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Nanoscale heterogeneity of arsenic and selenium
species in coal fly ash particles: analysis using
enhanced spectroscopic imaging and speciation
techniquest

Nelson A. Rivera Jr, @*? Florence T. Ling,”® Zehao Jin,? Ajith Pattammattel, ¢
Hanfei Yan,© Yong S. Chu,® Catherine A. Peters @° and Heileen Hsu-Kim @ *2

Coal combustion byproducts are known to be enriched in arsenic (As) and selenium (Se). This enrichment
is a concern during the handling, disposal, and reuse of the ash as both elements can be harmful to wildlife
and humans if mobilized into water and soils. The leaching potential and bioaccessibility of As and Se in
coal fly ash depends on the chemical forms of these elements and their association with the large variety
of particles that comprise coal fly ash. The overall goal of this research was to determine nanoscale and
microscale solid phase mineral associations and oxidation states of As and Se in fly ash. We utilized
nanoscale 2D imaging (30-50 nm spot size) with the Hard X-ray Nanoprobe (HXN) in combination with
microprobe X-ray capabilities (~5 pm resolution) to determine the As and Se elemental associations.
Speciation of As and Se was also measured at the nano- to microscale with X-ray absorption spectroscopy.
The enhanced resolution of HXN showed As and Se as either diffusely located around or comingled with
Ca- and Fe-rich particles. The results also showed nanoparticles of Se attached to the surface of fly ash
grains. Overall, a comparison of As and Se species across scales highlights the heterogeneity and
complexity of chemical associations for these trace elements of concern in coal fly ash.

Fly ashes are the waste residuals collected during coal energy production and represent one of the largest industrial waste streams worldwide. The disposal
of these residues is a significant challenge due the large volumes produced annually and the enrichment of toxic elements such as arsenic (As) and
selenium (Se) in fly ash. This study describes the nanoscale heterogeneity of As and Se, both in distribution and speciation within individual fly ash grains.

These insights help explain why the leaching potential of these elements are not easily predicted by elemental content. Rather, the heterogeneous
distribution of As and Se in fly ash signifies that both intrinsic properties of the fly ash as well as extrinsic variables related to the leaching environment

contribute to As and Se mobilization.

Introduction

Coal fly ash and other coal combustion residues are known
to be enriched in arsenic (As) and selenium (Se).' This
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enrichment is a concern primarily during the handling,
disposal, and reuse of the ash as both elements can be
harmful to wildlife and humans if mobilized at concentrated
quantities into water and soils. The extent of As and Se
mobilization depends on the amount in the original ash as
well as the chemical form of these elements and
environmental conditions (e.g., water chemistry, redox
conditions, soil surface chemistry, hydraulic conductivity).>”
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both from the original feed coal composition and from
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gas emissions.” Furthermore, coal-fired power plants are
rapidly evolving in their operations in response to changes in
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air pollution controls. For example, many coal power stations
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now employ air pollution control technologies, such as
selective catalytic reduction and dry SO, capture, which
require an injection of chemicals (e.g., ammonia, lime) into
the flue gas, altering the composition of the fly ash
products.* In the U.S., coal-fired power plants are shifting
operations from base-load to seasonal or peak-load
generation,” a shift that could influence the composition of
residuals.

The concentrations, geochemical forms, and mobilization
potentials of Se and As from coal fly ash disposal
impoundments have been documented previously.>*%” For
example, our prior survey’ of more than 100 coal fly ash
samples showed that the Se and As contents vary by multiple
orders of magnitude, depending on the coal feed stock. The
leachable concentrations of As and Se are related, in part, to
the total amounts of As and Se in the ash. However, our
previous work® demonstrates that leachable quantities do not
always correlate to total element abundance. These results
highlight the need to consider the chemical forms of As and
Se as well as mass distribution within individual ash grains.
In this respect, knowledge of the phase associations of As
and Se in the fly ash matrix could offer clues to their
mobilization potential in water.

For example, As and Se species hosted by Fe-rich particles
are vulnerable to mobilization under reductive dissolution of
the host phase.*® Changes in pH will also influence
desorption potential of adsorbed As and Se ions.'® In
contrast, Ca-arsenate and Ca-selenite minerals are low
solubility phases and should be recalcitrant to such changes
in environmental conditions."""?

