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This study aimed to determine element concentration in coal samples and to assess Co, Cr, Se, Th and U
leaching from coals exposed to a simulated coal cleaning process. Coal samples taken from a local area of Turkey
were grounded and exposed to water for one month period. Then the cleaned samples were �ltered and dried.
The elemental concentrations in the samples before and after the cleaning procedure were determined by relative
neutron activation analysis (NAA). Raw and water cleaned coal samples were irradiated in central irradiation tube
of TRIGA MARK II Research Reactor at 250 kW for 6 h and measured for their activities by using high resolution
gamma spectroscopy system. The results showed that leaching percentage for Se is up to 100% and for Co, Cr, Th
and U up to 71%, 17%, 30%, 28% respectively.
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1. Introduction

Energy demand of contemporary world is increasing
because of development of high technologies and indus-
trial activities. Coal is the most signi�cant natural en-
ergy resource and it satis�es 27% of energy demand in
the world [1]. Although it takes a great e�ort of nation
to satisfy its energy demand, it threatens environment,
especially air and surface and ground waters.
In the past, rising environmental awareness and pro-

ductivity a�ected this industry. Impurities in the coal
a�ect energy production e�ciency. Moreover, hazardous
elements resulted from combustion can contaminate the
air and can be inhaled through respiratory way by living
organisms. Answering these concerns, the coal enrich-
ment processes were given a special attention. Enrich-
ment process that comprises physical or chemical pro-
cesses is an essential part of e�cient combustion in ther-
mal power plants. However, chemical cleaning process is
in development so its e�ciency and cost cannot be pre-
dicted. Consequently, physical cleaning was preferred in-
stead of former one. In the late of 1970s, Environmental
Protection Agency (EPA) encouraged the coal cleaning
process based on density separation procedure and this
procedure is still mostly used [2, 3]. In the coal cleaning
process, coal particles in water are exposed to centrifu-
gal forces to separate impurities by gravitational force.
Lighter particles swim on the surface of liquid and heavier
particles sink to the bottom. The impurities are removed
by separation of the upper layer from the bottom. The
excessive amount of solution resulting from this process is
directly disposed into the environment. In this way, the
exposed impurities from coal contaminate the soil and
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water resources. After wet process, the cleaned coal par-
ticles are dried and prepared for the next process [3�5].
Coal mining activities and manufacturing processes espe-
cially cleaning process may cause release of metals such
as Co, Cr, Se, Th and U to the environment and leading
to leaching of these elements [2].
In several studies it is demonstrated that intake of Co,

Cr, Se, Th and U a�ect both human and animal health
and caused serious diseases such as cancer, asthma, body
deformation and genetic mutation [6�11]. NAA is suit-
able method for elemental analysis due to its sensitivity,
accuracy and simple sample preparation procedure. It
has been widely used in numerous areas of science includ-
ing environmental sciences. Number of studies describing
analysis of coal with NAA has been done recently [12�14].
The aim of this study is to determine the concentration

of Co, Cr, Se, Th and U in raw and simulated cleaned
coal samples taken from a local area of Turkey by neutron
activation analysis to analyze the e�ect of a simulated
cleaning process.

2. Material and method

2.1. Sample preparation

Coal samples were collected by random sampling from
a main coal mine which is used in a power plant located
in south east of Turkey. Raw coal samples were crushed
and grinded with a mill, then sampled by systematic grid
sampling for homogenization [15]. Bidistilled water was
added to coal samples providing the solid/liquid ratio 2%.
After one month waiting time, all prepared suspensions
were �ltered and air dried. A gravimetric method was
applied for the determination of the dry matter content
of the samples that are not used in analyses [16]. Dry
matter content, fdm, of each sample was expressed as a
percentage of mass using the Eq. 2.1 where mc is the
mass of the empty container, mds is the total mass of the
container and dried sample and mws is the total mass of
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the container and moist sample.

fdm = [(mds −mc)/(mws −mc)]× 100. (2.1)

