
[bookmark: _Ref362617626]Figure 1. 	Inlet and outlet siloxane concentrations for one of the carbon contactors during a single exhaustion cycle (run time, 706 h between media changes).



[bookmark: _Ref362871420][bookmark: _GoBack]Figure 2. Cumulative frequency curves developed using outlet siloxane data from GAC 1 to ascertain conformity to proposed warranty specification (Table 1). Data is provided from five consecutive exhaustion cycles.  

Figure 3. Cumulative frequency curves developed ousing outlet siloxane data from all five GAC contactors to ascertain conformity to proposed warranty specifications (Table 1). Data is from a single exhaustion cycle in which all five contactors are assessed simultaneously.  



[bookmark: _Ref362877991]Figure 4. Breakthrough curves for four of the GAC contactors which experienced breakthrough. Breakthrough is defined as the outlet concentration exceeding 30 mg m-3 for the third consecutive reading (equivalent to the Waukesha warranty limit, Table 1).    


Figure 5. Media sampled at breakthrough, cross-sectioned (at centre) and analysed for Si to determine Si deposition in media operated at low Rep (GAC4, Re 30) and high Rep (GAC1, Re 81). 
  
  

Figure 6. Evaluating the role of empty bed contact time (EBCT) in determining the number of bed volumes of biogas that can be treated before breakthrough. EBCT is determined by contactor length/superficial velocity. 

Figure 7. Evaluating the role of the modified Reynold’s number (Rep) in determining the number of bed volumes of biogas that can be treated before breakthrough. The modified Rep was calculated based on specific contactor and media dimensions. 

Table 1. Maximum silicon levels recommended by gas engine manufacturers
	Company
	Jenbacher
	Waukesha

	Silicon Specification† (mg/Nm3 CH4)
	<20
	<50

	Silicon Specification†† mg/m3 biogas
	<12
	<30


†as stated.  ††assume 60% CH4.  
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Table 2. Design parameters of contactors and media characterisation
	
	
	GAC1/2
	GAC3
	GAC4
	GAC5
	

	
	
	
	
	Single
	Pair
	Single
	Pair

	Height
	m
	1.90
	2.00
	1.60
	3.21
	1.85
	3.70

	Diameter
	m
	0.90
	1.05
	1.60
	1.60
	1.53
	1.53

	Aspect ratio
	
	2.11
	1.90
	1.00
	2.00
	1.21
	2.42

	Cross-sectional area
	m
	0.64
	0.87
	2.01
	2.01
	1.83
	1.83

	Volume
	m3
	1.21
	1.73
	3.22
	6.44
	3.38
	6.76

	Inlet/outlet pipe diameter
	m
	0.15
	0.18
	0.20
	0.20
	0.25
	0.25

	Media mass
	kg
	450
	500
	1000
	2000
	1500
	3000

	BET surface area
	m2 g-1
	782.3430

	Total pore volume
	cm3 g-1
	0.13950

	Total pore area
	m2 g-1
	205.7447

	Average pore diameter
	nm
	2.2022

	Particle diameter
	mm
	4
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Table 3. Operational conditions used in studies contactors (mean reported, n = 5-17)
	Contactor
	
	GAC1
	GAC2
	GAC3
	GAC4
	GAC5

	Media mass (kg)
	
	450
	450
	500
	2000
	3000

	Gas flowrate

	(m3 h-1)
	323
	258
	396
	408
	1968

	Linear velocity

	(m h-1)
	505
	403
	455
	203
	1075

	EBCT

	(s)
	13.5
	16.9
	15.7
	56.8
	12.4

	Siloxane inlet concentration
(mg m-3)
	mean
median
max
min
	77.3
64.5
313.8
22.9
	77.3
64.5
313.8
22.9
	77.3
64.5
313.8
22.9
	77.3
64.5
313.8
22.9
	77.3
64.5
313.8
22.9
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Table 4. Estimate mass balance of GAC4 for fully speciated siloxanes and competing VOCs using a UKAS accredited GCMS trace analysis suite. 
	Gas phase determinand
	Inlet gas
(mg m-3)
	Outlet gas
(mg m-3)
	Total adsorbedb
(g)

	Siloxanes speciated
	
	
	

	Hexamethylcyclotrisiloxane (D3)
	<1.0
	<1.0
	N/a

	Octamethylcyclotetrasiloxane (D4)
	3.1
	2.8
	66.8

	Decamethylcyclopentasiloxane (D5)
	33.9
	7.2
	5947.2

	Dodecamethylcyclohexasiloxane (D6)
	<1.0
	<1.0
	N/a

	Hexamethyldisiloxane (L2)
	<1.0
	<1.0
	N/a

	Octamethyltrisiloxane (L3)
	<1.0
	<1.0
	N/a

	Decamethyltetrasiloxane (L4)
	<1.0
	<1.0
	N/a

	Dodecamethylpentasiloxane (L5)
	<1.0
	<1.0
	N/a

	Trimethyl Silanol (toluene equivalent)
	<1.0
	<1.0
	N/a

	Non-siloxane species detected
	
	
	

