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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. 

Research background
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Toxic metals: total content vs speciation
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Challenges

• What is the speciation of As 
and Se in coal fly ashes?

• How do coal source/type and 
utility operation conditions 
affect As/Se speciation?

• How do As/Se speciation 
affect their subsequent 
mobility?

Characterization

Survey

Mobility
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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.

Project goals
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Current techniques and proposed solution
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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

Survey study and sample collection
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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)

Multi-scale characterization of As and Se speciation
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Project tasks and timeline
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• Determine the current outlook of Coal-Fired EGUs 

generating fly ash across the U.S. and classify according to:

• Coal source

• Capacity

• 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)

Project updates: Survey of current operating plants

Source: USGS Fact Sheet 2017-3067

Major coal regions in the U.S.
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Preliminary samples for consideration

Total 16 samples collected
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Mineralogical analysis

P: Portlandite Ca(OH)2

A: Anhydrite

Mu: Mullite

M: Magnetite

H: Hematite

Q: Quartz

L: Lime
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Speciation analysis by synchrotron techniques

• Bulk X-ray absorption spectroscopy 
(XAS)

• Micro-X-ray fluorescence microscopy (µ-
XRF) and µ-XAS

• Non-destructive

• In situ

• Spatially resolved (micron scale)

• High resolution (ppb – ppm)

• Highly desired for complex 
heterogeneous samples 

Advanced Photon Source (APS)
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• Scattering of the photo-electron ejected from the absorbing atom

• Element specific

• Probes local structure 

• Oxidation state

• Identity, distance, and number of neighbor atoms

X-ray absorption spectroscopy (XAS)

(E0)Pre-edge

XANES (X-ray absorption near edge structure)

EXAFS (Extended X-ray absorption fine structure)
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• µ-XRF: element distribution 
and correlation

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

• X-ray beam size: µm to nm

• Suitable for samples with 
low bulk concentration and 
heterogeneous distribution

Micro-X-ray fluorescence microscopy (µ-XRF) and µ-XAS
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Standard compounds

• We have collected bulk XAS data for

• 9 standard compounds

• 10 fly ash samples

• We have conducted principal 

component analysis (PCA), target 

transformation, and linear combination 

fitting (LCF) to identify the dominant As 

species and their relative contribution

As: bulk XANES
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Fly ash samples: Linear combination fitting results Standard compounds
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As: XRF and μ-XANES

Particle As_1:

• 10 μm x 5 μm particle

• As co-localized with Ca

• 20% As(III) and 80% As(V)

Particle As_2:

• 10 μm x 10 μm particle

• As co-localized with Fe

• 25% As(III) and 75% As(V)
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sample CFA-2C
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Standard compounds

• We have collected bulk XANES data for 

• 7 standard compounds 

• 8 ash samples

• Se concentrations in some samples are 

too low for bulk XAS analysis. These 

samples will be further analyzed using 

μ-XAS

Se: bulk XANES
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Fly ash samples: Linear combination fitting results Standard compounds
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Particle size: two 40 μm x 40 μm particles

Se distribution:

o Se enriched on the surface of a Ca-rich particle

o Discrete Se-bearing particle with no other 

elements detected

Se oxidation:

o Se_5: ~70% Se(IV) and ~30% Se(VI)

o Se_6: ~40% Se(IV) and ~60% Se(VI)

o Se_7: ~65% Se(IV) and ~35% Se(VI)

Se XRF map and μ-XANES
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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

Next Steps
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This material is based upon work supported by the Department of Energy 
Award Number DE-FE0031739.

Synchrotron X-ray analyses were conducted at Stanford Synchrotron Radiation 
Lightsource (SSRL) and Advanced Photon Source (APS).

Disclaimer: This report was prepared as an account of work sponsored by an agency of 
the United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would 
not infringe privately owned rights. Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof.
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