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Radioactivity of coal and ashes from Figueira coal power plant in Brazil
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The Figueira coal-fired power plant (CFPP) is among the Brazilian CFPP which presents higher uranium concentration. Gamma-ray spectrometry
was used to determine 238U, 226Ra, 210Pb, 232Th and %K contents in pulverized coal, furnace bottom ash and fly ash samples. The natural
radionuclide concentrations in pulverized coal ranged from 813 to 2609 Bq'kg™" for U series and from 22 to 40 Bq'kg™! for 2**Th. The fly ash
fraction gave concentrations ranging from 1442 to 14641 Bq'kg™!, for uranium series. The same enrichment factor was observed for 238U, 22°Ra
and 232Th. Only 2!%Pb and stable Pb presented a high enrichment factor for the last stage filter fly ash. The concentration of the uranium series
found in the ashes is close to the limit adopted by the Brazilian guideline (CNEN-NN-4.01).2 Therefore, it is advisable to evaluate the

environmental impact of the installation.

Introduction

All fossil fuels contain low levels of naturally
occurring radioactive elements. All types of coal contain
around 12-24 Bq'kg™! of 238U and 12-17 Bq'kg lof
232Th. However, some types of coal contain
considerably higher amounts of natural radionuclides.
The combustion of this coal in a coal-fired power plant
leads to an increase of the natural radionuclides, and
non-combustible elements with enrichments factor in the
ashes of 5-10 times. According to UNSCEAR! the
average concentrations of 40K, 238U and 232Th in coal is
estimated to be 50, 20 and 20 Bq'kg™!, respectively,
based on the analysis of coal samples from 15 countries,
with a variation of more than two orders of magnitude.
In the combustion process, there is approximately an
order of magnitude enhancement of the concentration
from coal to ash. Arithmetic averages of the reported
concentrations in the escaping fly ash are 265 Bq-kg™!
for 40K, 200 Bq-kg! for 238U, 240 Bq-kg! for 226Ra,
930 Bq'kg™! for 210Pb and 70 Bq'kg™! for 232Th. The
concentrations of the radionuclides in US coals have
been well documented by BECK et al.,2 and EISENBUD
and GESELL.3 Few data has been published so far about
the radioactivity of coal and ashes in Brazil. FLUES et al.*
investigated the content of natural radionuclides in the
Brazilian coal from various locations. In this study, higher
concentrations were observed for 238U, from 18 to
874 Bq'kg™! and for 49K, from 181 to 584 Bqkg™, in the
coal of Figueira — Parand State (PR). These values are
above the coal world range for 238U, 10-600 Bqkg™!,
and for 40K, 30-100 Bq-kg~!.2 232Th radionuclide, on
the other hand, is present in low concentrations
(15-32 Bq'’kg™!) compared to the world range of
10-200 Bq'kg™!. Coal of Figueira — PR presents
concentration for the wuranium series (range of
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1591745 Bq'kg™!) at least three times higher than the
other coals in Brazil.# Coal plays an increasingly
important role to cover the energy needs of Brazil.

The coal used in power plants is pulverized and
burned inside the boiler, producing bottom-ash
(15-20%), which falls inside the boiler, and fly-ash
(80-85%) that is suspended in the flue-gas together with
vapors of volatile elements. The natural radionuclides
are distributed among these fractions. The most
important nuclides of the uranium series, 238y, 226Ra
and 210Pb and 232Th have different physicochemical
properties, resulting in a different behavior and
enrichment at the different stages of the combustion
process. For example, according to COLES et al.,> the
enrichment of 238U in the ashes depends upon the
chemical and physical characteristics of the input fuel,
as well as the conditions inside the furnace, since
uranium may exist in the fuel both as uraninite as well as
coffinite. Volatile and nonvolatile 238U species may be
formed during combustion. Since 232Th and 226Ra are
essentially refractory elements they should remain in ash
matrix and show slight preference for small fly ash
particles. 210Pb which is more volatile leaves the boiler
in gaseous form with the flue-gas and condenses as the
temperature of the flue-gas drops. The difference in the
enrichment of 238U, 226Ra and 219Pb in the ashes results
in secular radioactive disequilibrium in the ashes.”

