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Introduction
 The toxicity of many trace metals towards humans 

is highly dependent on their speciation
– As(III) is many (up to 50) times more toxic than As(V)
– Cr(III) relatively harmless; Cr(VI) toxic and mutagenic
– Ni subsulfides may be carcinogenic

 Oxidation state is also significant for:
– Understanding the volatility and behavior of trace metals 

during combustion. 
– Leachability and mobility in ash-disposal situations. 

 Speciation must be determined for coal and coal 
combustion products, especially in coal refuse and 
ash disposal situations.



IEA Round Robin: Speciation of 
Trace Elements in Coal

 International effort to assess current status of 
speciation of trace elements in coal
– 1997-1999 Experimental phase
– 4 coals: Australian, UK, USA and Canada
– 7 groups participated:

» Selective leaching/element analysis (4)
» Float-Sink/SEM/Element analysis (1)
» Both Float-sink and leaching/element analysis (1)
» Float-Sink/XAFS spectroscopy (1)

 Results issued as an IEA Report (2000)



IEA Round Robin: Speciation of 
Trace Elements in Coal

 Be, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Cd, Sb, Hg 
and Pb

 Methods agreement was:
– Consistent for As, Se, Pb
– Poor for  Be, Co, Ni and Sb 

 Indirect methods can only confirm what is known 
about speciation
– Incapable of identifying new forms

 Emphasized need for direct methods
– Electron microscopy/microprobe methods
– XAFS spectroscopy



Objectives of current study

 Identify species of As, Cr and Ni in the feed 
coals and ash by-products from seven 
Canadian power plants (including one with 
a fluidized-bed combustor).

 Provide better understanding of the human 
health and environmental problems posed 
by these elements as a result of coal 
combustion



Methodology

 Feed coal, bottom ash, ESP ash and stack ash
were sampled on three consecutive days
following EPRI recommendation

 Standard analysis methods:
– Total, pyritic, and sulphate sulphur (ASTM)
– Trace metals by hydride AAS, INAA, ICP-MS, etc.
– Enrichment indices by Meij’s method.

 Speciation analysis methods:
– XAFS Spectroscopy
– SEM, XRD, XPS



Samples

 Seven Power Plants
– 6 conventional pc-fired; 7th fluidized-bed combuster

 4 Subbituminous Coals and 3 Bituminous Coals
– 4 sbb coals and 1 bit. coal from Alberta
– 2 bit. coals from Nova Scotia

 Power Plant Ashes
– Bottom Ashes
– Electrostatic Precipitator (ESP) Fly Ashes



Total sulphur and sulphur forms (%), trace metal contents 
(mg/kg) of subbituminous and bituminous feed coal.

Coal Rank
Stations 1 2 3 4 5 6 7**

Depositional Environment
Boron Content (mg/kg) 69 49 217 266 57 16 21

%Total Sulphur 0.24 0.22 0.38 0.54 0.46 2.6 3.56
%Sulphatic 0.01 0.01 0.01 0.1 0.06 0.1 0.13

%Pyritic 0.04 0.03 0.05 0.01 0.08 1.9 2.65
Organic by difference 0.19 0.19 0.32 0.43 0.32 0.6 0.78
Total Arsenic (mg/kg) 1.6 2.2 1.8 3.6 4.4 54 84
Chromium (mg/kg) 12 6 4.5 29 52 5 10

Nickel (mg/kg) 6.3 4.3 5.3 5.7 15 8 14
*After Goodarzi and Swaine 1994 **Fluidized bed combustion

Sulphur Forms and Total Sulphur

Subbituminous Bituminous

Fresh WaterBrackishFresh Water


Lingan

				Dr. F. Goodarzi, ISPG

				3303 - 33rd. St. N.W.,

				Calgary, AB  T2L 2A7

				Coal Ash Samples

				Samples received: Dec. 2, 2002

										Report T02-00755.0

								FA		FA		FA				BA		BA		BA

						Sample I.D.		DAY1		DAY2		DAY3		Average		DAY1		DAY2		DAY3		Average

		NAA		Al		%		10.60		10.70		10.90		10.73		8.93		8.90		8.82		8.88

		IMS		Al		%		10.25		10.02		10.38		10.22		9.03		9.17		8.84		9.01

		NAA		Sb		ppm		14.3		14.3		13.7		14.10		2.5		3.2		2.9		2.86

		IMS		Sb		ppm		14.7		13.7		13.4		13.90		2.3		2.9		2.7		2.62

		NAA		As		ppm		809		811		801		807.00		41.1		43.7		43.2		42.67

		IMS		As		ppm		729		699		729		718.80		39.9		42.7		40.7		41.10

		NAA		Ba		ppm		760		742		689		730.33		558		575		551		561.33

		IMS		Ba		ppm		717		714		685		705.33		569		556		556		560.33

		IMS		Be		ppm		11		11		11		11.00		7		8		7		7.33

		IMS		Bi		ppm		0.82		0.73		0.82		0.79		-0.04		0.20		0.21		0.12

		PG		B		ppm		111		109		110		110.00		34		37		34		35.00

		NAA		Br		ppm		4.4		3.9		4.1		4.11		1.8		1.4		2.0		1.73

		IMS		Cd		ppm		1.9		1.8		1.8		1.82		0.04		0.10		0.14		0.09

		NAA		Ca		%		1.88		2.07		1.95		1.97		1.91		2.07		2.01		2.00

		IMS		Ca		%		2.28		2.25		2.17		2.23		2.25		2.45		2.34		2.35

		NAA		Ce		ppm		119		120		117		118.67		102		107		106		105.00

		IMS		Ce		ppm		105		98		106		102.87		96		98		91		94.98

		NAA		Cs		ppm		10.6		10.6		10.1		10.43		6.0		6.1		5.7		5.93

		IMS		Cs		ppm		11.9		11.0		10.8		11.23		6.7		7.0		6.2		6.63

		NAA		Cl		ppm		31		-43		-42		-18.00		100		130		160		130.00

		NAA		Cr		ppm		131		133		130		131.33		98		106		92		98.80

		IMS		Cr		ppm		118		119		116		117.67		97		86		81		88.00

		NAA		Co		ppm		36.4		36.4		35.7		36.17		31.1		32.3		30.9		31.43

		IMS		Co		ppm		38.4		35.6		37.0		37.00		31.7		32.8		29.9		31.47

		IMS		Cu		ppm		137		125		132		131.11		64.4		68.8		64.7		65.95

		NAA		Dy		ppm		6.0		7.1		6.5		6.51		5.2		5.4		6.0		5.52

		NAA		Eu		ppm		2.05		1.99		2.01		2.02		1.72		1.89		1.84		1.82

		NAA		Ga		ppm		34.8		37.5		39.6		37.30		8.3		10		10		9.43

		IMS		Ga		ppm		38.3		38.1		39.2		38.54		11.6		13.1		12.5		12.41

		IMS		Ge		ppm		34.7		33.1		34.1		33.97		4.8		8.7		7.6		7.03

		NAA		Au		ppb		-3		-3		-4		-3.27		-3		-3		-3		-3.03

		NAA		Hf		ppm		4.8		4.9		4.8		4.81		4.5		4.7		4.8		4.67

		IMS		Hf		ppm		4.2		4.1		4.3		4.18		4.2		4.1		4.2		4.16

		NAA		In		ppm		-0.06		0.11		-0.06		-0.00		0.06		0.05		-0.04		0.03

		IMS		In		ppm		0.1		0.1		0.1		0.10		-0.1		-0.1		-0.1		-0.10

		NAA		I		ppm		-3		-3		-3		-3.13		-3		-3		-3		-3.10

		NAA		Ir		ppb		-4		-4		-3		-3.53		-4		-3		-4		-3.50

		NAA		Fe		%		20.50		20.70		19.80		20.33		24.60		26.20		25.60		25.47

		IMS		Fe		%		18.85		17.83		19.01		18.56		22.03		20.77		21.42		21.41

		NAA		La		ppm		58		59		58		58.63		52		54		53		53.27

		IMS		La		ppm		56		56		56		56.00		51		53		50		51.33

		IMS		Pb		ppm		398		370		423		397.18		59		96		76		77.08

		IMS		Li		ppm		148		142		147		145.47		115		123		110		116.07

		NAA		Lu		ppm		0.67		0.66		0.65		0.66		0.56		0.57		0.57		0.56

		NAA		Mg		%		0.60		0.73		0.54		0.62		0.66		0.83		0.74		0.74

		IMS		Mg		%		0.70		0.69		0.70		0.70		0.76		0.80		0.74		0.77

		NAA		Mn		ppm		740		746		750		745.33		1080		1140		1090		1103.33

		IMS		Mn		ppm		881		887		864		877.33		1376		1397		1294		1355.67

		NAA		Hg		ppm		-0.12		-0.12		-0.12		-0.12		-0.09		-0.09		-0.10		-0.10

		CVAA		Hg		ppm		-0.01		-0.01		-0.01		-0.01		0.08		0.02		-0.01		0.03

		NAA		Mo		ppm		64		63		58		61.70		17.6		16.5		17.4		17.17

		IMS		Mo		ppm		67		64		63		64.83		13.3		12.7		13.0		13.00

		NAA		Nd		ppm		47.0		47.8		46.6		47.13		39.9		42.8		41.1		41.27

		IMS		Ni		ppm		105		100		108		104.00		95		96		84		91.20

		IMS		Nb		ppm		18		17		16		17.16		13		13		13		13.03

		IMS		P		ppm		1080		920		900		966.67		720		700		680		700.00

		NAA		K		%		1.70		1.78		1.72		1.73		1.28		1.29		1.29		1.29

		IMS		K		%		1.75		1.60		1.72		1.69		1.27		1.24		1.19		1.23

		IMS		Re		ppm		-1		-1		-1		-1.00		-1		-1		-1		-1.00

		NAA		Rb		ppm		119		113		113		115.00		81		81		84		82.23

		IMS		Rb		ppm		104		96		101		100.37		71		74		71		71.83

		NAA		Sm		ppm		9.9		10.1		9.8		9.92		8.6		9.0		9.0		8.88

		NAA		Sc		ppm		22.2		22.2		21.5		21.97		17.0		17.6		17.3		17.30

		IMS		Sc		ppm		21.0		18.5		19.8		19.77		14.4		14.6		14.0		14.33

		NAA		Se		ppm		4		3		2		3.01		-1		-1		-1		-0.95

		IMS		Se		ppm		2.6		2.7		2.0		2.43		-0.2		-0.2		-0.2		-0.20

		NAA		Ag		ppm		-1		-1		2		-0.15		-1		-1		-1		-0.91

		IMS		Ag		ppm		0.07		0.07		0.07		0.07		0.08		0.01		0.01		0.03

		NAA		Na		%		0.61		0.60		0.61		0.61		0.33		0.39		0.38		0.37

		IMS		Na		%		0.71		0.70		0.71		0.71		0.35		0.45		0.44		0.41

		IMS		Sr		ppm		480		470		445		465.00		329		347		334		336.67

		IMS		S		%		0.89		0.68		0.74		0.77		0.25		0.11		0.15		0.17

		NAA		Ta		ppm		1.5		1.5		1.5		1.45		1.1		1.2		1.2		1.16

		IMS		Ta		ppm		1.1		1.1		1.1		1.10		0.9		0.9		0.9		0.90

		IMS		Te		ppm		-0.1		0.1		-0.1		-0.03		-0.1		-0.1		-0.1		-0.10

		NAA		Tb		ppm		1.26		1.30		1.30		1.29		1.02		1.21		1.18		1.14

		IMS		Tl		ppm		11.8		11.2		11.5		11.50		0.2		0.2		0.1		0.17

		NAA		Th		ppm		15.5		15.6		15.2		15.43		12.9		13.2		13.0		13.03

		IMS		Th		ppm		15.5		14.7		15.4		15.20		13.5		13.9		13.6		13.67

		NAA		Sn		ppm		-54		-64		-79		-65.67		-51		-51		-52		-51.33

		IMS		Sn		ppm		5		4		5		4.60		1		1		1		1.03

		NAA		Ti		%		0.46		0.52		0.45		0.48		0.37		0.38		0.42		0.39

		IMS		Ti		%		0.52		0.50		0.51		0.51		0.38		0.41		0.41		0.40

		NAA		W		ppm		6		5		6		5.64		-1		2		1		0.59

		IMS		W		ppm		5.8		5.8		6.1		5.90		1.9		1.8		1.9		1.87

		NAA		U		ppm		6.5		6.4		6.1		6.34		5.5		5.2		5.5		5.41

		IMS		U		ppm		7.1		6.6		6.5		6.73		6.0		5.9		5.9		5.93

		NAA		V		ppm		179		178		188		181.67		119		124		133		125.33

		IMS		V		ppm		184		185		196		188.33		125		125		122		124.00

		IMS		Y		ppm		44		44		42		43.60		38		41		39		39.23

		NAA		Yb		ppm		4.2		4.4		4.2		4.28		3.5		3.7		3.6		3.61

		NAA		Zn		ppm		401		389		378		389.33		76		132		104		103.83

		IMS		Zn		ppm		141		139		127		135.63		135		139		139		137.67

		NAA		Zr		ppm		210		200		190		200.00		170		-170		230		76.67

		IMS		Zr		ppm		141		139		127		135.63		135		139		139		137.67

				Moisture		%		0.2		0.3		0.3		0.27		0.5		0.4		0.4		0.43





BA

		Elemental Variation in Bottom Ash from Canadian Power Plants

				Element		Battle River		Keephills		Wabamun		Genesse		Sheerness		Milner		Lingan		Point Aconi

