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Millions of tons of coal fly ashes (CFAs) are produced annually during coal combustion in the U.S., which are

commonly beneficially used in the concrete industry or disposed of in ash ponds. CFAs contain trace

amounts of a range of toxic heavy metals including selenium (Se). Because the toxicity of Se is

dependent on its speciation, investigating Se speciation in CFAs as affected by coal source and

combustion conditions can help understand the related environmental and human health impacts during

disposal or beneficial reuse. In this study, a set of representative CFA samples were characterized for Se

speciation using synchrotron X-ray absorption spectroscopy (XAS) and micro-X-ray fluorescence

spectromicroscopy (m-XRF/XAS). Se-containing particles were highly heterogeneous, and individual

particles might contain multiple oxidation states including Se(0), Se(IV), and Se(VI). Principal component

analysis was performed for sample characteristics including Al2O3, SiO2, CaO, FeO, loss on ignition,

average particle size, Se concentration, and Se oxidation state. Selective catalytic reduction (SCR), which

is used to limit nitrogen oxide (NOx) emissions during coal combustion, was found to be associated with

the presence of reduced Se oxidation states, with up to 90% Se(0) observed in samples with SCR.

Alongside SCR, FeO content may also influence Se speciation.
Environmental signicance

Coal y ashes (CFAs) contain a range of toxic heavy metals including selenium (Se). As the toxicity of Se is correlated to its speciation, investigating the effect of
coal source and combustion conditions on Se speciation can help understand related environmental and health impacts during disposal or benecial reuse.
This study characterized a set of representative CFA samples for Se speciation using synchrotron X-ray absorption spectroscopy and micro-X-ray uorescence
spectromicroscopy. Se speciation reects the highly heterogeneous nature of the samples, and individual particles might contain multiple oxidation states. The
use of selective catalytic reduction was found to associate with the presence of reduced Se oxidation states.
1 Introduction

CFAs are the main byproduct of coal combustion and are typi-
cally composed of Al2O3, SiO2, Fe2O3, CaO, and unburned
carbon.1 It is estimated that 600–1000 million tons of CFAs are
produced globally each year.1,2 In the U.S., CFA management
typically involves disposal primarily in ash ponds and benecial
usage in the concrete industry. The typical management of CFAs
in the U.S. include >60% being repurposed while the remainder
is disposed of.3 For land-limited countries such as Japan, Ger-
many, and the Netherlands, the utilization rates of CFAs and
other combustion byproducts are greater than the U.S. Ash
eorgia Institute of Technology, 311 Ferst

: yuanzhi.tang@eas.gatech.edu; Tel: +1

e, SLAC National Accelerator Laboratory,

USA

tion (ESI) available. See DOI:

cts, 2024, 26, 2240–2249
ponds are the primary form of CFA disposal in the U.S., but not
all sites are lined to prevent leaching into nearby environments
and groundwater. A recent study found an estimated 3200 tons
of Se discharged into U.S. watersheds throughout the 73 years of
exposure to coal combustion residuals (CCRs) such as CFAs.4

Although federal legislation concerning CCRs was passed in
2015 to require liners in ash ponds, there are several exceptions
to this rule,5 such as facilities that have closed down or switched
resources (e.g., to natural gas), CCRs not received by October
2015, and surface mines.6,7 In May 2023, the EPA proposed
changes to the CCR rule to allow for similar federal regulations
on inactive ash ponds or legacy contamination sites, although
these changes have not been official.8 In addition, there are
ongoing great interests in the potential of CFAs for rare earth
element extraction.9,10 In all these scenarios (disposal, benecial
usage, resource extraction), the concentration and speciation of
toxic heavy metals in CFA should be systematically considered.
One such toxic heavy metal is Se, with coal combustion residues
(including CFA), mining, and oil rening being important
anthropogenic Se inputs.11 Typical concentrations of Se in CFAs
This journal is © The Royal Society of Chemistry 2024
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are less than 50 ppm, and coal source and combustion condi-
tions might impact its concentration, speciation, and
distribution.12