Many studies have attempted to evaluate As and Se
speciation in fly ash,>*'*7'¢ typically with spectroscopy- and
microscopy-based tools. For example, several studies using
synchrotron X-ray absorption spectroscopy (XAS) have shown
that the arsenic exists primarily as As(v) while the selenium
occurs in multiple oxidation states as Se(wv) and Se(0) in fly
ash.*'*171% These elements are thought to be associated with
Fe phases (e.g., arsenate ions bound to iron oxides) or Ca
phases (e.g., calcium arsenate and selenite).

Despite the breadth of work, knowledge gaps continue to
exist, particularly in relating this information to leaching
potential. Such gaps could be due to speciation methods that
failed to capture molecular-level associations of these
elements in fly ash, mass distribution of As and Se within
individual ash particles, and heterogeneity between ash
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particles. For example, XAS methods rely on appropriate
selection of reference As and Se phases, an uncertainty given
the complexity of the fly ash matrix. Spatially resolved
methods such as micro-X-ray fluorescence (u-XRF) imaging
can show elemental associations of the As and Se. However,
this technique has resolution limitations as the beam size
(~5 wm) is similar to or larger than individual fly ash
particles. During the coal combustion process, As and Se
tend to volatilize in the flue gas."* The deposition of these
elements on fly ash surfaces occurs as the flue gas
temperature reduces, resulting in the complexity of
distribution within single ash particles that is difficult to
ascertain with conventional microprobe and microscopy
techniques.

Newly developed nanoscale X-ray imaging and
spectroscopy offers additional insights for the determination
of As and Se speciation, particularly if the As and Se are
associated with nanoparticles. The Hard X-ray Nanoprobe
(HXN) Beamline at the National Synchrotron Light Source II
(NSLS-II) is a unique beamline enabling both nano-resolution
imaging and X-ray absorption spectroscopy.’®*' Such
information could inform both the mobility of the As and Se
as well as leaching potential.

The objective of this research was to characterize fly ash
particles at multiple length scales (nanometer to micrometer)
to determine if elemental associations differ as a function of
the resolution of characterization. Here, we utilized
established synchrotron microprobe analyses combined with
newly developed nanoscale synchrotron analyses (30-50 nm
spot size). We sought to combine these analyses to improve
our understanding of As and Se forms in fly ash matrices
and to distinguish whether the As and Se species occur as
discrete nanosized particles or are dispersed among a variety
of host phases.

Materials

The fly ash samples selected for this study were collected in
2012-2015 and have been characterized in previous studies
for major and minor element contents.”>* Briefly, the fly ash
samples were obtained from pulverized coal combustion
units that were burning coals primarily originating from the
central Appalachian (App), Powder River (PRB), and Illinois
(IL) coal basins of the United States (Table 1). The total As
and Se contents (mg kg ') shown in Table 1 were determined

Table 1 Total contents of trace elements As and Se (in mg kg™) and total contents of major element Si, Al, Fe, and Ca (expressed in wt% oxide form)
for fly ash samples in this study. The samples were collected from pulverized coal combustion units that obtained feed coals from the Appalachian

(App), Power River Basin (PRB), or lllinois (IL) coal regions

Sample Year As Se % Al,O4 Fe,0; CaOo
D sampled mg kg™ mg kg™ wt% wt% wt% wt%
App #1 2015 139 12 52.1 26.5 14.1 2.1
App #2 2015 132 16 54.1 28.4 10.9 1.3
PRB #1 2015 51 18 38.3 22.5 5.21 22.9
IL #1 2012 137 10 45.7 21.2 26.4 1.9
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Table 2 Leachable As and Se (expressed as % of total As and total Se) for fly ash samples subjected to extractions by deionized water, by the toxicity
characteristic leaching protocol (TCLP), and by a modified BCR sequential extraction

