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As the risk of lung cancer increases with increasing radon exposure, the preferred
measure of this risk is the long-term average radon level. The assessment of the
radiation risk in workplaces in Egypt is constrained by the lack of experimental data
about the measurements of natural radioactivity emitted from some common
building materials and radon concentration within the buildings. The natural
radioactive Ra-226, Th-232 series, and K-40 were computed in (Bg/kg) by a
pure hyperactive germanium detector based on gamma spectroscopy to
determine the potential health risk from exposure to gamma radiation induced
by commonly used construction materials in Egypt such as ceramics and granite
materials. The spatial variations of radon concentrations within two buildings, in
over 50 rooms, made from two different types of building materials were surveyed
using nuclear detectors (CR-39) to assess radon concentration for two successive
6 months. To analyze the relationship through radon concentration and floor
levels for the use of ceramic tile improved construction materials, tier average
ratios respecting the ground floor as a reference-grade consideration were also
computed. All the findings of this research were analyzed and contrasted with the
traditional ceramic construction material and it was clear that the “ceramics tile
construction building” is a hygienic workplace which may be attributed to the use
of improved construction materials and radiation shielding.

KEYWORDS

natural radioactive material, radon concentration, building materials, workplaces, CR-39,
radiation shielding

1 Introduction

Some applications of ionizing radiation are useful such as fabrications of radiation dosimetric
materials (Abdel Ghaffar et al., 2009; Afifi et al., 2022), but sometimes exposure to naturally
occurring jonizing radiation resulting from radionuclides is unavoidable for humans. The world
population receives more than 85% of its radiation dose from natural sources, owing primarily to
the Uranium (**U) and Thorium (**Th) decay series radionuclides, as well as the single
occurring “K radionuclides, which all disintegrate continuously in the housing environment
(Solehah and Samat, 2018; Aladeniyi et al., 2021). Based on the soil composition, the radionuclide
varied up to four times between countries and locations (Goldstein et al., 1999). Various amounts
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of natural radioactive nuclides are present in all building materials
(Fares, 2019; Venoso et al., 2020). Ceramics are one of the most widely
used building (decorative) materials. The earth’s crust is replete with
constituents ordinarily utilized in chemical manufacturing that include
a high concentration of naturally occurring radionuclides (Lumpkin
et al, 2014). In numerous nations, surveys of the natural radioactive
content of construction materials have been widely debated (Mahat and
Amin, 1990; Deng et al., 1997; Hobbs, 2000; Stajic and Nikezic, 2015).

In practice, many radiological issues arise when natural constituents
are used as construction materials (Haridasan et al.,, 2015). Glass and
ceramic goods are made from soils bearing naturally existing radioactive
materials which including UO,, ThO,, and ZrO, (Deng et al., 1997).
Clay, silica, feldspars, talc, and kaolin are used to create ordinary
ceramics. Due to the lanthanum series’ shine quality, zircon sand
(ZrSiO,) is supplemented with the components utilized in the
manufacture of glaze. Uranium is easier to penetrate and trap in the
zircon crystal lattice (Jensen, 1952). To prohibit the constituents of
ceramics from absorbing liquids, they are coated with a glassy coating
called the glaze, which makes them smoother and easier to clean. In an
area bordered with glazed ceramic tile, the overall radiation level was
higher than in other ceramic components (Hofmann et al, 2000).
Because employees are exposed to naturally existing radioactive
compounds such as uranium and thorium, that can be found in
ceramics’ raw ingredients, the creation of many types of ceramic
tiles poses a possible radiation risk (Krewski et al, 2019). Natural
radionuclide concentrations in building materials of the U-238, Th-232
series, and K-40 radioactive isotopes are critical for assessing radioactive
pollution in public spaces. The existence of diverse physical-chemical
formulations of stable components and radionuclides at the ceramic
fraction supplies governs the leaching of radioactive and stable elements
from ceramic components (Testa et al, 1999; Morabito, 2004).
Achievement of radiation dosimetry for bioenvironmental and other
application purposes has occurred with the introduction of various new
detectors, which their applications depend on the qualities of radiation
dosimetry they exhibit (Diab and El-Mallawany, 2014; Abd-Elghany
et al, 2020; Diab et al, 2020). Radiological monitoring in the
environment has been carried out through different researches to
assess the radiogenic risk from radiation exposure to natural
radioactivity (Abo-Elmagd and Daif, 2010; Diab, 2017; Diab, 2019;
Badran, 2018; Salim and Ebrahiem, 2019).

