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a b s t r a c t

The concentration of trace elements and radionuclides in fly ash particles of different size can exhibit
significant variation, due to the various processes taking place during combustion inside a coal-fired
power plant. An investigation of this effect has been performed by analyzing samples of fly ash originating
vailable online 7 May 2010
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ly ash
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adon exhalation

NAA

in two different coal-fired power plants, after separation into size fractions by sieving. The samples were
analyzed by gamma-ray spectrometry, including low-energy techniques, radon exhalation measurement
and instrumental neutron activation analysis for the determination of Al, As, Ga, K, La, Na, Mn, Mg, Sr,
Sc, and V. Variations are observed in the results of various samples analyzed, while the activity balances
calculated from the results of individual size fractions are consistent with those of the raw ash samples.
Correlations among the radionuclides examined are also observed, while individual nuclide behavior
varies between the two types of fly ash examined.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

It is well known that the concentration of trace elements
nd radionuclides in fly ash exhibits significant variation among
ifferent size fractions [1]. Research performed at the Nuclear Engi-
eering Department of the National Technical University of Athens
NED-NTUA) has shown that the radiological characteristics of fly
sh collected at different sampling points in a coal-fired power
lant can exhibit significant variations, particularly with respect to
he concentration of uranium series radionuclides 238U and 210Pb
2] presumably due to the fly ash size fractionation. Furthermore,
ifferences in the properties of fly ash size fractions may be of

nterest for the utilization of fly ash [3]. In the present work, an
nvestigation of such phenomena is attempted by the radiological
nalysis of size-fractionated fly ash samples.

The aim of the work was to demonstrate and identify differences
n the radiological characteristics of the various size fractions of fly
sh, with a view to utilizing such observations to better under-
tand variations among ash sampling points already observed in

he previous investigations. Since an exhaustive investigation of the
omplex phenomena involved would require extensive and costly
ampling and analysis, the scope of the present research is lim-
ted to the analysis of two contrasting fly ash samples, in order to

∗ Corresponding author. Tel.: +30 210 7722912; fax: +30 210 7722914.
E-mail address: managno@nuclear.ntua.gr (M.J. Anagnostakis).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.05.005
refine analysis techniques and identify areas of interest for further
study.

2. Background

Inorganic elements that are naturally present in the coal are usu-
ally enriched in the fly ash produced by coal-fired power plants, due
to the removal of organic material and water during combustion.
The various chemical elements exhibit different behavior during
this process, due to the differences in their physicochemical prop-
erties as well as their mineralogical form. Many volatile elements
are subject to an evaporation–condensation mechanism, leading to
preferential enrichment on the finer fly ash particles, due to their
increased surface area [1].

The natural radionuclides that are present in the coal will also
take part in these processes, leading to the production of ashes with
activity concentration higher than that of the feed coal, character-
ized as a Technologically Enhanced Naturally Occurring Radioactive
Material (TENORM).

Variations of activity concentration with particle size have
already been observed in fly ash, although behavior patterns are
difficult to identify due to the many parameters involved [4]. In

many cases, uranium and lead isotopes have been found to be
preferentially enriched in finer fly ash particles, while radium and
thorium isotopes display weaker trends [5,6]. Similar conclusions
have been drawn from the analysis of Greek fly ash, originating in
the Ptolemais lignite-burning power plants [7].

dx.doi.org/10.1016/j.jhazmat.2010.05.005
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:managno@nuclear.ntua.gr
dx.doi.org/10.1016/j.jhazmat.2010.05.005
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Fig. 1. Particle size distributions of the samples analyzed (weight basis).

. Sample preparation

Two different types of fly ash were analyzed in the present work:

Fly ash I (FA-I) has been collected at the Megalopolis B power
plant, located in Megalopolis, Greece. This power plant is fed
with locally mined lignite, of low calorific value, high moisture
and high ash content, characterized by high (∼6%) sulfur con-
tent [8]. The fly ash produced, belonging to class W according to
EN197-1, has been the subject of several radiological investiga-
tions [2,9,10].
Fly ash II (FA-II) has been collected at Studstrup Power Station
unit 4 (SSV4), in Studstrup, Denmark. The power station is a
350 MWe pulverized coal-fired unit commissioned in 1985, with
a once-through single reheat type boiler fitted with 24 low NOx

burners, four of which have been converted for biomass co-firing
[11].