2.2. Irradiation and gamma spectroscopy

250 mg of raw and cleaned coal samples and references
were packed in aluminum foil for irradiation. Certi�ed
reference material (CRM) from the National Institute for
Standards and Technology (NIST SRM 1633b) were used
as a standard [17]. E�ect of �ux �uctuation in samples
were determined by Au monitors which were prepared
with AuCl4H·3H20 (99.5% purity, Merck) solution. Cer-
tain amount of this solution was added by dropping at pa-
per disks and covered with polyethylene bags after evapo-
ration. The used micropipette (BRAND) was calibrated
gravimetrically before measurements.
A total samples containing 12 raw coal samples, 12

cleaned coal samples and �ux monitors were heaped to-
gether and put into irradiation tube as a sandwich. Neu-
tron �ux monitors are placed in each sample row and
a blank (packed aluminum foil) is placed in a sample
row. Irradiation was applied in ITU TRIGA MARK
II Research Reactor of Istanbul Technical University at
250 kW for 6 h. The thermal neutron �uence rate in
the central irradiation channel is approximately 1.13 ×
1012 cm−2 s−1. Radionuclides in Table I, resulting from
activation by thermal neutron capture reactions, were
determined by using gamma spectroscopy technique.
Irradiated samples and �ux monitors were measured by

HPGe detector (ORTEC GMX n-type) with a relative ef-
�ciency of 14.4% and a resolution of 2.0 keV at 1332.5 keV
photons of 60Co. The detector was connected to a digital
signal processing analyzer (ORTEC DSPEC jr. 2.0) op-
erating through Gamma Vision-32 spectroscopy software.
To obtain good count statistics depending on the activ-
ities of samples, samples were measured approximately
3 to 18 days after irradiation. Counting times were 1�2
hours for raw coal samples and 4 hours for cleaned coal
samples.

TABLE INuclear properties of investigated elements [18].

Ele- Radio- Nuclear NCS∗ Half-life γ∗∗

ment nuclide reaction [barn] [days] [keV]

U 238U 238U(n,γ)239U(β−)239Np 2.68 2.3565 277.599

Th 232Th 232Th(n,γ)233Pa 7.37 26.967 312.17

Cr 50Cr 50Cr(n,γ)51Cr 15.90 27.702 320.0842

Co 59Co 59Co(n,γ)60Co 37.18 1924.061 1173.237

Se 74Se 74Se(n,γ)75Se 51.80 119.779 136.0008
∗Thermal neutron cross section.
∗∗γ-peak used.

Concentrations of elements were calculated from com-
parison of peak areas in measured spectra of sample and
standard comparator by using Eq. 2.2 in which mx,unk

is the element concentration in the unknown sample
(mg kg−1), mx,std is the element concentration in the
standard comparator (mg kg−1), C is the net count rate
in the γ-ray peak of radionuclide, td is the decay time to

start of measurement (s), tm is the live time of the mea-
surement (s), λ is the decay constant (s−1), RΦ is the
ratio of thermal neutron �uxes for standard comparator
and unknown sample [19].

mx,unk = mx,std

(
C

exp(−λtd)× (1− exp(−λtm))

)
unk

/

(
C

exp(−λtd)× (1− exp(−λtm))

)
std

×RΦ. (2.2)

The accuracy of results was statistically evaluated using
En test for comparison between experimental result and
certi�ed value of the reference material NIST 2702 [20].
The En number is de�ned in Eq. 2.3 where xlab and xcer
are the experimental and certi�ed data; ulab and ucer
are the experimental and certi�ed uncertainties at 95%
con�dence level, respectively. The result is accepted if
En < 1, and not accepted if En > 1 [21].

En = |xlab − xcer|
/√

u2
lab
− u2

cer
. (2.3)

3. Results and discussion

Table II gives the elemental concentrations with their
uncertainties and En values for each coal sample before
and after simulated cleaning processes. Statistically, the
elemental analysis results are acceptable because En < 1.
Only the En value of Th is approximately equal to 1.
The reason may be the small amount of the element in
the samples.
Results are compatible with the comprehensive study

conducted for di�erent coal mine areas of Turkey that
found concentrations of Co, Cr, Se and U in the range
of 1.4�18, 13�270, 0.51�17 and 0.74�34 mg/kg, respec-
tively [22].
Comparison of elemental concentrations before and af-

ter cleaning indicates reduction of these elements after
cleaning. The leaching ratio changed between 11-71%
for Co, 0�17% for Cr, 0�100% for Se, 0�30% for Th and
0�28% for U. The very little di�erence between thorium
concentrations of pure and cleaned samples could be at-
tributed to very insoluble and immobile structure of tho-
rium in natural waters [23].
There are guidelines for drinking water for evaluating

risk from hazardous elements [24, 25]. According to these
guidelines, Table III gives permissible concentrations of
investigated elements. Considering leaching ratios of the
elements for simulated cleaning conditions, the element
concentrations in coal cleaning waters can be higher than
permissible concentrations.