Se is an essential micronutrient and the recommended dose
for humans is 70 mg per day.13 Se-containing proteins play
essential roles in human function as antioxidants (e.g., gluta-
thione peroxidase) and regulate thyroid metabolism (e.g.,
iodothyronine deiodinases).14 At high doses (e.g., >400 mg daily
or 100 mg dL−1), Se becomes toxic and can potentially lead to
selenosis that causes neurological damage, gastrointestinal
problems, and hair loss.15,16 For aquatic life, excess Se may lead
to teratogenesis, metabolic stress, and death.17 Se typically
exists in nature in various oxidation states. For example, in the
atmosphere, Se(II) is primarily from oceanic phytoplankton (as
dimethyl selenide and dimethyl diselenide) and volcanic
emissions. Se(0) is produced from metal renement and the
coal industry, while Se(IV) and Se(VI) are released from the
atmosphere during rainfall.18–21 The mobility and toxicity of Se
vary signicantly with its oxidation state. Se mobility follows the
order of Se(VI) > Se(IV) > Se(0).22 Se(IV) is more toxic than Se(VI),
while Se(0) is oen considered non-toxic.23

Various studies on CFAs have reported the oxidation states
and concentrations of Se alongside CFA composition and
physical properties.12,24–30 These studies found that CFAs con-
tained Se primarily as Se(IV), while a few studies found∼15–23%
of Se(0).26,30 Se oxidation state has been investigated using X-ray
absorption near edge absorption spectroscopy (XANES) and
liquid chromatography combined with inductively coupled
plasma mass spectrometry (LC-ICP-MS). Despite extensive
previous characterizations of CFAs, studies were typically
limited by sample numbers and/or incomplete background
information. A previous study characterized the coal sources,
coal ranks, and particulate matter controls of an extensive set of
CFAs,31 but only measured total heavy metal concentration.
Most studies characterized a few CFA samples with limited
information on coal combustion parameters. As for coal
combustion conditions, pulverized coal combustion is most
widely used in coal-red power plants. Along with producing
coal combustion residues such as bottom ash and boiler slag,
ue gas is generated containing nitrogen oxides (NOx), sulfur
oxides (SOx), and ne particles (10–100 mm) known as CFA.
Before released into the atmosphere, ue gas undergoes emis-
sion controls, including (1) NOx removal with selective catalytic
reduction (SCR) or low-NOx burners, (2) particulate matter
removal by electrostatic precipitator (ESP) or baghouse lter
(BH), and (3) SOx removal with the use of wet ue gas desul-
furization (WFGD) or other controls, such as low-sulfur bearing
coal. These parameters are of signicance due to their potential
roles in altering CFA composition and the speciation of heavy
metals including Se.

Delving into the chemical speciation of Se in CFA would
allow for a more comprehensive understanding of the role of
combustion parameters on metal transformation. Since the
passing of the coal combustion residuals (CCR) rule in 2015,
more stringent guidelines were placed on CFAs and toxic metal
release.32 This information may aid the industry in better
determining the management options of CFA. To address these
This journal is © The Royal Society of Chemistry 2024
needs, the Electric Power Research Institute (EPRI) conducted
a survey study across the U.S. to understand the current state for
coal technology.33 EPRI selected representative CFAs based on
coal source, region, and combustion conditions such as burner
type and NOx/SOx/particulate matter control across the U.S.
Based on the survey results, a carefully selected set of repre-
sentative samples were obtained and used in this study to
systematically characterize Se speciation. Sample information is
summarized in the (ESI) Table S1,† including coal source, coal
type, furnace type, SOx control, NOx control, and y ash
capture.34 This representative sample set allows for the analysis
of potential correlations between coal type, rank, emission
control parameters, and Se speciation. Exploring these corre-
lations may allow for a better understanding of the role these
parameters play in Se speciation and downstream benecially
usage or disposal.
2 Materials and methods
2.1. Sample collection

Representative CFA samples were selected and obtained by
EPRI based on a recent survey study.33 Coal parameters exam-
ined are coal rank (e.g., lignite, subbituminous, bituminous,
and anthracite) and coal basin (e.g., Powder River Basin, PRB;
Illinois Basin, ILB; and North Appalachia, N. App.). Combustion
condition and emission controls examined include furnace type
and NOx, SOx, and PM controls. NOx controls include selective
catalytic reduction (SCR); and if not specied in Table S1,† low
NOx burners were used or electrical generating units (EGUs)
units were less than 300 MWg. SOx controls were wet ue gas
desulfurization (WFGD) or burning of low-S coal (Table S1†).
Particulate matter controls for y ash capture were baghouses
(BH) or electrostatic precipitators (ESP), where ESPc is cold-
sided indicating they are located aer (downstream of) the air
preheater. Furnace type is either tangential or opposed, which
refers to the location of the burners. An opposed furnace
contains burners on opposite sides and tangential on each wall/
corner. Additionally, activated carbon injection (ACI) for Hg
emission control was used for sample 1B.
2.2. Composition and particle analysis

