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* Recent EPA CCR and ELG regulations — First federal boundaries on
the amount of toxic metals (e.g. Hg, As, Se, Cr) and other pollutants
that steam electric power plants are allowed to discharge to their
waste streams (e.g. bottom ash, fly ash, FGD purge).

» Addressing compliance with these regulations can present a
significant financial and environmental burden to the coal industry.

2021/05 NETL annual review meeting | Tang



Toxic metals: total content vs speciation

Speciation

N Cr(lln)

| ~ Mobility Fate * Relatively insoluble
Chemical state Bioavailability Transport * Low mobility
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« Essential micronutrient

Deposition of
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*Highly soluble
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» High bioavailability
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/ | Coal Industry | \ » What is the speciation of As

[ Characterization 1

[ Coal source & Operation and Se in coal fly ashes?
type condition
- @ @ ™
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» To systematically characterize As and Se speciation within a
representative matrix of coal fly ashes.

* To develop correlations for coal source/type, generation condition,
As/Se speciation, and As/Se mobility.
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Current techniques and proposed solution

Chemical Speciation

Method Method Risk of Speciation Detection Spatial Matrix

Type Alteration Limit  Resolution OXidation — Mineralogy  pgrocy
State / Phase

Digestion, HPLC, ICP-

MS Chemical High, ex situ ppm Bulk Yes No High
R o Chemical High, ex situ ppm Bulk No Yes, empirical  High
ICP-MS
LA-ICP-MS Physpal, No to low, ex situ ppb Mlcrqn to No Based .c')n Mid
chemical submicron composition
SEM-EDS Physical Notolow, insitu  100s ppm  Micron No Bespaion Mid
composition

Bulk XAS Physical No, in situ Bulk

p-XRF/XAS Physical No, in situ Micron
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A survey of fossil power generating units as a function of coal

source/type, operating conditions, environmental control systems,
additive use, and fly ash handling methods

« Representative subset of candidate units to collect fly ash samples
from existing particulate control devices
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» Elemental composition: ICP-MS
« Surface area, particle size, and particle morphology: BET, SEM-EDS
* Mineralogy: XRD

« Oxidation state, structure, elemental association: Synchrotron X-ray microscopy and
spectroscopy

« Mobility: EPA Method 1311 (Toxicity Characteristic Leaching Procedure)

« Mobility and phase: Sequential chemical extraction
« Acid-soluble phases (e.g. carbonates)
« Reducible phases (e.g., Fe-Mn oxides)
« Oxidizable phases (e.g. organic matter and sulfide)
« Residual phase (e.g. silicates)
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Project tasks and timeline

Phase | Phase Il Phase lll Phase IV
Planning Survey Characterization Integration ( [ Coal Industry ] ‘\
(Task 1/allPls) (Task 2/allPls) (Task 3-5/Tang) (Task 6/ all Pls) Coal source & Operation
— type condition |
=N Traditional =N TT ge
characterization Coal fly ashes
; _ (As/Se speciation<> mobilit
Project > Surve); & [ Synchrotron -l poeoce i - P - y)
lanning e characterization establishment | ~ : .
p
collection — Beneficial use Disposal
=D Mobility D) (e.g. concrete) || (e.g. landfill)
evaluation E ?
Concrete Waste
> Industry Industry /
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Project updates: Survey of current operating plants

 Determine the current outlook of Coal-Fired EGUs

generating fly ash across the U.S. and classify according to: Major coal regions in the U.S.
« Coal source —
- Capacity T T
* Installed emission controls: particulate matter, NOx,
SOx, Hg

« Compilation and cross-check of various databases
« Review of EPRI internal databases (as of Dec. 2019)
« EPA Public Databases (as of Dec. 2018)
« S&P Global Electrical Generating Units (as of Dec.
2019)

Source: USGS Fact Sheet 2017-3067
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Capacity Focus on EGUs >90MWg nameplate capacity. Units retired as of Dec 2019
were removed

S ECERTGETEN atmospheric circulating fluidized bed, cyclone or slagging boiler, front-wall
design fired boiler, opposed-wall fired boiler, turbo-fired opposed boiler, tangential
or corner fired boiler

m bituminous coal, subbituminous coal, lignite, blend of coals

selective catalytic reduction, selective non-catalytic reduction, combustion
controls
coal blending / compliance fuel, dry flue gas desulfurization (FGD), wet
FGD, Semi-dry FGD
Particulate baghouse, electrostatic precipitator (ESP), cold-side ESP, hot-side ESP
matter controls
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Preliminary samples for consideration

unitA IS Tang. + SCR + ESPc or BH + WFGD
LI sub - PRB Tang. + SCR + BH + WFGD

UnitsC &D Sub - PRB OPP + ESPc

LT sub-PRB 85% + Bit-MSW 15%  Tang. + ESPc
Bit-ILB Tang. + ESPc + BH + WFGD

[ cit-ILB OPP + ESPc + BH + WFGD

Total 16 samples collected
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Mineralogical analysis