The fuel mixture consists of imported South African and Colom-
ian coal, mixed with varying amounts of locally obtained biomass.
traw was used during the sampling period, at an energy share
f 5%. This sample was collected in the framework of UCOR
roject, which examined the utilization of residues from biomass
o-combustion in pulverized coal boilers. Chemical analyses per-
ormed by UCOR participants have identified the ash produced at
SV4 as belonging to class V according to EN197-1, with a high
2O and P2O5 content due to the presence of biomass in the feed
ixture [12].
Samples of both types of fly ash were collected from ash storage

ots and cannot be considered as representative of any specific point
n the flue gas pathway. The analysis results should therefore be
nterpreted as giving an overall qualitative picture of the situation
n the respective power plants.

Each type of fly ash was separated into seven size fractions
y sieving with a RETSCH AS-200 sieve shaker, equipped with
ire mesh sieves with apertures of 32 �m, 45 �m, 63 �m, 125 �m,

50 �m and 500 �m. Sieving was performed at an amplitude of
mm, continuing until the weight of each fraction changed by less

han 1% in a 2-min interval. The particle size distributions deter-
ined in this manner are presented in Fig. 1 on a weight basis.
After collecting the size fractions, radon exhalation measure-
ents were performed on the FA-I fractions, as described in Section
.2. FA-II fractions were not analyzed for radon exhalation due
o their lower 226Ra content. Subsequently, all fractions were
ackaged in standardized cylindrical plastic containers for gamma-
pectrometric measurement. Two different container sizes were
s Materials 181 (2010) 255–262

used, with volumes of 282 mL and 80 mL, depending on the amount
of sample available.

The containers were sealed with an epoxy resin against the
escape of radon and set aside for a period of 24 days, to allow
for establishment of equilibrium between 226Ra and its short-lived
decay products 222Rn, 218Po, 214Pb and 214Bi. For each of FA-I and
FA-II, one extra container was filled with the original, unfraction-
ated fly ash.

Aliquots of the FA-I fractions, other than those used for
gamma-ray spectrometry, were also used for instrumental neutron
activation analysis (INAA), as described in Section 4.3.

4. Analytical methods

4.1. Gamma-ray spectrometry

All samples were analyzed on a closed-end coaxial Extended
Range (XtRa) germanium detector, with a relative efficiency of
104.5%, housed in a shield of old steel and equipped with standard
signal processing electronics. The detector, shielding and all elec-
tronic modules have been manufactured by Canberra. The detector
system has been calibrated using a QCY.48 mixed nuclide solution
certified by Amersham, for a range of standardized sample-detector
geometries. Further details concerning the gamma-ray spectrom-
etry method used have been given elsewhere [13].

It should be noted that, for the FA-I size fraction larger than
500 �m the amount collected was not enough to fill even the
smallest standardized container available. In order to analyze this
fraction, approximate calibration coefficients were determined by
Monte-Carlo methods, transferring the efficiencies of the closest
available calibrated geometry. Calculations were performed using
the computer codes PENELOPE [14] and ETNA [15]. Furthermore,
the density of the same size fraction in FA-II was found to be at the
lower end of the range where the self-absorption correction cor-
relations used at NED-NTUA are applicable. For these reasons, all
activity concentration results for the >500 �m fractions should be
considered approximate and are not included in the figures pre-
sented.

Spectrum collection times ranged from 70 ks to 320 ks and were
adequate for the achievement of satisfactory uncertainty on the
XtRa detector for all nuclides analyzed. All spectrum analysis was
performed using the SPUNAL computer code, which has been devel-
oped in-house at NED-NTUA for the analysis of gamma spectra in
a Unix environment. The following nuclides were determined:

• 210Pb, employing the photons at 46.52 keV;
• 238U, via its daughter 234Th in equilibrium, which emits photons

at 63.29 keV;
• 226Ra, via its daughter nuclides 214Pb and 214Bi, after obtain-

ing secular equilibrium as described in Section 3. Photons at
295.22 keV, 351.99 keV (214Pb) and 609.32 keV, 1120.28 keV and
1764.51 keV (214Bi) were used. In one case (FA-I, >500 �m), where
radon-tight sealing was not possible due to the small amount of
sample available, 226Ra activity was calculated from the multiplet
peak at 186 keV. The contribution of 235U to the multiplet was
estimated from the activity of 238U, assuming a natural isotopic
composition for uranium;