Major elements and loss on ignition (LOI) analysis were con-
ducted by the GeoAnalytical Lab at Washington State University
using X-ray uorescence (XRF) with the ThermoARL Advant'XP+
sequential X-ray uorescence spectrometer. Trace element
concentration analysis were conducted at Georgia Institute of
Technology andWashington State University using Agilent 7900
inductively coupled mass spectrometer (ICP-MS) and Agilent
7700 ICP-MS respectively aer total digestion, using hydrogen
as a carrier gas with a total collision cell and indium as an
internal standard. Particle morphology characterization was
conducted using a Hitachi SU 8230 eld emission scanning
electron microscope and energy dispersive X-ray spectroscopy
(FE-SEM-EDX) at Georgia Institute of Technology. Sample
powders were coated in gold using a Hummer 6 Sputterer –Gold
Target at Georgia Institute of Technology. SEM analysis was
Environ. Sci.: Processes Impacts, 2024, 26, 2240–2249 | 2241
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conducted using parameters of 10 mA, 3 keV, high probe
current, and the lower secondary electron detector. X-ray
diffraction (XRD) analysis was conducted using a Malvern
PANalytical Empyrean X-ray diffractometer at Georgia Institute
of Technology. Data collection was conducted at 45 keV, 40 mA,
a step size of 0.01° 2q, and a range of 10–70° 2q. Spectra were
normalized by quartz (101) (Fig. S1†). Mineral phase identi-
cation for samples 90, 91, and F were from previous studies.35,36

Samples 90 and 91 are Standard Reference Materials Coal Fly
Ash 2690 and 2691 from the National Institute of Standards and
Technology (NIST).

2.3. Synchrotron X-ray absorption spectroscopy analysis

Se K-edge X-ray absorption near edge structure (XANES) spec-
troscopy was conducted at beamline 12-BM at the Advanced
Photon Source (APS, Lemont, IL, USA) for CFA samples and
model compounds. Se foil was provided by APS and used for
energy calibration. Multiple scans were taken for each sample,
aligned, and averaged for data processing. Se model
compounds included (1) Se(0), (2) Se(IV) (selenite) compounds:
calcium selenite (CaSeO3), SeO2, selenite doped in the Fe oxide
ferrihydrite, selenite adsorbed on ferrihydrite, selenite adsor-
bed on lime (CaCO3), (3) Se(IV) (selenate) compounds: selenate
adsorbed on ferrihydrite, selenate doped in ferrihydrite, and
Na2Se

VIO4 (origin and synthesis are in Table S2†). The following
data processing used the soware Athena, version 0.9.26,
created by B. Ravel and M. Newville.37 Principal component
analysis (PCA) and target transformation were conducted to
identify the contributing species. Linear combination tting
(LCF) was then conducted to quantify the relative percentage of
identied species in the samples.37 LCF was performed at −30
to +150 eV. Fits for each sample were chosen based on criteria
from our previous study,9 where the lowest R-factor was chosen
if model compound contributions were $10%, due to the
typical ∼10% error with LCF of XAS data. Fitting was initially
conducted with two compounds, and a third compound was
included if it reduced the R-factor by >10% and was more than
10% of the total.9

2.4. Synchrotron X-ray uorescence microscopy (m-XRF) and
m-XANES analyses

Combined X-ray uorescence microscopy (m-XRF) and m-XANES
analysis were conducted on a subset of the 19 samples,
including samples 2, 8, 9, 10, 12, 1B, and 2S (Table S3†). This
selection was based on the different combustion conditions and
coal basins (Table S1†).34 Petrographic thin sections of sample
powers on quartz slides were analyzed at Beamline 2–3 at the
Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park,
CA, USA) and beamline 5-ID at the National Synchrotron Light
Source (NSLS-II, Upton, NY, USA). Se foil was used for energy
calibration. m-XRF maps were initially collected at a large step
size of 10 × 10 mm2 and dwell time of 25 or 100 ms at 13 keV.
Aer identifying Se-containing hot spots/particles, ner scans
were collected with a step size of 5 × 5 or 2 × 2 mm2 with the
same dwell time. Due to high Fe content, a lter was placed in
the path of the beam to attenuate Fe uorescence. Multi-energy
2242 | Environ. Sci.: Processes Impacts, 2024, 26, 2240–2249
maps were collected at 12 660, 12 664, and 12 672 eV with a step
size of 5 × 5 mm2 and 100 ms dwell time. m-XRF maps were
processed using the soware SMAK.38 m-XANES spectra were
processed using the soware SIXPack and Athena.37–39