Deionized water® TCLP* Sequential extraction”
%As in fraction %Se in fraction
%As %Se %As %Se
leached leached pH leached leached pH F1 F2 F3 F4 Residual F1 F2 F3 F4 Residual
App #1 1.6 27.3 10.1  11.8 15.5 52 — — — — — — — — — —
App #2 — — — — — _ 0.8 1.7 731 7.0 17.4 6.6 23 26.8 352 29.1
PRB #1 <0.01% 0.72 11.8 5.3 29.5 96 02 1.8 53 94 834 6.8 29 3.7 69.6 17.1
IL #1 0.67 8.3 10.0 041 2.1 52 0.0 23 450 6.4 463 85 0.5 13.4 459 31.6

“ From Jin et al. (2023).>* ? From Taggart et al. (2018);** sequential extractions corresponded to: F1 deionized water soluble, F2 acid soluble
(0.11 M acetic acid), F3 reducible (0.5 M NH;OH-HCI pH 2), F4 oxidizable (30% H,O, followed by 1.0 M ammonium acetate at pH 2).

previously by heated nitric acid extraction followed by
inductively coupled plasma mass spectrometry.”*> In our
prior analyses with this method,” we observed less than 10%
relative standard deviation of the mean values for triplicate
digestions of samples, indicating that the ash samples were
well homogenized. Major elements Si, Al, Fe, and Ca contents
(expressed in their wt% oxide form in Table 1) were
determined by benchtop X-ray fluorescence spectroscopy
(XRF).”*?> These fly ash samples were previously assessed for
leachable As and Se contents (Table 2) through multiple
extraction methods: 1) overnight leaching in deionized water
(modeled after the Leaching Environmental Assessment
Framework);>® 2) leaching according to the Toxicity
Characteristic Leaching Protocol (TCLP);** and 3) modified
BCR sequential extraction,?” as detailed in prior studies.***

Methods

Multiple solid-phase characterization techniques
performed on the fly ash samples to ascertain morphology,
elemental associations, and oxidation states for As and Se.
Random aliquots of fly ash from the various bulk ashes were
collected for the analyses below.

Imaging of the fly ash particles was performed using a
Hitachi FlexSEM1000 scanning electron microscope (SEM).
Samples were prepared by mixing a fly ash sample with 70%
ethanol and letting the mixture settle. A 5 uL aliquot of the
solution was then applied to a silicon chip with platinum
fiducial markers (Norcada). SEM imaging was performed in
high-vacuum mode at an accelerating voltage of 10 kv and a
working distance of 5-6 mm. Results of the SEM imaging
were used to determine areas of interest for the nano-XRF
data collection.

The elemental associations of the fly ash were probed
using p-XRF and nano-XRF synchrotron capabilities. Thin
sections of fly ash samples were prepared by Spectrum
Petrographics (Vancouver, WA) for p-XRF analysis at the
Stanford Synchrotron Radiation Laboratory (SSRL) on
Beamline 2-3. The samples were impregnated in Epotek 301
epoxy, cut to a thickness of 30 pm with a dimension of 27
mm X 46 mm, and mounted on a quartz slide. SSRL
Beamline 2-3 is equipped with a vortex silicon drift detector
with a nominal spot size of 5 um x 5 um. The maps of u-XRF

were
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spectra were collected at 13 keV with a 100 ms dwell time
and a 5 pm step size at ambient conditions. Intensity maps
for As and Se were produced in the program SMAK.** We also
focused on Fe and Ca in the analysis of pu-XRF spectra due to
prior work suggesting that As and Se are bound to host
phases of these two major elements (as described in the
Introduction) and also because of our prior leaching studies
demonstrating selective release of As in a reducing extraction
fluid (F3 fraction in Table 2). Areas of As and Se signal
intensity on the XRF maps were selected for X-ray absorption
near edge structure (XANES) spot analysis. The first derivative
of a gold foil (11919 eV) was used to calibrate the energy
scale for both As and Se.