		Elements of Prime Environmental Concern (mg/Kg)		As1		2.38		1.70		3.70		1.58		5.97		0.28		42.7		1510

				Cd2		0.070		0.010		0.11		0.63		0.11		0.087		0.09		1.00

				Cr3		26.8		43.0		54.0		29.5		156		343.67		88.0		113

				Cu3		1.60		18.7		23.00		26.2		12.0		42.7		65.95		248

				Hg4		0.0100		<0.0100		<0.01		0.0133		0.0200		0.050		0.0300		0.0753

				Mo5		5.67		27.0		13.70		4.67		3.60		3.27		17.17		76.9

				Ni3		29.0		21.0		30.0		23.3		22.3		39.6		91.2		73.9

				Pb4		14.2		4.30		8.70		23.7		11.3		6.33		77.1		88.9

				Se1		0.0900		0.400		0.180		0.200		0.507		0.800		-0.10		0.784

				V3		42.8		41.0		75.0		58.8		47.6		186		124.0		161

				Zn6		8.69		8.60		10.0		26.3		18.3		24.0		103.8		401

		Elements of Some Environmental Interest (mg/kg)		Ba3		3096		2250		1690		2259		2940		1620		560.33		1165

				Be3		6.38		4.10		4.60		2.08		5.12		2.87		7.33		5.54

				B6		467		162		290		147		820		81.7		35		218

				Co3		8.50		7.00		11.8		8.00		9.33		11.3		31.47		36.0

				Mn3		537		284		333		617		565		235		1355.67		4083

				U6		7.60		11.2		9.90		7.67		4.68		7.33		5.41		26.3

				Th6		20.2		25.4		22.6		14.8		12.6		14.8				16.1

				F7		14.6		200		125		98.8		29.3		30.0				492

				Br6		0.520		1.32		0.50		0.63		0.700		0.30				31.4

				Cl6		99.3		9.30		14.8		105		43.8		26.5				10700





FA

		Elemental Variation in Fly Ash from Canadian Power Plants

				Element		Battle River		Sheerness		Keephills		Wabamun		Genesse		Milner		Lingan		Milner		Point Aconi

						ESP														Baghouse

		Elementsof Prime Environmental Concern (mg/Kg)		As1		20.7		31.7		55.60		52.0		17.5		7.14		807		27.80		551

				Cd2		0.480		0.520		1.13		0.83		1.85		0.680		1.820		2.82		6.54

				Cr3		31.5		101		56.00		71.0		51.2		137		118		200.67		86.6

				Cu3		9.27		19.0		51.00		54.0		53.2		44.3		131.11		67.33		315

				Hg4		0.0291		0.0667		0.070		0.005		0.095		0.130		-0.005		1.58		2.37

				Mo5		9.33		7.80		36.0		22.0		12.2		4.60		61.7		12.3		81.0

				Ni3		38.8		30.1		34.0		41.0		34.2		34.3		104.0		53.8		120

				Pb4		48.7		33.0		107		32.0		84.2		23.5		397.2		53.5		667

				Se1		7.00		5.82		11.80		1.43		5.47		2.03		2.43		11.72		44.4

				V3		57.3		84.6		95.0		110		91.8		162		188		225		137

				Zn6		46.3		47.4		221		175		156		76.7		389		226		900

		Elements of Some Environmental Interest (mg/kg)		Ba3		3910		5010		5 520		3820		3370		1460		705		2230		2220

				Be3		7.83		6.75		6.43		5.20		3.02		2.63		11.00		3.13		0.623

				B6		1530		1910		770		666		472		0.00		110.0		204		202

				Co3		12.3		12.7		17.00		19.0		12.83		9.80		37.0		14.00		69.7

				Mn3		304		714		428		575		349		187		877		167		5340

				U6		10.5		8.25		23.30		16.3		9.72		6.00		6.34		9.40		16.5

				Th6		23.7		18.8		35.0		26.5		19.3		12.3				18.1		14.0

				F7		116		83.7		1830		600		612		33.0				230		979

				Br6		4.00		1.30		1.38		1.00		0.917		2.53				8.06		729

				Cl6		73.2		47.0		20.3		13.3		125		28.5				36.0		46300





MAjor element and RE BA

		Elemental Variation in Bottom Ash from Canadian Power Plants

				Element				Battle River		Keephills		Wabamun		Genesse		Sheerness		Milner		Lingan		Point Aconi

		Major Elements		Al6		%		10.2		12.1		10.5		10.2		7.50		10.6		10.73		13.1

				C6		ppm

				Ca6		%		4.89		5.58		73467		3.27		4.30		2.32		1.97		123

				Cl6		ppm						54				-87.7		-53.0		-18.00		10800

				Fe6		%		3.57		2.26		2.33		2.89		2.41		3.28		20.33		11.6

				K6		%				0.365		0.54		1.02		1.10		1.90		1.73		1.52

				Mg6		%		0.592		0.529		0.896		0.806		0.32		0.712		24.71		2.29

				Na6		%		2.44		1.38		3.94		1.42		1.05		0.321		0.61		0.485

				Ti6		%		0.271		0.295		0.361		0.349		0.23		0.515		0.48		0.741

		Rare Earth Elements		La6		ppm		46.5		78.07		72.03		43.54		42.27		49.2		58.33		78.1

				Ce6		ppm		86.6		137.83		139.00		79.74		75.80		86.2		118.67		9.81

				Nd6		ppm		32.5		51.25		54.83		31.90		27.27		36.1		47.13		52.7

				Sm6		ppm		7.73		10.25		11.08		6.40		6.27		7.23		9.93		12.6

				Eu6		ppm		0.915		1.65		2.13				1.13		1.48		2.02		2.80

				Gd6		ppm

				Tb6		ppm		0.950		1.20		1.51		0.79		0.798		0.77		1.29		1.66

				Dy6		ppm		7.09		8.80		11.03		5.96		5.53		5.73		6.53		12.5

				Tm6		ppm

				Yb6		ppm		3.90		4.69		5.28		3.30		3.73				4.27		5.15

				Lu6		ppm		0.665		0.73		0.88		0.56		0.622		0.541		0.66		0.760

		1AA hyd,2GFAA, 3ICP,4CVAA, 5AA,6NAA, Specific Ion7

		Bold; 1/2 detected value





C-S (FA)

						Total Carbon		Total Sulphur

		ESP		BR(wt %)		<0.1		0.33

				SH (wt %)		0.19		0.11

				Lingan (wt %)		3700ug/g

		Baghouse		point aconi (wt %)				7.03

				Milner (Hopper)		10.3		0.07

				Milner (Baghouse)		7.405		0.10

				Genesse

				Wabamun (mg/kg)

				Keephills (mg/kg)





Major elmnt and RE FA

		Elemental Variation in Fly Ash from Canadian Power Plants

				Element				Battle River		Sheerness		Keephills		Wabamun		Genesse		Milner		Lingan		Milner		Point Aconi

								ESP														Baghouse

		Major Elements		Al6		%		11.4		9.84		13		13		12.4		9.71		10.73		11.6		12.7

				C6		ppm

				Ca6		%		6.12		6.23		11.3		83.1		42.2		2.12		1.97		1.84		108

				Cl6		ppm				-94.00		94.3		67.7				-57.0		-18.00		-72.0		46200

				Fe6		%		3.21		2.94		27700		26170		29317		42.1		20.33		2.34		32.8

				K6		%				1.23		4000		8850		11917		1.75		1.73		2.04		1.69

				Mg6		%		0.721		0.60		8930		12370		9937		0.670		24.71		0.560		2.40

				Na6		%		3.18		1.55		26000		7620		23800		0.275		0.61		0.340		0.846

				Ti6		%		0.338		0.32		4070		4120		4208		0.459		0.48		0.572		0.600

		Rare Earth Elements		La6		ppm		55.7		62.00		110.47		81.90		56.25		82.9		58.33		51.8		73.6

				Ce6		ppm		101		108.67		200.67		148		103.33		75.8		118.67		91.1		18.3

				Nd6		ppm		37.0		39.43		77.00		58.47		41.00		30.8		47.13		37.4		52.2

				Sm6		ppm		8.93		9.83		15.17		12.33		8.40		6.14		9.93		7.48		12.4

				Eu6		ppm		1.08		1.65		2.54		2.20		1.52		1.36		2.02		1.64		2.78

				Gd6		ppm

				Tb6		ppm		1.27		1.17		1.99		1.63		1.06		0.857		1.29		0.890		1.73

				Dy6		ppm		8.10		8.35		14.70		11.07		7.28		5.27		6.53		6.67		13.2

				Yb6		ppm		4.57		5.86		7.20		5.51		4.14		2.83		4.27		3.51		4.41

				Lu6		ppm		0.833		0.96		1.17		0.85		0.71		0.474		0.66		0.583		0.723

				Y3		ppm				56.40								25.87				35.8

		1AA hyd,2GFAA, 3ICP,4CVAA, 5AA,6NAA, Specific Ion7

		Bold; 1/2 detected value





Table1

		Table 1

		Concentration of arsenic (mg/kg) in a. in-situ coal seam (geologic concentration), b. the feed coal produced from same mine for use in power plants

				Whitewood1		Genesee2

		In-situ		1.5-21*		0.6-5.4*

		Feed coal		2.4		1.6

		*The high values represent arsenic in parting(s) and interbeded rocks in coal seam

		1Gentzis et al., 1996, 2Pollock et al., 2000





Table2

		Table 2

		Total sulphur and sulphur forms (%), total arsenic (mg/kg) of subbituminous and bituminous feed coal

		Coal Rank		Subbituminous								Bituminous

		Stations		1		2		3		4		5		6		7**

		Depositional Environment		Fresh Water				Brackish				Fresh Water

		Boron Content (mg/kg)		69		49		217		266		57		16		21

		Sulphur Forms and Total Sulphur

		%Total Sulphur		0.24		0.22		0.38		0.54		0.46		2.6		3.56

		%Sulphatic		0.01		0.01		0.01		0.1		0.06		0.1		0.13

		%Pyritic		0.04		0.03		0.05		0.01		0.08		1.9		2.65

		Organic by difference		0.19		0.19		0.32		0.43		0.32		0.6		0.78

		Total Arsenic (mg/kg)		1.6		2.2		1.8		3.6		4.4		54		84

		Chromium (mg/kg)		12		6		4.5		29		52		5		10

		Nickel (mg/kg)		6.3		4.3		5.3		5.7		15		8		14

		*After Goodarzi and Swaine 1994				**Fluidized bed combustion





Table3

		Table 3

		Variation of arsenic (mg/kg) in feed coal, bottom ashes and fly ashes, and their relative enrichment index for the stations.