The installation of ash collectors like cyclone and
bag filters reduced significantly the emission of
radionuclides into the atmosphere. In contrast, treatment
and disposal of power plant ashes continues to be a
serious problem, mainly in Brazil where the coal have a
high ash content (20-60%)° and the coal combustion
residues are stored at the plant sites or on disposal site,
only a small part of them have commercial use (30%).7-8
Consequently, the ash piles increases continuously, and
this uncontrolled waste disposal site may lead to
radiological environmental contamination.
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The aim of the present study is to determine the
radionuclide concentrations in coal and ashes, to
evaluate the disequilibrium and the enrichment factor of
the radionuclides in all stages of the combustion process.

Experimental
Site

The CFPP which has been considered is the “Usina
Termoelétrica de Figueira”. This CFPP, with a capacity
of 10 MWe, has been operating since 1963 and cyclone
and bag filters only in 1998 had been installed. The
power plant is located in Figueira County, in the north
part of Parand State, 315km far from the city of
Curitiba. The county, with a population of 9,612
inhabitants and an extension of 115km? has as main
activity the extraction and exploitation of coal.

Available data from the Figueira power plant showed
that the amount of coal burned in the power plant
between 1986 and 1997 (before the installation of
filters) was 25,440 tyear'!. No data are available
concerning the amount of ash generated. However, it is
known that the coal from this region has 26% ash
content, and also a high quantity of pyrite (7%).° So this
information indicates a production of 6,614 t-year~! ash.
Only a small part of this ash is considered as bottom ash
and the remainder is fly ash, with different particles
sizes. The ashes in the bag filters are composed of the
smallest particles. Recent data showed an increased of
coal consumption for the Figueira coal plant of
60,000 t'yealr—l.6

Sampling

Samples of pulverized coal, furnace bottom and
corresponding captured fly ashes (cyclone and bag filter)
were supplied by the CFPP during the year of 2001-—
2002, every two months, totalizing one year of
sampling. In each sampling, 1 kg of bottom ash, fly-ash
(cyclone and bag filter) and pulverized coal, which is the
raw material for the CFPP, a total of 24 samples were
collected. All sampling was performed on the same day.
All samples analyzed were ground to 200 mesh,
homogenized, air dried and hermetically sealed in a
cylindrical polyethylene vessel of 5 cm diameter and
5.5 cm height.

Gamma-ray spectrometry

238y, 226Ra, 210pp, 232Th and 40K contents were
measured by gamma-spectrometry, with a coaxial
germanium detector, EGNC 15-190-R, from Eurisys,
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with a relative efficiency of 15% for the photopeak of
60Co at 1332 keV. The detector was calibrated using
standard solutions with radionuclide activities certified
by Amersham. The samples were sealed for about four
weeks prior to the measurement in order to ensure the
equilibrium between 229Ra and its decay products of
short half-life. The 226Ra activities were determined by
taking the mean activity of three separate photopeaks of
its daughter nuclides: 214Pb at 295.2 keV and 351.9 keV,
and 214Bi at 609.3keV. The 232Th content of the
samples was determined by measuring the intensities of
the 911.07 keV and 968.9 keV gamma-ray peaks from
228Ac, the intensity of the 238.6 keV gamma-ray peaks
from 212Pb and the intensity of the 583 keV gamma-ray
peak from 208T1. The 40K content was measured the
1460 keV gamma-ray peak. The concentration of 2!0Pb
was determined by measuring the activity of its low
energy peak (46.5keV) and 238U by measuring the
234Th photopeak at 63.3 keV. Self-absorption correction
was applied to the low energy peaks (219Pb and 234Th),
since the attenuation for low energy gamma-rays is
highly dependent upon sample composition. The self-
absorption factor was calculated by the method
suggested by CUTSHALL et al.!0

The total metal content of uranium and lead in
pulverized coal, furnace bottom ash and fly ash was
determined by a wavelength dispersive X-ray
fluorescence (XRF) spectrometer RIX 3000 (Rigaku
Co., Osaka, Japan). Around 0.9 g of coal samples were
mixed with boric acid (9:1) and ground carefully to 200
mesh. The powder was pressed with a hydraulic press to
obtain double-layer pressed pellets.