2.5. Statistical analysis

Elemental composition (Al2O3, SiO2, FeO, CaO), loss on ignition
(LOI), average particle size, Se oxidation state, and Se concen-
tration were analyzed for 16 samples using R-studio.40 Pearson
correlation coefficients and a correlation matrix were generated
using the corrplot package, and principal component analysis
(PCA) was performed.29 Correlation coefficients were classied
as strong (R#−0.70 or$ 0.70), moderate (R#−0.50 or$0.50),
or weak (R < −0.30 or$0.30).41,42 To analyze compositional data
with PCA, the compositions package was used for chemical
data: Al2O3, SiO2, CaO, and FeO.43 Data for chemical composi-
tion normalized to 100% were transformed with the ‘clr’ func-
tion by a centered log ratio.44,45 This transformation was only
used for XRF data, since data was normalized to 100%, unlike
data for average particle size, loss on ignition (LOI), Se
concentration, as well as Se oxidation states. LCF results from
normalized bulk XANES spectra were used for Se oxidation state
content, and the function ‘prcomp’ was used to perform PCA.46

More details are available in the ESI text S1.†

3 Results and discussion
3.1. Bulk characteristics

Bulk characteristics of CFA samples are summarized in Table
S4,† including major element concentration, total Se concen-
tration, average particle size, bulk density, and LOI. Samples
were categorized into class C or F based on major element
concentration, where class F contains $70 wt% of Fe2O3 + SiO2

+ Al2O3 and class C contains less than 70 wt%.47 Among these
samples, the concentrations of Se range from 5.8 to 260.6 ppm,
and the average particle sizes range from 8.3 to 107.5 mm. Our
recent SEM analysis of the samples34 showed the dominant
presence of spherical morphology of CFA particles, including
regular spheres, cenospheres, and plerospheres. Irregularly
shaped particles were also identied. XRD analysis revealed the
major mineral phases to be quartz (SiO2), anhydrite, magnetite,
hematite, portlandite, periclase, gypsum, tricalcium aluminate
(C3A), lime, thenardite, and calcite (Fig. S1†). Samples 1–8 that
were from the same coal-red power plant contained the-
nardite, calcite, and gypsum. Overall, minerals identied were
consistent with previous ndings by other researchers.48–51

3.2. Average Se speciation

Se speciation was determined using bulk XANES and LCF,
which indicate a wide distribution of oxidation states, including
Se(0), Se(IV), and Se(VI) (Table S5† and Fig. 1B). Previous XANES
speciation studies found Se(IV) as the dominant oxidation state
for CFAs, with minor Se(0) content at (11–21%).12,26,28–30,52 Se
bulk XANES spectra of samples 90 and 1B were too noisy thus
not analyzed. All the CFAs samples in this study (except for
samples 13 and 14) contained an appreciable fraction of Se(VI)
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Se K-edge XANES spectra of (A) model compounds for linear combination fitting (LCF). (Ads: adsorbed and dop: doped), and (B) CFA
samples (black solid lines) and corresponding LCF fits (red solid lines). Vertical dashed lines indicate the peak position for Se(0), Se(IV), and Se(VI).
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adsorbed on ferrihydrite (Fig. 2). Other major Se species include
selenite doped in ferrihydrite, CaSeO3, and Se(0). Remarkably,
samples 13 and 14 contain $89% Se(0), while samples 11 and
12 contain $45% Se(0) (Table S5†). Some samples were also
best tted by CaSeO3 (Samples 1, 3, 4, 7, 9, 10, and 91) at
$42%.12,53 All CFAs contain Se associated with Fe ($13.9%).

