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Abstract

The variable values of ?°Ra, **®Ra and *°K were identified in coal and coal combustion residuals (CCR) samples to redis-
tribute radionuclides using 2?*Ra/*?°Ra activity ratios in CCRs and compared to their values in the corresponding feed
coal. NORM concentrations in CCRs were found to be 612 times higher than the original coal. The effective dose rates
in the original coal were calculated and ranged from 14.9 +0.9 to 370.3 +22.2 pSv year™ !, whereas in CCRs ranged from
257.5+20.6 to 1797.5 + 143.8 uSv year™'. The average concentration of *°K (120 Bq kg™ per 1% K,O in CCRs) was cal-
culated. The chemical composition indicates that the majority of CCR samples are Type C, which has a high calcium oxide

ratio, high melting points and low deposition.
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Introduction

Despite the increased thermal power from coal combustion,
however, residues often contain high radioactive concentra-
tions as natural occurring radioactive materials (NORM) and
are used in the manufacture of certain building materials
such as cement, concrete and bricks [1]. Since the 1960s,
coal and CCR radioactivities have been identified [2, 3], due
to the longevity of the common NORM (**¥U, ??6Ra, 2!°Pb,
232Th, 228Ra, and *°K) [4-6]. Coal is categorized according
to the concentrations of NORM, either high concentrations
of NORM at low concentrations of sub-bituminous, brown
and lignite, or low concentrations of NORM at high concen-
trations of bituminous [7, 8].
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Some hazardous trace elements such as cadmium (Cd),
arsenic (As), molybdenum (Mo), vanadium (V), mercury
(Hg) and various acid gasses are detected during coal burn-
ing [9]. Several countries used the CCRs to manufacture
Portland cement [10] and concrete [11] as allowed by the
European Standard EN 197-1. There are 27 different com-
mon products of cement classified into five categories. Com-
posite cement is the fifth category containing 18-50% of
coal fly ash. A reference level (1 mSv year™!) [12] has been
determined for external indoor exposure owing to gamma
radiation emitted by building materials [13]. Many industrial
residues are presently being studied as prospective construc-
tion materials [14].

On the other hand, European waste has studied and identi-
fied the chemical composition of coal [15, 16] and CCRs as
non-hazardous waste [17, 18]. Coal contains predominantly
carbon with variable quantities of other elements; primarily
hydrogen, oxygen, sulfur and nitrogen [16]. The chemical
composition of coal has been converted into CO, and CH,
by breaking chemical bonds from hemicellulose, cellulose
and most biomass and has lost up to 70% of the weight at
550 °C. Unburnt alkaline sulfate particles are formed at an
elevated temperature and gain comparative weight. The ele-
ments of low melting point may agglomerate to form clusters
of particles of high melting point [16]. Most of the carbon
was eliminated at temperatures above 550 °C, increasing the
proportions of elements with high melting points. Carbon

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-019-07001-x&domain=pdf
https://doi.org/10.1007/s10967-019-07001-x

886

Journal of Radioanalytical and Nuclear Chemistry (2020) 323:885-895

values usually ranged 15-25%, whereas oxygen remains in
the form of oxides, and slightly increased carbonates and
sulfates [16]. The high peaks of silicon in coal (40%) com-
pared to other elements. Ironically, K and Ca are the main
elements contained in the slag as well as the first compo-
nents of most coal samples exceeding 15%, while Mg values
are nearly constant 3-5% values.

Electricity production in Kingdom of Saudi Arabia
(KSA) depends on the main sources of energy are natural
gas and petroleum. Domestic power generation demand
is set to increase and looks forward to supplying it from
the coal and renewable energy. Some countries of the Gulf
Cooperation Council (GCC) used coal for coal-fired plants,
but not so far in KSA. Several factors point to the possibil-
ity of using coal as a prospective source of electricity and
cement production in KSA, such as lower operating costs
and higher global reserves (990 billion tons of current con-
sumption, sufficient for 150 years) [19]. Coal is expected to
quickly play an important role in the electricity and cement
sector in Saudi Arabia. Coal is currently used for narghile
(hookah, shisha, goza) and grill of different types of meat,
many Arab countries use coal as fuel for smoking tobacco.
The present study is therefore a pre-emptive step for KSA to
select high-quality coal by measuring NORM and chemical
compositions of various kinds of coal on the local market
and calculating adsorbed dose (nGy h™!) and effective dose
(mSv year™!) before and after coal combustion.