Results and discussion

The results obtained for the activity concentration of
238y, 226Ra, 210pp, 232Th and 40K in the pulverized
coal, furnace bottom ash and fly ash are listed in Table
1. The range obtained for the pulverized coal samples
showed higher concentrations for the natural uranium
series (from 813 to 2609 Bq'kg—l) and for 40K (from 200
to 450 Bq'kg™!), much higher than the world range
mentioned by UNSCEAR.! The radioactive
concentration measured in coal and ashes showed a
variability of 25% in the samples during one year.
Radioactive data, obtained by KARANGELOS et al.!l in
coal and ashes of a power plant in Greece, showed also
high level of radioactivity in coal and ashes for uranium
series. The uranium series concentration in coal reached
values up to 361 Bq'kg!, 19 Bqkg! for 232Th and
173 Bq'kg™! for 40K. The concentration of fly ashes for
the uranium series exceeded 1 kBq-kg™! in some cases.
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Table 1. Average and range concentration of 238U, 226Ra, 210Pb, 232Th and %K in coal, bottom ash, fly-ash of
Figueira (PR-Brazil) and ash average

Coal Bottom ash Fly-ash Fly-ash Ash
pulverized, furnace, cyclone filter, bag filter, average,
Bqkg™! Bqkg™! Bgkg™! Bgkg™! Bqkg™!
238y
Averagetsd 1078 £ 195 1945 £ 290 1858 + 326 3097 £919 2300
Range 882-1325 1635-2352 1459-2988 1995-5198
26R,
Averagetsd 1001 £ 200 2411 £ 851 1909 + 441 3024 £ 924 2448
Range 813-1251 1387-3621 1442-2718 1875-3773
210Pb
Averagetsd 2176 £ 287 2644 £ 724 4665 + 1060 10379 + 3556 5896
Range 1859-2609 1649-3463 3292-6154 6353-14641
232Th
Averagetsd 308 62£20 58+ 12 73+ 12 64
Range 22-40 45-92 43-95 65-124
40K
Averagetsd 310 £ 104 486 £ 42 650 £ 181 621 £33
Range 200-450 422-525 471-1144 577-968
U-FRX
Averagetsd 1016 £ 230 2298 £ 327 2531 £490 3840 £ 1095
Range 883-1318 1952-3271 1828-3432 2388-4900
Stable Pb, mg'kg™!
Averagetsd 80+ 20 81+11 173 £31 409 + 161
Range 51-107 66-92 95-217 258-627
sd: Standard deviation.
High concentrations in uranium series observed in  techniques are suitable for U determination. The

the furnace bottom ash and fly-ash showed a similar
pattern than in coal. The fly ash of cyclone and bag filter
showed concentrations ranging from 1459 to
5198 Bq-kg™! for 238U; from 1442 to 3773 Bqkg™! for
226 Ra; from 3292 to 14641 Bq-kg™! for 210Pb; from 43
to 124 Bqkg™! for 232Th series and from 471 to
1144 Bqkg™! for 40K. According to UNSCEAR,! in the
combustion process, there is approximately one order of
magnitude enhancement of the concentration from coal
to ash. Arithmetic averages of the reported
concentrations in escaping fly-ash are 200 Bq-kg™! for
238U, 240 Bqkg! for 226Ra, 930 Bq'kg~! for 210Pb,
70 Bq'kg™! for 232Th and 265 Bq-kg™! for 40K. These
average data are 10 times higher for the uranium series
and 2 times higher for 49K when compared to
UNSCEAR! values. For 232Th series the results are
similar.

The uranium and lead determination in coal and fly
ash (bag filter) by X-ray fluorescence spectrometry
presented average concentrations of 1016+230 Bq-kg™!
and 80+20 mg-kg!, 3840+1095 Bqkg™! and
409+161 mg-kg~!, respectively. The 238U concentration
in the pulverized coal and ashes obtained by gamma-
spectrometry was compared with the uranium
concentration obtained by XRF for the same samples.
The ratio U}'Spec/UXRF was around 1.2, with good
correlation (r=0.87). These values confirm that both

correlation between 210Pb and stable Pb gave interesting
information. The correlation between 2!0Pb and stable
Pb in coal presented a very poor correlation (r=0.12),
suggesting that 210Pb and stable Pb occurrence in coal
have different origin from minerals. The correlation
between Pb in bottom ashes and cyclone filter increased
from 0.3 to 0.5, respectively. On the other hand, the
correlation between 210Pb and stable Pb in the bag filter
ashes showed very high correlation (r=0.90) suggesting
a similar behavior. According to COLES at al.> some of
the more volatile trace elements are preferentially
recondensed on smaller particles. Lead-210 appears to
be the most volatile radionuclide. It is quite depleted in
bottom ash probably because volatilization and later
condensation onto fly-ash matrix occurs, as the
temperature of the flue-gas drops. Since heterogeneous
condensation is a surface area phenomenon, the lead
should be enriched on the finer fly-ash particles. The
same behavior is expected for stable lead what is
confirmed by the good correlation between lead in the
bag filter ashes and the finest fly-ash particles.

