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Abstract: Various commercially imported ceramic materials used in the building of Sudanese
dwellings were examined in order to determine their natural radioactivity and radiological hazard
parameters. In this context, twenty-five different consignments were sampled and analyzed using
(3" x 3") sodium iodide gamma spectrometry system Nal(Tl). The identified average activity
concentrations of 28U, 232Th, and “°K were 183 = 70, 51 = 44, and 238 + 77 Bq/kg dry-weights,
respectively. A positive correlation between 233U and 232Th in the investigated samples was identified
from the observed significant correlation (R?> = 0.8). Interestingly, a low Th/U ratio (~0.3) was
recorded, which could be related to the systematic loss of thorium during the fabrication process.
The measured activity concentrations for these radionuclides were comparable with the reported
data obtained from similar materials used in other countries showing similarity in ceramic materials
used in buildings. Five different radiation indices, such as the average radium equivalent (Raeq),
the absorbed dose rate (D), the annual effective dose equivalent (AEDE), the external hazard index
(Hex), and the radioactivity level index (1), which indicate hazardous radiation, were estimated
from these measurements. The obtained results revealed average values of 274 £+ 106 Bq/kg,
125 + 48 nGy/h, 1.23 & 0.48 mSv/y, 0.74 4 0.29, and 0.94 £ 0.37, for Raeq, D, AEDE, Hex, and 1y,
respectively. The mean values of Raeq and Hex were in good agreement with the international limits,
while the means of D and 1, were higher than the universal values. Calculated AEDE in about 60%
of the samples exceeded the universal limit of 1 mSv/y for the public exposure (maximum value
of 2.16 mSv/y). The investigated parameters were in the same range for the majority of imported
samples; however, they were slightly higher than the locally produced ceramic, highlighting the
importance of monitoring imported materials for their radioactivity contents.

Symmetry 2018, 10, 746; d0i:10.3390/sym10120746 www.mdpi.com/journal /symmetry


http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
https://orcid.org/0000-0002-3040-3834
https://orcid.org/0000-0003-0574-4490
https://orcid.org/0000-0002-8123-4743
https://orcid.org/0000-0003-2520-7617
http://www.mdpi.com/2073-8994/10/12/746?type=check_update&version=1
http://dx.doi.org/10.3390/sym10120746
http://www.mdpi.com/journal/symmetry

Symmetry 2018, 10, 746 2 0of 10

Keywords: radioactivity concentration; radiological hazards; ceramic tiles; gamma ray spectrometry

1. Introduction

Naturally occurring radioactive materials (NORMSs) are present at a low concentration in the
environment [1]. These natural radionuclides, including long-lived radioactive elements, such as
uranium, thorium, potassium, and the decay product radium, can be classified according to their origin
and formation. The earth’s crust is the source of these radionuclides and additionally, they could be
part of all environmental compartments, even within the tissues of all living species [1]. NORMs occur
in various natural materials (e.g., soils, water, gas, and non-metal minerals, including fertilizer raw
materials, such as rock phosphate and apatite) [2,3]. Interestingly, it has been demonstrated that metal
ores (tantalum, tin, niobium ores, gold, copper, etc.) are also associated with NORM [4]. Materials
containing NORMs with an elevated radionuclides content which are used in industrial activities
represent an environmental problem that needs to be addressed [5].

Generally, building materials are derived from rocks and soil which exhibit natural radioactivity
related to the presence of uranium (338U) decay-series and thorium (332Th) decay-series, and the
radioactive isotope of potassium (*°K). The significant decay product in 238U series is radium (**°Ra);
for this reason, the series denoted the name radium decay. It has been demonstrated that people
spend about 80% of their time indoors [6]. Human exposure to radiation is strongly related to the
radioactivity content in building materials [7]. Therefore, the assessment of radioactivity in buildings is
important to evaluate the radiation exposure. Among these decorative materials, ceramic tiles, which
are manufactured using a mixture of earthly materials (shaped and heated at a high temperature),
are used worldwide. The addition of zircon (ZrSiO;) to ceramic significantly enhances the natural
radioactivity concentration compared to the average value of the earth’s crust. Moreover, the tiles
processing enriches radionuclides in the final product [8].