Experimental
Samples preparation

Twenty-seven coal samples were purchased from the local
market of the Kingdom of Saudi Arabia, and prepared for
gamma analysis and elemental analysis. Eighteen samples
were burned in order to analyze the CCRs (slag by-products
and remaining solids). The samples were homogenized and
packed with standard size cups (75 ml) and tightly sealed,
then stored for more than a month to reach secular equilib-
rium of >*Ra and to prevent radon gas escape. In order to
determine efficiency calibration, reference material (RGU-1)
was also packed into the same standard size cups. Gamma-
analysis was used to measure the samples and reference
material.

Analytical techniques
Gamma-spectrometry analysis
A coaxial P-type (relative efficiency 50%) high purity

germanium detector (HPGe) was used. A low level back-
ground due to the existence of a lead shield to protect the
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detector. The RGU-1 was used as a reference material for
the HPGe detector efficiency calibration. It was verified that
radium-226 is in equilibrium with uranium content. The
certified activity of uranium is 400 ppm, which refers to
4960 Bq kg™ To create the efficiency calibration curve, the
226Ra daughters (*'*Pb and 2'*Bi) were used. A polynomial
fitting of the fourth degree was performed to obtain the best
R? value (~0.997).

Radioisotopes 2?°Ra and ??®Ra explained that concentra-
tions of radioactivity ranged from below the detection limit
to 13.8 and 17 Bq kg™, respectively, while *°K ranged from
40.0 to 553 Bq kg™' (53.0% potassium content).

Radium-226 was measured by achieving secular
equilibrium with its daughter *'*Pb (¢,,,=26.9 min) at
295.2 keV (I,=19.3%), 351.93 keV (I,=37.6%), and *'*Bi
(t1,=19.7 min) at 609.31 keV (1,=46.1%), 1120.29 keV
(1,=15.1%), 1764.49 keV (I,=15.4%). Radium-228 was
determined at 911.2 keV (/,=25.8%) by measuring the
28Ac (1,,=6.15 h).

Potassium-40 was estimated at Ey =1490.83 keV,
1,=11%. The efficiency of each transition line was either
determined by direct comparison of the energy lines in the
reference material or obtained from the above-mentioned
efficiency calibration curve.

The reference sample and the measured samples sub-
tracted the background of each energy line. The detection
limit based on the Currie detection limit method was calcu-
lated as follows:

MDA (counts) = 2.7 +4.65 X VBG

The detection limit for each radionuclide was calculated
individually. The calibration was tested against IAEA profi-
ciency and no more than 5% bias was found.

XRF analysis

The JSX-3222 analyzer, Japan (type JEOL) is an energy-
dispersive X-ray fluorescent spectrometer used to evaluate
the constituent elements of coal consumed by KSA. Samples
were assessed using loose powders were prepared for XRF
that is one of the most important, steps in achieving accu-
racy. The range of elements measured ranges from sodium
(Na) to uranium (U).

Results and discussion
Radioactive analysis
The classification of coal consumed in Saudi Arabia based

on radioactivity concentrations is shown in Table 1. The
226Ra and ?*®Ra were indirectly determined by measuring
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21485 and 2'“Pb as daughters of 226Ra, #28Ac and 2'?Pb as
daughters of ?®Ra [20]. Table 1 shows total radioactivity
of Ra,c in CCRs 6-12 times higher than the total radioac-
tivity of Rag. in feed coal, which may be attributed to the
removal of approximately 10-15% of carbon during the coal
burning [21]. The average values of the 2*°Ra, ?®Ra and “°K
before the burning of the coal are 6, 11 and 138 Bq kg™,
respectively, whereas the post-burning values are 30, 50
and 777 Bq kg~!. By comparing our data with the literature
before coal burning, the average values of >*°Ra are found to
be relatively lower than the literature values (16.2 Bq kg™
[9], but agree with the literature values of 2*®Ra and “°K
(13.1 and 133.7 Bq kg_l, respectively) [9]. After the coal
burning, the average value of **°Ra in our data is still lower
than the literature value (55 Bq kg™!), our data are consist-
ent with the literature data for *®Ra (50 Bq kg™!) and higher
than the value of “°K (433 Bq kg™!) [9]. The low concen-
tration of 2*’Ra may be due to uranium-238 (**Ra parent)
found mainly in sedimentary rock organic layer materials,
which can be easily removed during the combustion pro-
cess, while 232Th (**®Ra parent) occurs in inorganic layers
[22]. On the other hand, burning organic matter leads to
an increase in natural radionuclide concentrations in CCRs