• 232Th via its decay products 228Ac (338.40 keV, 911.07 keV), 212Pb
(238.63 keV) and 208Tl (583.14 keV). It should be noted that, due
the long half-lives of the nuclides involved, equilibrium for the

thorium series cannot strictly be ensured in reasonable time
after sampling. However, as 228Ac, 212Pb and 208Tl activities were
found to be statistically equal in almost all samples analyzed,
radioactive equilibrium was assumed for the entire thorium
series and the mean value calculated as 232Th for each sample;
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Fig. 2. Radon exhalation measurement data.

40K, via its photons at 1460.71 keV. The efficiency for this partic-
ular peak was determined using a source of pure KCl, providing a
better estimate than the interpolation performed by the calibra-
tion curve.

For the analysis of 210Pb and 234Th photons, at 46.52 keV and
3.29 keV respectively, an efficiency correction factor, calculated
sing an experimental–numerical method, was used to account
or self-absorption due to the low energy of the photons involved
13,16].

.2. Radon exhalation measurement

The 222Rn exhalation rate of the FA-I fractions was determined
sing a closed-can method. The samples were enclosed in a 6 L
teel vessel. An AlphaGUARD PQ2000Pro active radon monitor was
xternally attached to the vessel, along with a timer-controlled,
as-tight air pump, using flexible Tygon tubing. A glass fiber radon
ecay product filter, provided by the instrument manufacturer
o prevent unnecessary contamination of the ionization chamber,
as connected in-line between the sample vessel and instrument

hamber. Radon concentration inside the vessel was followed for
duration of not less than 120 h. Particularly for the >500 �m

raction, due to the small amount of sample available, a smaller
500 mL) glass vessel, equipped with a Teflon valve mounted on a
round-glass joint was used instead of the steel vessel.

A typical radon exhalation measurement curve, generated from
he analysis of the finest (<32 �m) fraction of FA-I, is presented in
ig. 2. The radon exhalation rate E can be determined by fitting the
xperimental concentration data C(t) to an exponential curve of the
orm:

(t) = C0exp(−�t) + E

�V
(1 − exp(−�t)) (1)

In this equation, V is the total air volume in the system and � is
n effective decay constant, accounting for both radioactive decay
f radon and leakage losses. For all measurements, the sample vol-
me was smaller than 1/10th of the free chamber volume; it can
herefore be assumed that the steady-state exhalation rate does not
iffer significantly from the free exhalation rate [17].

In most materials, only a small fraction of the radon produced

y radium decay is released from the material grains and exhaled
o the surrounding atmosphere. The fraction of the produced radon
hat is released from the material grains to the pore space air has
een variously termed as the emanation factor, emanation coeffi-
ient, emanation fraction or emanation power. By applying simple
Fig. 3. Gamma-ray spectrometry analysis results: FA-I (Megalopolis), uranium
series nuclides.

diffusion models found in the literature [18], it can be easily seen
that, if the sample is thin compared to the bulk diffusion length for
radon, the emanation coefficient f can be simply evaluated as:

f = ε

�(222Rn)R
(2)

where ε is the exhalation rate of 222Rn per unit mass and R is the
activity concentration of 226Ra.

Experimental measurement has shown that the emanation coef-
ficient of fly ash is low, with typical values in the range of 1–5%
[19], presumably due to the particle formation processes following
combustion.

4.3. Instrumental neutron activation analysis

Instrumental neutron activation analysis (INAA) for the deter-
mination of Al, As, Ga, K, La, Na, Mn, Mg, Sr, Sc, and V was performed
using a 10 Ci 241 Am–Be source, housed in a 1 m3 water tank, and an
XtRa Ge detector (relative efficiency 104.5%) for the gamma spec-
troscopic analysis of the activated samples. A 24 mL aliquot of each
size fraction of FA-I was placed in a watertight polyethylene holder
and irradiated according to two scenarios:

• Scenario A for the determination of the short-lived radionuclides
Al, Mg and V: 1 h of irradiation followed by a 15 min gamma-ray
spectroscopic analysis, with a 50 s delay between irradiation and
analysis.