The coal ash samples (App #1, App #2, and PRB #1) were
also analyzed at the HXN Beamline at NSLS-II. Nano-XRF
imaging of individual particles was conducted using a
focused X-ray beam (~30-50 nm) with a Fresnel X-ray zone
plate. A three-element silicon drift detector (SDD, Vortex),
positioned perpendicular to the X-ray beam, was used for
collecting nano-XRF spectra. For nano-XRF imaging, raster
scanning was used by continuous fly-scanning across regions
of interest at 30-50 nm steps with dwell times from 100 to
250 ms, depending on the features of the samples. Nano-XRF
spectra were collected at 12.7 keV just above the Se K-edge
absorption. Spectral fitting of nano-XRF data was performed
using PyXRF*® to create intensity maps for elements of
interest (As, Se, Fe, Ca). Nano-XANES mapping was
performed by collecting 60 maps over the energy range of
11845-11900 eV (energy stack). Additionally, XANES data
was extracted from the energy stack using the software
Image]. Details of the experimental procedure can be found
in a prior publication.*!

As and Se speciation at the bulk-scale was evaluated by
synchrotron XAS. The data were collected at SSRL Beamline
11-2, running under dedicated conditions (3 GeV, 500 mA)
using an unfocused beam. The beamline was configured with
a rhodium mirror to reject higher order harmonics, a
channel-cut Si(220) phi = 90° monochromator (beam size = 1
mm vertical x 10 mm horizontal), and a 100-element Ge
detector. The energy scale for both As and Se was calibrated
to the derivative maxima (11919 eV) detected with an Au
metal foil reference standard. The Au calibrant was measured
multiple times throughout the course of analysis to verify

This journal is © The Royal Society of Chemistry 2023
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energy stability of the beamline. Fly ash samples were ground
using an agate mortar and pestle and loaded into aluminum
holders with Kapton tape windows. Multiple scans (from 6 to
9) were collected for each sample as they were held at 77 K in
a liquid nitrogen cryostat. The IFEFFIT12 graphical user
interface Athena was used for analyzing the extracted XAS
data.?® The linear combination fitting module of Athena was
used to determine the relative abundances of arsenic and
selenium oxidation states for the XANES data (approximately
30 eV below and above the absorption edge).>® The samples
were fit to As and Se standards. For As, the standards
orpiment (As,S;3), As(m) adsorbed to ferrihydrite (from the
collection of P. O'Day*’), and As(v) incorporated into a glass
phase (from the collection of D. Hesterberg'®) were used in
the LCF fits. The main phases used for the Se LCF fits were
FeSe, Se(0), Se(wv) associated with an aluminosilicate glass
(obtained from collection of D. Hesterberg), and sodium
selenate. Due to the variety of solid host phases in the
samples, As and Se species of the same oxidation state with
the same white line intensity could occur as multiple phases,
both crystalline and amorphous. Thus, the XANES data
analysis was primarily used to identify oxidation states of As
and Se, rather than mineralogical associations of these
elements.

Results

The multi-scale approach to characterizing fly ash revealed
heterogeneities both with the sizes of the particles as well as
heterogeneities in the speciation and spatial distribution of
As and Se within these particles. SEM images of fly ash
particles showed particles with spherical morphologies and a
wide range of size. For example, particles of the PRB #1
sample (Fig. 1A) range in size from <500 nm to 5 um, with
smaller spherical particles mostly attached to larger ones. In
a magnified view (Fig. 1B) of a ~4 pm spherical fly ash
particle in Fig. 1A, we observed multiple 500 nm particles
attached to the surface. Fig. 1C and D show fly ash particles
from App #1 and App #2. Similar to PRB #1, the App #1 and
App #2 samples are comprised of spherical particles. We
observed both smaller spherical particles attached to larger
particles (Fig. 1C) as well as spherical particles dispersed on
the holder (Fig. 1D).

1um
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These results are similar to previous studies reporting a
wide range in particle sizes from <500 nm to hundreds of
um.?*3° Note that the samples in our analysis and shown in
Fig. 1 might be weighted towards the smaller-sized spheres
due to the preparation methods for HXN beamline analyses,
which involved droplet addition of an ethanol suspension of
fly ash particles. Aggregation of the particles would be
expected to occur during the drying process. Nevertheless,
the SEM images highlight the importance of scale for the
interpretation of X-ray-based analysis methods.

