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Abstract The elemental characterization of coal fly ash
samples is required to estimate the coal burning emissions
into the environment and to assess the potential impact into
the biosphere. Fly ash samples collected from a coal fired
power plant in center Java, Indonesia were characterized by
instrumental neutron activation analysis at two different
facilities (BATAN, ANSTO) and synchrotron based tech-
niques at Elettra Italy. Assessment of thirty (30) elements
and an investigation of the potential toxicity of As species
in coal fly ash were presented. The results obtained are
discussed and compared with those reported from other
regions of the world.
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Introduction

Energy has become an important prerequisite for the eco-
nomic development of a country including Indonesia.
Increasing electricity consumption in Indonesia due the
rapid economic growth encourages the Indonesian gov-
ernment issued Mix Energy Utilization program to meet
and to secure the electricity supply, where one of is
35,000 MW coal power plant crash program. The gov-
ernment also launched a national diversification of energy
sources from fossil fuels to coal due to the sizeable coal
reserves in Indonesia. These programs will hopefully
improve the reliability of electricity services, utilize low
grade coal, enhance local economy and support community
development. The increasing of coal utilization as power
fuel has gained many interests due to its adverse effect on
environment. Coal combustion waste products whether in
the form of gas and solids are known as sources of pollu-
tion that can deliver considerable impact on the environ-
ment [1-3]. Coal combustion exhaust gases such as SOy,
NOy and CO, are directly discharged into the air. Solid
wastes of coal combustion are composed of fly ash of
75-80 % and bottom ash by 20-25 % [4, 5].

One of coal combustion by-products, coal fly ash, is
characterized by the small particle size therefore it can be
emitted to the atmosphere, and the released fine particu-
lates can travel long distances. Coal fly ash particles con-
tribute to increasing the concentration of fine atmospheric
particulate matter (PM, s) mass and that of the potentially
toxic elements contained by them as well. The chemical
composition of coal ash varies dependent on coal charac-
teristic/quality, degree of pulverization, combustion tech-
nique and boiler operational conditions as well as mode of
collection [3, 5, 6]. Elemental characterization of coal fly
ash is usually the first step taken towards subsequent
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evaluation of associated environmental and biological
risks. Determination of trace element concentrations in fly
ash has always been an interesting area of environmental
research. Several instrumental techniques were proposed
for elemental analysis of fly ash such as atomic absorption
spectrometry, inductively coupled plasma-atomic emission
spectrometry, inductively coupled plasma-mass spectrom-
etry, X-ray fluorescence and neutron activation analysis [3,
5-10]. Furthermore, the leaching of elements from fly ash
into environment and also the behavior of the elements
generated by coal combustion were also extensively stud-
ied [11-13]. However, the characterization of coal fly ash
generated from Indonesian characteristic coal combustion
is still lacking and limited.

Instrumental neutron activation analysis (INAA) is a
sensitive analytical technique which is useful for per-
forming both qualitative and quantitative characterization
of major, minor, and trace elements in samples from almost
every field of scientific or technical interest. It is one of the
most mature analytical methods currently used and yet
remains highly competitive with others in terms of accu-
racy, detection limits and multi-elemental capabilities [14—
16]. This paper focuses on the elemental characterization
of coal fly ash using the NAA method applied in an
Indonesian facility. In order to further validate the obtained
elemental concentrations comparative measurements were
carried out at the INAA facility of the Australian Nuclear
Science and Technology Organisation (ANSTO). Syn-
chrotron radiation (SR) induced micro X-ray fluorescence
(micro-XRF) was also utilized in a complementary manner
to expand the compositional results for those elements that
cannot be measured by INAA such as Si, S, Ni and Pb, but
also to provide for the common detected elements an
additional set of compositional data. The measurements
were performed at the International Atomic Energy
Agency (IAEA) endstation facility installed at the X-ray
fluorescence (XRF) beamline of the Elettra Sincrotrone
Trieste (Trieste, Italy).