• Scenario B for the determination of the radionuclides As, Ga, K,
La, Mn, Na, Sr and Sc with longer half-lives: 110 h of irradiation
followed by gamma-spectroscopic analysis after a 4 min delay.
Three different spectra were collected for each sample, with
durations of 1 h, 3 h and 13 h respectively, to better determine
activation products with different half-lives.

The total analysis procedure for all the elements that were deter-
mined has been calibrated using NIST Standard Reference Material
1633b (Coal Fly Ash).

5. Analysis results
5.1. Gamma-ray spectrometry

Gamma-spectroscopic analysis results for all samples, deter-
mined as described in Section 4.1 are presented in Figs. 3–6. The
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as grain sizes decrease, specific surface area increases, leading to
increased radon emanation. On the other hand, it is obvious by
visual examination that the largest size fractions contain increas-
ing amounts of partially burnt lignite present as carbon char. It is
plausible to assume that the behavior of radon gas in such particles
ig. 4. Gamma-ray spectrometry analysis results: FA-II (Studstrup), uranium series
uclides.

ata points are accompanied by error bars representing the com-
ined standard uncertainty, as estimated from both the counting
ncertainty and the following systematic components:

efficiency calibration source uncertainty,
efficiency calibration curve fitting uncertainty, and
self-absorption correction uncertainty, where applicable.

It should be noted that, for the FA-II fraction larger than 500 �m,
he thorium series was found to be in disequilibrium, with 228Ac
ctivity equal to approximately twice that of the 220Rn decay prod-
cts, 212Pb and 208Tl. However, this fraction has been eliminated
rom the discussion due to the concerns mentioned in Section 4.1.

It can be seen that FA-I and FA-II have different radiological
haracteristics, with FA-I containing significantly higher amounts
f uranium series nuclides. Thorium-232 and 40K are at comparable
evels in both types of fly ash, with FA-II exhibiting higher activities
n some size fractions.

Variations in the activity concentrations can be clearly seen,

n most cases strongly correlated to the particle size. Uranium
eries nuclides 226Ra, 238U and 210Pb are preferentially enriched
n the finer particles in both samples, while 232Th is increased in
he finer fractions of FA-II but not FA-I. The activity concentration

Fig. 5. Gamma-ray spectrometry analysis results: 232Th.
s Materials 181 (2010) 255–262

of 40K in FA-I exhibits some increase towards the coarser end of
the size range, while a much more pronounced increase is seen in
FA-II.

5.2. Radon exhalation

Radon-222 exhalation rates per unit mass for all FA-I frac-
tions are presented in Table 1, accompanied by combined standard
uncertainties estimated from curve fitting, chamber volume and
instrument calibration uncertainty components. The table also
includes emanation coefficients for all samples, although the val-
ues for the >500 �m fraction have been obtained using approximate
results of 226Ra activity concentration, as described in Section 4.1.
No attempt was made to measure radon exhalation rates from FA-
II fractions, as the activity concentration of 226Ra was found to be
much lower than that in FA-I.

It can be seen that the exhalation rates are rather low, well
within the range of values reported in the literature for fly ash.
The emanation coefficient does not exceed 2.4%, also comparable
to values reported by other researchers [2,19,20].

It is obvious that there exists variability among size fractions
in the analysis results. It seems that the exhalation rate exhibits a
minimum at the middle of the size range, increasing towards both
smaller and larger grain sizes. However, due to the rather low exha-
lation rates, measurement uncertainties are significant and do not
permit a clear identification of trends.

It can be argued that two opposing phenomena are at work:
Fig. 6. Gamma-ray spectrometry analysis results: 40K.

Table 1
Radon exhalation measurement results.