Arsenic distribution in fly ash grains

Both p-XRF and nano-XRF maps show uneven distribution of
As within individual ash grains (Fig. 2). For u-XRF analyses,
As was observed on multiple types of particles ranging in size
from ~50 um to a single spot (5 x 5 um pixel) for sample
PRB #1 (Fig. 2A). Particles with As were also enriched with Fe,
resulting in yellow shading spots in Fig. 2A. Single pixels of
As (e.g., marked with an arrow in Fig. 2A) were also observed
and did not appear to have associations with other elements
under the imaging conditions. Arsenic is also known to
associate with Ca-rich particles in fly ash."> However, for the
PRB #1 sample, the enrichment of As was not observed to co-
occur in areas of high Ca counts for the p-XRF map (Fig. 2A).
We note that the Ca signal (and other lighter mass elements
such as Al, Si, and S) could be decreased due to ambient air
space between the sample and the detector. This has the
potential to attenuate Ca fluorescence intensity and change
the relative signals of As and Ca to each other masking the
Ca-As association as well as other associations with trace
elements (e.g., Se). This signal attenuation does not dampen
Fe fluorescence intensity to the same degree. The nano-XRF
data does show a more overlap with the Ca signal as these
experiments were performed under a He environment at 250
torr. Additional elemental maps are for each nano-XRF
sample are presented in ESI{ Fig. S1-S3.

When nano-XRF mapping (30-50 nm spot size) was
employed for arsenic analyses, As was observed to be
heterogeneously distributed within single ash grains. For
example, in the analysis of the App #1 fly ash (Fig. 2B and C),
we observed multiple modes of distribution such as a coating
of As on a fly ash grain (Fig. 2B) with a Fe core and diameter
of 1 pm. This particle appeared to overlay a Ca layer or a

Fig. 1 SEM images of: A) fly ash sample PRB #1 showing spherical particles of varying sizes; B) a magnified view of PRB #1 showing multiple sized
particles clustered together, including <1 um particles attached to a 4 um particle; C) fly ash App #1; D) fly ash App #2.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) u-XRF analysis of PRB #1 fly ash showing As associated with a Fe-rich particle (resulting in yellow color) as well as spots which appear
to have only an intense As (red) signal (see arrow); (B and C) nano-XRF analysis of App #1 fly ash. (D) Nano-XRF analysis of PRB #1 arsenic is
dispersed across a particle with Fe and Ca. XRF intensity corresponding to As (red), Fe (green), and Ca (blue) show. At the nano-scale, particles
were observed with As around a spherical particle associated with Fe (panel B) and a particle that appears to have a mixture of As,Fe, and Ca

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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association (panel C).

different Ca-rich particle. In another fly ash particle (~200
nm) in the App #1 sample (Fig. 2C), As was co-located with
Fe and Ca, as indicated by the white core over the blue area.
Fig. 2D shows a nano-XRF image of PRB #1. The fly ash
particles have As dispersed across the particles but are not
spatially concentrated as seen in Fig. 2B and C. Regardless,
arsenic in PRB #1 was also observed in particles that also
contained Fe and Ca.

Altogether, nanoscale mapping highlighted multiple As
associations that include both As located at the boundary of
Ca and Fe rich particles as well as As species co-located with
Fe- and Ca-bearing particles. Note that the particles observed
by nanoprobe analyses are smaller than the single pixel size
for the p-XRF data. Therefore, microprobe analyses could
lead to the erroneous conclusion that “hot-spots” are discrete
particles of arsenic rather than heterogeneous mixtures of
multiple phases.

Selenium distribution in fly ash grains

Like As, Se was observed in the App #2 fly ash on both large
fly ash grains (Fig. 3A) as well as smaller spots encompassing
single to multiple pixels (5 x 10 pum?® area per pixel). For
example, Se was co-located with Fe (yellow shaded area in
Fig. 3A), similar to observations of As-Fe collocations

(Fig. 2A). Additionally, a Se signal was overlaying a Ca signal
(Fig. 3A) whereas this was not evident with the As (Fig. 2A). A
Se hot-spot (Fig. 3A, arrow) shows Se surrounded by Fe
(green) and Ca (blue) areas. A finer mapping of these smaller
spots was not possible to determine whether these As and Se
hotspots are separate chemical phases (e.g., As,Os) or
distributed on fly ash grains <5 pm as seen in the SEM
image (Fig. 1).