Synchrotron radiation based techniques such as micro-
XRF analysis and X-ray absorption near-edge structure
(XANES) spectroscopy have been demonstrated to provide
elemental compositional analysis of single fly-ash particles
[17] and chemical speciation of key importance elements
such as Cr and As in respective bulk samples [18]. In the
present study, arsenic was studied by XANES because of
its potential carcinogenic and non-carcinogenic health risks
associated with its emission. The most toxic arsenic species
are considered to be the inorganic ones, As (III) being more
toxic than As(V). Organic compounds containing arsenic
(e.g., arsenobetaine and arsenocholine) usually contained
in food and plant materials are much less toxic [19].
XANES spectroscopy delivers non-destructive information
on the chemical state of the element of interest. A more
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oxidative chemical environment results in deeper core state
binding energies, which in turn cause an absorption edge
shift towards higher energies in the XANES spectrum. The
magnitude of the shift is around 2 eV per valence change
for As K edge. The shape and energy position of pre-edge
and near-edge structures are characteristic for the chemical
state of the absorbing atom, the XANES spectra can be
used as fingerprints for different speciation of a given
element. The method uses high intensity monochromatic
X-ray beams usually originating from synchrotron radia-
tion. The oxidation state of As can be determined by
XANES spectrometry with 5 % (absolute) error for con-
centrations as low as 10 pg/g [18].

Experimental
Sampling and sample preparation of coal fly ash

The coal fly ash was obtained from electrostatic precipi-
tator of coal fired power plants in Central Java, Indonesia.
The starting materials were air-dried, blended, grinded
using mortar and then sieved using the 150 mesh sieve. To
improve the homogeneity, the materials that cannot pass
through the sieve then were grinded again using mortar
grinder pulverisette. This would made the samples on
<105 pm size fraction. Afterwards, the coal fly ash was
homogenized by mixing and repetitive quartering, before
being placed in HDPE containers and identified.

Moisture analysis

The loss on drying method was used for measuring the
moisture level in coal fly ash (CFA) samples. The moisture
content was determined by weighing 2 g (triplicate) of
CFA samples and dried in the oven at 105-110 °C for 4 h
or until it has constant weight, cooled in dry atmosphere
and then reweighed.

Elemental characterization by INAA

At the BATAN facilities, INAA was carried out for ele-
mental analysis of the samples using the relative method of
standardization. About 25 mg of samples placed in the
0.3 mL polyethylene vials. SRM NIST 1633b Coal Fly Ash
used to validate the method was weighed also about 25 mg
and placed in the 0.3 mL polyethylene vials. Mix standards
for relative method were prepared from certified multi-
elements standard solutions and placed in the same size
vials. The samples, SRM and standards are ready for
irradiation. The samples, SRMs and standards were irra-
diated in the rabbit system of The Multi-Purpose Reactor
G.A. Siwabessy with neutron flux ~ 108 nem 257! [20].
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Short, medium and long irradiations were performed in
order to determine various radionuclides with different
half-lives. The irradiation times of samples were 1 min for
short-lived radionuclide (Al, Mg, Mn, Ca, Ti, V), 15 min
for medium short-lived radionuclide (Na, K, As, U, Sm,
La) and 120 min for long-lived radionuclides (Co, Cr, Fe,
Se, Zn). After appropriate cooling, samples were counted
for about 5 min for short-lived radionuclide, and within
30-60 min for medium and long-lived radionuclides using
HPGe gamma spectrometer. Software GENIE 2000 was
utilized for spectrum analysis.

At ANSTO, INAA was performed by the ky-method of
standardization, using certified reference material IRMM-
530RC, Al-0.1 %Au wire alloy, as the standard. Samples
were irradiated in the 20 MW OPAL research reactor.
Sub-samples were subjected to a short irradiation (60 mg
sub-sample for 30s at a thermal neutron flux of
2.1 x 10" ecm™2 s7') and a long irradiation (160 mg sub-
sample for 9 h at a thermal neutron flux of 2.6 x 10'
cm 2 s~ ). Following the short irradiation, the sub-sample
was counted for 3 min after a 9 min decay and again for
15 min after an 18 min decay. Following the long irra-
diation, the decay periods were 4 and 18 days and the
counting times were 1.5 and 24 h respectively. High
purity germanium detectors were coupled to ORTEC
DSPEC-Pro digital spectrometers and the data were ana-
lyzed using proprietary software. By combining all the
measurements, a total of 36 elements were quantified in
the fly ash sample. The moisture content of the fly ash
was determined using a 5 g sample taken at the same time
that the sub-samples were weighed for irradiation. The
two sets of INAA results from the BATAN and ANSTO
facilities were compared.