Above all, taking into consideration the wisdom that says prevention
is better than cure, we must highlight technological advancements in the
field of radiation protection, such as the development of sustainable and
cost-effective materials for use in the construction of radiation shields
(Reda and Saleh, 2021; Saleh et al, 2021; Saleh et al, 2022), the
development of environmentally friendly methods for treating
radioactive waste (Dawoud et al, 2022; Abdelhamid et al, 2023)
before stabilization (Saleh and Eskander, 2020; Saleh et al., 2020) and
the improving the characterization of cement used in radioactive waste
immobilization by including natural clay or polymer (Saleh, 2014;
Eskander et al., 2021), glass (Ehab et al,, 2022; Eid et al., 2022; Esawii
et al,, 2022) or packaging of radioactive waste to attain human-safe and
clean environment (Saleh and Koller, 2021).

From the radiation protection point of view, doses above
1.0 mSv’' should not be exceeded and controls should be based
on a dose range (0.3-1.0 mSv™"). Individual doses greater than
1.0 mSv™" should be avoided (Hofmann et al., 2000). This study
examined the inherent radioactivity of granite and other raw
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ceramic materials, as well as the final product (ceramic tile), and
how to limit exposure for building occupants and workers.

More than 50% of human exposure comes from natural sources,
owing to Radon gas (222Ra) and its descendants. It is produced in rocks
and soil by the alpha decay of 226Ra, and as a result, it is found
throughout the Earth’s crust, though in fluctuating amounts depending
on geology. Radon gas, which is responsible for up to 14% of lung
cancer incidence, can enter homes through cracks in walls when it is
released from the earth, where it can accumulate to dangerous levels. It
can reach the bronchial tissue during the breathing process and decay
there, generating radioactive alpha particles capable of harming the
pulmonary epithelium and triggering lung cancer (Quarto et al., 2015).
The correlation and relationship between indoor radon and lung cancer
have already been identified in several countries through
epidemiological studies (Darby et al, 2005; Lubin et al, 2005;
Krewski et al, 2006). These studies reveal that residential radon
poses a significant lung cancer risk at a mean radon concentration
of 104 Bq/m’, particularly for smokers and recent ex-smokers, and that
is responsible for around 2% of all cancer deaths in Europe. Lung cancer
risk rises 16 percent for every 100 Bq/m’® increase in long-term average
radon concentration. Quarto et al., 2015 estimated the annual effective
dose is 8.2 mSv per annum with a probability of cancer risk of 148 per
million inhabitants (Darby et al., 2005). Important studies (Antignani
et al,, 2009) present various locative variability radon level sources and
these differences produce uncertainties that could have a massive
influence on evaluating the dose a public receives from radon.
Endogenous spatial variations in 243 homes were observed in 1-year
radon level measurements (Steck, 1992). Although the task is important
and affects severely the human life, limited studies are published in
Egypt regarding radiation exposure from some building materials
including granites (Fares, 2019). In this work, an inter-comparative
study of radioactivity measurements between ceramics and granite,
which are considered among the most important building materials
used in workplaces, to reduce the risks of radon to achieve healthy
buildings.

2 Materials and methods
2.1 Building materials

This study was conducted in Egypt in 2020. The studied building
was constructed from advanced granite with a thickness of 2.0 cm and a
surface area of 280 cm” This granite involved petroleum compounds
(benzoic acid) and Egyptian ceramics with thickness 3 cm and surface
area of 380 cm? In the ceramic floor, the raw materials consist of a
blend of clay, feldspar, silica, zirconia silica (ZrSiO,4), and talc kaolin.

2.1.1 Granite composition

The granite is formed from feldspar, quartz, and biotite. The
percentage composition of feldspar ranged from 65% to 90%, while
quartz could range between 10% and 60% and biotite from 10% to
15%, along with benzoic acid. Granite is a magmatic igneous rock.

2.1.2 Ceramics floor tile

Five raw ceramic ingredients including zirconium silicates, clay,
feldspar, kaolin, and talc minerals are utilized in the production of
ordinary local ceramics. The glaze paste, which was produced from
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the minerals mentioned above, was used as the sixth sample. The
final product (ceramic tile) was used as the seventh sample.

2.2 Experimental procedure

A p-type co-axial gamma spectroscopic detector with a high
resolution and crystal with high-purity germanium (HPGe) used in
conjunction with a multi-channel analyzer (Tennelec company,
United States of America) was utilized to measure radioactivity. The
samples were crushed to produce homogenious powder of average
particle size. To ensure that all samples have the same volume and
geometry, plastic gars (300 mL) were used. Each jar was perfectly sealed
after being filled with crushed materials and left for an exposure time of
4 weeks to allow Ra-226 and Th-232 and their progeny to attain
equilibrium. The radiation level and background activity of each
sample were assessed.