Interestingly, using this carefully selected representative
sample set, this study found a higher percentage of Se(0) in CFA
samples compared to previous studies. Huggins et al. suggested
that the presence of Se(0) in y ash was due to activated carbon
injection (ACI) for Hg emission control, where activated carbon
may have contained organoselenium.29 However, Luo et al.
characterized y ashes with ACI, but Se(0) was detected in
Fig. 2 Relative percentage of different Se species derived by linear
combination fitting of Se XANES spectra, summed to 100%. Fitting
results are in Table S1.†

This journal is © The Royal Society of Chemistry 2024
a sample with no ACI.52 Luo et al. described an association
between Se(0) and unburned carbon (through LOI analysis) for
their 5 samples, where LOIs for 4 samples ranged from 0.32–
1.57 and 1 sample with an LOI of 17.52.52 In our samples, only
sample 1B had ACI but unfortunately its XANES spectra was too
noisy to analyze. Based on our results, the correlation coeffi-
cients (R) and coefficients of determination (R2) between ACI
and Se(0) are 0.5 and 0.27, respectively, suggesting a weak or low
association between Se(0) and LOI. More discussion is provided
in the statistical analysis section.
3.3. Microscopic speciation

Our bulk Se XANES results indicated the highly heterogeneous
nature of CFAs, with a range of Se oxidation states and associ-
ations with Fe and Ca-containing phases. Half of the samples
contained >10% Se(0). To support such observations on the
heterogeneity of CFAs, we conducted m-XRF/m-XANES to inves-
tigate Se distribution, speciation, and elemental association at
micron scale. m-XRF elemental maps were rst obtained to
identify Se-containing particles (hot spots), followed by m-
XANES speciation analysis. LCF results of m-XANES data are
summarized in Table S6,† Fig. 3 and 4.

Overall, m-XANES indicated varied Se speciation within the
same micron-sized region and sometimes even within the same
particle, as illustrated by sample 1B in Fig. 3A. Se particles with
an average size of ∼40 mm are presented in Fig. 3A, and hot
spots that are shown as circles indicate where m-XANES spectra
was collected. The bottom particle in Fig. 3A contains two hot
spots, with 38% as Se(IV) adsorbed on FeOx and 65% as Se(VI)
Environ. Sci.: Processes Impacts, 2024, 26, 2240–2249 | 2243
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Fig. 3 Representative m-XRF elemental maps of Se, Ca, and Fe. (A) Hot spots 1B_Se5, 1B_Se6, and 1B_Se7 for sample 1B. (B) Hot spot 2S_Se2 for
sample 2S. (C) Raw (black lines) and linear combination fitted m-XANES spectra (red lines) of the hot spots. Vertical dashed lines indicate the peak
position for Se(IV) and Se(VI).
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adsorbed on FeOx for hot spot 1B_Se6, while hot spot 1B_Se7
contains 65% CaSeO3 and 33% as Se(VI) adsorbed onto FeOx.
Both hot spots indicate the presence of both Se(IV) and Se(VI),
although the phase and elemental association is different
within the same particle. As for hotspot 1B_Se5 on the top right
particle in Fig. 3A, speciation results were 59% CaSeO3 and 41%
Na2SeO4, again indicating multiple Se speciation within a small
region. Although m-XRF elemental maps indicate a high
concentration of Ca in hot spot 1B_Se5, this does not neces-
sarily correlate to Se–Ca association unless specied by m-
XANES results. Fig. 3B shows hot spot 2S_Se2 for sample 2S, and
LCF results indicate this particle contains 54% CaSeO3 and 44%
NaSeO4, showing the presence of two oxidation states and
varied elemental associations within a micron-sized spot.
Considering that the average speciation results for sample 2S
are 12% Se(0), 64% Se(IV) adsorbed on lime, and 23% Se(VI)
adsorbed on FeOx, the difference in bulk and micro-scale
speciation again highlights the highly heterogeneous nature
of CFA particles. Another example is sample 2. Hotspot
2_R5_003 in sample 2 has LCF results of 16% Se(VI) adsorbed on
FeOx and 99% NaSeVIO4, compared to the average speciation
results of 35% SeIVO2, 28% Se(IV) doped in FeOx, and 41% Se(VI)
adsorbed on FeOx (Tables S1 and S2†). Other evidence revealing
multiple Se oxidation states within a particle are multi-energy
maps, which are m-XRF maps captured at energies indicative
Fig. 4 Representative Se K-edge multi-energy m-XRF maps at 12 660, 1

2244 | Environ. Sci.: Processes Impacts, 2024, 26, 2240–2249
of Se(0), Se(IV), and Se(VI) (Fig. 4) at 12 660, 12 644, and 12 672 eV,
respectively. Three oxidation states of Se are visible for sample 2
in Fig. 4 for this ∼35 mm by ∼35 mm particle. Additional m-
XANES spectra and m-XRF maps are shown in Fig. S2 and S3.†
3.4. Correlation analysis