		Stations		Milled coal		Bottom Ash		RE		ESP Fly Ash												Baghouse Fly Ash		RE		Stack Fly Ash		RE

										Total		RE		Coarse Grained		RE		Fine Grained		RE

		#1		1.6		1.60		0.20		18.0		2.40		11.7		1.60		nd		nd		nd		nd		21.0		2.9

		#2		2.2		1.70		0.14		56		4.60		nd		nd		nd		nd		nd		nd		65		7.00

		#3		1.77		2.38		0.21		20.7		1.78		nd		nd		42.3		3.66		nd		nd		52.7		3.86

		#4		3.63		5.97		0.27		31.7		1.45		nd		nd		nd		nd		nd		nd		nd		nd

		#5		4.39		0.30		0.02		7.14		0.51		nd		nd		nd		nd		27.8		2.00		nd		nd

		#6		54.8		41.0		0.07		71.9		0.12		nd		nd		nd		nd		640		1.08		nd		nd

		#7		84.8		445		0.43		146		0.14		nd		nd		nd		nd		541		0.53		nd		nd

						12.7fg		0.02

		nd = no data				fg = fused glassy





Table4

		Table 4

		Species of arsenic in Canadian feed coals

		As Species (%)		Subbituminous								Bituminous

				#1		#2		#3		#4		#5		#6		#7

		As/pyrite		0		0		0		84		34		77		82

		As+3		50		50		50		7		12		0		0

		As+5		50		50		50		9		54		23		18





Table5

		Table 5

		Variation of total sulphur (%), pyritic sulphur (%), total arsenic (mg/kg) and arsenic species  in coal samples used to produce feed coal #6

		Samples		% Total Sulphur		% Pyritic Sulphur		Total Arsenic (mg/kg)		% As/pyrite (As+3)		% Arsenate (As+5)

		Seam A		3.04		1.80		76.6		70.0		30.0

		Seam B		2.80		1.30		57.4		79.0		21.0

		Washed Seam B		1.96		1.07		39.2		69.0		31.0

		Feed Coal*		2.62		1.71		54.8		84.0		16.0

		*Feed coal is a 50/50 blend of seam A and washed seam B.





Table6

		Table 6

		Total sulphur and pyrite (%), arsenic (mg/kg) and species of arsenic (%) in Canadian bottom ashes.

				Subbituminous								Bituminous

		Station		#1		#2		#3		#4		#5		#6		#7

		Total sulphur (%)		<0.001		0.002		0.03		0.15		<0.05		0.08		11.34

		Total arsenic(%)		1.60		1.07		3.60		5.97		0.28		41.0		445

		As/pyrite (%)		0		0		0		5-10		0		0		0

		As+3 (%)		10		15-25		<10		5-10		<10		10-15		<5

		As+5 (%)		90		75-85		>90		80-90		>90		85-90		>95





Table7

		Table 7

		Total sulphur (%), arsenic (mg/kg) and species of arsenic in Canadian ESP fly ash

				Subbituminous								Bituminous

		Station		#1		#2		#3		#4		#5		#6		#7

		Total sulphur (%)		0.07		0.14		0.33		0.11		0.07		0.66		6.36

		Total arsenic (mg/kg)		17.5		55.6		29		31.7		7.14		640		146

												27.8*				541*

		As+3 (%)		<10		<10		0		<5		<10		0		0

		As+5  (%)		>90		>90		100		>95		>90		100		100**

		*arsenic content of baghouse fly ash

		**both ESP and baghouse fly ash have similar speciation pattern.





Table8

		Table 8

		The quantitative analysis of crystalline phases for bottom and fly ash #6 using XRD.

		Crystalline phase percentage (wt%)		Bottom Ash		Fly Ash

		Hematite, Fe2O3		5.4		2.9

		Spinel, (M2+)(M3+)2O4a		5.2		4.6

		Jarosite, (M+)Fe3(SO4)2(OH)6				4.2

		Paracoquimbite, Fe2(SO4)3.9H2O				0.3

		(Calcium or transition metal) iron hydroxy arsenate hydrate, (M2+)2Fe3(AsO4)3(OH)4.10H2O				0.3







XAFS Methodology

X-ray Absorption Fine Structure (XAFS) Spectroscopy: 
 Synchrotron-based method

– Stanford Synchrotron Radiation Laboratory (SSRL)
– National Synchrotron Light Source (NSLS)

 The XAFS spectra were collected in fluorescence 
geometry using a 13-channel germanium detector
– Each channel gated to receive only Kα X-rays of element of 

interest
 XAFS spectra – two regions of interest

– XANES (X-ray absorption near-edge structure)
» Fingerprint; reflects local bonding to element of interest

– EXAFS (extended X-ray absorption fine structure)
» Fourier transform to yield Radial Structure Function (RSF)
» Local structure surrounding element of interest



XAFS Spectroscopy

 Advantages:
– Direct and non-destructive probe
– Element-specific, little chance of interference
– Material and state-of-matter independent

 Versatile:
– Applicable to most elements
– Concentration range from 1 ppm to 100%
– Reflects both local structure and bonding

 Disadvantages:
– Synchrotron source required
– One element at a time
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(a) Arsenic K-edge XANES spectra of high sulphur/pyrite bituminous coal #6.  
(b) Radial structure function (RSF) derived from the As EXAFS spectral 

region of high pyrite bituminous coal.  Peaks denoted by "A" and "P" arise 
from As as arsenate and As in pyrite, respectively.

XANES
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Least-squares fitted arsenic XANES spectrum of feed coal #5 showing 
deconvolution of the spectrum into component peaks.  
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#1 #2 #3 #4 #5 #6 #7
As2

2- (pyrite) 0 0 0 84 34 77 82
As3+ (organic) 50 50 50 7 12 0 0
As5+ (arsenate) 50 50 50 9 54 23 18

Cr3+ (clay/oxide) 100 100 100 100 100 100 ~50
Cr0 (steel) 0 0 0 0 0 0 ~50

Ni2+ 100 100 100 100 100 100 100

Subbituminous Bituminous
Species (%)