Natural radioactive series of Ra-226 and Th-232, besides K-40
radioactive isotope concentration levels, have been determined.
Isotope which emits resolute peaks of high intensity has been
selected among natural radioactive chains. The Ra-226 series was
supposed to be represented by Bi-214 activity at 609 keV. The Th-
232 series was supposed to be represented by Ac-228 activity at
(911 keV). There is only one distinct peak in K-40 (1,460 keV).

2.3 Calculations

2.3.1 Radiation hazard indices calculation

Introducing the levels of Ra-226, Th-232, and K-40 activity in a
single quantity, which considered the radiation harmful effect
related to each individual component, a common radiological
index is called the radium equivalent activity (Raeq) and is
represented by (UNSCEAR, 2000).

Ra.q (BqKg™") = (1.43xAm) + Ag, + (Axx0.077) (1)

Where Ag,, A, and Ax are the activity concentrations of Ra-
226, Th-232 and K-40 respectively (Ahmad et al., 2006).

2.3.2 Radon gas concentration calculations
Eq. 2 was employed to determine the activity of radon gas
(Alrowaili, 2023).

_ p
= (TxK) @

Cra (Bqg.m™)

Where p is the density of the measured alpha track, illustrated in
unit Track cm™, and T, is the exposure time, which is related with
the actual exposure time T, calculated in days by Eq. 3.

T.=T-X"'(1-¢™) 3)

Where by A (d7") is the decay constant of Rn-222 and T is the
total time exposure.

K is the calibration factor (T.cm™. d7'/Bq.m™), which is
calculated using Eq. 4 (Amin and Hamdy, 2015).

1
K =-r[2cosf, — -z (4)
4 R

o
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TABLE 1 Shows the particular radioactivity in Bq/kg of the samples
manufactured from ceramic floor tile and granite (Steck, 1992).

Ra-226

Th-232

Ceramic floor tile 35.18 + 1.66 4437 + 1.78 80.12 + 1.26

Granite 41.12 £ 1.75 48.16 £ 1.17 85.14 + 1.17

Where, r = radius of the container in cm; 6, = 35° is the critical
angle of CR-39 and R, = 4.15 cm, which is the range of particle o
dispelled by the Rn-222.

The nuclear track detectors CR-39 mounted in a conductive
holder were used for radon measurements. The etching process by
NaOH solution which has a normality of 6.25 N at a temperature
equal to 93°C of the detector required about 4.5 h, then the tracks
were computed through the uses of an automated image analyzer
(type Radometer 2000; by a company of Radosys, made in Hungary).
Each measurement was tested for the reproducibility of track
counting by counting a reference detector’s tracks. The mean of
two pairs of radon measurements every 6 months was recorded for
each room. The average time-weighted radon concentration was
measured using an exposure time dosimeter (in days) as weights to
achieve annual values from two consecutive 6-month periods
(Antignani et al.,, 2009). A single annual average concentration of
radon will therefore be collected and used for each monitoring room
for this study.

2.4 Statistical analysis

Evaluation of radon measurement variation between floors
represented by a unique radon value. Median, mean, and standard
deviation are computed. In particular, as a monitor of the relative
radon concentration variance between floors, the coefficient of
variation (CV) was measured. Two different aspects of the
evaluation of radon variability within the building were studied;
variation among different floors monitored by recording a single
radon measurement per each floor (computed as average
measurements estimated per each floor) and variation across the
same floor (i.e., variation from room to room). Ratios of the coefficient
of variation among tier means and tier mean ratios, considering
ground tier as a reference level, SD, and the tier average have been
measured to determine tier-to-tier variations. Standard deviation and
variation coefficient of radon density grades were measured for each
tier to quantify floor variance with more than one monitored room
(Antignani et al., 2009).

3 Results and discussions

3.1 Investigation of the radiological
characterization of granite and Egyptian
ceramic

The radionuclides in granite and Egyptian ceramic have been
identified by Steck (Steck, 1992) as shown in Table 1.

The measurements were performed in 50 monitored rooms in a
new building in Giza, Egypt. Long-term (CR-39) measurements are
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TABLE 2 Radon concentrations in a building constructed in Giza, Egypt.

Medial
value
(Bg/m3)

Maximum
value (Bg/m3)

Minimum value
(Bg/m?3)

Arithmetic
value (Bg/m?)

10.3389/fbuil.2023.1228321

Standard
deviation
(Bg/m?)

Geometrical
standard deviation

Geometrical
mean (Bg/m?)

TABLE 3 The average data distribution among floor levels.

Floor level  No. Of rooms Average radon concentration,

% (Bg/m?)