in the feed coal indicating that the °Ra removal due to the
combustion process is lower than ***Ra.

Absorbed dose

According to the European Radiation Protection Guide 122
[25], for the materials to be used to make any use limitation
decision, a dose assessment of the situation should be car-
ried out [25]. A scenario for calculating the effective annual
dose of coal radioactivity using the Markkanen model was
proposed [26]. The conversion factor used to calculate the
absorbed gamma dose rate D (nGy h™") for ?°Ra, 2*>Th and
40K corresponds to 0.92, 1.1 and 0.08 nGy h™! per Bq kg™,
respectively [25-27] as in Eq. (1)

D (nGy h™") = 0.087A + 0.92A, + 1.1A, 1)

Table 3 indicates the absorbed dose rates in feed coal and
CCRs range from 3+0.2 to 75.6 +£3.8 and from 40.7 +2.9
to 366.8 +25.7 nGy h™! with the average of 19.5 and
165 nGy h™!, respectively, whereas the average worldwide
value (55 nGy h™!) [25, 28]. The conversion coefficient
(0.7 Sv Gy™!) was used to calculate the annual effective dose
rates as the following equation:

Effective dose rate (uSv year™!) = D x 7000(h year™") x 0.7(Sv Gy_l) x 1073 @)

depending on the physical and chemical composition of coal
as well as the circumstances of the combustion process and
can be attributed to radionuclide accumulation in the form
of oxides in CCRs [22].

Redistribution of radionuclides in coal and CCRs was
investigated by calculating the proportions of *Ra/***Ra,
which are relatively higher in CCRs than the feed coal as
shown in Table 2. The 2*®Ra/??Ra ratios in CCRs and feed
coal are consistent with the ratios reported in literature [6,
21, 23]. The 2380 and %*?Th are found in radioactive equi-
librium (secular equilibrium) with their decay products
(their daughters) and expressed as the ratios **U/*?°Ra and
232Th/?*8Ra equivalent to the unit in the closed system [21,
24]. The average ratio of ®Ra/**°Ra in soil is supposed to
be about 1.2 equal to the average Th/U activity ratio in conti-
nental crust. In CCRs, the average total radium radioactivity
was estimated and found to be about 100 Bq kg™!, which is
1.5 times higher than in the soil (about 70 Bq kg™!). Most
coal samples have a ratio of 2?Ra/?*Ra greater than one,
meaning that the concentration of 2*’Ra is lower than con-
centration of 2?®Ra except for some samples such as Orinex,
King Sford, Toppy and Earthquake. The ??Ra/**’Ra ratios in
CCR samples were slightly increased relative to their values

@ Springer

The effective dose rates calculated in feed coal ranged
from 14.9+0.9 to 370.3 +22.2 puSv year™', while from
257.5+20.6 to 1797.5+143.8 pSv year™' ranged in CCRs
that higher than those reported in the literature resulting of
terrestrial radionuclides (460 puSv year™!) [29, 30].

Chemical composition

The proportions of the chemical constituents in the feed
coal and CCRs were determined using the XRF technique as
shown in Table 4. The variable element ratios depend on the
physical and chemical properties of coal, which form metal
oxides in CCRs after the feed coal burning in oxygen [16].
It is notable that the average concentration of silicon, potas-
sium, calcium and iron in feed coal is 13, 11, 49 and 16%,
respectively, as shown in Table 4. The low concentrations of
elements Al, Ti, Mn, Zn, Rb, Sr and Zr ranged from less than
1 to 5% in the feed coal. Most CCR samples contain Si, K and
Ca with an average concentration of 18, 9% and 49%, respec-
tively. Zn, Rb, and Zr ratios are almost constant at around 1%
for most samples, while Ti ratios range from 1 to 3%.