Summary of As, Cr, and Ni Oxidation 
States in Coals


Lingan

				Dr. F. Goodarzi, ISPG

				3303 - 33rd. St. N.W.,

				Calgary, AB  T2L 2A7

				Coal Ash Samples

				Samples received: Dec. 2, 2002

										Report T02-00755.0

								FA		FA		FA				BA		BA		BA

						Sample I.D.		DAY1		DAY2		DAY3		Average		DAY1		DAY2		DAY3		Average

		NAA		Al		%		10.60		10.70		10.90		10.73		8.93		8.90		8.82		8.88

		IMS		Al		%		10.25		10.02		10.38		10.22		9.03		9.17		8.84		9.01

		NAA		Sb		ppm		14.3		14.3		13.7		14.10		2.5		3.2		2.9		2.86

		IMS		Sb		ppm		14.7		13.7		13.4		13.90		2.3		2.9		2.7		2.62

		NAA		As		ppm		809		811		801		807.00		41.1		43.7		43.2		42.67

		IMS		As		ppm		729		699		729		718.80		39.9		42.7		40.7		41.10

		NAA		Ba		ppm		760		742		689		730.33		558		575		551		561.33

		IMS		Ba		ppm		717		714		685		705.33		569		556		556		560.33

		IMS		Be		ppm		11		11		11		11.00		7		8		7		7.33

		IMS		Bi		ppm		0.82		0.73		0.82		0.79		-0.04		0.20		0.21		0.12

		PG		B		ppm		111		109		110		110.00		34		37		34		35.00

		NAA		Br		ppm		4.4		3.9		4.1		4.11		1.8		1.4		2.0		1.73

		IMS		Cd		ppm		1.9		1.8		1.8		1.82		0.04		0.10		0.14		0.09

		NAA		Ca		%		1.88		2.07		1.95		1.97		1.91		2.07		2.01		2.00

		IMS		Ca		%		2.28		2.25		2.17		2.23		2.25		2.45		2.34		2.35

		NAA		Ce		ppm		119		120		117		118.67		102		107		106		105.00

		IMS		Ce		ppm		105		98		106		102.87		96		98		91		94.98

		NAA		Cs		ppm		10.6		10.6		10.1		10.43		6.0		6.1		5.7		5.93

		IMS		Cs		ppm		11.9		11.0		10.8		11.23		6.7		7.0		6.2		6.63

		NAA		Cl		ppm		31		-43		-42		-18.00		100		130		160		130.00

		NAA		Cr		ppm		131		133		130		131.33		98		106		92		98.80

		IMS		Cr		ppm		118		119		116		117.67		97		86		81		88.00

		NAA		Co		ppm		36.4		36.4		35.7		36.17		31.1		32.3		30.9		31.43

		IMS		Co		ppm		38.4		35.6		37.0		37.00		31.7		32.8		29.9		31.47

		IMS		Cu		ppm		137		125		132		131.11		64.4		68.8		64.7		65.95

		NAA		Dy		ppm		6.0		7.1		6.5		6.51		5.2		5.4		6.0		5.52

		NAA		Eu		ppm		2.05		1.99		2.01		2.02		1.72		1.89		1.84		1.82

		NAA		Ga		ppm		34.8		37.5		39.6		37.30		8.3		10		10		9.43

		IMS		Ga		ppm		38.3		38.1		39.2		38.54		11.6		13.1		12.5		12.41

		IMS		Ge		ppm		34.7		33.1		34.1		33.97		4.8		8.7		7.6		7.03

		NAA		Au		ppb		-3		-3		-4		-3.27		-3		-3		-3		-3.03

		NAA		Hf		ppm		4.8		4.9		4.8		4.81		4.5		4.7		4.8		4.67

		IMS		Hf		ppm		4.2		4.1		4.3		4.18		4.2		4.1		4.2		4.16

		NAA		In		ppm		-0.06		0.11		-0.06		-0.00		0.06		0.05		-0.04		0.03

		IMS		In		ppm		0.1		0.1		0.1		0.10		-0.1		-0.1		-0.1		-0.10

		NAA		I		ppm		-3		-3		-3		-3.13		-3		-3		-3		-3.10

		NAA		Ir		ppb		-4		-4		-3		-3.53		-4		-3		-4		-3.50

		NAA		Fe		%		20.50		20.70		19.80		20.33		24.60		26.20		25.60		25.47

		IMS		Fe		%		18.85		17.83		19.01		18.56		22.03		20.77		21.42		21.41

		NAA		La		ppm		58		59		58		58.63		52		54		53		53.27

		IMS		La		ppm		56		56		56		56.00		51		53		50		51.33

		IMS		Pb		ppm		398		370		423		397.18		59		96		76		77.08

		IMS		Li		ppm		148		142		147		145.47		115		123		110		116.07

		NAA		Lu		ppm		0.67		0.66		0.65		0.66		0.56		0.57		0.57		0.56

		NAA		Mg		%		0.60		0.73		0.54		0.62		0.66		0.83		0.74		0.74

		IMS		Mg		%		0.70		0.69		0.70		0.70		0.76		0.80		0.74		0.77

		NAA		Mn		ppm		740		746		750		745.33		1080		1140		1090		1103.33

		IMS		Mn		ppm		881		887		864		877.33		1376		1397		1294		1355.67

		NAA		Hg		ppm		-0.12		-0.12		-0.12		-0.12		-0.09		-0.09		-0.10		-0.10

		CVAA		Hg		ppm		-0.01		-0.01		-0.01		-0.01		0.08		0.02		-0.01		0.03

		NAA		Mo		ppm		64		63		58		61.70		17.6		16.5		17.4		17.17

		IMS		Mo		ppm		67		64		63		64.83		13.3		12.7		13.0		13.00

		NAA		Nd		ppm		47.0		47.8		46.6		47.13		39.9		42.8		41.1		41.27

		IMS		Ni		ppm		105		100		108		104.00		95		96		84		91.20

		IMS		Nb		ppm		18		17		16		17.16		13		13		13		13.03

		IMS		P		ppm		1080		920		900		966.67		720		700		680		700.00

		NAA		K		%		1.70		1.78		1.72		1.73		1.28		1.29		1.29		1.29

		IMS		K		%		1.75		1.60		1.72		1.69		1.27		1.24		1.19		1.23

		IMS		Re		ppm		-1		-1		-1		-1.00		-1		-1		-1		-1.00

		NAA		Rb		ppm		119		113		113		115.00		81		81		84		82.23

		IMS		Rb		ppm		104		96		101		100.37		71		74		71		71.83

		NAA		Sm		ppm		9.9		10.1		9.8		9.92		8.6		9.0		9.0		8.88

		NAA		Sc		ppm		22.2		22.2		21.5		21.97		17.0		17.6		17.3		17.30

		IMS		Sc		ppm		21.0		18.5		19.8		19.77		14.4		14.6		14.0		14.33

		NAA		Se		ppm		4		3		2		3.01		-1		-1		-1		-0.95

		IMS		Se		ppm		2.6		2.7		2.0		2.43		-0.2		-0.2		-0.2		-0.20

		NAA		Ag		ppm		-1		-1		2		-0.15		-1		-1		-1		-0.91

		IMS		Ag		ppm		0.07		0.07		0.07		0.07		0.08		0.01		0.01		0.03

		NAA		Na		%		0.61		0.60		0.61		0.61		0.33		0.39		0.38		0.37

		IMS		Na		%		0.71		0.70		0.71		0.71		0.35		0.45		0.44		0.41

		IMS		Sr		ppm		480		470		445		465.00		329		347		334		336.67

		IMS		S		%		0.89		0.68		0.74		0.77		0.25		0.11		0.15		0.17

		NAA		Ta		ppm		1.5		1.5		1.5		1.45		1.1		1.2		1.2		1.16

		IMS		Ta		ppm		1.1		1.1		1.1		1.10		0.9		0.9		0.9		0.90

		IMS		Te		ppm		-0.1		0.1		-0.1		-0.03		-0.1		-0.1		-0.1		-0.10

		NAA		Tb		ppm		1.26		1.30		1.30		1.29		1.02		1.21		1.18		1.14

		IMS		Tl		ppm		11.8		11.2		11.5		11.50		0.2		0.2		0.1		0.17

		NAA		Th		ppm		15.5		15.6		15.2		15.43		12.9		13.2		13.0		13.03

		IMS		Th		ppm		15.5		14.7		15.4		15.20		13.5		13.9		13.6		13.67

		NAA		Sn		ppm		-54		-64		-79		-65.67		-51		-51		-52		-51.33

		IMS		Sn		ppm		5		4		5		4.60		1		1		1		1.03

		NAA		Ti		%		0.46		0.52		0.45		0.48		0.37		0.38		0.42		0.39

		IMS		Ti		%		0.52		0.50		0.51		0.51		0.38		0.41		0.41		0.40

		NAA		W		ppm		6		5		6		5.64		-1		2		1		0.59

		IMS		W		ppm		5.8		5.8		6.1		5.90		1.9		1.8		1.9		1.87

		NAA		U		ppm		6.5		6.4		6.1		6.34		5.5		5.2		5.5		5.41

		IMS		U		ppm		7.1		6.6		6.5		6.73		6.0		5.9		5.9		5.93

		NAA		V		ppm		179		178		188		181.67		119		124		133		125.33

		IMS		V		ppm		184		185		196		188.33		125		125		122		124.00

		IMS		Y		ppm		44		44		42		43.60		38		41		39		39.23

		NAA		Yb		ppm		4.2		4.4		4.2		4.28		3.5		3.7		3.6		3.61

		NAA		Zn		ppm		401		389		378		389.33		76		132		104		103.83

		IMS		Zn		ppm		141		139		127		135.63		135		139		139		137.67

		NAA		Zr		ppm		210		200		190		200.00		170		-170		230		76.67

		IMS		Zr		ppm		141		139		127		135.63		135		139		139		137.67

				Moisture		%		0.2		0.3		0.3		0.27		0.5		0.4		0.4		0.43





BA

		Elemental Variation in Bottom Ash from Canadian Power Plants

				Element		Battle River		Keephills		Wabamun		Genesse		Sheerness		Milner		Lingan		Point Aconi

		Elements of Prime Environmental Concern (mg/Kg)		As1		2.38		1.70		3.70		1.58		5.97		0.28		42.7		1510

				Cd2		0.070		0.010		0.11		0.63		0.11		0.087		0.09		1.00

				Cr3		26.8		43.0		54.0		29.5		156		343.67		88.0		113

				Cu3		1.60		18.7		23.00		26.2		12.0		42.7		65.95		248

				Hg4		0.0100		<0.0100		<0.01		0.0133		0.0200		0.050		0.0300		0.0753

				Mo5		5.67		27.0		13.70		4.67		3.60		3.27		17.17		76.9

				Ni3		29.0		21.0		30.0		23.3		22.3		39.6		91.2		73.9

				Pb4		14.2		4.30		8.70		23.7		11.3		6.33		77.1		88.9

				Se1		0.0900		0.400		0.180		0.200		0.507		0.800		-0.10		0.784

				V3		42.8		41.0		75.0		58.8		47.6		186		124.0		161

				Zn6		8.69		8.60		10.0		26.3		18.3		24.0		103.8		401

		Elements of Some Environmental Interest (mg/kg)		Ba3		3096		2250		1690		2259		2940		1620		560.33		1165

				Be3		6.38		4.10		4.60		2.08		5.12		2.87		7.33		5.54

				B6		467		162		290		147		820		81.7		35		218

				Co3		8.50		7.00		11.8		8.00		9.33		11.3		31.47		36.0

				Mn3		537		284		333		617		565		235		1355.67		4083

				U6		7.60		11.2		9.90		7.67		4.68		7.33		5.41		26.3

				Th6		20.2		25.4		22.6		14.8		12.6		14.8				16.1

				F7		14.6		200		125		98.8		29.3		30.0				492

				Br6		0.520		1.32		0.50		0.63		0.700		0.30				31.4

				Cl6		99.3		9.30		14.8		105		43.8		26.5				10700





FA

		Elemental Variation in Fly Ash from Canadian Power Plants

				Element		Battle River		Sheerness		Keephills		Wabamun		Genesse		Milner		Lingan		Milner		Point Aconi

						ESP														Baghouse

		Elementsof Prime Environmental Concern (mg/Kg)		As1		20.7		31.7		55.60		52.0		17.5		7.14		807		27.80		551

				Cd2		0.480		0.520		1.13		0.83		1.85		0.680		1.820		2.82		6.54

				Cr3		31.5		101		56.00		71.0		51.2		137		118		200.67		86.6

				Cu3		9.27		19.0		51.00		54.0		53.2		44.3		131.11		67.33		315

				Hg4		0.0291		0.0667		0.070		0.005		0.095		0.130		-0.005		1.58		2.37

				Mo5		9.33		7.80		36.0		22.0		12.2		4.60		61.7		12.3		81.0

				Ni3		38.8		30.1		34.0		41.0		34.2		34.3		104.0		53.8		120

				Pb4		48.7		33.0		107		32.0		84.2		23.5		397.2		53.5		667

				Se1		7.00		5.82		11.80		1.43		5.47		2.03		2.43		11.72		44.4

				V3		57.3		84.6		95.0		110		91.8		162		188		225		137

				Zn6		46.3		47.4		221		175		156		76.7		389		226		900

		Elements of Some Environmental Interest (mg/kg)		Ba3		3910		5010		5 520		3820		3370		1460		705		2230		2220

				Be3		7.83		6.75		6.43		5.20		3.02		2.63		11.00		3.13		0.623

				B6		1530		1910		770		666		472		0.00		110.0		204		202

				Co3		12.3		12.7		17.00		19.0		12.83		9.80		37.0		14.00		69.7

				Mn3		304		714		428		575		349		187		877		167		5340

				U6		10.5		8.25		23.30		16.3		9.72		6.00		6.34		9.40		16.5

				Th6		23.7		18.8		35.0		26.5		19.3		12.3				18.1		14.0

				F7		116		83.7		1830		600		612		33.0				230		979

				Br6		4.00		1.30		1.38		1.00		0.917		2.53				8.06		729

				Cl6		73.2		47.0		20.3		13.3		125		28.5				36.0		46300





MAjor element and RE BA

		Elemental Variation in Bottom Ash from Canadian Power Plants

				Element				Battle River		Keephills		Wabamun		Genesse		Sheerness		Milner		Lingan		Point Aconi

		Major Elements		Al6		%		10.2		12.1		10.5		10.2		7.50		10.6		10.73		13.1

				C6		ppm

				Ca6		%		4.89		5.58		73467		3.27		4.30		2.32		1.97		123

				Cl6		ppm						54				-87.7		-53.0		-18.00		10800

				Fe6		%		3.57		2.26		2.33		2.89		2.41		3.28		20.33		11.6

				K6		%				0.365		0.54		1.02		1.10		1.90		1.73		1.52

				Mg6		%		0.592		0.529		0.896		0.806		0.32		0.712		24.71		2.29

				Na6		%		2.44		1.38		3.94		1.42		1.05		0.321		0.61		0.485

				Ti6		%		0.271		0.295		0.361		0.349		0.23		0.515		0.48		0.741

		Rare Earth Elements		La6		ppm		46.5		78.07		72.03		43.54		42.27		49.2		58.33		78.1

				Ce6		ppm		86.6		137.83		139.00		79.74		75.80		86.2		118.67		9.81

				Nd6		ppm		32.5		51.25		54.83		31.90		27.27		36.1		47.13		52.7

				Sm6		ppm		7.73		10.25		11.08		6.40		6.27		7.23		9.93		12.6

				Eu6		ppm		0.915		1.65		2.13				1.13		1.48		2.02		2.80

				Gd6		ppm

				Tb6		ppm		0.950		1.20		1.51		0.79		0.798		0.77		1.29		1.66

				Dy6		ppm		7.09		8.80		11.03		5.96		5.53		5.73		6.53		12.5

				Tm6		ppm

				Yb6		ppm		3.90		4.69		5.28		3.30		3.73				4.27		5.15

				Lu6		ppm		0.665		0.73		0.88		0.56		0.622		0.541		0.66		0.760

		1AA hyd,2GFAA, 3ICP,4CVAA, 5AA,6NAA, Specific Ion7

		Bold; 1/2 detected value





C-S (FA)

						Total Carbon		Total Sulphur

		ESP		BR(wt %)		<0.1		0.33

				SH (wt %)		0.19		0.11

				Lingan (wt %)		3700ug/g

		Baghouse		point aconi (wt %)				7.03

				Milner (Hopper)		10.3		0.07

				Milner (Baghouse)		7.405		0.10

				Genesse

				Wabamun (mg/kg)

				Keephills (mg/kg)





Major elmnt and RE FA

		Elemental Variation in Fly Ash from Canadian Power Plants

				Element				Battle River		Sheerness		Keephills		Wabamun		Genesse		Milner		Lingan		Milner		Point Aconi

								ESP														Baghouse

		Major Elements		Al6		%		11.4		9.84		13		13		12.4		9.71		10.73		11.6		12.7

				C6		ppm

				Ca6		%		6.12		6.23		11.3		83.1		42.2		2.12		1.97		1.84		108

				Cl6		ppm				-94.00		94.3		67.7				-57.0		-18.00		-72.0		46200

				Fe6		%		3.21		2.94		27700		26170		29317		42.1		20.33		2.34		32.8

				K6		%				1.23		4000		8850		11917		1.75		1.73		2.04		1.69

				Mg6		%		0.721		0.60		8930		12370		9937		0.670		24.71		0.560		2.40

				Na6		%		3.18		1.55		26000		7620		23800		0.275		0.61		0.340		0.846

				Ti6		%		0.338		0.32		4070		4120		4208		0.459		0.48		0.572		0.600

		Rare Earth Elements		La6		ppm		55.7		62.00		110.47		81.90		56.25		82.9		58.33		51.8		73.6

				Ce6		ppm		101		108.67		200.67		148		103.33		75.8		118.67		91.1		18.3

				Nd6		ppm		37.0		39.43		77.00		58.47		41.00		30.8		47.13		37.4		52.2

				Sm6		ppm		8.93		9.83		15.17		12.33		8.40		6.14		9.93		7.48		12.4

				Eu6		ppm		1.08		1.65		2.54		2.20		1.52		1.36		2.02		1.64		2.78

				Gd6		ppm

				Tb6		ppm		1.27		1.17		1.99		1.63		1.06		0.857		1.29		0.890		1.73

				Dy6		ppm		8.10		8.35		14.70		11.07		7.28		5.27		6.53		6.67		13.2

				Yb6		ppm		4.57		5.86		7.20		5.51		4.14		2.83		4.27		3.51		4.41

				Lu6		ppm		0.833		0.96		1.17		0.85		0.71		0.474		0.66		0.583		0.723

				Y3		ppm				56.40								25.87				35.8

		1AA hyd,2GFAA, 3ICP,4CVAA, 5AA,6NAA, Specific Ion7

		Bold; 1/2 detected value





Table1

		Table 1

		Concentration of arsenic (mg/kg) in a. in-situ coal seam (geologic concentration), b. the feed coal produced from same mine for use in power plants

				Whitewood1		Genesee2

		In-situ		1.5-21*		0.6-5.4*

		Feed coal		2.4		1.6

		*The high values represent arsenic in parting(s) and interbeded rocks in coal seam

		1Gentzis et al., 1996, 2Pollock et al., 2000





Table2

		Table 2

		Total sulphur and sulphur forms (%), total arsenic (mg/kg) of subbituminous and bituminous feed coal

		Coal Rank		Subbituminous								Bituminous

		Stations		1		2		3		4		5		6		7**

		Depositional Environment of Coal*		Fresh Water				Brackish				Fresh Water

		Boron Content (mg/kg)		69		49		217		266		57		16		21

		Sulphur Forms and Total Sulphur

		%Total Sulphur		0.24		0.22		0.38		0.54		0.46		2.6		3.56

		%Sulphatic		0.01		0.01		0.01		0.1		0.06		0.1		0.13

		%Pyritic		0.04		0.03		0.05		0.01		0.08		1.9		2.65

		Organic by difference		0.19		0.19		0.32		0.43		0.32		0.6		0.78

		Total Arsenic (mg/kg)		1.6		2.2		1.75		3.63		4.39		54.4		84.4

		*After Goodarzi and Swaine 1994				**Fluidized bed cumbustion





Table3

		Table 3

		Variation of arsenic (mg/kg) in feed coal, bottom ashes and fly ashes, and their relative enrichment index for the stations.