Selenium in the fly ash was also observed to be
concentrated on the surface boundary of individual fly ash
grains in the nano-XRF data. For App #1 (Fig. 3B), Se was
widely dispersed in the same areas as the As-bearing rind on
the Fe-rich particle shown in Fig. 2B. Diffuse Se coatings
surrounding a ~600 nm Ca-rich particle (Fig. 3B) were
identified where no Fe or As was observed. The nanoscale
associations of Se with Fe- and Ca-rich zones are consistent
with p-XRF mapping where Se is associated with either Fe
zones or Ca zones (Fig. 3).

While Se may be diffusely distributed on the surface of Fe-
and Ca-rich particles (as shown in Fig. 3B), it can also appear
as discrete nanoparticles. In Fig. 3C showing two spherical
fly ash particles of 1 and 3 pm diameter, we observed discrete
50 nm hotspots of Se on the surface of the smaller particle
for PRB #1. We did not observe other elements (e.g., Fe, Ca,
Al, Si) that shared this morphology (Fig. S3t). Thus, these

Fig. 3 (A) u-XRF analysis of App #2 fly ash showing Se associated with Fe-rich fly ash particle (yielding yellow color) as well as single spots with
intense Se red signal (see arrow); (B) nano-XRF analysis of App #1 (B) showing diffuse distribution of Se. This image shows the same portion of the
sample as mapped in Fig. 2B; (C) nano-XRF analysis of PRB #1 fly ash showing discrete Se particles about 100-500 nm on a Fe-coated Ca-rich

sphere.
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hotspots suggest the presence of Se nanoparticles on the fly
ash grain, rather than Se diffusely distributed on the
coatings. Selenium is capable of existing as nanoparticles in

the environment®>*> and similar phases could be present in
this sample although through a different formation
mechanism.*® Unfortunately, we were not able to collect

spectroscopic speciation data to confirm the oxidation state
of Se in these particles.

While this study focused on As and Se, our data also
indicated multiscale heterogeneity of major elements such
as Fe and Ca. Some fly ash particles were distinctly rich in
Fe or Ca (Fig. 3A and B). Images of other samples showed
co-location of Fe and Ca, such as the 1 to 3 pm particles
that appeared to have Fe encapsulating a particle with a
Ca-rich core (Fig. 3C). These results are consistent with
previous work showing the same type of iron coating where
iron precipitates encapsulated a fly ash particle.”*>° The
iron coating on the particle has similarities of
magnetospheres found in fly ash. These iron coatings can

Arsenic K-edge XANES
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range in composition and will be associated with Ca, Al,
and Si.>*%°

Bulk and spatially resolved speciation of As and Se

Bulk and p-XANES data were collected on fly ash samples for
both As and Se. Discrete spots were chosen to collect
L-XANES spectra based on the p-XRF imaging to determine
the microscale As and Se oxidation states. These data were
compared to the bulk sample XANES data with the results
demonstrating differences between the two for both As and
Se (Fig. 4 and 5). Additionally, nano-XANES mapping of a fly
ash grain for As was collected to determine nano-scale As
speciation.

Bulk As XANES (App #2, IL #1, and PRB #1) showed
primarily As(v) (based on white line peaks at 11 874-11 875
eV) representing 80-95% of the total fit (Fig. 4A and B).
Minor components were in the As(m) form (11871 eV) and
another reduced As oxidation state (11869 eV) was fit with a