B 20 394
G 20 24.6
1 5 22.8
2 5 13.2

B, unit of basement, G, level ground, 1, Level of first floor, 2, Level of second floor.

the most reliable method for measuring long-term average radon
levels in schools, and should be used in deciding the need for
mitigation. This study takes the duplicate measurements into
account to obtained quality assurance which is an essential part
of any radon measurements according to the EPA (EPA, 1993). The
duplicate measurements indicated that the present data is highly
precise.

Table 2, presents the mean, standard deviation, and range of
the Radon concentrations at different floor levels. Values of
radon concentration provide a large range of variations up to
10 times in the basement or ground floors at elevated levels
(170 Bq m™?). Concentration parameters are distributed and
displayed in Table 2.

Referring to a previous study published by Al-Jarallah, who
provided measurements of indoor radon concentrations in old
building material formations in the Kingdom of Saudi Arabia
(KSA) (Al-Jarallah, 2001). The mean value of airborne radon
concentration was calculated as 301 Bq/m’ on the building’s
ground floor whereas, in the basement of the building, it had
reached 587 Bg/m’. Out of 54 radon levels measured on the
basement floor, eight concentrations reached more than 300 Bq/
m® (acceptable radon level) and were observed to be above
400 Bg/m® in three cases (Akerblom, 1999). The mean
arithmetical radon concentration was 239.7 kBq/m’ in the
non-earthen basement and 326.5 kBq/m® in the ground. The
mean value of indoor concentration owing to the entire analyzed
region was 469.4 Bq/m’, which is higher than the mean KSU
value (280 Bq/m’) by a factor of 1.5.

3.2 Variations within a building: variation
between floors (New ceramic tile building)

As mentioned in Table 3, the data analyzed were not evenly
distributed among floor levels.

To assess floor to floor variation in the building, average
radon levels on one floor are used. A single room value is used to
describe this floor for every floor of a room with a concentration
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of radon (Antignani et al., 2009). SD and CV distributions are
listed as descriptive statistics in Table 4.

In the building under study, higher SD and CV are present
where the level of the ground has a high concentration of radon
relative to the other three levels of the floor. Ratios of the
floor mean, using the ground floor as a reference level, have
been determined to investigate the potential concentration
pattern of radon gas by floor level and the mean ratios as
shown in Table 5.

At the basement level, the mean radon concentration values
were noticed and considered as high value, which is expected
considering that the ground is the principal source of indoor
radon gas. Extensive implementation of air conditioning systems
to minimize radon levels is important. Variations within the
building: variation between rooms (within floor). For each floor,
SD and CV were measured and summed up by floor level to
determine variations in the concentration of radon because of
locative heterogeneity between rooms across the same tile as
shown in Table 6.

At basement and ground levels the highest values of median
SD and CV were observed. The entry of indoor radon and/or exit
mechanisms are affected by the characteristics of different rooms
and the different behavior of their inhabitants since these
properties are related to the non-neglected variance. Besides,
new building materials that act as natural sources of radon can
affect variations in the floor’s radon levels, essentially for once on
the ground floor and in rooms linked to various air exchange
techniques.

A comparison of the mean values of radionuclide activity
concentrations of some building materials with those obtained
from other published data is given in Tables 7, 8. In these two
tables, the comparison showed that there is a significant variation
from one country to another in terms of radon concentration. As
previously mentioned, the radon centration depends on the presence
of radionuclide series in the soil and the floor level. Therefore, the
precise selection of building materials is necessary to avoid excessive
exposure, especially on basement floors. The comparison with
previous studies presented in Tables 7, 8 showed that the radon
concentration in some European countries is quite high compared to
Egypt and India. The availability of ventilation is crucial to protect
inhabitants from the radiogenic risk of Radon. In addition to that, to
have a valid comparison between countries, the age of the building
should be considered. Now society is well aware of the radon risk, so
most the recent buildings were constructed to provide reasonable
safety against radon by selecting the proper materials and ceramics
and reasonable ventilation (Elzain, 2015). All the results of this study
were investigated and compared with usual ceramic and Indian
granite building materials and it was found that the building is a
healthy workplace which may be due to use of advanced building
materials.
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TABLE 4 Variations among floors (according to floor mean values).

Variability parameters Minimum Maximum Value of median Value of AM Value of SD
SD (Bq/m’) (new building) 3 99 30 21 12
‘ CV% (new building) ‘ 2 ‘ 101 ‘ 32 ‘ 35 ‘ 12 ‘

SD, standard deviation; AM, arithmetic mean.

TABLE 5 Floor to ground mean ratios to determine the radon concentration pattern versus floor (the value does not exceed recommended levels (Goldstein et al.,
1999; Krewski et al., 2006; Krewski et al., 2019).