		Stations		Milled coal		Bottom Ash		RE		ESP Fly Ash												Baghouse Fly Ash		RE		Stack Fly Ash		RE

										Total		RE		Coarse Grained		RE		Fine Grained		RE

		#1		1.6		1.60		0.20		18.0		2.40		11.7		1.60		nd		nd		nd		nd		21.0		2.9

		#2		2.2		1.70		0.14		56		4.60		nd		nd		nd		nd		nd		nd		65		7.00

		#3		1.77		2.38		0.21		20.7		1.78		nd		nd		42.3		3.66		nd		nd		52.7		3.86

		#4		3.63		5.97		0.27		31.7		1.45		nd		nd		nd		nd		nd		nd		nd		nd

		#5		4.39		0.30		0.02		7.14		0.51		nd		nd		nd		nd		27.8		2.00		nd		nd

		#6		54.8		41.0		0.07		71.9		0.12		nd		nd		nd		nd		640		1.08		nd		nd

		#7		84.8		445		0.43		146		0.14		nd		nd		nd		nd		541		0.53		nd		nd

						12.7fg		0.02

		nd = no data				fg = fused glassy





Table4

		Table 4

		Species of arsenic in Canadian feed coals

		Species (%)		Subbituminous								Bituminous

				#1		#2		#3		#4		#5		#6		#7

		As22- (pyrite)		0		0		0		84		34		77		82

		As3+ (organic)		50		50		50		7		12		0		0

		As5+ (arsenate)		50		50		50		9		54		23		18

		Cr3+ (clay/oxide)		100		100		100		100		100		100		~50

		Cr0 (steel)		0		0		0		0		0		0		~50

		Ni2+		100		100		100		100		100		100		100





Table5

		Table 5

		Variation of total sulphur (%), pyritic sulphur (%), total arsenic (mg/kg) and arsenic species  in coal samples used to produce feed coal #6

		Samples		% Total Sulphur		% Pyritic Sulphur		Total Arsenic (mg/kg)		% As/pyrite (As+3)		% Arsenate (As+5)

		Seam A		3.04		1.80		76.6		70.0		30.0

		Seam B		2.80		1.30		57.4		79.0		21.0

		Washed Seam B		1.96		1.07		39.2		69.0		31.0

		Feed Coal*		2.62		1.71		54.8		84.0		16.0

		*Feed coal is a 50/50 blend of seam A and washed seam B.





Table6

		Table 6

		Total sulphur and pyrite (%), arsenic (mg/kg) and species of arsenic (%) in Canadian bottom ashes.

				Subbituminous								Bituminous

		Station		#1		#2		#3		#4		#5		#6		#7

		Total sulphur (%)		<0.001		0.002		0.03		0.15		<0.05		0.08		11.34

		Total arsenic(%)		1.60		1.07		3.60		5.97		0.28		41.0		445

		As/pyrite (%)		0		0		0		5-10		0		0		0

		As+3 (%)		10		15-25		<10		5-10		<10		10-15		<5

		As+5 (%)		90		75-85		>90		80-90		>90		85-90		>95





Table7

		Table 7

		Total sulphur (%), arsenic (mg/kg) and species of arsenic in Canadian ESP fly ash

				Subbituminous								Bituminous

		Station		#1		#2		#3		#4		#5		#6		#7

		Total sulphur (%)		0.07		0.14		0.33		0.11		0.07		0.66		6.36

		Total arsenic (mg/kg)		17.5		55.6		29		31.7		7.14		640		146

												27.8*				541*

		As+3 (%)		<10		<10		0		<5		<10		0		0

		As+5  (%)		>90		>90		100		>95		>90		100		100**

		*arsenic content of baghouse fly ash

		**both ESP and baghouse fly ash have similar speciation pattern.





Table8

		Table 8

		The quantitative analysis of crystalline phases for bottom and fly ash #6 using XRD.

		Crystalline phase percentage (wt%)		Bottom Ash		Fly Ash

		Hematite, Fe2O3		5.4		2.9

		Spinel, (M2+)(M3+)2O4a		5.2		4.6

		Jarosite, (M+)Fe3(SO4)2(OH)6				4.2

		Paracoquimbite, Fe2(SO4)3.9H2O				0.3

		(Calcium or transition metal) iron hydroxy arsenate hydrate, (M2+)2Fe3(AsO4)3(OH)4.10H2O				0.3







Summary of Findings - Arsenic

 Speciation of As in Canadian Coals
– Western Canada

» As contents are low
» Main forms are organically-bound As(III) and arsenate

– Eastern Canada
» Much higher As contents
» Main forms are As/Pyrite and arsenate

 Speciation of As in ash samples
– As in fly ash and stack ash is >95% As(V)
– Up to 20% of As as As(III) in bottom ash



Chromium Speciation Concerns

 Discrimination between 
oxidation states of Cr
– Cr(III) not toxic at 

concentrations found in 
most coals and ash

– Cr(VI) highly toxic and 
carcinogenic

 Readily differentiated by 
Cr XAFS Spectroscopy
– Height of pre-edge peak
– Shape of spectrum-20 0 20 40 60 80 100 120
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Summary of Findings - Chromium

 Speciation of Cr in Canadian Coals
– Western and Eastern Canada
– Lower Cr contents in western coals

» Mostly Cr3+/illite; some organically associated Cr(III)
» No evidence for Cr(VI) in any coal
» Metallic Cr as stainless steel observed in one coal

 Speciation of Cr in ash samples
– Bottom ash: >90% Cr(III)
– Fly-ash: mostly Cr(III), but some Cr(VI) observed

» Up to 15% Cr(VI) observed in fly-ash from western 
Canadian plants



Nickel Speciation Concerns

 Health danger of Ni 
subsulfides (Ni3S2, etc.) is 
well established:
– Carcinogenic and toxic

 Do Ni subsulfides exist in 
coal?

 Can Ni subsulfides be 
formed in ash products?

 Discrimination is possible 
using XAFS Spectroscopy
– Spectral shape
– Position of edge
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Ni XANES - Canadian Coal and Ash 
Products

 Ni in coal
– Exclusively Ni2+

– Ni distributed between 
oxide and sulphide 
forms

 Ni in ash
– Predominantly Ni2+

– Ni-S phases absent
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		-3.90E+01		3.64E-02		8.64E-02		1.04E+00		1.50E+00		-4.86E-03		2.06E+00		5.90E-02		5.27E-01		2.69E-02		-4.00E+01		7.19E-02		2.19E-02

		-3.70E+01		4.61E-02		9.61E-02		1.05E+00		1.58E+00		8.48E-02		2.03E+00		3.12E-02		5.54E-01		5.38E-02		-3.90E+01		4.15E-02		-8.49E-03

		-3.50E+01		1.58E-02		6.58E-02		1.02E+00		1.53E+00		2.56E-02		2.05E+00		4.80E-02		5.45E-01		4.52E-02		-3.80E+01		4.77E-02		-2.28E-03

		-3.30E+01		4.04E-02		9.04E-02		1.04E+00		1.62E+00		1.17E-01		2.06E+00		5.73E-02		5.41E-01		4.13E-02		-3.70E+01		7.11E-02		2.11E-02

		-3.10E+01		-7.37E-03		4.26E-02		9.93E-01		1.55E+00		5.09E-02		2.04E+00		3.59E-02		5.11E-01		1.10E-02		-3.60E+01		7.32E-02		2.32E-02

		-2.90E+01		-1.40E-02		3.60E-02		9.86E-01		1.60E+00		9.67E-02		2.03E+00		2.68E-02		4.93E-01		-7.29E-03		-3.50E+01		4.59E-02		-4.12E-03

		-2.70E+01		-3.50E-02		1.50E-02		9.65E-01		1.53E+00		3.25E-02		2.04E+00		4.40E-02		5.08E-01		8.18E-03		-3.40E+01		6.63E-02		1.63E-02

		-2.50E+01		2.53E-02		7.53E-02		1.03E+00		1.43E+00		-6.92E-02		1.95E+00		-5.19E-02		5.01E-01		1.41E-03		-3.30E+01		4.61E-02		-3.90E-03

		-2.30E+01		-7.08E-02		-2.08E-02		9.29E-01		1.50E+00		-1.19E-03		1.97E+00		-3.30E-02		4.72E-01		-2.81E-02		-3.20E+01		5.57E-02		5.68E-03

		-2.25E+01		4.13E-02		9.13E-02		1.04E+00		1.48E+00		-1.67E-02		1.97E+00		-2.73E-02		5.42E-01		4.23E-02		-3.10E+01		6.71E-02		1.71E-02

		-2.20E+01		-2.36E-02		2.64E-02		9.76E-01		1.46E+00		-4.23E-02		2.05E+00		5.22E-02		4.66E-01		-3.41E-02		-3.00E+01		4.73E-02		-2.70E-03

		-2.15E+01		4.15E-02		9.15E-02		1.04E+00		1.45E+00		-5.10E-02		2.00E+00		1.77E-03		4.75E-01		-2.51E-02		-2.90E+01		3.68E-02		-1.32E-02

		-2.10E+01		-1.27E-02		3.73E-02		9.87E-01		1.57E+00		7.48E-02		1.97E+00		-3.36E-02		5.07E-01		6.60E-03		-2.80E+01		5.47E-02		4.70E-03

		-2.05E+01		3.34E-03		5.33E-02		1.00E+00		1.50E+00		1.38E-03		2.01E+00		1.33E-02		5.02E-01		2.28E-03		-2.70E+01		2.44E-02		-2.56E-02

		-2.00E+01		3.10E-02		8.10E-02		1.03E+00		1.46E+00		-4.31E-02		1.99E+00		-8.78E-03		5.24E-01		2.38E-02		-2.60E+01		3.86E-02		-1.14E-02

		-1.95E+01		2.30E-02		7.30E-02		1.02E+00		1.49E+00		-9.22E-03		2.01E+00		6.64E-03		5.11E-01		1.11E-02		-2.50E+01		5.61E-02		6.10E-03

		-1.90E+01		6.99E-02		1.20E-01		1.07E+00		1.46E+00		-4.25E-02		1.97E+00		-3.07E-02		4.60E-01		-3.97E-02		-2.40E+01		5.08E-02		8.42E-04

		-1.85E+01		-2.47E-02		2.53E-02		9.75E-01		1.62E+00		1.15E-01		2.00E+00		-3.13E-03		4.75E-01		-2.49E-02		-2.30E+01		6.40E-03		-4.36E-02

		-1.80E+01		-1.73E-03		4.83E-02		9.98E-01		1.54E+00		3.65E-02		2.01E+00		1.10E-02		4.87E-01		-1.33E-02		-2.25E+01		5.62E-02		6.16E-03

		-1.75E+01		-5.24E-02		-2.36E-03		9.48E-01		1.49E+00		-5.45E-03		2.02E+00		1.69E-02		5.21E-01		2.08E-02		-2.20E+01		3.81E-02		-1.19E-02

		-1.70E+01		-4.49E-02		5.12E-03		9.55E-01		1.48E+00		-1.79E-02		2.00E+00		5.26E-04		5.03E-01		3.17E-03		-2.15E+01		3.57E-02		-1.43E-02