3.4.1 Correlation coefficients. To determine potential
statistical correlations between quantitative properties of CFAs,
for samples 1–14, 1B, and 2S, correlation coefficients (R) were
calculated to understand the strength of possible linear rela-
tionships. A correlation matrix for SiO2, Al2O3, CaO, FeO,
average particle size, Se concentration, Se(0), Se(IV), Se(VI), and
LOI is in Fig. 5, where intense warm and cool colors represent
strong correlation coefficients, and circle size is dependent on
correlation coefficient strength (larger circle implies a higher
correlation coefficient value). An R-value of ±0.7 or greater is
considered a moderate or strong association. In Fig. 5, strong
positive associations are shown by R-values for Se concentration
and LOI (R = 0.66), average particle size and FeO (R = 0.75), Se
concentration and CaO (R = 0.82), as well as Se(0) and FeO (R =

0.85). Meanwhile, strong negative associations are revealed for
Se concentration and Al2O3 (R = −0.78), Se concentration and
SiO2 (R=−0.79), Al2O3 and CaO (R=−0.79), as well as SiO2 and
CaO (R = −0.86).
2 664, and 12 672 eV for sample 2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Pearson correlation coefficient matrices presented as circles (larger circles are closer to 1) (A) and values (B). Warmer colors correspond to
negative values and cooler colors correspond to more positive values.
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A strong positive association between LOI and Se concen-
tration was found, with LOI measuring the amount of unburned
carbon. Activated carbon injection has been used to capture
heavy metals, so unburnt carbon may act similarly. Reduced Se
species as organo-Se is also abundant in coal, suggesting
unburned carbon from the coal could be a source of Se(0).28

However, Luo et al. found a low association between LOI and Se
concentration with an R2 of 0.25 in their CFA samples.52 A
strong positive association for average particle size and Fe
content has been explained by raw coal composition where
pyrite (FeS2) is commonly present. During the combustion
process, pyrite is less easily volatilized compared to carbon so
iron oxides exist as larger particles.54 Fu et al. noticed a positive
association between Fe content and particle size because Fe
oxides are believed to be present as large particles.27 Another
strong positive association existed between Se concentration
and CaO (for example, sample 10 with 260.6 ppm Se and
51.61 wt% CaO; sample 2S with 13.5 ppm Se and 28.68 wt%
CaO). Bulk XANES results revealed CaSeO3 was a dominant
compound in these samples (>42%). Seames et al. found
a preferential binding of Se with Fe compared to Ca, leading to
an increase in Se present as iron selenite (SeVI).54,55 However,
CaO has also been studied for SeO2 capture.55 Another positive
strong correlation coefficient identied was Se(0) and FeO
(0.85). Luo et al. had 1 CFA sample that contained Se(0) which
also had the highest FeO content.52

Strong negative associations were identied for both Al2O3 (R
= −0.78) and SiO2 (R = −0.79) regarding Se concentration.
Previous studies have found Se to react with either Ca or Fe,
suggesting little reactivity with the aluminosilicate glass phase
during combustion. As for the strong negative association
between Al2O3 and CaO, this may stem from the formation of
aluminosilicate glass phases as compared to lime and anhydrite
This journal is © The Royal Society of Chemistry 2024
due to differences in feed coal composition or combustion
parameters. Lastly, there was a strong negative correlation for
SiO2 and CaO possibly due to formation of aluminosilicate glass
phases.

3.4.2 Principal component analysis. Principal component
analysis (PCA) was conducted to better understand potential
relationships between samples and their bulk characteristics.
PCA generates components that capture the variability in the
data set with the most variability captured by the rst compo-
nent and the lowest variance by the last component. The
application purpose of PCA is to better understand the vari-
ability in this large data set, since this is a 10 × 16 matrix, with
a total of 160 entries. PCA was performed for samples 1–14, 1B,
and 2S.