Sample No.
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Speciation analysis by synchrotron techniques

 Bulk X-ray absorption spectroscopy * Non-destructive
(XAS) * In situ
* Micro-X-ray fluorescence microscopy (M- . Spatially resolved (micron scale)

XRF d u-XAS
) and p - High resolution (ppb — ppm)

« Highly desired for complex
Fluorescence X-rays heterogeneOUS Samples

[lncident X-rays ‘Matter Transmitted X-rav>

Scattered X-rays

Advanced Photon Source (APS)

Photoelectrons
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X-ray absorption spectroscopy (XAS)

« Scattering of the photo-electron ejected from the absorbing atom

« Element specific
* Probes local structure

 Oxidation state 40 P ——
. . . — region -
« ldentity, distance, and number of neighbor atoms 35
5 50 y EXAFS region
=3
Continuum 2 25 J\A\
photo-electron A X-ray photon (E) g
NN~ 20 pre-gdge Absorption edge (E )
¢ " 1.5 { v
—eooooo—L 1EEIIOD 132|50 165I00 161:'50 1?-:;00
'- Photon energy (eV)
s Photoelectron
'{'/"z/\l 3 waves () Backscattered XANES (X-ray absorption near edge structure)
\ w3 waves
@ K

EXAFS (Extended X-ray absorption fine structure)
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Micro-X-ray fluorescence microscopy (u-XRF) and p-XAS

Light micrograph Elemental distribution

* u-XRF: element distribution
and correlation

 U-XANES: micro-scale
oxidation state, phase, and
structure information

« X-ray beam size: pm to nm
e Suitable for samples with

low bulk concentration and o
heterogeneous distribution Energy Dispersive Spectrumv pH-XAS ) H- XRD
Fe Zn N ¢ ! o ;,\#Y/.;;_A“:AM :

|

|

l

@ 5 M T ’

f ! \ |

S el T | PbLyedge |
AT J || e/ XANES
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Standard compounds

As(V)

« We have collected bulk XAS data for As(ll
« 9 standard compounds JRASM adsorbed on Fe
« 10 fly ash samples ii

_J\\AS(V) doped in Fe
. . 5 Na,AsO,
« We have conducted principal ‘J\/\/

component analysis (PCA), target Ca,(As0.),
transformation, and linear combination
fitting (LCF) to identify the dominant As
species and their relative contribution

normalized absorbance

—‘j/\\\mrbed on Fe
_//\\_¥ Na,AsO,
J\¥ Ca,(AsO,),
_J\x As,O,

T
11850 11900 11950 12000

energy (eV)
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Fly ash samples: Linear combination fitting results Standard compounds

. As,04 (51.1%) As(V)
| l As,0; (27.9%) As(lll) :
\ As,0, (23.5%) Cay(AsO,), (19.8%) 3
: Na,AsO, (67.5%) i = . As(V) adsorbed on Fe
| As(lil) adsorbed on Fe (23 7%) :
2691 /. 8 | sample 14 ‘ ¥ .
y As(V) doped in Fe (27.9%) :fé P As,04 (11.6%) ! As(V) doped in Fe
{ (64% Y
Ca,(AsO,), (62.0%) £ I CaiAsO,), (64%) :
) 0 ! Na,AsO,
S | 2690 % sample 13 CaglAsO, ), (97.8%) 3
3 - ® As;04 27%) § Ca_.(AsO))
S , Ca,(AsO,), (20.2%) 3 — = sS4,
! %)
< ! Na,AsO, (82.0% E 2
g : S0, ( ‘) 5 | sample 12 , As,0; (31.2%) g As,O,
2 c i & | Caq(AsO4), (72.1%) g
= As(V) doped in Fe (86.1%) ‘ =
48] |
£ | As,O, (13.9%) S As(lll) adsorbed on Fe
‘g . : sample 11 2 —J\\
Ca,(AsO,), (19.8%) N Na,AsO,
Ca,(AsO,), (81.3%) . v . - ¥
CFA-2 11800 12000 12200 N Ca,(AsO,),
Ca,(AsO,), (11.5%) energy (eV) J\&
Ca,(AsO,), (85.8%) I\ As,O,
CFA-1 _J\«\
11;350 ' 11500 ' 11550 ' 12000 11850 11900 11950 12000

energy (eV
energy (eV) o (V)
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As(lll) species (%)

Sample ID
As;03  As(lll) sorb FeOx Ca3(AsOs)2

2691
2690
C 20.2
F
CFA-2 19.8
CFA-1 11.3
14 51.1
13 11.6 23.7
12 2.7
11
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As;0s5

23.5

13.9

279

31.2

As(V) species (%)

Na3AsO4

67.5

82

As(V) doped

FeOx

27.9

86.1

Caj(As0q)2

62

81.3
85.8
19.8
64
97.8
721
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As: XRF and p-XANES