		-1.65E+01		-1.22E-02		3.78E-02		9.88E-01		1.55E+00		5.37E-02		2.02E+00		1.62E-02		4.77E-01		-2.31E-02		-2.10E+01		4.72E-02		-2.77E-03

		-1.60E+01		1.48E-02		6.48E-02		1.01E+00		1.46E+00		-3.89E-02		1.97E+00		-2.92E-02		5.30E-01		2.99E-02		-2.05E+01		5.18E-02		1.84E-03

		-1.55E+01		-4.63E-02		3.69E-03		9.54E-01		1.57E+00		7.10E-02		2.02E+00		2.24E-02		5.23E-01		2.28E-02		-2.00E+01		6.81E-02		1.81E-02

		-1.50E+01		8.70E-03		5.87E-02		1.01E+00		1.54E+00		4.43E-02		2.04E+00		3.66E-02		5.11E-01		1.05E-02		-1.95E+01		3.82E-02		-1.18E-02

		-1.45E+01		2.32E-02		7.32E-02		1.02E+00		1.49E+00		-8.69E-03		1.97E+00		-2.79E-02		5.25E-01		2.52E-02		-1.90E+01		5.21E-02		2.10E-03

		-1.40E+01		-8.63E-03		4.14E-02		9.91E-01		1.50E+00		-2.92E-03		1.98E+00		-1.68E-02		5.17E-01		1.65E-02		-1.85E+01		5.55E-02		5.48E-03

		-1.35E+01		3.70E-02		8.70E-02		1.04E+00		1.57E+00		7.18E-02		2.03E+00		3.48E-02		5.06E-01		5.94E-03		-1.80E+01		5.74E-02		7.38E-03

		-1.30E+01		8.25E-03		5.83E-02		1.01E+00		1.49E+00		-9.24E-03		1.99E+00		-1.07E-02		5.12E-01		1.15E-02		-1.75E+01		7.08E-02		2.08E-02

		-1.25E+01		-7.41E-03		4.26E-02		9.93E-01		1.43E+00		-6.98E-02		1.98E+00		-1.53E-02		4.92E-01		-8.02E-03		-1.70E+01		3.75E-02		-1.25E-02

		-1.20E+01		-3.02E-02		1.98E-02		9.70E-01		1.47E+00		-3.36E-02		2.01E+00		1.26E-02		4.96E-01		-4.10E-03		-1.65E+01		4.37E-02		-6.26E-03

		-1.15E+01		-3.95E-02		1.05E-02		9.60E-01		1.41E+00		-9.35E-02		2.00E+00		2.53E-03		5.07E-01		7.20E-03		-1.60E+01		4.75E-02		-2.51E-03

		-1.10E+01		-2.93E-02		2.07E-02		9.71E-01		1.49E+00		-1.10E-02		2.00E+00		3.94E-03		4.74E-01		-2.56E-02		-1.55E+01		6.33E-02		1.33E-02

		-1.05E+01		-2.99E-02		2.01E-02		9.70E-01		1.60E+00		1.04E-01		2.00E+00		-3.61E-03		5.05E-01		5.09E-03		-1.50E+01		4.35E-02		-6.55E-03

		-9.99E+00		-2.41E-02		2.59E-02		9.76E-01		1.46E+00		-3.83E-02		1.99E+00		-8.46E-03		5.09E-01		8.64E-03		-1.45E+01		5.91E-02		9.05E-03

		-9.49E+00		3.09E-02		8.09E-02		1.03E+00		1.44E+00		-5.74E-02		1.99E+00		-1.47E-02		4.82E-01		-1.80E-02		-1.40E+01		4.89E-02		-1.09E-03

		-8.99E+00		-3.93E-02		1.07E-02		9.61E-01		1.58E+00		7.64E-02		2.01E+00		1.07E-02		5.13E-01		1.31E-02		-1.35E+01		4.04E-02		-9.59E-03

		-8.49E+00		4.94E-02		9.94E-02		1.05E+00		1.53E+00		2.76E-02		2.00E+00		-3.33E-03		4.65E-01		-3.48E-02		-1.30E+01		7.45E-02		2.45E-02

		-7.99E+00		-1.84E-02		3.16E-02		9.82E-01		1.49E+00		-1.18E-02		1.97E+00		-2.75E-02		4.94E-01		-6.08E-03		-1.25E+01		5.60E-02		5.96E-03

		-7.49E+00		-2.45E-02		2.55E-02		9.76E-01		1.51E+00		7.03E-03		1.91E+00		-8.95E-02		4.95E-01		-4.83E-03		-1.20E+01		5.84E-02		8.36E-03

		-6.99E+00		2.19E-02		7.19E-02		1.02E+00		1.48E+00		-1.91E-02		1.99E+00		-9.96E-03		5.01E-01		1.33E-03		-1.15E+01		6.80E-02		1.80E-02

		-6.49E+00		2.13E-02		7.13E-02		1.02E+00		1.50E+00		-2.23E-03		1.98E+00		-2.29E-02		5.15E-01		1.45E-02		-1.10E+01		4.55E-02		-4.49E-03

		-5.99E+00		-4.06E-02		9.40E-03		9.59E-01		1.56E+00		5.99E-02		1.99E+00		-9.84E-03		4.98E-01		-2.22E-03		-1.05E+01		4.59E-02		-4.11E-03

		-5.49E+00		-3.33E-02		1.67E-02		9.67E-01		1.48E+00		-2.36E-02		2.03E+00		3.06E-02		4.67E-01		-3.28E-02		-9.99E+00		5.31E-02		3.08E-03

		-4.99E+00		-3.18E-02		1.82E-02		9.68E-01		1.47E+00		-3.32E-02		2.04E+00		4.31E-02		4.90E-01		-1.02E-02		-9.49E+00		4.72E-02		-2.78E-03

		-4.49E+00		3.89E-02		8.89E-02		1.04E+00		1.46E+00		-4.15E-02		1.98E+00		-2.18E-02		5.08E-01		7.96E-03		-8.99E+00		4.34E-02		-6.63E-03

		-3.99E+00		4.15E-02		9.15E-02		1.04E+00		1.51E+00		5.34E-03		1.98E+00		-1.83E-02		5.21E-01		2.13E-02		-8.49E+00		5.40E-02		4.04E-03

		-3.49E+00		8.43E-03		5.84E-02		1.01E+00		1.52E+00		1.72E-02		2.04E+00		3.72E-02		5.15E-01		1.48E-02		-7.99E+00		3.45E-02		-1.55E-02

		-2.99E+00		1.53E-02		6.53E-02		1.02E+00		1.53E+00		3.28E-02		1.99E+00		-1.03E-02		4.90E-01		-9.73E-03		-7.49E+00		4.12E-02		-8.80E-03

		-2.49E+00		2.24E-02		7.24E-02		1.02E+00		1.53E+00		3.24E-02		1.99E+00		-6.15E-03		5.03E-01		3.38E-03		-6.99E+00		2.53E-02		-2.47E-02

		-1.99E+00		-6.96E-03		4.30E-02		9.93E-01		1.43E+00		-7.01E-02		2.01E+00		8.73E-03		4.99E-01		-7.05E-04		-6.49E+00		2.93E-02		-2.07E-02

		-1.49E+00		-3.15E-02		1.85E-02		9.69E-01		1.50E+00		4.15E-04		2.04E+00		3.51E-02		5.02E-01		2.26E-03		-5.99E+00		2.82E-02		-2.18E-02

		-9.90E-01		1.05E-02		6.05E-02		1.01E+00		1.50E+00		3.02E-03		2.00E+00		-4.65E-03		5.30E-01		2.99E-02		-5.49E+00		5.14E-02		1.43E-03

		-4.90E-01		3.13E-02		8.13E-02		1.03E+00		1.57E+00		7.22E-02		2.02E+00		1.84E-02		5.43E-01		4.33E-02		-4.99E+00		7.56E-02		2.56E-02

		1.00E-02		1.96E-02		6.96E-02		1.02E+00		1.46E+00		-4.01E-02		2.01E+00		1.18E-02		5.54E-01		5.42E-02		-4.49E+00		7.01E-02		2.01E-02

		5.10E-01		5.65E-02		1.06E-01		1.06E+00		1.49E+00		-8.71E-03		2.06E+00		5.62E-02		5.45E-01		4.48E-02		-3.99E+00		7.16E-02		2.16E-02

		1.01E+00		4.08E-02		9.08E-02		1.04E+00		1.57E+00		7.30E-02		2.01E+00		1.23E-02		5.31E-01		3.12E-02		-3.49E+00		6.14E-02		1.14E-02

		1.51E+00		2.23E-02		7.23E-02		1.02E+00		1.59E+00		8.65E-02		1.98E+00		-1.52E-02		5.35E-01		3.51E-02		-2.99E+00		7.45E-02		2.45E-02

		2.01E+00		1.43E-02		6.43E-02		1.01E+00		1.54E+00		3.63E-02		2.01E+00		1.14E-02		5.41E-01		4.10E-02		-2.49E+00		6.50E-02		1.50E-02

		2.51E+00		1.85E-02		6.85E-02		1.02E+00		1.60E+00		9.73E-02		2.01E+00		1.37E-02		5.81E-01		8.07E-02		-1.99E+00		8.04E-02		3.04E-02

		3.01E+00		8.18E-03		5.82E-02		1.01E+00		1.53E+00		3.37E-02		2.02E+00		2.13E-02		5.55E-01		5.52E-02		-1.49E+00		9.18E-02		4.18E-02

		3.51E+00		7.44E-03		5.74E-02		1.01E+00		1.56E+00		5.96E-02		2.01E+00		1.21E-02		5.45E-01		4.50E-02		-9.90E-01		9.27E-02		4.27E-02

		4.01E+00		4.91E-02		9.91E-02		1.05E+00		1.63E+00		1.25E-01		2.07E+00		6.79E-02		5.53E-01		5.30E-02		-4.90E-01		9.15E-02		4.15E-02

		4.51E+00		1.84E-02		6.84E-02		1.02E+00		1.67E+00		1.68E-01		2.12E+00		1.16E-01		5.54E-01		5.37E-02		1.00E-02		1.12E-01		6.21E-02

		5.01E+00		7.50E-02		1.25E-01		1.07E+00		1.60E+00		1.02E-01		2.12E+00		1.17E-01		6.17E-01		1.17E-01		5.10E-01		1.25E-01		7.50E-02

		5.51E+00		7.96E-02		1.30E-01		1.08E+00		1.65E+00		1.47E-01		2.06E+00		5.64E-02		6.19E-01		1.19E-01		1.01E+00		9.95E-02		4.95E-02

		6.01E+00		1.61E-01		2.11E-01		1.16E+00		1.71E+00		2.14E-01		2.16E+00		1.57E-01		6.43E-01		1.43E-01		1.51E+00		9.82E-02		4.82E-02

		6.51E+00		1.09E-01		1.59E-01		1.11E+00		1.69E+00		1.89E-01		2.20E+00		2.00E-01		6.61E-01		1.61E-01		2.01E+00		9.90E-02		4.90E-02

		7.01E+00		2.64E-01		3.14E-01		1.26E+00		1.69E+00		1.88E-01		2.21E+00		2.08E-01		6.95E-01		1.95E-01		2.51E+00		1.14E-01		6.35E-02

		7.51E+00		2.29E-01		2.79E-01		1.23E+00		1.83E+00		3.28E-01		2.19E+00		1.92E-01		7.59E-01		2.59E-01		3.01E+00		1.19E-01		6.89E-02

		8.01E+00		2.80E-01		3.30E-01		1.28E+00		1.75E+00		2.47E-01		2.24E+00		2.37E-01		7.86E-01		2.86E-01		3.51E+00		1.41E-01		9.13E-02

		8.51E+00		3.36E-01		3.86E-01		1.34E+00		1.87E+00		3.69E-01		2.31E+00		3.12E-01		8.06E-01		3.06E-01		4.01E+00		1.31E-01		8.12E-02

		9.01E+00		4.26E-01		4.76E-01		1.43E+00		1.97E+00		4.69E-01		2.32E+00		3.18E-01		9.04E-01		4.04E-01		4.51E+00		1.41E-01		9.07E-02

		9.51E+00		5.18E-01		5.68E-01		1.52E+00		2.03E+00		5.32E-01		2.43E+00		4.26E-01		9.57E-01		4.57E-01		5.01E+00		1.58E-01		1.08E-01