Arsenic K-edge XANES LCF fits

Arsenic XRF maps
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Fig. 4 Arsenic speciation in fly ash samples analyzed with bulk, p-, and nano XANES. A) As-XANES data (solid black lines) and respective
model fits (red dotted lines) for selected fly ash samples analyzed at the bulk sample scale and the microprobe scale. B) Percent
composition of the As for bulk and p-XANES from linear combination fitting (LCF) with spectra of arsenic reference materials. C) p-Focus
XRF data showing spots for the p-XANES. D) nano-XANES spectra for App #1 bulk and nano-XANES areas (A1-A6). E) LCF results for the
nano-XANES indicating As(i) + As(v) oxidation states on the rind of a single particle. F) Nano-XRF map outlining individual areas analyzed

for nano-XANES.
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Fig. 5 Selenium speciation in fly ash samples analyzed by bulk and p-XANES. A) Se-XANES spectra data (solid black lines) and model fits (red
dotted lines) for bulk and microprobe analysis. B) LCF model results showing percent composition of Se for spectra collected by bulk and

pu-XANES. C) u-XRF maps of Se showing spots analyzed by pu-XANES.

sulfide phase. Both App #1 and IL #1 samples showed similar
fitting with regards to As(v) and As(m) despite IL #1 having
greater iron content. For example, the PRB #1 bulk XANES
analysis showed a predominant As(v) peak (80% of total) and
a secondary peak indicating the presence of a reduced As
species (20%) (Fig. 4B). The PRB #1 spot 1 had As(v) as the
main oxidation state similar to the bulk fit with no reduced
As species. However, spot #2 (5 x 5 um) showed reduced As
fit with a sulfide phase (80%) and a minor amount of As(v)
(20%). This potential for an arsenic sulfide phase could be a
residual from the original coal feed stock in which trace
elements such as arsenic are present in coal within pyrite
and other sulfidic minerals. The yu-XRF and p-XANES data
indicate that heterogeneity can exist in the fly ash at the
micron-scale. While the XANES fitting characterizes the
oxidation state of the As and the mapping shows collocation
of As with Fe- and Ca-bearing particles, this analysis does not
necessarily provide confirmation of As-bearing molecular
structures. For example for both PRB #1 (bulk sample) and
PRB #1 spotl, LCF models are not overlapping the XANES
data at spectra immediately after the white line energy of
11880 eV. Small deviations in the model fits at this spectral
region of the data suggests that the reference materials,
which represent idealized structures, are not fully reflecting
the As-bearing phases and molecular coordination states in
fly ash.

We attempted to discern the speciation of the As-rich rind
shown in Fig. 2B (areas 2-5) at a finer resolution with nano-

1774 | Environ. Sci.. Nano, 2023, 10, 1768-1777

XANES mapping (Fig. 4D and E). These data indicated a
mixture of As(m) and As(v) species in the rind (Fig. 4F), a
mixture of oxidation states that was different than bulk
XANES analysis, which indicated a predominance of As(v) in
the App #1 sample. However, we also recognize that X-ray
analyses have the potential to alter the sample by either
reducing As(v) to As(m) or oxidizing a sample depending on
the sample matrix.>® Further work should evaluate the
importance of beam damage to the samples analyzed under
these conditions.

Bulk Se XANES showed primarily Se(iv) (based on white
line peaks at 12664 eV) and representing 60-100% of the
total fit (Fig. 5A and B). A secondary peak as indicated by
white line peak at ~12658 eV corresponded to a reduced Se
oxidation state and was best fit with the Se(0) reference
spectra (0-40% of the Se spectra). The white line peaks for
elemental Se(0) and Se-sulfide are relatively close; thus, we
were not able to resolve the signals for the reduced Se forms
because they were a minor component of the total Se. As
such, we interpret the LCF fit with Se(0) to indicate the
presence of both Se(0) and Se-sulfide. The u-XANES analyses
showed a heterogeneous distribution of Se species at the
micrometer scale. For example, the LCF fits for spot 1 in App
#2 showed a mixture of 40% Se(v) and 60% reduced Se form,
while a second spot showed only Se(iv) without any reduced
Se (Fig. 5). These proportions differ from the bulk scale
analysis of App #2 indicating an average proportion of 80%
Se(wv) and 20% reduced Se.

This journal is © The Royal Society of Chemistry 2023
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Discussion

This work examined the composition of fly ash at multiple
spatial scales to determine elemental associations and
speciation of As and Se. Various modes of association of As
and Se were observed, including As and Se species diffusely
distributed across ash particle aggregates, concentrated at
the edge or surface of particles, and discrete particles.
Calcium and Fe were two major elements of fly ash that
appeared to be prevalent with As and Se. The enhanced
resolution at HXN showed As and Se species that were either
diffusely located around or comingled with Ca- and Fe-
bearing particles (Fig. 2 and 3).