As map

Particle As_1:

10 ym x 5 ym particle

* As co-localized with Ca

« 20% As(lIl) and 80% As(V)

Particle As_2:

e« 10 um x 10 ym particle

* As co-localized with Fe

« 25% As(lll) and 75% As(V)
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As(I)
:As(V)
A\ As,O,
A5203 (108%)
Ca,(AsO,), § Cas(AsOylp (92.7%)
> @
c As,O, 5
£ C
= T As_7
§e) Ca,(AsO,), o
9 =z 04 (10.5%
N g As;04 (10.5%)
g .g Ca(AsOy), (90.3%)
o
c
As_10 J
A Rl A R gy "
11800 1190 12000 12100
energy (eV)
I ! I ! I !
11850 11900 11950 12000
energy (eV) sample CFA-2C
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Standard compounds

Se(VI)
Se(1V) :
» We have collected bulk XANES data for J\ Na,Se"O,
7 standard compounds y Se(vD) adsorbed iy
« 8 ash samples JL

. . Se(VI) doped in Fe
« Se concentrations In some samples are

too low for bulk XAS analysis. These Se™o,

. . _—/E\;.’\ v
samples will be further analyzed using /5\5 CaSe"0,

“'XAS /\ Se(lV) adsorbed on lime

Se(lV) adsorbed on Fe

normalized absorbance

T : T T 3
12650 12700 12750
energy (eV)
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Fly ash samples: Linear combination fitting results Standard compounds

Se(0) foll (81.2%)
Se(VI) on Ee (34 5(V) Se(lV) doped in Fe (18.8%)
. 0
Se(lV) on Fe (28.2%) | W
CaSe03 (42.3%) o S8{0) ol {78.1%) Na,Se O,
O | sample 14 Se(1V) doped in Fe (16.8%)
269 g Se(Vl) doped in Fe (5.1%)
£ JL Se(VI) adsorbed on Fe
[}
28 | sample 13 Se(0) foll (40.7%) 3 !
Q [ Se(lV) doped in Fe (28.0%) c X
2 Se(VI) on Fe (11.9%) o Se(VI) adsorbed on Fe (31.2%) o !
] . , [} = | .
E Se(IV) on lime (88.1%) @2 2 Se(VI) doped in Fe
3 2 Se(0) foll (51.7%) G ! =
Cie Se(VI) on Fe (28.3%) E | sample 12 Se(1V) doped in Fe (32 4%) 5 | se"o,
g Se(IV) on ||me (189%) 8 Se(Vl) doped in Fe (15.9%) (_%l :
s Se02 (56.7%) c \u CaSeIVO
£ < ! 3
<] o) L
= sample 11 \! )
' Se(lV) adsorbed on lime
CaSe03 (82.4%) v T v T v T y T v %
Se02 (17.6%) 12500 12600 12700 12800 12900 13000 -
energy (eV)
Se(lV) adsorbed on Fe
T ; T ; T T
12650 12700 12750 12800 T 3
energy (eV) 12700 12750
2 energy (eV)
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Se(lV) species (%) Se(VI) species (%)
e(0)

Sample ID S(%()l Se(lV) sorb Se(lV) doped Se(lV) sorb Se(Vl) sorb  Se(VI) doped

FeOx FeOx ime 092 ©aSeOs FeOx FeOx

2691 28.2 423 345

C 88.1 11.9

F 18.9 56.7 28.3
CFA-2 176 824

14 81.2 18.8

13 78.1 16.9 5.1

12 40.7 28 31.2

11 51.7 324 15.9

.
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Se XRF map and p-XANES

Se map Ca map Fe map

M ,‘ Na,Se"'0; (39.2%)
i ll'\ CaSe™0, (60.4%)
©. Se 5 8 e T N i i
S Se_1 _/} Se (V1) adsorbed on Fe (36.3%)
¢ = g f. Se0, (84.8%)
Se_7 c é
= - % o | Se 2 / Se (V1) adsorbed on Fe (51.5%)
i z» Y r\ Se0, (51.8%)
Particle size: two 40 um x 40 ym particles s £ / ‘
. . . = o | Se_3 , ’I CaSe™0, (48.5%)
Se distribution: g = -—"{ Na,Se"0, (52.0%)
o Se enriched on the surface of a Ca-rich particle &
o Discrete Se-bearing particle with no other e
elements detected 12600 12700 12800 12500
Se oxidation: energy (eV)
o Se 5:~70% Se(IV) and ~30% Se(VI) -
o Se_6:~40% Se(IV) and ~60% Se(VI) 12650 12700 12750 12800
o Se 7:~65% Se(IV) and ~35% Se(VI) energy (eV)
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« Continue sample identification and collection

» Continue sample characterization: composition, surface area, particle
size, morphology, mineralogy

* As/Se speciation: synchrotron analyses
« As/Se mobility: leaching tests
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