TABLE IIIPermissible concentrations of ele-
ments of interest [23, 24].

Element U Th Se Co Cr

Concentration [mg/L] 0.03 na∗ 0.04 0.2�5 0.05
∗not avaliable
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TABLE IIElement concentrations before and after simulated cleaning processes (nd: not detected).

Element concentration xlab ± ulab (mg/kg)

Sample Co Cr Se Th U Co Cr Se Th U

En = 0.30 En = 0.45 En = 0.10 En = 1.03 En = 0.03 En = 0.30 En = 0.45 En = 0.10 En = 1.03 En = 0.03

Pure coal samples Cleaned coal samples

1 8± 0.5 240± 4.8 7± 0.9 3± 0.2 16± 1.0 6± 0.5 200± 4.5 7± 0.9 3± 0.2 13± 0.9
2 5± 0.0 25± 2.4 1± 0.6 1± 0.1 3± 0.2 3± 0.3 25± 1.6 0.00 1± 0.1 2± 0.2
3 8± 0.4 174± 4.3 6± 0.9 2± 0.2 11± 1.0 5± 0.5 174± 5.1 6± 0.8 1± 0.2 11± 0.7
4 8± 0.5 409± 7.0 10± 1.0 4± 0.2 15± 1.0 7± 0.6 374± 6.5 6± 0.8 3± 0.2 14± 1.0
5 10± 0.3 151± 4.4 6± 0.8 1± 0.1 12± 0.8 4± 0.4 144± 4.4 5± 0.7 1± 0.1 11± 1.0
6 5± 0.0 26± 1.5 0.72± 0.4 1± 0.1 3± 0.3 3± 0.3 25± 2.0 −nd 1± 0.1 4± 0.3
7 20± 1.2 209± 4.9 8± 0.9 5± 0.3 16± 1.1 6± 1.0 187± 7.0 6± 0.8 4± 0.2 14± 0.9
8 9± 0.4 117± 4.1 6± 0.8 1± 0.2 18± 1.1 4± 0.4 104± 3.3 5± 0.8 1± 0.2 14± 0.9
9 10± 0.4 103± 3.6 −nd 1± 0.1 9± 0.8 5± 0.4 102± 3.6 2± 0.7 1± 0.1 7± 0.5
10 13± 0.8 127± 3.1 5± 0.8 4± 0.2 14± 0.9 6± 0.8 109± 5.4 2± 0.8 3± 0.2 12± 0.8
11 15± 0.9 124± 2.6 5± 0.7 3± 0.1 18± 1.2 6± 0.8 118± 2.6 3± 0.6 2± 0.1 18± 1.2
12 10± 0.7 97± 2.5 7± 0.8 4± 0.1 26± 1.7 6± 0.6 96± 2.3 5± 0.6 4± 0.2 23± 1.5

4. Conclusions

Selected element concentrations are determined by rel-
ative INAA method in the coal samples from a local area
of Turkey and leaching of these elements by simulated
cleaning are discussed. Element concentrations are deter-
mined with high accuracy. The simulated cleaning pro-
cess of the coal samples showed di�erent leaching ratios.
Considering it is a simulated cleaning method, leaching
ratios may di�er from the conventional coal cleaning pro-
cesses. It can be said that dispersion of the elements to
the environment is highly possible due to leaching. To
prevent hazardous trace element dispersion to the envi-
ronment, monitoring of the process waters could be nec-
essary. We suppose that this study may contribute to
make elemental comparison of coals and to emphasize
the importance of coal cleaning procedures and environ-
mental protection.
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