The possibility of radioactive contamination or the presence of high concentrations of naturally
occurring radioactive material may be high in these materials, which could affect human health and
the environment [9,10]. This risk can be reduced by ensuring that the contaminated material is not
exposed to the public, through the assessment of the quality of construction materials before they reach
the market. The International Commission on Radiological Protection (ICRP) has developed a series
of guidelines and technical documents related to the safety and dose limits permitted from naturally
occurring radioactive materials [11]. The importing of naturally occurring radioactive materials is
usually governed by various laws to ensure both quality and safety [12].

Sudan is a developing country, and in the last decades, it has been experiencing considerable
development in infrastructure and constructions. This development is noticeable from the increasing
number of buildings with a modern style, which requires the use of some imported building materials.
Ceramic is used as a construction product to cover floors and walls, and as decoration material [5].
In Sudan, this is not limited to indoors, and outdoor yards and lounges also receive some interests
of the use. For these purposes, Sudan imports ceramic from different countries, but mostly from
China [13]. Ceramics are generally made from zirconium materials, which are made from natural ores
that contain a trace amount of natural radioactive elements [14]. After the purification process, these
traces are usually reduced to low levels.

The aim of this study is to explore the radiological hazards of ceramic used in buildings.
The radioactivity level of imported ceramics used in Sudan as building materials will be evaluated and
compared with global data. Finally, five selected hazard indices will be calculated to assess the exposure.
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2. Materials and Methods

2.1. Sampling and Sample Preparation

A total of 25 ceramics tiles, imported from China, were collected from different packages at the
main seaport of Sudan, Port-Sudan City. The samples were obtained from different factories and
include ceramic tiles used as a building material for walls and floors in Sudan.

About 0.7 kg in weight of each sample was crushed and samples were dried at 105 °C for 3 h to
obtain a dry sample. Then, to ensure that the secular equilibrium was reached, samples were sealed in
Marinelli beakers for about four weeks to allow the daughters’ decay rate to be same as that of the
parent. The time of sealing is needed for confining radon gas within the available geometry to ensure
the presence of all decay products.

2.2. Measurements

The radioactivity content and risk assessment were determined for the imported ceramic samples.
Gamma spectrometry system model 802-4 Nal(Tl) crystal with a resolution range from 7.5 to 8.5% at
a 662 kev peak of Cs-137 connected to a personal computer analyzer using Win TMCA32 software
was employed for these measurements. The detector system comprises built-in electronic modules
plugged to a PC via a USB link. For measurements, a Marinelli beaker containing the sample was
placed in the detector for three to six hours (depending on the counting statistics). The spectrum
was stored in the computer and evaluated using “Win TMCAS32 target” Gmbh software (Genie 2000,
Canberra, Meriden, CT, USA). The system was regularly calibrated using a standard mixed gamma
source in the same geometry. Additionally, measurement with an empty beaker taken regularly for
background deduction was carried out. Quality control was run with the assistance of three referenced
materials (RGU-1, RGTH-1, and RGK-1) obtained from the International Atomic Energy Agency
(IAEA). To consider the errors associated with the radioactivity measurements, validation parameters
such as the minimum detectable activity (MDA) of the detector and uncertainty (including precision
and accuracy) were assessed during analysis [15]. The MDA was determined at a 95% confidence level,
while ten consecutive measurements were carried out to estimate the precision and accuracy associated
with the activity concentrations of 282Th, 28U, and 4K, and the obtained data were satisfied.

The uranium (or radium) content of samples was evaluated via daughter isotopes that emit
gamma rays and radium evaluated mainly from the gamma line of 609 keV of Bi-214 (assuming secular
equilibrium between parent nuclides (38U and ?%°Ra) and daughters). Thorium content was estimated
from 239 keV (gamma line) of Pb-212 and potassium content was evaluated from 1460 keV (gamma
line). It should be noted that because of the poor resolution of Nal detectors, it was not possible to use
low gamma energies of U-238 (63 keV) and Th-232 (92 keV) in this study.