In this study, potassium is the only element could be
measured by XRF and gamma analysis before and after the
combustion to determine the volatilization ratio and the
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Table 3 Absorbed dose (nGy h~!) and annual effective dose (uSv year‘l) due to exposure to the coal (BC) and the CCRs (AC)

Sample ID Country of origin Trade name of coal BC AC

Absorbed dose  Effective dose rate  Absorbed dose  Effective dose

(nGy h™) (uSv year™) (nGy h™h) rate (LSv year™!)
1 Malaysia Middle East Charcoa 10.2+0.5 50.2+3.0
2 Ghazal BBQ 279+1.4 136.6+8.2 251.1+17.6 1722.6 +137.8
3 Thailand Shishaco 8.4+04 41.0x2.5
4 Rehlat Saied 203+1.0 99.5+6.0 198.7+13.9 973.6+77.9
5 UEA Fire top 33.0+1.7 161.8+£9.7 244.8+17.1 1199.5+96.0
6 Spain Orinex 351+1.8 172.2+10.3 209.9+14.7 1028.5+82.3
7 USA King Sford 36.4+1.8 178.2+10.7 228.9+16.0 1121.6+89.7
8 China Barbecue charcoal 75.6+3.8 370.3+22.2 366.8+25.7 1797.3+143.8
9 Toppy 83+0.4 404+24 40.7+29 199.4+16.0
10 Super Kima 52.8+2.6 2589+15.5 210.3+14.7 1030.5+82.4
11 Burnable charcoal 21.1+1.1 103.2+6.2 88.7+6.2 434.6+34.8
12 Indonesia Volcano 54403 26.7+1.6
13 Earthquake 12.9+0.7 63.4+3.8 155.1+10.9 760+60.8
14 Mowfoor 17.3+0.9 84.7+5.1 105.2+7.4 515.5+41.2
15 Royal BBQ 3.0+0.2 149+0.9
16 Al Nakhla coal 32+02 15.7+1.0
17 Copra 82+04 40.4+24
18 Cococha 12.7+0.6 62.2+3.7 52.5+3.7 257.3+20.6
19 Tropicana 18.7+0.9 91.7+5.5 81.7+5.7 400.3+32.0
20 Somalia Somali Charcoal 5.7+0.3 27.8+1.7
21 South Africa Southafrica coal 53+0.3 259+1.6
22 Paraguay Samba 17.4+0.9 85.5+5.1
23 KSA Charcoal 14.7+0.7 71.8+4.3 108.8+7.6 533.1+42.6
24 Al-Hijaz 16.0+0.8 78.2+4.7 231.2+16.2 1132.9+90.6
25 Medina 15.5+0.8 75.9+4.6 93.6+6.6 458.6 +36.7
26 Gwyn 39+0.2 192+1.2 60.5+4.2 296.5+23.7
27 Bamboo charcoal 379+1.9 185.5+11.1 239.9+16.8 1175.5+94.0

enrichment factor (E;). The potassium enrichment factor
was calculated by dividing *°K radioactivity in CCRs on its
radioactivity in feed coal as in Eq. (3).

_ (Ago, )ccrs
=

(A4OK )Coal (3)

Where, the specific activities of “’K in CCRs and their
feed coal represent (A )ccrs and (A, )cou- The major-
ity of coal has a higher potassium volatilization rate than
its enrichment, as shown in Fig. 1 as in Bamboo charcoal,
where the volatilization rate is 53% compared to the 6%
enrichment factor. These results may be due to potassium
has a low melting point (63 °C) as an alkali metal, mak-
ing it more volatile and increasing the rate of its evapora-
tion during the process of combustion. Table 5 indicates
that the average concentration of “°K in CCRs was found
to be 120 Bq kg™! per 1% K,O, a half-value (252 Bq kg™
reported by Mohanty in 2004 [31].
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The base/acid ratio (R,,,) calculated by Eq. (4) is shown
in Table 6 (Electronic Supplementary Material):
_ Fe,05 + K,0 + CaO + MgO
ba = TS0, + Ti0, + AlO, )

Furthermore, the ratio of silica/alumina (S/A), iron/calcium
(I/C), slagging index (R,) and slag viscosity (Sg) was deter-
mined using Egs. (5-8).