Enrichment factor

Box plot was used to evaluate the distribution of the
experimental results of the coal and ash samples (Fig. 1),
which allows determining the mean, the median and the
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dispersion of the results. It can be seen that all
radionuclide concentration increases from the coal to
ash. The highest concentrations were observed by the
bag filter ash.

Considering the concentration of all elements in the
six samplings, the ratios of coal/bottom ash,
coal/cyclone ash and coal/ bag ash were determined. The
same enrichment factor was observed for the uranium
series (238U and 226Ra) and for the 232Th, with ratios
around 2, 2, 3, respectively. Only 210Pb and stable Pb
presented no enrichment factor in the first stage
coal/bottom ash (ratio ~1) and a very high enrichment
factor for the last stage coal/bag filter fly-ash (ratio ~5).
These results agree with the enrichment patterns
observed in the literature.!-3:11.12

According to COLES at al.,> the behavior of uranium
during the combustion process is determined by the
conditions of the furnace as well as the chemical and
physical form of the coal input. Coal-fired power plants
operate their furnaces with about 10% stoichiometric
excess of oxygen. This should result in an oxidizing
combustion environment with a temperature range of
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1500-1600 °C. Under these conditions the volatile
species UO5 should be formed. Uranium might be
incorporated into a silica melt during combustion if it
were originally associated with a silicate (i.e., coffinite
(U(Si0,),_,—~(OH),,)). If sufficient silica is present in
the solution, mineral coffinite can be formed instead of
uraninite (UO,). A bimodal existence of uranium in the
coal can, therefore, give rise simultaneously to both a
volatile and nonvolatile species, since both uraninite and
coffinite can coexist in the pulverized and semi
homogenized coal.

In the combustion of coal, most part of the alumino-
silicate minerals (mostly clay) form a melt and drop out
as slag. Most part of Th and Ra isotopes follow this slag.
210 Pb remains volatile and passes along with the gases
and fly-ash to the emission control system. Much of the
U that is associated with the clays, or was mineralized as
coffinite, also remains with the bottom ash. On the other
hand the U that is dispersed in the coal as uraninite
becomes volatile as UO5 species and goes along with the
gases, 210Pb, and the fly ash. Fly ash is rich in 210Pb,
moderate in U and poor in Ra isotopes.
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Fig. 1. Concentration of the natural radionuclides (B8U, 226Ra, 210pp, 232Th and *°K) in coal (c), bottom ash (b), cyclone filter ash (cf)
and bag filter ash (bf)
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According to BECK!?2 the maximum enrichment
occurs on the smallest fly-ash particles, apparently due
to volatilized compounds recondensing onto particle
surfaces. Since smallest particles have the largest surface
to volume ratio, they exhibit the highest enrichment. The
radionuclides 238U, 226Ra and 210Pb are radionuclides
from the same decay series, therefore, their
concentration should follow the same pattern. However,
since 210Pb is formed by direct decay from radon, it can
be adsorbed more easily by dust particles and 210Pb is
considered more volatile than 238U and 226Ra. This
behavior explains why 210Pb presents higher activities in
the fine grain ash particles. The maximum enrichment
has been found in particles with diameters of about
1 um. 210Pb and 210Po exhibit the greatest enrichment,
as much as a factor of 5, while maximum enrichment for
uranium isotopes is about a factor of 2, and for radium a
factor of around 1.5. Thorium isotopes are not enriched
in fly-ash. The differences in enrichment for radium and
uranium isotopes appear to be related to the fact that
uranium and radium probably exist in various chemical
forms in coal, each with different volatilities. The
enrichment does not appear to increase as particles sizes
become smaller than 1 pum, suggesting that processes
other than just condensation are also taking place.!3-13

COLES et al.? also observed that 219Pb appears to be
the most volatile radionuclide and it is depleted in the
bottom ash. The 219Pb depletion in bottom ash probably
occurs as volatilization and later condensation onto the
fly-ash matrix. Since heterogeneous condensation is a
surface area phenomenon, the lead should be enriched
on the finer fly-ash particles. The 210Pb depletion in
bottom ash is observed by many authors.-12.16.17

Secular equilibrium

There is a significant disturbance of radioactive
equilibrium within the uranium series due to the
different enrichment factors for 238U, 226Ra and 2!0Pb in
the fly-ash samples.