2.3. Assessment of Radiological Hazard

To evaluate the radiological risk of exposure from the excess gamma radiation originating from
ceramic used in building materials, some of radiological hazard indices have been calculated using
Equations 1-5. The following section gives a brief description of these five indices.

2.3.1. Radium Equivalent Radioactivity (Raeq)

The radium equivalent activity (Raequ) is the sum of the activity of 23817, 232Th, and “9K based on
the assumption that 10 Bq/Kg of 238U, 7 Bq/Kg of 232Th, and 130 Bq/Kg of °K produced the same
y-ray dose rates. The equivalent radioactivity is computed from the suggested Equation (1) [14,16].

Raequ (Bq/Kg) = CRa +1.43 CTh + 0077CK (1)

where CRr,, Crn, and Cy are the activity concentration of 287 (*26Ra), 2%2Th, and 4K in Bq/Kg,
respectively. To keep the external dose <1.5mGy /h [17], the highest value of Raeq must be <370 Bq/Kg.
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2.3.2. The Absorbed Dose Rate

The absorbed dose rate (D) in air (in Bq/kg and at 1 m above the ground level) is associated
with a specific activity concentration of 228U (*°Ra), 232Th, and #°K, indicating the effects of gamma
radiation [18,19]. The value of D is defined by Equation (2):

D (nGy/h) = 0.462 Cg, + 0.604 Cyy, + 0.042 C @)

2.3.3. The Annual Effective Dose Equivalent

The annual effective dose equivalent (AEDE) for the public or the worker in different samples
(mSv/y) was estimated using Equation (3) [7].

AEDE (mSv/y) = (0.46Cg, + 0.79CTy, + 0.048Ck) x 8.76 x 1073 )

2.3.4. The External Hazard Index

The external hazard index (Hex) evaluates the radiation risk attributed to radioactive materials.
The value of Hey is calculated using Equation (4) [7,19].

_ Cra , O,
370 259 @ 4810

Hex 4)

To consider the radiation hazard insignificant, the Hex value must be less than or equal to

unity [16].

2.3.5. The Radioactivity Level Index

The radioactivity level index (I,) is used to estimate the rate of y-radiation hazards linked with
natural radionuclide in investigated samples. The I, is defined by Equation (5) [20].
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3. Results and Discussion

3.1. Radioactivity Contents in Ceramic Samples

Natural 28U, 22Th, and *°K were determined for the 25-ceramic samples using the gamma
spectrometry system. The results of the measurements are presented in Table 1 and Figures 1 and 2.
The findings show that the activity concentrations varied from 93-318 Bq/kg, from 16-239, and from
126-384 Bq/kg for 238U, 232Th, and °K, respectively. The average values + standard deviations (SD)
were found to be 183 + 70 Bq/kg, 51 + 44 Bq/kg, and 238 + 77 Bq/kg for 28U, 2°2Th, and 4K,
respectively. Table 1 shows descriptive statistics where the parameters are presented at <0.05.

The obtained activity concentrations of 2*3U, 2*2Th, and *’K were compared with the global
average activity concentration values (50, 50, and 500 Bq/kg) [7]. The results revealed that all samples
contain 238U (average 183 + 70 Bq/kg) higher than the typical world value by at least two times, and
up to five times in about 25% of the studied samples (average of 3.6 higher). This higher 238U is likely
due to the source of the samples and processing composition. For 232Th, the majority of samples have
values (average of 51 &+ 44 Bq/kg) close to global values, with the exception of one sample. It is also
observed that the average concentration of “°K (238 & 77 Bq/kg) is lower than the corresponding
typical world value. These results are relatively higher than the levels in previously investigated
locally produced materials, particularly 238U [21,22]. However, the activity concentrations of 38U,
232Th, and 4°K Bq/kg of ceramic samples in the present study are comparable, with slight variations
with other studies in some countries [21,23-27], as indicated in Table 2.
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Table 1. Activity concentrations of 238U, 232Th, and “°K (in Bq/Kg) of various imported commercial

tile samples used for decoration in Sudan.