SR micro-XRF and XANES measurements

The synchrotron radiation measurements were carried out
at the TAEA end station of the XRF beamline at Elettra
Sincrotrone Trieste. The facility has been recently com-
missioned and it is jointly operated by Elettra and the
IAEA being accessible to end-users from the beginning of
2015. The general features of the XRF beamline are
described in Ref. [21]. Currently, the XRF beamline
delivers tunable monochromatic exciting radiation by
means of Si(111) double crystal monochromator in the
energy range from about 3.6 to 14 keV. The beam spot
size at the sample position is about 260 pm
(H) x 110 pm (V) defined by a pair of horizontal and
vertical slits located downstream. The samples were
inserted for analysis in an Ultra-high vacuum (UHYV)
environment and area scanning measurements can be
performed using a motorized sample manipulator. For

minimizing accidental contamination of the UHV cham-
ber, the fly-ash pellet was protected with a Kapton foil of
0.5 mil thickness. A silicon drift detector (SDD) with
energy resolution of about 131 eV at Mn-Ka was utilized
to detect the fluorescence radiation emitted from the fly-
ash constituent elements. The SDD is equipped with an
ultrathin polymer window and a photoelectron trap which
due to its geometrical design and the incorporated aper-
tures reduces the solid angle of detection. Considering the
fact that practically the Kapton foil prevents the detection
of fluorescence radiation emitted from elements lighter
than Al (Z = 13), the photoelectron trap was replaced
with a Be 1/3 mil window that it is adequately thick to
absorb photoelectrons up to 14 keV. The Be window was
mounted directly on the SDD snout together with a
defining aperture for the incident X-rays. This modified
SDD configuration increases the solid angle of detection
more than three times optimizing the detection of trace
elements in the tender and hard X-ray region. The typical
reflection 45°/45° irradiation geometry was employed for
both the micro-XRF and XANES measurements. In par-
ticular, the micro-XRF scanning analyses were performed
at 13,500 eV incident beam energy and a total area of
about 4 mm x 4 mm was analyzed by performing 9 x 9
measurements with a step size of 0.5 mm with 10 s
acquisition time per step. These micro-XRF measure-
ments showed a level of heterogeneity less than 10 % for
certain elements (Si, K, Ca, Mn, Fe, Cu, Zn, Ge, Pb),
however a more systematic investigation is required for
assessing properly the possible inhomogeneity of the
samples at different concentration level and local scale.
Spectrum analysis and quantification was carried out by
means of the PyMCA software package [22]. For the
calibration of the experimental set-up (incident flux and
solid angle of detection), a multi-elemental certified thin
standard, custom prepared by AXO Dresden GmbH was
utilized [23].

XANES spectroscopy was used to determine the oxi-
dation state of arsenic in fly ash samples. The XANES
spectra were collected in fluorescence mode through
detecting the As-Ko fluorescence intensity while tuning the
Si(111) monochromator around the K absorption edge of
As (11,868 eV) in small energy steps (0.5-1 eV). The
XANES spectra were normalized to the edge jump. CFA
samples were prepared as pressed pellets having a diameter
of 13 mm using wax binder in a percentage of 20 wt%.
Chemical compounds containing arsenic in known oxida-
tion states such as As,Os3 [for As(IIl)] and NaHAsO, [for
As(V)] were also prepared as pressed pellets and used as
XANES standards,. These standard compounds contained 1
wt% arsenic and boric acid used as diluting agent having
negligible absorption around the As K edge.
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Results and discussion
Moisture analysis

The moisture content of coal fly ash sample analyzed at
BATAN and ANSTO were 0.20 and 0.17 wt%, respec-
tively. The moisture content was used to adjust the mea-
sured elemental concentrations to a dry-mass basis.