PCA is only for quantitative data, as a result LOI, average
particle size, Se concentration, Se oxidation state (Se(0), Se(IV),
Se(VI)), and XRF obtained concentration of SiO2, Al2O3, FeO, and
CaO were used as variable. Because XRF data is summed to
100%, a centered log-ratio change “clr”, was applied (refer to
ESI†).43,56 A clr transformation was applied only to data for SiO2,
Al2O3, FeO, and CaO. PCA generated 10 principal components
(PCs), where PC1 and PC2 captured the majority of the vari-
ability based on eigen values >1 of 3.91 and 3.56 (Tables S7, S8
and Fig. S4†). PCs 1–2 captured 39.1% and 35.6% of the vari-
ance, respectively (Table S8†). Loadings produced for PCs 1–2
were considered signicant if they are greater than 0.30.
Signicant loadings for variables in PC1 are FeO (0.46), Se(0)
(0.42), Se(VI) (0.32), and LOI (0.31) (Table S9†). Signicant
loadings from PC2 are CaO (0.43), Al2O3 (−0.37), SiO2 (−0.41),
Se concentration (0.47), Se(IV) (0.30), and LOI (0.31) (Table S9†).

To visually interpret results from PCA, a biplot is shown in
Fig. S5† with loadings on the le and bottom axes while scores
on the top and right axes. In this biplot samples are black
Environ. Sci.: Processes Impacts, 2024, 26, 2240–2249 | 2245
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numbers, while variables are shown in red with corresponding
vectors. Vectors are signicant for interpreting the relationship
of samples to variables (e.g., Se(0) and SiO2) as well as the
relationships for variables. For example, sample 13 is closest in
the direction of the Se(0) vector; showing the highest Se(0)
content with 90.7% in Table S4.† Similarly, sample 14 is closest
to the direction of the FeO vector in Table S10† with 25.5 wt%
FeO. Sample 11 has 27.1 wt% FeO, but a closer look reveals that
it has the largest average particle size (107.5 mm, Table S4†). As
for relationships between variables, this is visible through
vector angles. The smaller the angle between vectors the more
positive a correlation is for those variables, and a highly nega-
tive correlation between variables is visible by a 180° vector
angle. Variables with small vectors include Se(IV) and CaO, Al2O3

and SiO2, as well as FeO and Se(0). A potential explanation for
a strong association between FeO and Se(0) was discussed
above, while Al2O3 and SiO2 may have a strong association due
to the presence of aluminosilicates in CFA samples. The strong
association between Se(IV) and CaO might be explained by the
presence of Se in CFA samples primarily as CaSeIVO3 based on
LCF of XANES.

From Fig. S5,† similarities and differences between indi-
vidual samples are shown by their relative location to one
another. There are 5 major clusters, and they are similar to one
another. The cluster depicted with a purple circle are samples
11, 14, and 13; these samples have similar values for FeO (27.1,
21.6, and 25.4 wt%, respectively), Se(0) (46, 90.7, and 89.9%,
respectively), and some of the largest particle sizes (107.5, 41.3,
and 42.6 mm, respectively). Based on Table S1,† samples 11, 14,
and 13 are from different coal basins, furnace type, have
different SOx, NOx controls, and particulate matter controls.
Meanwhile sample 1B is clustered by itself, as well as sample 12,
but sample 10 is shown to be the furthest away from all samples
in Fig. S5.† Sample 10 had some of the largest (CaO, Se
concentration, and LOI) and lowest (average particle size, Al2O3,
and SiO2) properties. Lastly, samples 1–9 and 2S are clustered
together, while samples 1,4, and 7 are overlaid. Samples 1, 4,
and 7 have similar values for FeO (4.7–4.8 wt%), CaO (19.2–
19.8 wt%), no Se(0), Se(IV) (22.4–24.4 wt%), and LOI (0.95–1.75).
Samples 8 and 5 also overlap, with similar values for Se(VI) (63.8
and 65.6%, respectively), FeO (5.09 and 5.08 wt%), average
particle size (14 and 13.7 mm), CaO (17.56 and 17.52 wt%), Al2O3

(20.95 and 20.9 wt%), SiO2 (41.18 and 41.17 wt%), and Se
concentration (9.1 and 9.1 ppm). Lastly, samples did not cluster
based on parameters shown in Table S1,† except for y ash
class. Class C y ash samples are clustered to the le of the
origin in PC1 (dotted line in Fig. S16†), class F to the right, and
sample 10 was distinct.