Tiles Samples 28y 22Th 40K
1 104 +£7.7 239 £5.6 301 £16
2 93 +54 16 +4.1 215+ 13
3 311 £2.6 93 +6.7 384 £ 16
4 97 £ 5.6 24+40 231 +£13
5 140 £5.7 38 +4.3 335+ 14
6 195+72 51+52 224 + 11
7 165 £ 6.6 35+53 297 £14
8 214 +£7.8 54 £58 201 £12
9 195+78 54+59 174 + 11
10 318 £9.8 84+73 332+ 16
11 258 £9.1 70 £ 6.5 289 + 15
12 117 £5.7 32+43 325+15
13 134 £ 6.0 29 £ 4.6 130 £9.0
14 135+ 6.0 25+45 135+ 9.0
15 177 £7.1 30+5.1 281 £ 14
16 249 +£79 54 £6.5 224 £ 13
17 245 +£7.6 39+6.2 170 =10
18 251 +7.7 41+ 64 162 £ 10
19 131+ 6.1 26 +4.7 139 + 10
20 276 £ 8.6 68 + 6.1 345+ 14
21 127 £ 6.1 23 +£48 126 £9.0
22 142 + 6.6 34+48 192 + 11
23 100 £ 5.6 20+ 44 175 +£12
24 250 £+ 8.8 68 £ 6.2 311 £ 15
25 147 £ 6.8 31+52 245+ 14
Average 183 51 238
Standard Error 14 9 15
Median 165 38 224
Standard Deviation 70 44 77
Confidence Level (95%) 29 18 32

Table 2. Comparative analysis of activity concentrations of 23U, 232Th, and 4°K (in Bq/Kg) in Bq/kg

of commercial tiles used in various countries.

Activity Concentration (in Bq/Kg)

Origin B8y 22Th 0K References
Range Average Range Average Range Average

Sudan 3-394 52.4 2.8-108.2 20.6 82-1413 206.9 [21]
Cuba nd?! nd 1.2-22 - 9-857 - [23]

Ghania nd nd 18.13-38.18 25.44 67.50-655.13 233 [24]
Serbia nd nd 50-101 65.5 560-1070 841.25 [25]
Yemen 0-560 207.2 0-267 752 nd Nd [26]

Nigeria 37.5-241 61.1 41.5-126.5 70.2 270-940 514.7 [27]

Present Study 93-318 183 16-239 51 126-384 238 -

1 not determined.
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Figure 1 shows a box-plot of 2387, 232Th, and 4°K activity concentrations, where the minimum,
maximum, and means are presented. Distributions of the obtained content of the three radionuclides
are non-normal. The figure shows that an outlier is noted for 2>2Th. Excluding this outlier, the average
232Th concentration becomes 43 Bq/kg (i.e., about the same order of magnitude). Although 2*2Th is
lower than 23U (ratio ~ 0.28), a significant correlation (R? = 0.83) between the two radionuclides was
observed, with one exceptional outlier, as can be noticed from Figure 2. The low Th/U ratio (compared
to natural normal values) indicates that natural and /or man-made change occurred to the material,
where a high loss of Th occurred either during a natural process or at a fabrication phase of the ceramic.
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Figure 1. Mean and range of the three nuclides: 238U, 232Th, and °K (in Bq/kg).
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Figure 2. Correlation between 233U and 232Th.
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3.2. Assessment of Radiological Hazard

The calculated results are presented in Table 3. In addition, the obtained data of the five
radiation indices were compared with the recommended global data [7,17], as described in the
following sub-sections.

The activity concentrations’ range of 2®U and “°K indicates that the maximum value of each
radionuclide is approximately three to four times the minimum, while for 2*2Th, the activity
concentration is widely scattered (Table 3).

Table 3. Radiation indices of various imported commercial tile samples used for decoration in Sudan.