Arsenic was often co-located with Fe in the ash; however,
such collocations were not universal (e.g., As spots without Fe
signal PRB #1 in Fig. 2A). Such differences could explain the
sequential extraction data that showed variable proportions
of As from the fly ash was leached in the F3 NH;OH-HCI fluid
(a fluid that can reductively dissolve Fe-oxide particles)
(Table 2). Likewise, arsenic was sometimes concentrated at
the surface of particles (APP #1, Fig. 2B) or mixed throughout
individual ash particles (APP #1, PRB #1 in Fig. 2C and D),
two modes of association that are expected to yield different
rates of dissolution during leaching. Consistent with
observations of surface-bound As in App #1, the proportion
of leached As was 1.6% when this fly ash was leached in
deionized water, while PRB #1 exhibited a smaller the
leachable As percentage (<0.01%) for the same leaching
assay (Table 2).

We also observed discrete Se-rich nanoparticles in the PRB
#1 fly ash (Fig. 3C) while the Se signals in App #1 appeared
to be more diffusively distributed at the nanoscale.
Coincidently, App #1 contains larger proportion of water-
leachable Se (27.3%) compared to the respective leachable Se
value for PRB #1 (0.72%) (Table 2). The differences in Se
distribution between the two fly ash samples can explain why
such wide variation in Se leachability has been observed.*
These observations that would not have been possible to
determine with the resolution of p-XRF. The spot size for
pu-XRF measurements in this study is approximately 5 pm X 5
pm. Any particles less than 5 um would be within a single
pixel during data collection, thus losing information on
heterogeneity at the nanoscale.

These results demonstrate the nanoscale complexity of As
and Se distribution within single grains of fly ash samples.
Further analyses with a wider array of samples could inform
the representation of the associations we observed in our
samples. Nevertheless, data in this study illustrate why the
release of these elements may not be easily discerned from
bulk sample characterization such as oxidation state as
determined by a bulk-beam XAS measurement or even by
u-XRF and p-XAS. Such insights are relevant for
understanding and predicting the chemical reactivity of these
trace elements when fly ash is released into the environment.
Arsenic species concentrated on the surface of particles
particularly with Fe (as shown in Fig. 2B) could leach into the
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solution at environmentally relevant pH and redox
conditions.®?*>*® In contrast, the leachability of As species
distributed within other solid phases (e.g., Fig. 2D) would
depend on conditions that influence mineral phase stability.
The type of mineral that hosts As and Se species is also
relevant to the dissolution and desorption potential of these
elements. For example, surface-bound Se was observed in
both Fe- and Ca-rich particles (Fig. 3) that are likely to
require different environmental conditions (e.g., pH, redox
potential) that lead to their dissolution and release of
selenium ions. For example, a prior study by Schwartz et al.
(2016)* showed that the redox conditions in sediments
strongly influence the release of aqueous As and Se from fly
ash. Arsenic had greater release under anaerobic sediment
conditions while selenium had the greatest release under
aerobic conditions.

The presence of nanoparticulate Se (Fig. 3C) is particularly
notable. The high specific surface area of nanoparticles can
lead to greater reactivity when compared to micron-scale
particles and surface coatings. Also, evaluations of the
mobilization potential of selenium during the processing and
disposal of fly ash should consider conditions for particle
detachment in addition to mineral dissolution and ion
desorption. The analysis of Se speciation at the nanoscale
would provide further insight in this respect, and
unfortunately was not available due to limited access to the
HXN beamline. However, nano-XANES analyses of Se species
is a feasible capability at this beamline and should be a focus
for future work.

Altogether, these findings highlight the high degree of
spatial and chemical heterogeneity of As and Se in coal fly
ash. Multiscale analyses (from nano to micro-scale) are
needed to establish binding mechanisms that are relevant to
the reactivity and mobilization potential of toxic elements
that are enriched in coal fly ash.
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