S/ = Sio, S

ALO, )
Fe, 05

1/C = 6

/ CaO 6)

Ry = Ry, XS @)
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Table 4 Chemical composition of the various types of coal before and after conbustion
Trade name of coal Before combustion
Al Si S Cl K Ca Ti Mn Fe Zn Rb Sr Cd Zr
Ghazal BBQ 4.1 11 14.5 39 1 3.7 25 0.7 0.3 0.7
Rehlat Saied 6 18 39 2.8 25 22 1 40 1.1
Fire top 5.8 22 20 32 0.8 2 16 0.7 0.7
Orinex 0.75 12.9 72 0.2 0.6 8.25 5.1 0.2
King Sford 5 24 20 38 0.7 1.2 10 0.5 04 0.1 0.1
Barbecue charcoal 8 25 42 1.5 4 17 0.6 0.5 1 04
Toppy 1.8 5.7 4 69 2.1 1.9 14 1.5
Super Kima 5.6 33 16 24.9 0.9 1.6 17 0.5 0.3 0.2
Burnable charcoal 4.5 18 0.5 1 68 8
Volcano 1.2 9.7 0.4 5 70.6 1.1 04 11 0.1 0.4 0.1
Earthquake 4.1 21 9.8 60.4 0.2 0.7 3.2 0.2 0.1 0.3
Royal BBQ 5.9 3 62.3 1.2 22 24 0.3 1.1
Al Nakhla coal 2 6.6 25 62 1.6 1.2 22.5 0.3 1.2 0.1
Charcoal 5 8 76 9.7 1.3
Al-Hijaz 5.5 21 9 36.7 1 1.6 24 0.6 0.4 0.2
Medina 6 2.5 4.8 69.8 1 0.5 12 34
Gwyn 15 34 81.6
Bamboo charcoal 15 88.7 0.6 3.7
Trade name of coal  After combustion
MgO ALO; SiO, SO, K,0 CaO TiO, MnO Fe,0; ZnO Rb,0 SrO ZrO, PbO
Ghazal BBQ 4 5 26 1.00 13.7 36 1 1.5 11 0.3 02 03
Rehlat Saied 1 32 5.20 2.5 297 2 0.8 26 0.08 0.02 0.7
Fire top 6 1.00 17 68 0.7 0.4 55 0.3 0.1 1
Orinex 1 1.00 080 128 77 0.1 2.3 0.1 0.9
King Sford 16 1 1 10 3.1 324 15 19 2.5
Barbecue charcoal 3.7 15.7 24 43.8 1 1.8 9 0.1 0.1 0.6 02
Toppy 6.8 17 3.00 4 58.5 1.9 0.8 7.5 0.5
Super Kima 11 51 126 152 0.6 0.7 8.2 0.2 02 01 0.1 0.1
Burnable charcoal 6.9 259 8.00 2.8 39 1.8 0.4 13.8 0.1 1.2 0.1
Volcano 5.8 50.7 1.4 1.7 20.8 1 14 91 44 3.7
Earthquake 77 040 16.60 9 6095 0.4 0.7 35 0.2 02 03 005
Royal BBQ 2047 5.30 4 606 05 0.1 5.6 0.03 04
Al Nakhla coal 39 5.9 14.6  2.00 114 486 1 0.8 11.1 0.2 0.1 0.4
Charcoal 139  0.80 7.8 54.7 0.5 18 0.5 02 33 0.1
Al-Hijaz 9.9 8 50.9 1.3 0.8 27 0.5 05 09 02
Medina 34 20.8  9.10 34 573 06 0.1 5 0.3
Gwyn 44 13 8.8 53.3 0.9 0.7 16 0.4 02 23
Bamboo charcoal 4.5 7 77.3 33 7.9
Sio, more than 15% K,O. The ternary diagram in Fig. 3 classi-
Sk = Si0, + Fe,0, + CaO + MgO (®  fied most CCR samples as low acidity and indicates type C,