		1.00E+01		5.69E-01		6.19E-01		1.57E+00		2.08E+00		5.84E-01		2.50E+00		5.01E-01		1.04E+00		5.39E-01		5.51E+00		1.85E-01		1.35E-01

		1.05E+01		5.64E-01		6.14E-01		1.56E+00		2.14E+00		6.39E-01		2.54E+00		5.42E-01		1.13E+00		6.26E-01		6.01E+00		2.00E-01		1.50E-01

		1.10E+01		6.29E-01		6.79E-01		1.63E+00		2.35E+00		8.49E-01		2.62E+00		6.22E-01		1.17E+00		6.68E-01		6.51E+00		2.21E-01		1.71E-01

		1.15E+01		7.85E-01		8.35E-01		1.79E+00		2.29E+00		7.90E-01		2.67E+00		6.73E-01		1.23E+00		7.34E-01		7.01E+00		2.41E-01		1.91E-01

		1.20E+01		8.17E-01		8.67E-01		1.82E+00		2.31E+00		8.08E-01		2.75E+00		7.53E-01		1.28E+00		7.79E-01		7.51E+00		2.85E-01		2.35E-01

		1.25E+01		8.84E-01		9.34E-01		1.88E+00		2.47E+00		9.67E-01		2.83E+00		8.33E-01		1.35E+00		8.51E-01		8.01E+00		3.26E-01		2.76E-01

		1.30E+01		9.75E-01		1.03E+00		1.98E+00		2.54E+00		1.04E+00		2.94E+00		9.37E-01		1.49E+00		9.87E-01		8.51E+00		3.91E-01		3.41E-01

		1.35E+01		1.06E+00		1.11E+00		2.06E+00		2.68E+00		1.18E+00		3.07E+00		1.07E+00		1.58E+00		1.08E+00		9.01E+00		4.27E-01		3.77E-01

		1.40E+01		1.19E+00		1.24E+00		2.19E+00		2.81E+00		1.31E+00		3.12E+00		1.12E+00		1.65E+00		1.15E+00		9.51E+00		4.81E-01		4.31E-01

		1.45E+01		1.26E+00		1.31E+00		2.26E+00		2.90E+00		1.40E+00		3.29E+00		1.29E+00		1.79E+00		1.29E+00		1.00E+01		5.36E-01		4.86E-01

		1.50E+01		1.30E+00		1.35E+00		2.30E+00		2.93E+00		1.43E+00		3.38E+00		1.38E+00		1.88E+00		1.38E+00		1.05E+01		5.49E-01		4.99E-01

		1.55E+01		1.38E+00		1.43E+00		2.38E+00		3.07E+00		1.57E+00		3.47E+00		1.47E+00		1.96E+00		1.46E+00		1.10E+01		6.10E-01		5.60E-01

		1.60E+01		1.49E+00		1.54E+00		2.49E+00		3.07E+00		1.57E+00		3.51E+00		1.51E+00		1.95E+00		1.45E+00		1.15E+01		6.55E-01		6.05E-01

		1.65E+01		1.43E+00		1.48E+00		2.43E+00		3.15E+00		1.65E+00		3.61E+00		1.61E+00		1.96E+00		1.46E+00		1.20E+01		6.99E-01		6.49E-01

		1.70E+01		1.44E+00		1.49E+00		2.44E+00		3.18E+00		1.68E+00		3.58E+00		1.58E+00		2.03E+00		1.53E+00		1.25E+01		7.60E-01		7.10E-01

		1.75E+01		1.40E+00		1.45E+00		2.40E+00		3.04E+00		1.54E+00		3.63E+00		1.63E+00		1.99E+00		1.49E+00		1.30E+01		8.37E-01		7.87E-01

		1.80E+01		1.50E+00		1.55E+00		2.50E+00		3.08E+00		1.58E+00		3.68E+00		1.68E+00		2.01E+00		1.51E+00		1.35E+01		9.04E-01		8.54E-01

		1.85E+01		1.47E+00		1.52E+00		2.47E+00		3.08E+00		1.58E+00		3.67E+00		1.67E+00		2.01E+00		1.51E+00		1.40E+01		9.92E-01		9.42E-01

		1.90E+01		1.50E+00		1.55E+00		2.50E+00		3.05E+00		1.55E+00		3.65E+00		1.65E+00		1.99E+00		1.49E+00		1.45E+01		1.05E+00		1.00E+00

		1.95E+01		1.50E+00		1.55E+00		2.50E+00		2.96E+00		1.46E+00		3.60E+00		1.60E+00		1.95E+00		1.45E+00		1.50E+01		1.10E+00		1.05E+00

		2.00E+01		1.50E+00		1.55E+00		2.50E+00		2.98E+00		1.48E+00		3.54E+00		1.54E+00		1.93E+00		1.43E+00		1.55E+01		1.16E+00		1.11E+00

		2.05E+01		1.45E+00		1.50E+00		2.45E+00		2.98E+00		1.48E+00		3.49E+00		1.49E+00		1.91E+00		1.41E+00		1.60E+01		1.20E+00		1.15E+00

		2.10E+01		1.39E+00		1.44E+00		2.39E+00		2.87E+00		1.37E+00		3.43E+00		1.43E+00		1.82E+00		1.32E+00		1.65E+01		1.24E+00		1.19E+00

		2.15E+01		1.39E+00		1.44E+00		2.39E+00		2.91E+00		1.41E+00		3.42E+00		1.42E+00		1.81E+00		1.31E+00		1.70E+01		1.25E+00		1.20E+00

		2.20E+01		1.30E+00		1.35E+00		2.30E+00		2.77E+00		1.27E+00		3.35E+00		1.35E+00		1.78E+00		1.28E+00		1.75E+01		1.26E+00		1.21E+00

		2.25E+01		1.31E+00		1.36E+00		2.31E+00		2.80E+00		1.30E+00		3.32E+00		1.32E+00		1.74E+00		1.24E+00		1.80E+01		1.25E+00		1.20E+00

		2.30E+01		1.22E+00		1.27E+00		2.22E+00		2.81E+00		1.31E+00		3.25E+00		1.25E+00		1.70E+00		1.20E+00		1.85E+01		1.24E+00		1.19E+00

		2.35E+01		1.21E+00		1.26E+00		2.21E+00		2.65E+00		1.15E+00		3.20E+00		1.20E+00		1.65E+00		1.15E+00		1.90E+01		1.24E+00		1.19E+00

		2.40E+01		1.28E+00		1.33E+00		2.28E+00		2.79E+00		1.29E+00		3.22E+00		1.22E+00		1.69E+00		1.19E+00		1.95E+01		1.23E+00		1.18E+00

		2.45E+01		1.17E+00		1.22E+00		2.17E+00		2.66E+00		1.16E+00		3.18E+00		1.18E+00		1.65E+00		1.15E+00		2.00E+01		1.20E+00		1.15E+00

		2.50E+01		1.09E+00		1.14E+00		2.09E+00		2.74E+00		1.24E+00		3.18E+00		1.18E+00		1.62E+00		1.12E+00		2.05E+01		1.18E+00		1.13E+00

		2.55E+01		1.15E+00		1.20E+00		2.15E+00		2.59E+00		1.09E+00		3.13E+00		1.13E+00		1.59E+00		1.09E+00		2.10E+01		1.12E+00		1.07E+00

		2.60E+01		1.08E+00		1.13E+00		2.08E+00		2.68E+00		1.18E+00		3.12E+00		1.12E+00		1.59E+00		1.09E+00		2.15E+01		1.11E+00		1.06E+00

		2.65E+01		1.07E+00		1.12E+00		2.07E+00		2.66E+00		1.16E+00		3.13E+00		1.13E+00		1.59E+00		1.09E+00		2.20E+01		1.11E+00		1.06E+00

		2.70E+01		1.03E+00		1.08E+00		2.03E+00		2.56E+00		1.06E+00		3.08E+00		1.08E+00		1.57E+00		1.07E+00		2.25E+01		1.07E+00		1.02E+00

		2.76E+01		1.05E+00		1.10E+00		2.05E+00		2.71E+00		1.21E+00		3.10E+00		1.10E+00		1.56E+00		1.06E+00		2.30E+01		1.05E+00		1.00E+00

		2.83E+01		1.06E+00		1.11E+00		2.06E+00		2.63E+00		1.13E+00		3.08E+00		1.08E+00		1.55E+00		1.05E+00		2.35E+01		1.01E+00		9.63E-01

		2.90E+01		9.70E-01		1.02E+00		1.97E+00		2.64E+00		1.14E+00		3.06E+00		1.06E+00		1.49E+00		9.94E-01		2.40E+01		9.93E-01		9.43E-01

		2.97E+01		9.96E-01		1.05E+00		2.00E+00		2.50E+00		1.00E+00		3.06E+00		1.06E+00		1.54E+00		1.04E+00		2.45E+01		9.76E-01		9.26E-01

		3.04E+01		9.45E-01		9.95E-01		1.94E+00		2.54E+00		1.04E+00		3.00E+00		1.00E+00		1.53E+00		1.03E+00		2.50E+01		9.86E-01		9.36E-01

		3.11E+01		1.01E+00		1.06E+00		2.01E+00		2.60E+00		1.10E+00		2.99E+00		9.90E-01		1.49E+00		9.92E-01		2.55E+01		9.39E-01		8.89E-01

		3.19E+01		9.82E-01		1.03E+00		1.98E+00		2.52E+00		1.02E+00		3.02E+00		1.02E+00		1.50E+00		9.95E-01		2.60E+01		9.44E-01		8.94E-01

		3.26E+01		9.53E-01		1.00E+00		1.95E+00		2.60E+00		1.10E+00		3.03E+00		1.03E+00		1.47E+00		9.65E-01		2.65E+01		9.43E-01		8.93E-01

		3.34E+01		9.42E-01		9.92E-01		1.94E+00		2.46E+00		9.61E-01		3.02E+00		1.02E+00		1.47E+00		9.71E-01		2.70E+01		9.28E-01		8.78E-01

		3.42E+01		9.64E-01		1.01E+00		1.96E+00		2.52E+00		1.02E+00		2.99E+00		9.88E-01		1.48E+00		9.78E-01		2.77E+01		9.14E-01		8.64E-01

		3.50E+01		9.56E-01		1.01E+00		1.96E+00		2.56E+00		1.06E+00		3.01E+00		1.01E+00		1.46E+00		9.59E-01		2.83E+01		9.25E-01		8.75E-01

		3.59E+01		9.53E-01		1.00E+00		1.95E+00		2.52E+00		1.02E+00		3.01E+00		1.01E+00		1.45E+00		9.47E-01		2.90E+01		9.06E-01		8.56E-01

		3.68E+01		9.07E-01		9.57E-01		1.91E+00		2.47E+00		9.65E-01		2.98E+00		9.75E-01		1.44E+00		9.36E-01		2.97E+01		9.11E-01		8.61E-01

		3.76E+01		9.13E-01		9.63E-01		1.91E+00		2.51E+00		1.01E+00		2.94E+00		9.35E-01		1.42E+00		9.23E-01		3.04E+01		9.06E-01		8.56E-01

		3.85E+01		9.28E-01		9.78E-01		1.93E+00		2.42E+00		9.20E-01		2.93E+00		9.32E-01		1.39E+00		8.86E-01		3.11E+01		8.99E-01		8.49E-01

		3.95E+01		8.72E-01		9.22E-01		1.87E+00		2.49E+00		9.92E-01		2.92E+00		9.19E-01		1.38E+00		8.84E-01		3.19E+01		9.14E-01		8.64E-01

		4.04E+01		8.50E-01		9.00E-01		1.85E+00		2.40E+00		9.02E-01		2.90E+00		8.97E-01		1.38E+00		8.76E-01		3.27E+01		8.91E-01		8.41E-01

		4.14E+01		8.46E-01		8.96E-01		1.85E+00		2.44E+00		9.44E-01		2.88E+00		8.79E-01		1.38E+00		8.79E-01		3.35E+01		8.93E-01		8.43E-01

		4.24E+01		8.68E-01		9.18E-01		1.87E+00		2.35E+00		8.51E-01		2.87E+00		8.66E-01		1.36E+00		8.57E-01		3.43E+01		8.86E-01		8.36E-01

		4.34E+01		8.55E-01		9.05E-01		1.85E+00		2.35E+00		8.51E-01		2.86E+00		8.55E-01		1.34E+00		8.42E-01		3.51E+01		8.53E-01		8.03E-01