Analytical performance of INAA

To assure that the analytical results generated by INAA
were accurate and precise, the NIST standard reference
material (SRM) 1633b Coal Fly Ash was analyzed in the
BATAN facility in the same experimental conditions used
for the sample analysis. Several elements in the SRM
1633b were detected and the results were then compared
with its certificate values. The ratio between the analysis
results obtained with INAA methods and the certificate
values of Ti, Al, Mg, V, Ca, Mn, U, Ba, Na, K, Sm, La, As,
Cr, Fe, Co, Th, Sc and Zn are shown in Fig. 1. These
analysis results had a good agreement with the value
quoted in the NIST certificate. The ratio between the
analysis value and the certificate indicates the values with a
ratio between 0.94 and 1.16. The concentrations of most
elements are consistently within the uncertainties of the
certified values.

The precision of INAA was assessed by analyzing of
five replicates of SRM NIST 1633b coal fly ash samples.
The bias obtained for 19 elements ranged from 1.82 to
8.26 %. Most of elements showed a good reproducibility.

In order to ensure the reliability of the BATAN INAA
concentrations, a comparison exercise was carried out with
the NAA facility in ANSTO, Australia. Figure 2 shows the
correlation of the results obtained by both NAA facilities.
For the most of the elements, the differences are less than
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Fig. 2 The result comparison of coal fly ash by INAA in BATAN,
Indonesia and ANSTO, Australia

5 %, whereas Ti, Zn, K, Th, Fe, Na, La and As showing a
ratio of 0.95, 0.96, 1.00, 1.00, 1.02, 1.02, 1.04 and 1.04,
respectively. There are some elements Mg and Sb that
exhibit a difference more than 20 %. The different for Mg
is due to the competing nuclear interference reaction or the
possible strong overlapping peak from Mn, while for Sb is
still acceptable since the concentration in the trace levels.
In general, the ratio of the two sets of data is 0.89. The
coefficient of determination R* = 0.99 for the least squares
fitting indicates an excellent agreement of the results
obtained at two different laboratories.

Elemental composition of coal fly ash by INAA
and SR micro-XRF

The elemental analysis results of CFA samples obtained by
both INAA and SR micro-XRF, expressed on a dry-mass
basis, are provided in Table 1. The INAA results presented
on Table 1 were average of the results obtained from two
different neutron activation analysis facilities from
Indonesia (BATAN) and Australia (ANSTO). While for the
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Table 1 Elemental concentrations of Indonesian coal fly ash obtained
using NAA and SR-micro-XRF, compared to literature concentration
for coal fly ash

Major NAA SR micro- World coal fly
elements XRF ash
Mass fraction
(Wt%)
Na 0.90 £ 0.04 0.04-1.3
Mg 1.83 £0.2 0.3-1.5
Al 11.6 £ 0.4 114 £ 1.0 9.3-18.8
Si 223+ 0.7 13.3-27.8
S 0.49 £ 0.04 0.04-2.10
K 0.62 £ 0.04 0.59 £ 0.02 0.3-3.7
Ca 432 +0.3 4.16 £ 0.18 0.4-16.5
Ti 0.54 £ 0.06 0.47 £ 0.02 0.144
Fe 8.94 £+ 0.27 7.76 £ 0.19 1.8-11.2
Minor and NAA SR micro-XRF  World coal fly ash

trace elements Mass fraction (mg/kg)

Sc 20.0 £ 0.5 13-39
\% 130 £ 6.4 99.3 £ 11.1 92-1160
Cr 120 £ 5.6 64.5 £ 8.8 47-281
Mn 1011 £ 41 869 £ 33 154-510
Co 61.7 £25 13-112
Ni 722 £ 43 34-377
Cu <134 319+ 1.6 39-254
Zn 263 £ 15 236 £ 10 56-924
Ga 26.8 £ 2.1 246 £09 24-69
Ge 6.7+ 0.4 1-61
As 222+£10 219+£12 4-162
Se <3.16 2.69 £0.14 1-30
Br 299 £031 245+ 0.60 9-360
Sb 1.30 £ 03 1-120
Ba 748 £ 102 717 £ 52 250-3360
La 46.1 £2.3 34-68
Ce 847+ 29 73-217
Sm 73+ 04 9-15.4
Pb 314 £ 35 35-1075
Th 14.8 £ 0.5 11-65
U 472 £ 0.7 5-30