	Total Organo-Sulphur Compounds as S
	1.5
	N/d
	334.1

	Nonane
	15.7
	<5.3
	2316.5

	Decane
	52.4
	<5.8
	10379.7

	Cumene
	1.5
	<1.0
	111.4

	d-Limonene
	4.5
	2.4
	467.8

	alpha-Pinene
	3.1
	1.3
	400.9

	beta-Pinene
	1.8
	<1.0
	178.2

	Toluene 
	12.6
	1.7
	2427.9

	Ethyl benzene
	10.4
	5.3
	1136.0

	m,p-Xylene 
	32.2
	18.8
	2984.7

	o-Xylene
	11.9
	6.8
	1136.0

	o-ethyltoluene
	2.1
	1.9
	445.5

	1,2,3 – Trimethylbenzene
	4.4
	1.5
	646.0

	1,2,4 – Trimethylbenzene
	13.2
	8.6
	1024.6

	1,3,5 – Trimethylbenzene
	4.5
	4.3
	445.5

	Total cyclic siloxane mass adsorbed 
	
	
	6014

	Specific cyclic siloxane mass adsorbed (g kg-1)
	
	
	3

	Mean specific siloxane breakthrougha 
	
	
	8

	Total mass adsorbed
	
	
	30448

	Specific total mass adsorbed (g kg-1)
	
	
	15


aBased on real-time mass balance (from Table 4). bProvides an estimate based on mass balance of GAC4 to average breakthrough (34587 Bv).
Environmental Technology, 2015, Vol. 36, Iss. 2


Published by Taylor & Francis. This is the Author Accepted Manuscript issued with:
Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 3.0).

Table 5. Estimation of full scale carbon vessel operation from the literature compared to this study. 
	
	
	This study
(GAC1)
	Tower & Wetzel, 2004e
	Orange County Sanitation District
	Liang et al., 2001
	Wheless & Pierce, 2004 / Wheless & Gary, 2002

	
	
	Carbon
	SAGTM (graphite based)
	SAGTM (graphite based)
	Carbon and
graphite
	Carbon and
graphite

	Volume
	m3
	1.21
	26.6
	10.0
	0.2
	0.07

	Pressure
	bar
	0.12
	N/s
	4.0
	4-4.4
	N/s

	Gas flow
	m3 h-1
	323
	1700-2800
	2450
	177
	85

	EBCT
	s
	12.8
	34-56
	14.7
	4.7
	2.9

	Inlet concentration
	mg m-3
	65.4a
	0.58-1b, 4.5-13.0c
	76
	38-62
	N/s

	Siloxane loading
	mg kg-1 h-1
	46.9
	3.34
	41.2
	88.9
	N/s

	Specific media capacity
	g kg-1
(%w/w)
	21.5
(2.1)
	7.2
(0.72)d
	75.0
(7.5)
	59.5
(5.95)
	10-15
(1.0-1.5)

	Time to breakthrough
	d
	16.4
	~90
	77
	21-28
	nd

	Sampling method
	-
	Online
	Impinger (MeOH)
	Bag/ Canister
	Impingerf
	ns

	Analytical method (Speciation)/
Limit of detection
	-
mg m-3
	FTIR (Cyclic/linear)
7
	GC-MS (Speciation)
0.3 L2, 0.29 D6
	GC-MS (Total)
N/s
	HPLCf (Total VMS)
N/s
	nd

	Outlet concentration
	mg m-3
	7.0
	N/d
	Bdl
	Bdl
	N/d


N/s – Not stated. N/d – None detected. Bdl – Below detection limit. aPrincipally loaded with D5; GAC1. bmgD5 m-3. cmgD4 m-3. dAssumes 100% retention at maximum flow. eAs cited in Soreanu et al. (2011). fVariation of USEPA method TO-5.  
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Siloxane concentration mg.m-3)
Virgin GAC media	-1.5	-0.75	-0.25	0.25	0.75	1.5	2.4300000000000002	2.44	2.36	2.4	2.42	2.2599999999999998	GAC1 (Re 81)	-1.5	-0.75	-0.25	0.25	0.75	1.5	4.72	4.53	4.71	4.57	4.67	4.33	GAC4 (Re 30)	-1.5	-0.75	-0.25	0.25	0.75	1.5	3.5	3.5	3.37	3.36	3.35	3.78	Approximate distance from centre of pellet (cross section), mm
Si as % of inner surface by mass

3.762376237623764E-3	4.7146401985111719E-3	1.5812807881773399E-2	3.4418604651162794E-3	114.41700000000004	64.736000000000004	34.586999999999996	119.04	Contactor length/superficial bed velocity (l/v, h)
Bed volumes to breakthrough at 30 mg m-3
(Bv, x103)
81.3	65	30.3	162.6	114.41700000000004	64.736000000000004	34.586999999999996	119.04	Modified Reynolds number (Rep)
Bed volumes to breakthrough at 30 mg m-3
(Bv, x103)
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