As shown in Table 6 (Electronic Supplementary Material),
it is generally expected that slag deposition (R;,,) will be
achieved. Figure 2 shows that most CCRs (ash samples)
contain more than 50% CaO and less than 30% SiO, with

which has a high calcium oxide ratio and is anticipated to
have high melting temperatures and small deposits due to
high concentration of Ca [16]. S and K types describe Super
Kima and King Sford, respectively, which have a high risk of
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Fig. 1 Influence of burning of 40
different types of coal on the
volatilization rate (%) of K and
enrichment factor of “°K
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Rehlat Saied

Fire top

Orinex

King Sford
Barbecue charcoal
Toppy

Super Kima
Earthquake
Charcoal

Al-Hijaz

Medina

Bamboo Charcoal

Table 5 Determination of the K proportion (%) and 40 K radioactive (Bq kg™!) in the various types of coal before and after combustion to esti-
mate the 40 K activity per % K (Bq %K')

Trade name of coal BC AC

K (%) K (Bq kg™ The radioactivity of “°K per K (%) K (Bq kg™ The radioactivity of “°K

1% K (Bq 1% K™ per 1% K (Bq 1% K1)

Ghazal BBQ 14.5 174 12.00 13.7 1130 82.48
Rehlat Saied 2.8 51 18.21 2.5 435 174.00
Fire top 20 300.4 15.02 17 1958 115.18
Orinex 12.9 251 19.46 12.8 1288 100.63
King Sford 20 347.8 17.39 16 1900 118.75
Barbecue charcoal 25 553 22.12 24 2150 89.58
Toppy 4 51.9 12.98 4 207 51.75
Super Kima 16 268 16.75 12.6 1050 83.33
Burnable charcoal 168 2.8 320 114.29
Volcano 5 68 13.60 5.8
Earthquake 9.8 109 11.12 9 1337 148.56
Royal BBQ 3 38 12.67 4
Al Nakhla coal 2.5 40 16.00 114
Charcoal 8 100.6 12.58 7.8 913 117.05
Al-Hijaz 9 99 11.00 8 1990 248.75
Medina 4.8 76.7 15.98 34 277 81.47
Gwyn 49 8.8 462 52.50
Bamboo charcoal 15 238 15.87 7 1330 190.00
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Fig.2 SiO,-CaO-K,O ternary
diagram after combustion
process
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14 Medina

15 Gwyn

16 Bamboo Charcoal
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Fig.3 SiO,+CaO+K,0+S+
MgO+MnO + Al, O3+ Fe, 05+
TiO, (AC) ternary diagram
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deposition owing to the formation of silicates and presence
of potassium [16].

Conclusion

The radioactivity of total Ra and “°K in CCRs is 6-12 times
higher than in the feed coal due to the removal of 10-15%
carbon. Before burning, most coal samples have the ratios
of 22°Ra/**®Ra close to the soil ratio (1.2). Radionuclides

were measured in CCR samples to study the redistribution

of these radionuclides and found that the majority of the
samples had a concentration of >*°Ra less than ***Ra, result-
ing the ratios of ®Ra/**Ra are relatively higher in CCRs
than feed coal except for a small number of these samples.
The effective annual dose rates were calculated and found
to be 370.3 and 1797.5 pSv year™! for coal before and after
burning, respectively. XRF was used to determine the pro-
portions of Al, Si, K, Ca, Mn, Fe, Sr and Rb coal com-
position with variable concentrations obtained before and
after the combustion process. The average concentration
of “°K (120 Bq kg~! per 1% K,O in CCRs) concentration

@ Springer



894

Journal of Radioanalytical and Nuclear Chemistry (2020) 323:885-895

was calculated and its lower value was observed by half as
compared to the literature value. Most CCR samples are low
acidity and represent type C, which has a high calcium oxide
ratio and is anticipated to have a high melting temperature
and low deposits owing to high concentrations of Ca.
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