uncertainty sources of the INAA method were identified
according to international accepted instructions [16]. The
INAA characterization resulted of 25 elements with
quantified concentration where Na, Mg, Al, K, Ca, Ti and
Fe were major constituents of coal fly ash, while Sc, V, Cr,
Mn, Co, Zn, As, Sb, Ba, La, Ce, Ga, Br, Sm, Th and U were
minor and trace constituents. The results also showed that
concentrations of minor and trace elements (Cu and Se)
were below detection limits of INAA methods. This is due
to the low sensitivities of this elements, and to increase the

sensitivities of Se could be done by using epithermal NAA.
The detection limit were calculated based on the signal-to-
noise ratio, the selectivity of determining with a certain
degree of confidence, a peak in the gamma-ray spectrum
[16]. In addition of INAA method, concentrations of major
elements Si and S, minor and trace constituents as Ni, Cu,
Ge, Se and Pb were determined by SR micro-XRF analysis.
There is generally a good agreement between concentra-
tions obtained by the two complementary techniques,
however SR micro-XRF delivered substantially lower
concentrations for V (~20 %) and Cr (~35 %). Both
elements characteristic X-ray lines are influenced by vari-
ous spectral interferences including those arising from the
co-existence in the CFA samples of rare earth elements
such as Ba and to a less extent by La and Ce (due to their
lower concentration). In addition, the Cr main peak (Ka) is
also affected by the precision in the Fe-K[} escape peak
correction. The results are compared to concentration
ranges in coal fly ash reported for different countries/re-
gions in the world, such as Europe [24], Turkey [25], North
America [4, 26], Argentina [3], India [27], Korea [28],
Australia [29], Japan [29], India [30], China [31] and
Malaysia [6] (Table 1, last column). Concentrations of
most of the elements fall within the range reported in the
literatures. It should be mentioned that the concentrations
of trace elements Cu, As, Se, Sb, Pb, Th and U in
Indonesian coal fly ash are close to the minimum reported
values. The content of rare earth elements also falls into the
lower end of the world fly ash concentration range.

Oxidation state of As using XANES

The speciation of As in coal fly ash was examined using
XANES spectroscopy to identify possible toxic and less
toxic oxidation state forms through comparison with stan-
dards. The toxicity of the inorganic arsenic species depends
on the oxidation state, As(III) being more toxic than As(V).
As K-edge XANES spectrum of a coal fly ash pellet sample
compared to As(III) and As(V) spectra is shown in Fig. 3.
The spectrum of the fly ash sample shows absorption edge
shift and peak position (so-called white line) identical to
those in the As(V) standard spectrum indicating that most
of arsenic (>95 %) is present in its less toxic inorganic
form [As(V)] in coal fly ash. The present result is similar to
those found in studies conducted by other research groups.
Huggins and Goodarzi [32] and Goodarzi et al. [33]
reported that arsenic is predominantly present (>90 %) as
arsenate in coal fly ash. However, Sanchez-Rodas et al.
[34] and Gonzalez-Castanedo et al. [35] stated that even
though As(IIT) was present in lower concentration in air-
borne fine particulate matter (PM,s), the presence of
As(Il) is an added risk for human health since it
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Fig. 3 Arsenic K-edge XANES spectra collected from pellets of coal
fly-ash and standard compounds

accumulates in finer particles with greater capability to
enter the organism.

Conclusions

The INAA and SR micro-XRF analysis of coal fly ash
samples from an Indonesian coal fired power resulted to the
determination of thirty (30) elements. INAA due to its s
high selectivity, sensitivity and good reproducibility is well
suited for an accurate routine analysis of coal fly ash
samples. SR micro-XRF analysis can complement signifi-
cantly the elemental characterization of coal fly ash pro-
viding the concentration of several major, minor and trace
elements not determined by INAA. For the commonly
detected elements, good agreement was observed between
the two techniques. The results obtained from two different
INAA facilities in BATAN and ANSTO showed good
agreement. The XANES speciation of As in the coal fly ash
revealed that the less toxic inorganic form As(V) repre-
sented the main arsenic species. Further studies are planned
to be conducted to enlighten the chemical state of other
potential toxic elements in coal fly ash samples and also to
investigate the potential to develop reference materials.
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