Tiles Samples  Raequ ' (Bq/Kg) D2 (nGy/h)  AEDE? (mSv/yr) Hex 4 1,5
1 469 205 2.17 1.27 1.64
2 133 62 0.60 0.36 0.47
3 474 216 2.12 1.28 1.63
4 149 69 0.67 0.40 0.52
5 221 102 1.00 0.59 0.77
6 286 131 1.27 0.77 0.98
7 239 110 1.07 0.64 0.83
8 307 140 1.37 0.83 1.05
9 286 130 1.27 0.77 0.98
10 463 211 2.06 1.25 1.59
11 380 174 1.69 1.02 1.31
12 187 87 0.85 0.51 0.66
13 186 85 0.82 0.50 0.64
14 181 83 0.80 0.49 0.62
15 241 111 1.08 0.65 0.83
16 344 157 1.53 0.93 1.18
17 314 144 1.39 0.85 1.07
18 322 147 1.42 0.87 1.09
19 178 82 0.79 0.48 0.61
20 400 183 1.78 1.08 1.38
21 170 78 0.75 0.46 0.58
22 206 94 0.92 0.55 0.71
23 142 66 0.64 0.38 0.49
24 371 170 1.66 1.00 1.28
25 210 97 0.94 0.57 0.73
Range 133-473 62-216 0.60-2.17 0.36-1.28 0.46-1.64
Average + Std 274 4 106 125 + 48 1.23 +0.48 0744029 094 +037

1 Radium equivalent, 2 Absorbed Dose Rate, 3 Annual Effective Dose Equivalent, 4 External Hazard Index,
5 Radioactivity level index.

3.2.1. Radium Equivalent Radioactivity (Raeq)

The calculations of Raeq reveal that the values ranged from 133 to 473 Bq/kg, with an average
value of 274 4= 106 Bq/kg (Table 3). It is obvious that 80% of the samples have Raeq values less than
the maximum allowed value of 370 Bq/kg, reducing the radiological hazard in ceramic tiles used in
buildings [7,17].



Symmetry 2018, 10, 746 8 of 10

3.2.2. The Absorbed Dose Rate

The absorbed dose rate values ranged between 62-216 nGy /h, with an average value of 125 &
48 nGy/h (Table 3). From Table 3, it is noticed that about 32% of obtained results were below or equal
to the permissible average global value of 80 nGy/h [19].

3.2.3. The Annual Effective Dose Equivalent

The annual effective dose equivalent (AEDE) ranged between 0.60 mSv/y and 2.17 mSv/y, with
a mean value of 1.23 £ 0.48 mSv/y (Table 3). The results of AEDE indicated that 60% of the estimated
values are higher than the international recommended value (1 mSv/y) for the public exposure dose
criterion [18].

3.2.4. The External Hazard Index

The range of computed Hex for ceramic samples was between 0.36 and 1.28, with a mean value of
0.74 £ 0.29 (Table 3). Interestingly, about 90% of the values are lower than unity, fitting well with the
universal assigned value, showing that these materials are safe for building construction [7,25].

3.2.5. The Radioactivity Level Index

I, values were between 0.47-1.64, with a mean value of 0.94 £ 0.37 (Table 3). It is noticed that I,
values were higher than unity (I, > 1) in about 75% of the measured samples.

4. Conclusions

The radioactivity of the collected samples, from 25 consignments of ceramics imported to Sudan,
was measured using y-spectroscopy for radiation protection purposes as the material is used in
a variety of dwellings and public buildings. Uranium content (**¥U) was 3.6 times higher than the
recommended international limits. However, thorium (**2Th) and potassium (*°K) were within the
levels. The high U/Th ratio (3.6) is attributed to the loss of thorium during fabrication of the ceramic.
Investigations of hazard indices resulted as follows: Average radium equivalent activity (274 Bq/kg)
lies within the recommended limit (370 Bq/kg). The absorbed dose rate average is 122 nGy/h, which is
more than twice the international average value of 55 nGy/h. Annual effective dose equivalent showed
higher values than the global recommended value of 1mSv/y in fourteen samples. External hazard
index, Hey, is in good agreement with the specified limit (unity). I, values for all samples were higher
than unity (>1). Therefore, from the measures and calculated radiological properties, the samples
showed clear variation. Finally, it could be concluded that the ceramic used in the decoration of
building materials could be a source of radiation that contributes to the total annual dose rate of
y-radiation (by 23%) for Sudanese dwellings and public buildings.
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