Size fraction (�m) Exhalation rate
(�Bq kg−1 s−1,
±1�)

Emanation
coefficient (%,
±1�)

<32 36 ± 2.0 1.7 ± 0.13
32–45 33 ± 1.9 1.6 ± 0.13
45–63 27 ± 1.5 1.2 ± 0.10
63–125 26 ± 1.5 1.3 ± 0.10
125–250 32 ± 1.9 1.7 ± 0.14
250–500 38 ± 2.4 2.4 ± 0.17
>500 30 ± 2.2 2.4 ± 0.24
Raw ash 37 ± 2.1 1.8 ± 0.12
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s nearer to that of lignite, which is known to exhibit much higher
xhalation rates [2], than to that of glassy fly ash particles.

This hypothesis is supported by the fact that the emanation coef-
cient exhibits an increasing trend towards the coarse end of the
ize range, in contrast to what would be expected if particle size
as the only determining factor.

.3. Instrumental neutron activation analysis

The results of the instrumental neutron activation analyses of
A-I fractions are presented in Table 2, accompanied by combined
tandard uncertainties calculated from the following components:

sample spectrum counting uncertainty,
calibration spectrum counting uncertainty, and
reference material uncertainty, as reported on the SRM certifi-
cate.

The concentrations determined are generally in agreement with
alues reported by other researchers for Megalopolis fly ash [9,21].
lements Al, As, K, Mg and Mn display variation among the size
ractions. Some variation can also be seen for other elements, but
ncreased uncertainties do not permit clear identification of trends.

. Discussion

.1. Radioactivity balance
The particle size distribution of the fly ash samples analyzed,
resented in Section 3, can be used in conjunction with the radionu-
lide activity concentrations presented in Section 5 to determine
he corresponding activity concentrations for the raw fly ash.

able 2
nstrumental neutron activation analysis results (FA-I).

Element Concentration (ppm, ±1 �)

<32 �m 32–45 �m 45–63 �m 63–

Al 70,844 ± 2,371 69,715 ± 2,333 80,291 ± 2,647 89,5
As 42 ± 5 25 ± 5 11 ± 4
Ga 19 ± 5 15 ± 6 11 ± 5
K 11,150 ± 1,051 11,526 ± 985 13,319 ± 1,067 14,9
La 48 ± 6 55 ± 6 55 ± 6
Mg 2,236 ± 318 2,489 ± 293 3,165 ± 355 2,9
Mn 611 ± 17 591 ± 16 523 ± 15 4
Na 3,350 ± 67 3,368 ± 67 3,391 ± 68 3,4
Sc 11 ± 7 19 ± 7 19 ± 7
Sr 2,367 ± 665 2,168 ± 651 1,935 ± 607 1,8
V 299 ± 112 264 ± 110 326 ± 122 2

able 3
omparison of size fraction activity concentration weighted means with raw ash analysis

Activity concentration (Bq kg−1, ±1�)

Raw ash analysis Size fraction weighte

FA-I
226Ra 1004 ± 40 982 ± 14
232Th 56 ± 2.3 52.0 ± 0.83
40K 470 ± 7.0 440 ± 8.4
210Pb 1035 ± 72 908 ± 29
238U 979 ± 63 887 ± 23

FA-II
226Ra 161 ± 6.4 160 ± 3.1
232Th 156 ± 6.3 155 ± 3.0
40K 442 ± 7.0 443 ± 2.8
210Pb 155 ± 16 135 ± 6.5
238U 189 ± 22 186 ± 8.9
s Materials 181 (2010) 255–262 259

These values have been calculated and can be seen in Table 3, in
comparison to the specific activities determined by direct gamma-
spectroscopic analysis of an aliquot of the whole ash, before
fractionation.

It has already been noted that some approximations have been
employed in the determination of activity concentration values for
the fraction with grain size larger than 500 �m. As the weight con-
tribution of this fraction is less than 5% in both samples, it is believed
that these approximations should not have any significant effect on
the calculation results.

The two sets of activity concentration values are in good agree-
ment, with discrepancies of the same order of magnitude as the
measurement uncertainties. To further examine the statistical sig-
nificance of these discrepancies, z-scores were calculated according
to the formula:

z = Rf − Rw√
(sf)

2 + (sw)2
(3)

In this formula, Rf is the activity concentration calculated from
the size fraction results, sf is the corresponding combined standard
uncertainty and Rw and sw are the same quantities for the whole
ash analysis. As can be seen in Table 3, no statistically significant
discrepancy is detected by this test, as in all cases |z| < 1.96, except
for that of 40K in FA-I. It should however be noted that z > 0 for every
nuclide and in both samples, which should be taken as an indication
that some systematic effect is present. In fact, it can be argued that
the z-scores calculated using the combined standard uncertainty

are overly conservative, as this uncertainty contains calibration
source and fitting components which are correlated among sam-
ples, as all analyses were performed with the same detector set-up.