Another mathematical transformation to better interpret the
contribution of each variable to each PC is a varimax rotation
(see ESI†). Results for loadings aer varimax rotation are shown
in Table S11.† Based on these results, FeO has a strong rela-
tionship with PC1 (1) and Al2O3 has a strong relationship with
PC2 (−1). This suggests FeO and Al2O3 content may capture the
majority of the variability within this dataset.
2246 | Environ. Sci.: Processes Impacts, 2024, 26, 2240–2249
3.5. Qualitative features

Se mobility follows the general order of Se(VI) > Se(IV) > Se(0),22

while toxicity is generally considered as Se(IV) > Se(VI) > Se(0),
thus it would be useful to predict Se oxidation state based on
qualitative features such as coal source, coal type, combustion
condition, SOx control, NOx control, and particulate matter
controls. Based on this, trends in Se oxidation for qualitative
information were analyzed. The average oxidation states were
calculated for each sample based on LCF results (Fig. 6). A
majority (60%) of samples have an average oxidation state of
∼5, while∼13% each have an oxidation state close to 4, 3, and 1.
Fig. 6 indicates that samples 1–9 are more oxidized. Samples 2S,
10, 11, 12, 13, and 14 had a more reduced average oxidation
state (3.95, 3.72, 3.11, 2.96, 0.73, 0.68, respectively), with
samples 13 and 14 originating from the same coal-red power
plant ‘C’, as well as samples 10, 11, and 12 from plant ‘B’ (see
ESI†). In agreement with our previous work, samples 13 and 14
contained the greatest amount of reduced As (greater than
40 wt% As(III) while sample 2S contained 19.1 wt% As(III)), the
more reduced and toxic form of arsenic.34 Based on Table S1,†34

a common characteristic between samples 13, 14, and 2S is the
use of selective catalytic reduction (SCR), which may inuence
the oxidation state of Se. The average oxidation state of Se is
0.73 and 0.68 for samples 13 and 14, respectively, but 3.95 for
sample 2S, indicating that SCR may be related to lower Se
oxidation state. However, SCR is not the sole factor that gives
rise to Se with oxidation states <5. For instance, the average Se
oxidation state in samples 10, 11, and 12 (no SCR use) is 3.72,
3.11, and 2.96, respectively.

Based on average selenium oxidation state in Fig. 6, samples
11, 12, 13, and 14 have the lowest Se oxidation state with <+3.1,
all originate from bituminous coal. In this study samples that
had successful XANES spectra collected and originated from
bituminous coal were 11, 12, 13, 14, and 10 (sample 1B had
inadequate Se bulk XANES and no spectra was collected on
sample F). Coincidentally, these samples also had the lowest Se
Fig. 6 Average selenium oxidation state for each sample.

This journal is © The Royal Society of Chemistry 2024
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average oxidation states and are grouped close to one another in
Fig. S5† (PCA biplot for principal component 1 and 2), except
sample 10, which had vastly different bulk composition (e.g.,
Al2O3 and SiO2) than the other samples. In Fig. S5,† these
samples (11, 12, 13, and 14) also contain the highest FeO
content, indicated by the FeO vector. This is also veried by
Table S1,† these samples contain the highest Fe2O3 content (15–
30 wt%). Bituminous coal is known for having higher iron
content compared to subbituminous coal.29 Fig. 5 also high-
lights the correlation coefficient between FeO and Se concen-
tration as 0.83, indicating a strong correlation. This may also
suggest that FeO content may inuence Se speciation, alongside
SCR. For example, sample 2S has a low Fe2O3 content of
6.2 wt%, but it has SCR (Table S4†). Fu also found y ash with
higher FeO content had greater Se(0) enrichment on its
surface.27. Taken together, there appears to be a relationship
between coal type, iron content, SCR, and Se oxidation state.

4 Environmental implications

More investigations are needed to fully understand the specia-
tion of Se and other toxic trace heavy metals in CFAs as a func-
tion of combustion conditions and coal parameters. Findings
from this study revealed the high heterogeneity of Se species in
CFA particles, where multiple oxidation states (0, +4, and +6) co-
exist and sometimes even within the same particle. SCR may be
a major contributor to the presence of reduced oxidation state
of Se, which is less mobile but more toxic. As a result, CFAs
produced by SCR can be considered as a more stable form of
coal residue, but better precautions need to be practiced to
prevent leaching of Se into the environment. In addition, Se
behavior upon in contact with the environment will be subject
to other biogeochemical factors such as pH, redox conditions,
dissolved organic matter, and microbial interactions. For
example, higher concentrations of selenium have been found in
oxic environments as compared to anoxic environments.57,58

Findings from this study provide additional guidance and
insight for appropriate CFA management and highlight the
need for systematic studies on the fate, transport, and impact of
heterogeneous Se species in CFAs.

Data availability

Data associated with this study are presented in the ESI† and
are available upon request.
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