		4.44E+01		8.18E-01		8.68E-01		1.82E+00		2.41E+00		9.12E-01		2.85E+00		8.46E-01		1.34E+00		8.38E-01		3.60E+01		8.32E-01		7.82E-01

		4.54E+01		8.41E-01		8.91E-01		1.84E+00		2.48E+00		9.82E-01		2.86E+00		8.64E-01		1.36E+00		8.58E-01		3.68E+01		8.26E-01		7.76E-01

		4.65E+01		8.60E-01		9.10E-01		1.86E+00		2.33E+00		8.32E-01		2.87E+00		8.70E-01		1.38E+00		8.77E-01		3.77E+01		8.25E-01		7.75E-01

		4.76E+01		8.59E-01		9.09E-01		1.86E+00		2.37E+00		8.67E-01		2.92E+00		9.16E-01		1.38E+00		8.81E-01		3.86E+01		7.95E-01		7.45E-01

		4.87E+01		9.03E-01		9.53E-01		1.90E+00		2.51E+00		1.01E+00		2.89E+00		8.88E-01		1.40E+00		9.04E-01		3.96E+01		8.15E-01		7.65E-01

		4.98E+01		8.96E-01		9.46E-01		1.90E+00		2.43E+00		9.29E-01		2.89E+00		8.88E-01		1.41E+00		9.12E-01		4.05E+01		8.25E-01		7.75E-01

		5.09E+01		9.20E-01		9.70E-01		1.92E+00		2.45E+00		9.52E-01		2.97E+00		9.71E-01		1.41E+00		9.13E-01		4.15E+01		8.08E-01		7.58E-01

		5.21E+01		9.25E-01		9.75E-01		1.93E+00		2.52E+00		1.02E+00		2.94E+00		9.42E-01		1.47E+00		9.66E-01		4.25E+01		7.97E-01		7.47E-01

		5.33E+01		9.72E-01		1.02E+00		1.97E+00		2.52E+00		1.02E+00		2.97E+00		9.69E-01		1.47E+00		9.66E-01		4.35E+01		7.77E-01		7.27E-01

		5.45E+01		9.48E-01		9.98E-01		1.95E+00		2.54E+00		1.04E+00		3.04E+00		1.04E+00		1.49E+00		9.89E-01		4.45E+01		7.94E-01		7.44E-01

		5.57E+01		9.76E-01		1.03E+00		1.98E+00		2.45E+00		9.45E-01		3.02E+00		1.02E+00		1.49E+00		9.93E-01		4.56E+01		8.06E-01		7.56E-01

		5.69E+01		1.01E+00		1.06E+00		2.01E+00		2.55E+00		1.05E+00		3.06E+00		1.06E+00		1.49E+00		9.86E-01		4.66E+01		8.30E-01		7.80E-01

		5.82E+01		1.03E+00		1.08E+00		2.03E+00		2.62E+00		1.12E+00		3.08E+00		1.08E+00		1.52E+00		1.02E+00		4.77E+01		8.11E-01		7.61E-01

		5.94E+01		1.03E+00		1.08E+00		2.03E+00		2.52E+00		1.02E+00		3.10E+00		1.10E+00		1.58E+00		1.08E+00		4.88E+01		8.33E-01		7.83E-01

		6.07E+01		1.06E+00		1.11E+00		2.06E+00		2.45E+00		9.50E-01		3.06E+00		1.06E+00		1.56E+00		1.06E+00		5.00E+01		8.43E-01		7.93E-01

		6.20E+01		1.04E+00		1.09E+00		2.04E+00		2.56E+00		1.06E+00		3.10E+00		1.10E+00		1.55E+00		1.05E+00		5.11E+01		8.39E-01		7.89E-01

		6.34E+01		1.02E+00		1.07E+00		2.02E+00		2.56E+00		1.06E+00		3.06E+00		1.06E+00		1.58E+00		1.08E+00		5.23E+01		8.41E-01		7.91E-01

		6.47E+01		1.06E+00		1.11E+00		2.06E+00		2.56E+00		1.06E+00		3.04E+00		1.04E+00		1.58E+00		1.08E+00		5.35E+01		8.81E-01		8.31E-01

		6.61E+01		1.07E+00		1.12E+00		2.07E+00		2.57E+00		1.07E+00		3.05E+00		1.05E+00		1.56E+00		1.06E+00		5.47E+01		9.01E-01		8.51E-01

		6.75E+01		1.11E+00		1.16E+00		2.11E+00		2.55E+00		1.05E+00		3.07E+00		1.07E+00		1.60E+00		1.10E+00		5.59E+01		9.06E-01		8.56E-01

		6.89E+01		1.11E+00		1.16E+00		2.11E+00		2.61E+00		1.11E+00		3.06E+00		1.06E+00		1.59E+00		1.09E+00		5.71E+01		9.43E-01		8.93E-01

		7.03E+01		1.05E+00		1.10E+00		2.05E+00		2.55E+00		1.05E+00		3.08E+00		1.08E+00		1.57E+00		1.07E+00		5.84E+01		9.32E-01		8.82E-01

		7.18E+01		1.03E+00		1.08E+00		2.03E+00		2.54E+00		1.04E+00		3.08E+00		1.08E+00		1.58E+00		1.08E+00		5.97E+01		9.59E-01		9.09E-01

		7.32E+01		1.07E+00		1.12E+00		2.07E+00		2.52E+00		1.02E+00		3.10E+00		1.10E+00		1.56E+00		1.06E+00		6.10E+01		9.48E-01		8.98E-01

		7.47E+01		1.08E+00		1.13E+00		2.08E+00		2.53E+00		1.03E+00		3.08E+00		1.08E+00		1.55E+00		1.05E+00		6.23E+01		9.49E-01		8.99E-01

		7.62E+01		1.07E+00		1.12E+00		2.07E+00		2.52E+00		1.02E+00		3.10E+00		1.10E+00		1.57E+00		1.07E+00		6.37E+01		9.80E-01		9.30E-01

		7.78E+01		1.08E+00		1.13E+00		2.08E+00		2.57E+00		1.07E+00		3.09E+00		1.09E+00		1.54E+00		1.04E+00		6.50E+01		9.92E-01		9.42E-01

		7.93E+01		9.87E-01		1.04E+00		1.99E+00		2.48E+00		9.83E-01		3.09E+00		1.09E+00		1.56E+00		1.06E+00		6.64E+01		1.01E+00		9.58E-01

		8.09E+01		1.03E+00		1.08E+00		2.03E+00		2.52E+00		1.02E+00		3.07E+00		1.07E+00		1.54E+00		1.04E+00		6.78E+01		9.83E-01		9.33E-01

		8.24E+01		1.02E+00		1.07E+00		2.02E+00		2.54E+00		1.04E+00		3.02E+00		1.02E+00		1.53E+00		1.03E+00		6.92E+01		9.94E-01		9.44E-01

		8.41E+01		1.01E+00		1.06E+00		2.01E+00		2.47E+00		9.74E-01		3.06E+00		1.06E+00		1.52E+00		1.02E+00		7.07E+01		9.86E-01		9.36E-01

		8.57E+01		9.58E-01		1.01E+00		1.96E+00		2.52E+00		1.02E+00		3.01E+00		1.01E+00		1.51E+00		1.01E+00		7.21E+01		9.92E-01		9.42E-01

		8.73E+01		1.02E+00		1.07E+00		2.02E+00		2.52E+00		1.02E+00		3.00E+00		9.99E-01		1.52E+00		1.02E+00		7.36E+01		9.94E-01		9.44E-01

		8.90E+01		1.05E+00		1.10E+00		2.05E+00		2.41E+00		9.08E-01		3.06E+00		1.06E+00		1.52E+00		1.02E+00		7.51E+01		9.88E-01		9.38E-01

		9.07E+01		9.44E-01		9.94E-01		1.94E+00		2.49E+00		9.86E-01		2.99E+00		9.94E-01		1.52E+00		1.02E+00		7.66E+01		9.98E-01		9.48E-01

		9.24E+01		1.02E+00		1.07E+00		2.02E+00		2.45E+00		9.46E-01		2.97E+00		9.72E-01		1.51E+00		1.01E+00		7.82E+01		1.01E+00		9.58E-01

		9.41E+01		9.66E-01		1.02E+00		1.97E+00		2.48E+00		9.81E-01		2.95E+00		9.52E-01		1.51E+00		1.01E+00		7.98E+01		1.01E+00		9.60E-01

		9.58E+01		9.63E-01		1.01E+00		1.96E+00		2.45E+00		9.53E-01		2.99E+00		9.92E-01		1.48E+00		9.79E-01		8.13E+01		9.86E-01		9.36E-01

		9.76E+01		9.92E-01		1.04E+00		1.99E+00		2.42E+00		9.19E-01		2.99E+00		9.85E-01		1.45E+00		9.53E-01		8.29E+01		9.87E-01		9.37E-01

		9.94E+01		9.72E-01		1.02E+00		1.97E+00		2.43E+00		9.26E-01		2.94E+00		9.38E-01		1.50E+00		1.00E+00		8.46E+01		9.87E-01		9.37E-01

		1.01E+02		1.03E+00		1.08E+00		2.03E+00		2.33E+00		8.32E-01		2.93E+00		9.27E-01		1.43E+00		9.29E-01		8.62E+01		9.83E-01		9.33E-01

		1.03E+02		9.71E-01		1.02E+00		1.97E+00		2.46E+00		9.61E-01		2.92E+00		9.18E-01		1.47E+00		9.72E-01		8.78E+01		9.68E-01		9.18E-01

		1.05E+02		1.01E+00		1.06E+00		2.01E+00		2.43E+00		9.25E-01		2.99E+00		9.92E-01		1.48E+00		9.81E-01		8.95E+01		9.59E-01		9.09E-01

		1.07E+02		9.80E-01		1.03E+00		1.98E+00		2.36E+00		8.57E-01		2.93E+00		9.27E-01		1.46E+00		9.58E-01		9.12E+01		9.63E-01		9.13E-01

		1.09E+02		9.46E-01		9.96E-01		1.95E+00		2.39E+00		8.87E-01		2.94E+00		9.43E-01		1.49E+00		9.90E-01		9.29E+01		9.70E-01		9.20E-01

		1.10E+02		9.73E-01		1.02E+00		1.97E+00		2.39E+00		8.91E-01		2.94E+00		9.42E-01		1.49E+00		9.94E-01		9.47E+01		9.49E-01		8.99E-01

		1.12E+02		9.79E-01		1.03E+00		1.98E+00		2.40E+00		8.95E-01		2.98E+00		9.82E-01		1.47E+00		9.71E-01		9.64E+01		9.77E-01		9.27E-01

		1.14E+02		1.01E+00		1.06E+00		2.01E+00		2.28E+00		7.82E-01		2.98E+00		9.75E-01		1.49E+00		9.93E-01		9.82E+01		9.65E-01		9.15E-01

		1.16E+02		9.87E-01		1.04E+00		1.99E+00		2.32E+00		8.23E-01		2.94E+00		9.40E-01		1.49E+00		9.92E-01		1.00E+02		9.79E-01		9.29E-01

																						1.02E+02		9.61E-01		9.11E-01

																						1.04E+02		9.62E-01		9.12E-01

																						1.06E+02		9.76E-01		9.26E-01

																						1.07E+02		9.72E-01		9.22E-01

																						1.09E+02		9.62E-01		9.12E-01

																						1.11E+02		9.91E-01		9.41E-01

																						1.13E+02		9.78E-01		9.28E-01

																						1.15E+02		1.01E+00		9.55E-01

																						1.17E+02		9.98E-01		9.48E-01







Summary of Findings - Nickel

 Speciation of Ni in Canadian Coals
– Speciation in coal less certain than Cr or As

» Sulfide association in some coals
» Oxide association in other coals

 Speciation of Ni in ash samples
– Ash: >90% Ni in oxidic forms

» Glass, sulfates, oxides
» No evidence for carcinogenic Ni-sulfides

 Needs more detailed study



Possible Future Collaboration

 Discussion of possible international study 
involving speciation and behavior of critical 
elements during combustion
– Netherlands, Canada, USA
– Combustion emissions are a worldwide problem

 Particulate Matter issues
– Ultrafine (<1 micron) particulate matter

 Mercury emissions and control
– Control by activated carbon sorbents
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