It is interesting to note that the greatest deviation is observed
for 210Pb, as it has already been shown that this nuclide dis-

125 �m 125–250 �m 250–500 �m Raw ash

85 ± 2,822 89,743 ± 2,914 98,092 ± 3,234 76,536 ± 2,411
6 ± 4 6 ± 5 – 18 ± 4

15 ± 5 12 ± 6 – 15 ± 4
81 ± 1,122 16,094 ± 1,205 18,226 ± 1,301 13,245 ± 1,015
56 ± 6 58 ± 6 54 ± 6 54 ± 5
85 ± 342 3,221 ± 380 3,318 ± 398 2,580 ± 337
70 ± 13 444 ± 12 427 ± 12 509 ± 14
15 ± 70 3,370 ± 68 3,361 ± 68 3,270 ± 67
22 ± 7 20 ± 8 22 ± 8 19 ± 7
94 ± 600 1,126 ± 487 1,117 ± 496 1,820 ± 567
98 ± 122 254 ± 113 243 ± 116 298 ± 113

results (FA-I and II).

Relative difference (%) z-Score

d mean

2.2 0.51
7.7 1.58
6.9 2.74

14.0 1.63
10.4 1.37

0.6 0.04
0.6 0.11
0.2 0.13

14.8 1.13
1.6 0.13
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Table 4
Correlation coefficients for each pair of radionuclides determined.

FA-I FA-II

232Th 210Pb 238U 40K 232Th 210Pb 238U 40K

226 0.915
0.978
0.930
0.977
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be ensured in the presence of such dynamic phenomena. Further
investigation of the behavior of 232Th is therefore required, ideally
employing methods able to directly determine its activity concen-
tration.

Table 5
Fly ash loss on ignition at 750 ◦C.

Size fraction (�m) LOI (%)

FA-I FA-II

<32 2.58 ± 0.07 2.37 ± 0.04
Ra −0.844 0.776 0.970 −
232Th −0.912 −0.922
210Pb 0.901 −
238U −

lays a clearly increasing trend towards the finest particle sizes
hile its determination is performed using low-energy photons at

6.52 keV, which exhibit significant self-absorption. As fly ash is a
ree-flowing powder, the finest particles are expected to preferen-
ially collect at the bottom of the container. It is believed therefore
hat the increased result of the raw ash analysis is due to the lower
art of the container having a greater contribution to the total count
ate of 210Pb.

Further investigation of such phenomena is important for the
roduction of high quality analytical results, particularly in the
etermination of low-energy emitters.

.2. Radionuclide correlations

It is evident from Figs. 3–6 that clear correlations exist among
he activity concentrations of the various radionuclides in each
ample. These are further demonstrated by calculating the cor-
elation coefficient for the activity concentrations of each pair of
adionuclides in the two samples, which is presented in Table 4.

The radionuclides determined in each sample can be split into
wo groups of positively correlated radionuclides, with negative
orrelation between members of different groups. In FA-I, the first
roup comprises of 226Ra, 210Pb and 238U and the second of 232Th
nd 40K, while in FA-II 226Ra, 210Pb, 238U and 232Th form a sin-
le group, each element of which is negatively correlated to 40K.
adionuclides belonging in a single group must exhibit similar
ehavior during combustion, in a manner analogous to the clas-
ification groups proposed for stable trace elements in fly ash.

.3. Uranium series nuclides

From the results presented in Fig. 3, it is clear that uranium
eries nuclides 238U, 226Ra and 210Pb are not in radioactive equilib-
ium in the FA-I fractions. It appears that 226Ra is slightly increased
ompared to 238U, with both nuclides displaying a small increas-
ng trend towards the fine end of the size range. This behavior is
onsistent with previous investigations by NED-NTUA at Mega-
opolis, while marginal disequilibrium in favor of 226Ra has also
een observed in lignite samples from the specific power plant [2].

