. Dimensional analysis of the contactors identified a minimum contactor diameter to particle diameter ratio (dc/dp) of 225 which suggests that the reduction in specific capacity noted in several contactors is not expected to arise from channelling effects at the wall (generally noted at dc/dp below 30) or random variations in the interstitial velocity in the bed interior (Cooney, 1998; Crittenden and Thomas, 1998). However, superficial velocity did vary between 203 and 1075 m h-1 (Table 3) due to differences in contactor dimension and gas flow rate. These are within the lower range reported for vapour phase GAC of 144 to 1829 m h-1 with values up to 3660 m h-1 also cited (EPA booklet). An increased velocity corresponded to an increase in number of bed volumes treated before breakthrough (Figure 6) which increased mean specific media capacity from 8.5 to 21 gsiloxane kgGAC-1. It is suggested that the lower specific media capacity can be accounted for by axial dispersion effects which cause considerable error when the fluid is a gas (Wakao and Funazkri, 1978), particularly when within the Re range 1 to 200 (Gunn, 1987). Data from this study falls within this Re range. The lower Re region of this range, represents the upper limit of the region of creeping flow in fixed beds and is where limited specific siloxane capacities were observed (Gunn, 1987). In this region, dispersion becomes primarily controlled by molecular diffusion due to the low Schmidt number which characterises the biogas phase (Sc, 0.6). Urban and Gomezplata (1969) evidenced that in practice, at low Re the axial dispersion coefficient describes both diffusive axial dispersion and uneven convection. The latter term describes behaviour when molecular diffusion dominates in which radial diffusion within the velocity profile effectively inhibits dispersion caused by axial convection and leads to self-sharpening behaviour (Urban and Gomezplata, 1969; Cussler, 2011). The production of sharp fronts was evidenced in this study for GAC2 and GAC4 following breakthrough (Figure 2) and is coincident with their operation at the lower Re range (Re <65). 
An increase in bed volumes treated before breakthrough was achieved by increasing Re (Figure 7). Gunn (1987) identified that in packed beds the onset of turbulence was around Re = 200 and is indicative of where molecular diffusion is no longer the dominant mechanism of dispersion (Urban and Gomezplata, 1969). Whilst there is limited data in this study due to access to only five full scale contactor designs, the data would suggest that the plateau exhibited between Re 81 and 162 is representative of limiting conditions (Figure 6). There is evidence that for gas systems there is no unique value of the velocity parameter at which the enhancement in mass transfer reaches a limiting value. However, limiting conditions around Rep 100 have similarly been reported (Urban and Gomezplata, 1969; Miyauchi et al., 1976). Interestingly, at higher Re, axial dispersion is much greater than molecular diffusion due to turbulent fluctuations in both velocity and concentration, the effect of which is to create a broader more dispersed front. This was evidenced in this study from the GAC1 and GAC5 breakthrough curves (Figure 4) which represent operation at Re greater than 81. Comparison of Si distribution within exhausted GAC media collected from contactors operated within high and low Re conditions further suggests that greater utilisation of the media is achievable at higher Re (Figure 5). To illustrate the economic impact, GAC4 currently requires 14.6 media replacement cycles per annum which, based on a GAC replacement cost of €1.5 kgGAC-1, costs €43,800. Operation at higher Re conditions (equivalent to GAC1) would reduce the number of replacement cycles to 5.57 cycles (€16,710) which represents a saving of €27,090 (62%).

5. [bookmark: _Toc345320644]Conclusions
In this study, online FTIR has enabled the first comprehensive characterisation of full scale carbon contactors for siloxane removal from biogas. Within the initial stages of the exhaustion cycle, an initial period of pseudo steady state was observed where outlet siloxane concentration was consistently below the proposed siloxane limits despite marked variation in inlet siloxane concentration. Following this period, siloxane breakthrough occurs quickly and is exacerbated when contactors are operated at low Reynolds numbers due to axial dispersion effects. Due to the sharp breakthrough fronts identified, existing detection methods are insufficiently robust at defining siloxane breakthrough which results in continued contactor operation regardless of the diminished siloxane separation performance. Application of on-line FTIR for management of contactors therefore presents a real opportunity to enhance CHP engine protection. Lower than expected specific media capacities arise from co-separation of both alkanes and aromatics. However, greater specific media capacity is accessible through operating contactors at velocities sufficient to diminish axial dispersion effects. 
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