To evaluate the secular equilibrium in coal and ashes
of the Figueira of power plant, a column graphic was
plotted (Fig. 2). The ratios 233U/226Ra and 210Pb/226Ra,
for uranium series in pulverized coal and ashes was
calculated considering the average data of Table 1. The
average ratios for 238U/226Ra in pulverized coal and
ashes were 1.1+0.7 and 1.0£0.2, respectively. These
values suggest an approximate equilibrium between the
parents and the Ra isotopes in the uranium series, in the
coal samples. If the results of the ratios 2!0Pb/226Ra
average values of 2.3%+0.2 in pulverized coal and
(1.3+0.5 in bottom ash; 2.4£0.2 in cyclone filter fly-ash
and 3.3%0.2 in bag filter fly-ash) are taken into account,

it is seen that the secular equilibrium in the decay series
is disturbed, probably due to 222Rn that migrates into or
out of the coal seam, the half-life of 222Rn is short
(Ty,=3.8d) and decays to 210Pb, These appear to
represent on atypical situation for the pulverized coal
samples. Similar behavior was also described in some
papers for coal.!8-20 The major studies!!:12:17 with
ashes, even the results of his work showed that the
secular equilibrium in the decay series of uranium is
disturbed.

TADMOR!4 and HEDVALL and ERLANDSSONZ!
observed variations in radionuclide enrichment in
different fractions of ash. These variations may reflect
the difference in composition and origin of the coal, the
use of different firing systems and furnace temperature.

Disposal pattern

By taking into account the ash average concentration
of 238U, 226Ra, 210Pp and 232Th (Table 1), the total ash
produced by the Figueira coal power plants (PR-Brazil)
is 10,700 Bq-kg~!. This value showed a good agreement
with the estimated value of 8,776 Bq-kg~! published
recently by FLUES et al.* The Brazilian regulatory
agency published recently a Guideline concerned with
the radiological protection of activities which may lead
to enhanced concentrations of radionuclides, such as
coal burning (CNEN-NN-4.01).22 The Figueira power
plant presents 10,700 Bq-kg~! ash activity concentration
which classifies the installation in Category III of the
Guideline. To comply with the regulation, this
installation should perform a more detailed study of the
environmental impact.

238 Y/ 226Rg
g 210Pb/ 226Ra

Coal Bottom ash

Cyclone ash Bag ash

Fig. 2. 38U/*2°Ra and '%Pb/*?Ra ratios for uranium series in
pulverized coal and ashes
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Conclusions

Coal of Figueira power plant (PR-Brazil) presents
high uranium concentration when compared with other
coals in Brazil. The radioactive evaluation of the
pulverized coal and ashes of the Figueira plant showed
concentrations above the world average for the uranium
series, mainly for 210Pb. The same enrichment factors
were observed for 238U, 226Ra and 232Th. Stable Pb and
210Pb presented no enrichment factor in the first stage
coal/bottom ash and a very high enrichment factor for
the last stage coal/bag filter fly-ash.

Due to the various enrichment factors for 238U,
226Ra and 210Pb in the fly-ash samples collected along
the emission control system, there is a significant
disturbance of radioactive equilibrium within the
uranium series.

According to the Brazilian Guideline CNEN-NN-
4.01,22 the Figueira power plant is classified in Category
III due to the levels of radioactivity present in the ashes
(10,700 Bq'kg™!). To comply with the statements of the
Guideline, the installation should evaluate its
environmental impact. The power plant currently
operates at 10 MWe and plans to increase its energy
production capacity to 140 MWe in the years to come.

Another point to be considered is the application of
the waste ashes for commercial use, like bricks, road
pavement, agriculture, etc. In this case, -careful
consideration should be given to relevant dosimetric
calculations for this application.

The authors would like to thank the Carbonifera Cambui
Company for the coal and ash samples and Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico - CNPq, Grant
300888/2005-8.
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