Similar variations can be observed in FA-II, although overall
ctivity concentrations are much lower. In contrast to FA-I, both
38U and 226Ra display appreciable variation among different size
ractions, which implies that 238U and 226Ra in SSV4 are being
olatilized during combustion.

Variations in the activity concentrations of 238U and 226Ra
ould possibly be attributed to the presence of varying amounts
f unburnt carbon in the size fractions, effectively diluting the
adionuclides. In order to investigate this effect, loss on ignition
as determined for all size fractions up to 500 �m. For each size

raction, a 1 g aliquot of dry ash was placed in a tarred porcelain
rucible and slowly heated to 750 ◦C in a muffle furnace, where it

emained for 6 h. The crucible was subsequently allowed to cool
n a desiccator and weighed again. Each determination was per-
ormed in triplicate, to obtain an estimate of the uncertainty. The
esulting LOI values are presented in Table 5. It can be seen that LOI
s in fact different among the fractions for both samples, but to an
0.994 0.987 0.996 −0.685
0.975 0.993 −0.755

0.990 −0.648
−0.691

extent that cannot completely justify the differences observed in
radionuclide activity concentrations.

Lead 210 in FA-I displays a much more pronounced trend across
the size range. Compared to 226Ra, it is found to be deficient in
coarse particles and excessive in fine ones while analysis of the
raw ash indicates that, overall, 226Ra and 210Pb are close to radioac-
tive equilibrium. Analysis of lignite samples from the Megalopolis
B power plant in the past has shown 226Ra and 210Pb to be in
radioactive equilibrium [2]. The disequilibrium observed in the fly
ash must therefore be attributed to redistribution of 210Pb during
combustion and ash formation due to volatilization/condensation
phenomena.

In FA-II, 210Pb is found to be consistently deficient compared
to 226Ra, although the finer size fractions making up the bulk of
the sample are at or near radioactive equilibrium. This might be an
indication that some 210Pb is escaping the power plant in gaseous
form, but confirming this hypothesis would require more rigorous
sampling of fly ash as well as analysis of bottom ash and fuels.

6.4. Thorium-232

The activity concentration of 232Th in FA-I is not found to vary
significantly among size fractions. This is to be expected, as thorium
is commonly found in coal in refractory forms, and is consistent
with previous observations at the Megalopolis power plants where
no significant variation in 232Th activity concentration was found
at different sampling points along the flue gas pathway.

In contrast to this behavior, the activity concentration of 232Th
in FA-II is found to increase significantly towards the fine end of the
size range, indicating that some volatile form of thorium is present
during fly ash formation. This observation may be related to the
fact that co-combustion of straw introduces increased amounts of
chlorine to the fuel mixture [11,22]. It is therefore possible that
compounds such as ThCl4 which sublimates at 820 ◦C and would
be subject to an evaporation–condensation mechanism at boiler
temperatures, are formed during combustion [4].

It should be noted that, although 228Ra, determined via 228Ac,
and 228Th, determined via 212Pb, were found to be in radioactive
equilibrium in all but one FA-II fractions as explained in Section
4.1, radioactive equilibrium of the entire thorium series cannot
32–45 2.56 ± 0.03 3.79 ± 0.08
45–63 1.99 ± 0.01 7.10 ± 0.21
63–125 1.72 ± 0.06 13.10 ± 0.19
125–250 2.18 ± 0.05 13.1 ± 1.2
250–500 4.79 ± 0.29 6.25 ± 0.72
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Table 6
Comparison of 40K activity concentration as determined by gamma spectroscopy
and neutron activation (FA-I).

Size fraction (�m) Activity concentration (Bq kg−1, ±1�) z-Score

Neutron activation Gamma spectroscopy

<32 346 ± 33 356 ± 6 −0.31
32–45 357 ± 31 354 ± 7 0.09
45–63 413 ± 33 425 ± 7 −0.36
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63–125 464 ± 35 478 ± 5 −0.40
125–250 499 ± 37 548 ± 8 −1.30
250–500 565 ± 40 618 ± 11 −1.26
Raw ash 411 ± 31 470 ± 7 −1.83

.5. Potassium-40

The activity concentration of 40K is found to increase with
ncreasing particle size in FA-I. An abrupt increase is observed in
he activity concentration of 40K in the coarser size classes of FA-II.
otassium-40 is usually found to exhibit limited to no particle size
ependence in fly ash, and is assumed to be a tracer for the inor-
anic ash matrix [5]. On the other hand, the inclusion of straw in the
uel mix at SSV4 has been known to cause a significant increase in
he fly ash potassium content and affect overall potassium behavior
11]. It is therefore plausible to assume that this unexpected varia-
ion in 40K activity concentration in FA-II is related to the effects of
iomass co-combustion on potassium chemistry.