Mean ratios Minimum Maximum Median AM SD
B/G 0.5 3.6 1.1 1.6 1.4
G/IG 1.0 1.0 1.0 1.0 0.0
1/G 0.1 1.9 0.7 0.8 0.5
2/G 0.2 1.8 0.8 0.5 0.7

B, level of the basement; G, level of the ground floor; 1, Level of the first floor; 2, Level of the second floor.

TABLE 6 Variations between rooms in radon concentration (in total and for each floor) for the new building.

Floor level Percentage of variation coefficient (CV %) The standard deviation SD (Bg/m?)
Minimum Maximum Median AM value The median value AM value
B 5 65 48 23 66 87
G 3 83 39 36 32 44
First 4 54 19 21 7 11
Second 8 50 22 28 17 21

TABLE 7 Comparison of radionuclide activity concentrations (Bq.kg™') of ceramic floor tile with other studies in different countries.

References Country Ceramic floor tile (concentration) Bg.kg™
Th-232
Current study Egypt 3518 + 1.66 4437 + 1.78 80.12 + 1.26
Xinwei (2004) China 73 (63.5-131.3) 62 (55.3-106.4) 480 (386.6-866.7)
Kumar et al. (2003) India 28 64 24
Serradell et al. (2007) Spain 75-191 68-76 507-490
Aladeniyi et al. (2021) Nigeria 85 (26-230) 77 (21-135) 877 (806-1,344)
Barescut et al. (2009) Italy 114 (20-708) 54 (33-145) 510 (159-850)

TABLE 8 Comparison of radionuclide activity concentrations (Bq.kg™”) in Granite with other studies in different countries.

References Country Granite (concentration) Bg.kg™

Th-232
Current study Egypt 41.12 + 1.75 48.16 + 1.17 85.14 + 1.17
Al-Zahrani (2017) Saudi Arabia 28.8 (1.5-77.2) 34.8 (0.51-89.8) 665.1 (19.47-1632.4)
Senthilkumar et al. (2014) India 25.9 (6.2-66.1) 43 (4.6-63.2) 560.61 (139.2-1367)
Guillén et al. (2014) Spain 84.4 (5.1-183) 424 (5.6-122) 1137 (37.1-1633.2)
Papadopoulos et al. (2013) Greece 74.8 (1-315.2) 85.2 (2.2-376.3) 881.1 (55.2-1632.1)
Aykamig et al. (2013) Turkey 80.4 (10.1-187.2) 101.3 (16.1-354.2) 974 (104.2-1630.3)
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4 Conclusion
On the basis of this study the following conclusions were drawn:

1) This study is the first indoor radon concentration measurement that
is performed in the area of this building. Therefore, it provides
preliminary data about indoor radon levels as a baseline study for a
wider future national survey in the whole area

2) The overall average indoor radon concentration of the Monitored
area using the SSNTDs technique was much lower than the
United States intervention radon level of 150 Bq/m’. Hence there
are no high potential hazards in investigated area in this study.

3) This may be attributed to the geographical location and to the
ventilation as well as the climate condition.

4) Old buildings have significantly higher radon concentrations
than new ones.

5) Quality assurance measurements indicated that the data
obtained are of the required precision and accuracy.

Apart from the radioactive isotope K-40, all raw ceramic
materials samples, as well as the end product, exhibited
significant natural levels of radioactivity from the Th-232 series
and Ra-226. The largest levels of Ra-222 and Th-232, as well as K-40,
are found in the ZrSiO, sample. The zircon found in glaze, which
differs in pureness and precise formula, is the primary source of
radioactivity in ceramic tiles. These findings recommend that the
zircon-related process be given more attention. Controls should also
be limited to materials made of zirconium silicate. Ra-226 and Th-
232 concentrations associated with distinct fractions were
determined using sequential extraction studies. Ra was found in
abundance in the carbonate and residue fractions. Th-232 was found
in high concentrations in the residue, iron oxide, and acid-soluble
fractions. In the building, the radon survey was performed to
determine indoor radon variation due to newly constructed
building material. A comparison between the old surveyed
building and the granite building, which are significant sources of
radon, was carried out. It could be concluded that the constructed
building with some types of ceramics floor tile building material will
reduce the concentration of radon gas and could be used in radiation
shielding. It will be strongly recommended to register the
concentration of uranium and the rate of release of radon gas
specification and advice the imported and exported companies to
examine it to keep the high-rate radioactive radon release away from
the customers. Natural radioactive materials under certain
conditions can reach hazardous radiological levels. So, it was felt
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