.6. Stable elements

INAA results point out the differences in the behavior of
he 11 elements detected. Arsenic and manganese concentra-
ions display significant enrichment in the finer size fractions.
rsenic is a well-known example of an element subject to a
olatilization–condensation mechanism during combustion [1].
he increase for manganese on the other hand is rather unexpected,
s it is usually classified with the lithophile elements and does not
oncentrate preferentially on fine particles [1,23]. Potassium, alu-
inum and magnesium have the opposite behavior and present

epletion in the finer size fractions. No trend is clearly apparent for
he remaining elements, some of which, such as scandium and lan-
hanum, do not usually exhibit preferential enrichment. For others,
uch as Ga, an increase in concentration is to be expected in the finer
ize fractions according to the literature, but is probably masked by
easurement uncertainty.

.7. Comparison of instrumental neutron activation analysis and
amma-ray spectrometry results

The concentration of potassium in each size fraction has been
etermined by instrumental neutron activation analysis, while
adioactive 40K was determined by gamma-ray spectrometry. Tak-
ng into account the fact that 40K, a primordial radionuclide,
xhibits a constant atomic abundance in nature, it is possible to con-
ert from the elemental potassium concentration C to the activity
oncentration of 40K in the sample R and compare the two tech-
iques using the following formula:

= aNA ln 2
matT1/2

C (4)

ith the following data [24]: NA = 6.022 × 1023 g mole−1 is the
vogadro constant; mat = 39.0983 g mole−1 is the atomic mass of

lemental potassium; a = 0.0117% is the atomic abundance of 40K;
nd T1/2 = 1.28 × 109 is the half-life of 40K.

In Table 6, the concentration of potassium determined by INAA
s compared to that calculated from the gamma-ray spectroscopy
nalysis results. It can be seen that the two techniques are in good
s Materials 181 (2010) 255–262 261

agreement, with differences smaller than the combined standard
uncertainty in most cases.

7. Conclusions

From the analysis results presented, clear variations can be seen
in the activity concentrations of natural radionuclides detected in
fly ash. These variations are well correlated with particle size, as
it has also been observed in other similar studies in the literature.
However, individual nuclide behavior seems to be different for the
two fly ash samples studied, originating in two different coal-fired
power plants operating on different types of fuel.

Uranium series nuclides present similar behavior in both FA-
I and FA-II, with increasing activity concentration towards the
finest size fractions, although absolute activity levels are much
higher in FA-I than in FA-II. Thorium-232 displays a clear increasing
trend towards the finer size fractions in FA-II, while showing much
smaller variation in FA-I. An opposing trend is obvious for 40K in
FA-II, increasing towards the coarser size fractions, while a simi-
lar but much less pronounced trend can be seen in FA-I. Based on
the findings reported in the literature concerning co-combustion
at SSV4, where FA-II originates, it is believed that the behavior of
232Th and 40K in FA-II is strongly affected by the addition of biomass
to the fuel mixture.

Some indications of discrepancy are observed between the
results of size fraction analysis and those of the raw ash. It is
believed that this may be an effect of vertical inhomogeneity in the
raw ash samples, naturally arising due to the free-flowing nature
of fly ash, which however is masked by uncertainty.

The dependence of radon exhalation on particle size was also
examined, with less clear results. A plausible explanation is that
two opposing effects are at work, leading to an increase in the exha-
lation rate towards both the coarser and the finer ends of the size
range.

The concentration of stable elements determined by INAA in
Megalopolis fly ash samples (FA-I) is in agreement with values
reported in the literature, while some elements (Al, As, K, Mn, Mg)
display significant variation among the size fractions.
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